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Abstract

ABSTRACT

Generation and analysis of mammalian cells containing various Raf mutations

Kathryn E. Mercer

The generation of a raf-1 allele where the gene is flanked by two loxP sites (‘floxed’) in ES 
cells was described with the aim to enable the conditional deletion of raf-1 in mice 
generated from the mutated ES cells. Two separate targeting vectors were designed that 
each harboured a loxP site flanked by homologous raf-1 sequences, with one targeted to 
the 5’ end of raf-1 and the other targeted to the 3' end of raf-1. These vectors were used for 
gene targeting and eight ES cell clones were identified that had undergone homologous 
recombination with both targeting vectors. These ES clones were used to generate 
chimaeric mice and germline transmission was achieved from one of the targeted ES cell 
clones. A Cre expression plasmid was used to successfully mediate the deletion of the raf- 
1 floxed gene in ES cells.

The role of A-Raf and Raf-1 in cell growth and survival was investigated by using primary 
mouse embryonic fibroblasts that either lacked A-Raf, Raf-1, or that contained a mutation 
of the two endogenous tyrosine residues at 340/341 of Raf-1 to phenylalanine residues 
(RafFF) which result in undetectable kinase activity towards MEK. No differences were 
observed with growth and proliferation of the A-Raf deficient, Raf-1 deficient or RafFF 
MEFs as compared with wild-type MEFs. An increased susceptibility of the Raf-1 
deficient MEFs to undergo apoptosis was observed upon treatment with etoposide and 
upon treatment with an anti-CD95 antibody plus cycloheximide. However, the RafFF 
MEFs did not exhibit the same susceptibility to undergo apoptosis. These results suggest 
that Raf-1 has a role in cell survival that is independent from its role in the 
Ras/Raf/MEK/ERK cascade.
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Chapter I Introduction

1 INTRODUCTION

1.1 Cell signalling

The ability of a cell to sense its own environment and respond to extracellular signalling 

molecules is essential for the correct functioning of multicellular organisms. Generally, 

extracellular signalling molecules interact with transmembrane receptors which transduce 

the signal across the plasma membrane. This causes the initiation of distinct intracellular 

signal transduction pathways that directly affect different kinds of cytoplasmic machinery 

or lead to the cell nucleus where they have an impact on gene transcription. Cell signalling 

is not only important for understanding the function of a normal cell, but is also of vital 

importance in understanding the growth and activity of an aberrant cell. It is the altered 

regulation of intracellular signalling events which is the precursor of cellular 

transformation.

1.1.1 Conserved signalling pathways

Mitogen-activated protein kinases (MAPKs) are important intermediates in signal 

transduction pathways that are initiated by many types of cell surface receptors. A 

common pathway that is activated by these diverse agents and exists in all eukaryotes, is a 

three-tiered protein kinase cascade known as the mitogen-activated protein kinase (MAPK) 

signalling cascade. This cascade involves MAPK kinase kinases (MAPKKK) that 

phosphorylate and activate a MAPK kinase (MAPKK) which in turn phosphorylate and 

activate a MAPK (Figure 1.1). The MAPK signalling cascade not only allows for signal 

amplification, but also allows for fine regulation of the activation of each of the cascade 

components.

An understanding of MAPK signalling has arisen by its analysis in lower organisms, 

especially yeast. For example, in Saccharomyces cerevisiae, there are five MAPK 

pathways involved in mating, cell wall remodelling, nutrient deprivation, and responses to 

stress stimuli such as osmolarity changes. Each of the three MAPK cascade components 

of the yeast pathways have conserved counterparts in mammalian cells. In the case of the 

mating pathway in S. cerevisiae, the MAPKKK is S tell (Stevenson et al., 1992), the

1



Chapter 1 Introduction

MAPKK is Ste7 (Caims et al., 1992), and the MAPKs are Fus3 and Kssl (Gartner et al., 

1992).

1.1.2 Multiple MAPK pathways exist in mammalian cells

Similar to yeast, multiple MAPK pathways exist in mammalian cells that are each 

activated by distinct stimuli, although some cross talk between the pathways does appear to 

exist. Mammals express at least four distinctly regulated groups of MAPKs: extracellular 

signal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase 1/2/3 (JNK1/2/3), p38 

a/p/y/S MAPK and ERK5. Each are activated by specific MAPKKs: MAPK/ERK kinase 

1/2 (MEK1/2) for ERK1/2 (Seger et al., 1992b; Zheng and Guan, 1993), MAPK kinase 

3/6/4 (MKK3/6/4) for p38MAPKs (Derijard et al., 1995; Han et al., 1996; Moriguchi et 

al., 1996), MKK4/7 for JNKs (Sanchez et al., 1994; Derijard et al., 1995; Lin et al., 1995; 

Gerwins et al., 1997) and MEK5 for ERK5 (Kato et al., 1997). Each MAPKK can be 

activated by more than one MAPKKK. Raf (Kyriakis et al., 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) can activate MEK1/2. MEKK (Yan et al., 1994), apoptosis 

signal regulating kinase 1 (ASK1) (Ichijo et al., 1997), mixed lineage protein kinase 

(MLK) (Rana et al., 1996), transforming growth factor beta-activated kinase 1 (TAK1) 

(Wang et al., 2001) and tumour progression locus-2 (TPL-2) (Salmeron et al., 1996) can 

activate MKK3/6/4/7. Finally, MEKK3 can activate MEK5 (Chao et al., 1999) (Figure 

1.1). This therefore allows a diversity of inputs to activate the various MAPK pathways. 

Along with the regulation of enzyme activation, other key components of signal 

transduction pathways include adaptor, scaffold and anchor proteins which enable the 

formation of large multiprotein signalling complexes.

The ERKs are predominantly activated by mitogenic stimuli. Their substrates include 

transcription factors such as Elk-1 (Marais et al., 1993), Nuclear factor for IL-6 expression 

(NF-IL6) (Nakajima et al., 1993) also known as CCAAT/enhancer-binding protein p 

(C/EBPP), activating transcription factor 2 (ATF2) (Abdel-Hafiz et al., 1992) and c-Myc 

(Seth et al., 1992) and other protein kinases such as the p90 ribosomal S6 kinase family 

(p90RSK) (Sturgill et al., 1988) also known as MAPK activated protein kinase-2 (MAPKAP

2
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Fig. 1.1. The MAPK modules that exist in mammalian cells.
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kinase-2). The JNK family is activated in response to stress conditions such as ultraviolet 

(UV) irradiation (Derijard et al., 1994), changes in osmolarity and temperature (Galcheva- 

Gargova et al., 1994) and in response to pro-inflammatory cytokines such as tumour 

necrosis factor-a (Sluss et al., 1994). JNKs have also been implicated in apoptosis (Xia et 

al., 1995; Toumier et al., 2000). The substrates of activated JNKs include transcription 

factors such as c-Jun and ATF2 (Derijard et al., 1994; Gupta et al., 1995). The p38 MAPK 

family is also activated in response to stress conditions and pro-inflammatory cytokines 

(Han et al., 1994; Lee et al., 1994). p38 MAPKs have also been implicated in

proliferation, differentiation and apoptosis (Nebreda and Porras, 2000). The substrates of 

p38 MAPKs include transcription factors such as myocyte enhancer factor-2C (MEF2C) 

(Han et al., 1997) and ATF2 (Jiang et al., 1996; Raingeaud et al., 1996). The substrates of 

ERK5 include the transcription factor MEF2C (Marinissen et al., 1999).

1.2 Raf family of Ser/Thr protein kinases

1.2.1 Discovery o f the Raffamily

Three members of the Raf family exist in mammalian cells; Raf-1, A-Raf and B-Raf. Raf 

kinases were first discovered as gain of function mutants with the ability to transform cells 

oncogenically. The mammalian raf-1 gene was first identified as the cellular homologue 

of v-raf the transforming gene of the 3611-murine sarcoma virus (Rapp et al., 1983). v-raf 

was shown to transform fibroblasts and epithelial cells in vitro and cause the induction of 

fibrosarcomas in new-born mice (Rapp et al., 1983). Subsequently, the v-mil oncogene of 

the avian retrovirus MH2 was identified as being the avian homologue of v-raf (Sutrave et 

al., 1984). Both viruses express the mil/raf oncogene product as a gag-fusion protein. A- 

ra f was originally discovered through the screening of a mouse spleen DNA library using 

the v-raf sequence as the probe (Huleihel et al., 1986). B-raf was identified by homology 

to the avian homologue v-Rmil (Marx et al., 1988) and as the transforming gene isolated 

from NIH 3T3 cells transformed with human Ewing sarcoma DNA (Ikawa et al., 1988). It 

became apparent that the amino-terminal portions of the gene products of the Raf family of 

proto-oncogenes have a regulatory role which acts to suppress Raf-1 kinase activity, as loss 

of this sequence results in deregulation of the carboxyl-terminal kinase domain and hence 

cellular transformation.

4



Chapter 1 Introduction

1.2.2 Discovery o f  R af homologues in other organisms

The Raf kinases are evolutionarily highly conserved, a fact that facilitated the isolation of 

homologues in other organisms except yeast. A role for the Raf protein in a variety of 

developmental processes in other organisms is well established. The single Drosophila 

melanogaster ra f gene, D raf is involved in the determination of the dorsoventral polarity 

of the egg (Brand and Perrimon, 1994), the formation of the terminal structures of the larva 

(Ambrosio et al., 1989), and the specification of the R7 photoreceptor (Dickson et al., 

1992). lin-45 is the raf homologue in Caenorhabditis elegans', this gene is essential for 

differentiation of the vulva and it appears to act downstream of Ras (let-60) in this pathway 

(Han et al., 1993). The Raf homologue in Xenopus laevis is essential for fibroblast growth 

factor induced differentiation of mesoderm (MacNicol et al., 1993). Therefore it was 

apparent that Raf played a key role in cell differentiation in various organisms.

1.2.3 Expression o f  the three R af isoforms

All three Raf isoforms are ubiquitously expressed in the mouse as determined by the 

detection of mRNA transcripts, however the levels of expression vary enormously (Storm 

et al., 1990). A-Raf protein is highly expressed in components of the male reproductive 

tract such as the epididymis and seminal vesicles. High levels of A-Raf are also detected 

in testis, ovary, uterus, bladder, and kidney. A number of nonurogenital tissues also 

express significant levels of A-Raf, including liver, heart, intestine, spleen, thymus and 

cerebellum. Both the cerebral cortex and skeletal muscle express barely detectable 

amounts of A-Raf (Luckett et al., 2000). B-raf RNA is highly expressed in neural tissues 

such as the brain and spinal cord. B-raf RNA is also highly expressed in the testis and 

spleen. Other tissues such as skeletal muscle and lung are found to express relatively low 

amounts of B-raf transcripts, furthermore B-Raf proteins can only be detected in cell lines 

of a neuronal origin such as in the rat pheochromocytoma PC 12 cell line (Storm et al., 

1990; Bamier et al., 1995). Raf-1 is ubiquitously expressed in all tissues and cell lines 

tested (Storm et al., 1990) and because of this, most studies of the Raf proteins have 

focused on Raf-1.
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1.2.4 Comparison o f the structure o f the three R af isoforms

Amino-terminal truncations of the Raf proteins result in their constitutive activation and 

ability to transform NIH3T3 cells. The minimal transforming sequence was identified as 

the kinase domain (Beck et al., 1987; Stanton and Cooper, 1987; Ikawa et al., 1988; 

Stanton et al., 1989; Heidecker et al., 1990). This means that the amino-terminus normally 

serves a regulatory function to suppress the activity of the carboxy-terminal kinase domain. 

Moreover, when the kinase domain and the regulatory domain are expressed as separate 

proteins, the regulatory domain suppresses the biological and enzymatic activity of the 

catalytic domain (Cutler et al., 1998). All three Raf proteins share three highly conserved 

regions (CR1, CR2 and CR3) embedded in variable sequences with the variable sequences 

differing greatly between the three Raf proteins (Bonner et al., 1986; Beck et al., 1987; 

Sithanandam et al., 1990; Figure 1.2). In Raf-1, CR1 encompasses residues 62-194 and 

contains two domains that have been reported to bind to Ras-GTP; the Ras binding domain 

(RBD) which spans residues 51-131 of Raf-1 (Vojtek et al., 1993; Scheffler et al., 1994) 

and the cysteine rich domain (CRD) which spans residues 139-184 of Raf-1 (Mott et al., 

1996). CR1 also contains a putative zinc binding domain (Beck et al., 1987; Ghosh et al., 

1994). CR2 encompasses residues 229-254 of Raf-1 and is rich in serine and threonine 

residues, some of which are regulatory phosphorylation sites. Two domains, CR1 and CR2 

constitute the regulatory domain of Raf, which serves to suppress Raf kinase activity in 

unstimulated cells and reverse this inhibition when cells are stimulated. CR3 encompasses 

residues 330-627 of Raf-1 and contains the kinase domain which is the most homologous 

domain between the Raf proteins (Daum et al., 1994; Morrison and Cutler, 1997).

In the mouse, different sizes of B-Raf proteins have been identified. For example, in the 

PC 12 cell line, B-Raf is observed as a 95 kDa protein (Stephens et al., 1992) whereas in 

mouse testis two B-Raf proteins of 75 kDa and 77 kDa can be identified (Sithanandam et 

al., 1990). B-Raf differs from the other Raf proteins because the region in between CR2 

and CR3 is subjected to alternative splicing of two exons (exon 8b and exon 10) and results 

in the synthesis of four distinct isoforms (Bamier et al., 1995). In addition exons 1 and 2 

are present in some B-Raf proteins but not in others (Bamier et al., 1995). At least 10 

isoforms of B-Raf have been identified in adult mouse tissues which means additional 

alternative splicing events occur within B-raf (Bamier et al., 1995). It has been proposed
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Fig. 1.2 Comparison of the domain structure o f the three Raf family members highlighting 
the three conserved regions (CR1, CR2 and CR3). Within the CR1 domain is the Ras 
binding domain (RBD) and the cysteine rich domain (CRD). These are the two interaction 
sites for Ras.
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that the alternative splicing of exon 8b and exon 10 present in B-raf influences its kinase 

activity and therefore suggests that B-Raf is probably regulated in a different way to A-Raf 

and Raf-1 (Papin et al., 1998).

1.3 Activation of Raf proteins

1.3.1 Signalling through receptor tyrosine kinases

Receptors that regulate Raf kinases include members of the serpentine family that contain 

seven transmembrane helices, transmembrane receptor tyrosine kinase (RTKs), and 

cytokine receptors that regulate intracellular protein tyrosine kinases. Activation of these 

receptors leads to a large variety of biochemical events in which small GTPases play a 

crucial role. The events leading from RTKs to the activation of the Ras/Raf/MEK/ERK 

signal transduction cascade is the best understood at present and is shown in Figure 1.3. 

All RTKs such as the epidermal growth factor receptor (EGFR) and platelet derived 

growth factor receptor (PDGFR) are monomers that traverse the cell membrane once 

(except the insulin receptor family). RTKs are activated by ligand binding to the 

extracellular domain which induces dimerisation. Different ligands employ different 

strategies to induce the active dimeric state. Receptor dimerisation is further stabilised by 

receptor:receptor interactions (Heldin, 1995). Dimerisation of RTKs promotes tyrosine 

autophosphorylation of their cytoplasmic domains (Schlessinger, 1988; Lemmon and 

Schlessinger, 1994; Jiang and Hunter, 1999). Tyrosine autophosphorylation sites serve as 

binding sites for Src homology 2 (SH2) or phosphotyrosine binding (PTB) domains of a 

variety of signalling proteins, such as Grb2, resulting in the recruitment of signalling 

complexes at the plasma membrane. (Songyang et al., 1993; Kavanaugh et al., 1995). 

Grb2 can both interact with activated RTKs and associated adapter proteins such as She, 

Crk and Syp via its SH2 domain. Grb2 also interacts with the guanine nucleotide exchange 

factor (GNEF) Son of Sevenless (SoS). Therefore upon receptor activation, Grb2 recruits 

SoS to its target protein Ras which is located at the plasma membrane (Rozakis-Adcock et 

al., 1993; Li et al., 1994; Matsuda et al., 1994). SoS activates Ras by promoting the 

exchange of bound GDP for GTP (Pawson, 1995; Bar-Sagi and Hall, 2000). Therefore, 

this cascade of protein-protein interactions transmits signals from autophosphorylated 

receptors to Ras in part by redistributing SoS to the plasma membrane where Ras is located 

(Aronheim et al., 1994).



Fig. 1.3 Role of the Raf family in the transduction of signals received at the plasma 
membrane resulting in activation of the MAPK cascade and leading to altered patterns of 
gene expression and determination of cell fate.
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1.3.2 A ctivation o f Ras

Five Ras proteins have been identified in human cells: Ha-ras, N-ras, Ki-ras 4A, Ki-ras 4B 

and R-ras. The two Ki-Ras proteins result from alternative splicing events. Mutations of 

ras genes have been found in 30% of human cancers including pancreatic, colon and lung 

cancers, although the incidence and the specific ras gene that is mutated varies 

considerably with the type of malignancy (Bos, 1989). It was these findings that linked 

Ras with the control of cell growth, along with the finding that activated Ras induced DNA 

synthesis and morphological transformation in NIH3T3 cells (Feramisco et al., 1984; 

Stacey and Kung, 1984). Ras proteins are 21 kDa membrane associated guanine 

nucleotide binding proteins that function as molecular switches, cycling between a GDP- 

bound and a GTP-bound state. This process is tightly regulated by the activities of 

GNEFs such as SoS, which accelerate GTP loading and therefore activate Ras (Bar-Sagi, 

1994), and GTPase-activating proteins (GAPs) such as pl20GAP and Neurofibromin 

which stimulate the intrinsic weak GTP-ase activity of Ras therefore inactivating Ras 

(Lowy et al., 1991). The GTP-bound form of Ras is active as it results in a conformational 

change resulting in the exposure of its effector domain (residues 32-40) which is the region 

to which the effectors of Ras bind (Boguski and McCormick, 1993; Schlessinger, 1993).

1.3.3 Downstream o f  Ras

The best characterised protein that is activated by Ras is Raf-1. Others include A-Raf and 

B-Raf, members of the Ral-GNEF family (Wolthuis et al., 1998) and phosphoinositide 3- 

kinase (PI3-K) (Rodriguez-Viciana et al., 1994). Ral-GNEFs (Ral-GDS, Rgl and Rif) 

exhibit exhange activity towards the small GTPases RalA and RalB (Murai et al., 1997; 

Urano et al., 1996; Wolthuis et al., 1997). PI3-K catalyses the phosphorylation of 

phosphoinositides at the D3 position. These PI3-K generated phospholipids then elicit a 

diverse set of cellular responses, including the regulation of the Ser/Thr kinase Akt which 

has been implicated in cell survival signalling (Burgering and Coffer, 1995; Datta et al.,

1996) and possibly the regulation of Rac GNEFs that are implicated in cytoskeletal 

organisation (Hawkins et al., 1995).
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1.3.4 Interaction o f R af with Ras

Most studies of the Raf family have focussed on Raf-1 in particular. Raf-1 was first 

implicated as an essential cofactor in Ras-induced cellular transformation (Kolch et al., 

1991) and it was thought to function downstream of Ras because dominant negative 

mutations of Raf-1 blocked proliferation and transformation induced by an activated form 

of Ras (Rapp, 1991). Moreover, hyperphosphorylated Raf-1 was observed in cells treated 

with agonists that were known to activate Ras, and in cells containing the activated Ras 

oncogene itself (Morrison et al., 1988; Wood et al., 1992).

Using in vitro protein binding assays and the in vivo yeast two-hybrid system, a direct 

physical interaction between Ras-GTP and the N-terminal region of Raf was observed by 

several groups (Koide et al., 1993; Van Aelst et al., 1993; Vojtek et al., 1993; Wame et al., 

1993; Zhang et al., 1993). Ras is reported to coimmunoprecipitate with Raf-1 from 

stimulated, but not unstimulated mammalian cells (Hallberg et al., 1994). Ras specifically 

interacts with two domains in the amino terminal of Raf-1; the Ras binding domain (RBD; 

amino acids 51-131) and the cysteine-rich domain (CRD; amino acids 139-184) (Brtva et 

al., 1995; Hu et al., 1995). The strongest interaction is between Ras-GTP and the RBD of 

Raf-1 and was found to be essential for Raf-1 activation (Chuang et al., 1994). The lower 

affinity interaction of Ras with the CRD of Raf-1 also appears to be essential in Raf-1 

activation, as mutations that disrupt the structure of the CRD also reduce binding of Raf-1 

to Ras in vitro, suggesting that both the RBD and CRD contribute to Raf-1 binding (Hu et 

al., 1995; Drugan et al., 1996; Luo et al., 1997; Mineo et al., 1997; Roy et al., 1997). The 

CRD also binds to 14-3-3 (Michaud et al., 1995; Clark et al., 1997), zinc and 

phosphatidylserine (Ghosh et al., 1994; Mott et al., 1996).

1.3.5 Ras is required to localise Raf-1 to the plasma membrane

The interaction between Raf-1 and Ras is not sufficient for full Raf-1 activation, because 

Ras-GTP cannot activate Raf-1 in vitro unless Ras-GTP is membrane bound and an 

unidentified cytosolic factor is present (Traverse et al., 1993; Zhang et al., 1993; Dent and 

Sturgill, 1994; Stokoe and McCormick, 1997). Inactive Raf-1 is located in the cytosol in 

an inactive complex (Wartmann and Davis, 1994). In cells expressing oncogenic Ras it 

was found that Raf-1 translocates to the plasma membrane, suggesting that Ras-GTP
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activates Raf-1 by altering its cellular distribution (Traverse et al., 1993; Wartmann and 

Davis, 1994). This hypothesis was tested by examining the activity of a membrane-bound 

version of Raf-1 (RafCAAX) which was generated by fusing the Ki-Ras membrane 

localisation signals onto the carboxyl-terminal of Raf-1 (Leevers et al., 1994; Stokoe et al., 

1994). RafCAAX is constitutively active, and can be further stimulated by epidermal 

growth factor (EGF). Moreover, both the constitutive and the ligand-stimulated activation 

of RafCAAX is independent of Ras activation, as it is not potentiated by oncogenic Ras or 

abrogated by dominant negative Ras (Leevers et al., 1994; Stokoe et al., 1994). These 

results suggest that the primary role of Ras in Raf-1 activation is to mediate translocation 

of Raf-1 from the cytosol to the plasma membrane, where it is fully activated by other 

membrane-localised events.

The dimerisation of Raf-1 is thought to be important for its activation. A Raf-1 mutant that 

undergoes oligomerisation upon the addition of a synthetic dimeriser FK1012A resulted in 

Raf-1 activation (Luo et al., 1996). In addition, coumermycin-induced dimerisation of 

Raf-1 resulted in activation of the MAP kinase cascade (Farrar et al., 1996).

1.3.6 Other Ras family members

Other members of the Ras family of small GTP binding proteins can interact with Raf 

proteins. These include TC21 which interacts with Raf-1 and B-Raf but not with A-Raf 

(Rosario et al., 1999). It was shown that, like Ras, oncogenic TC21 can translocate these 

Raf proteins to the plasma membrane which results in their activation (Rosario et al., 

1999). Also RaplA interacts with Raf proteins, but with differing effects on their 

activation. RaplA not only is incapable of activating Raf-1, but also antagonizes Ras- 

dependent activation of Raf-1 (Cook et al., 1993). However, RaplA is capable of 

activating B-Raf (Ohtsuka et al., 1996). Moreover, in PC 12 cells, B-Raf activation 

induced by nerve growth factor (NGF) appears to be mediated by RaplA rather than Ras 

(Vossler et al., 1997; York et al., 1998). This difference in activation of Raf-1 and B-Raf 

by RaplA appears to be due to a difference in the strength of interaction between RaplA 

and the CRD of each Raf protein, with the strongest interaction being with the CRD of 

Raf-1. A domain-shuffling experiment was performed whereby the CRD of Raf-1 was 

replaced by the CRD of B-Raf. This version of Raf-1 subsequently became activatable by
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RaplA. Also, the CRD of B-Raf was replaced by the CRD of Raf-1 and subsequently, this 

protein could not be activated by RaplA. Therefore the difference in the CRD of Raf-1 

and B-Raf appears to dictate the specific response to RaplA (Okada et al., 1999). The 

possibility that A-Raf binds to RaplA has not been established.

1.4 Phosphorylations of Raf-1

Both phosphorylation and dephosphorylation events appear to be required for activation of 

Raf-1. For example, in unstimulated cells, Raf-1 is phoshorylated on serine 259 (Ser259) 

which acts as one of the two binding sites for 14-3-3 and inhibits the activity of Raf-1 

(Morrison et al., 1993; Clark et al., 1997). Whereas in stimulated cells, after Raf-1 has 

been recruited to the plasma membrane by Ras, distinct serine/threonine and tyrosine 

phosphorylation events appear to be involved in the activation of Raf-1 (Figure 1.4.). 

Candidate kinases thought to be involved in phosphorylating Raf-1 include; Src family 

members, PKC, Pak and PKA.

1.4.1 Tyr341 phosphorylation

The src gene product of the Rous sarcoma virus (v-Src) is a membrane associated protein 

tyrosine kinase with a constitutively active kinase activity that transforms cells in culture 

and induces tumours in animals (Jove and Hanafusa, 1987). When a v-Src transformed 

cell line was transfected with a Raf-1 dominant negative mutant, the cells reverted to a 

non-transformed phenotype preventing their growth in soft agar (Qureshi et al., 1993). 

Moreover, expression of dominant negative mutants of MEK-1 also block transformation 

induced by v-Src (Cowley et al., 1994). Therefore signalling through Raf-1 and the MAP 

kinase pathway is necessary for transformation by v-Src.

Overexpression studies have shown that the expression of Raf-1 alone has relatively low 

activity as assayed by the phosphorylation of MEK. However when Raf-1 is co-expressed 

with either oncogenic Ras or v-Src a significant increase in Raf-1 phosphorylation occurs. 

Furthermore, when all three proteins are expressed, a synergistic activation of Raf-1 

activity is observed (Williams et al., 1992; Fabian et al., 1993; Dent and Sturgill, 1994; 

Marais et al., 1995). Raf-1 activation induced by v-Src is accompanied by the 

phosphorylation of two tyrosine residues 340 and 341 both in vivo and in vitro

13



Fig. 1.4 Domain structures of the three Raf family members indicating the positions of 
potentially important phosphorylation sites involved in the regulation of activation. Also 
indicated are the kinases/phosphatases thought to be responsible for the 
phosphorylation/dephosphorylation events.

14-3-3 binding

PP2A

A-Raf N

S299
Y302

C



Chapter I Introduction

(Fabian et al., 1993; Marais et al., 1995). Mutation of these two tyrosine residues to 

phenyalanine residues, creating RafFF, prevents activation of Raf-1 by oncogenic Ras and 

v-Src, or by ligand stimulation (Fabian et al., 1993; Marais et al., 1995). Therefore it is 

proposed that Src is involved in the phosphorylation of Tyr340 and Tyr341 of Raf-1. 

Further experiments identified that the phosphorylation of Tyr341 by Src is a critical event 

in the activation of Raf-1 whereas the phosphorylation of Tyr340 is not essential (Mason et 

al., 1999). Tyr341 is located at the very N-terminus of the catalytic domain, approximately 

20 amino acids upstream of the putative ATP binding site. The equivalent tyrosines at this 

position are conserved in A-Raf (amino acids 301/302), and similar to Raf-1, the mutation 

of these two residues to phenylalanine residues prevents activation of A-Raf by oncogenic 

Src indicating that it may also be a substrate for Src-like kinases (Marais et al., 1997). In 

contrast to Raf-1 and A-Raf, at the equivalent position in B-Raf are aspartic acid residues 

(amino acids 447/448). Aspartic acid residues mimic that of a phosphorylated residue due 

to the negative charge, and as a result B-Raf only requires Ras for maximal activation 

whereas Raf-1 and A-Raf require both Ras and Src for maximal activation (Marais et al.,

1997).

1.4.2 Ser338phosphorylation

The phosphorylation of Ser338 of Raf-1 is stimulated by Ras and is essential for the 

activation of Raf-1 as it was shown that mutation of Ser338 to alanine diminishes Raf 

activation by Ras, Src and ligand stimulation. (Diaz et al., 1997; Barnard et al., 1998; 

Mason et al., 1999). King et a l (1998) suggested that the p21-activated kinase 3 (Pak3) 

may be responsible for the phosphorylation of Ser338 in vitro and in vivo (King et al.,

1998). Pak-3 is a serine/threonine protein kinase that is activated by direct binding to the 

small G proteins Cdc42 and Rac which are in turn phosphorylated and activated by PI3-K, 

another well known effector of Ras (Bagrodia and Cerione, 1999; Daniels and Bokoch,

1999). Raf-1 mutants that are defective in Ras binding are readily activated by a 

constitutively active Ras mutant. This indirect activation of Raf-1 by Ras can be blocked 

by a dominant-negative mutant of Pak, implicating an alternative Ras effector pathway 

involved in Pak-mediated Raf-1 activation. Pak-mediated Raf-1 activation can be 

upregulated by both a selective activator of PI 3-kinase, and a constitutively active PI 3- 

kinase. In addition, a dominant negative mutant of the PI 3-kinase regulatory subunit can
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inhibit the stimulated activity of Raf-1. Therefore, implying that Ras indirectly activates 

Raf-1 by activating Pak3 (Sun et al., 2000). However, Chiloeches et al. (2001) argue 

against the involvement of Pak3 in Raf-1 activation as they show that PI3-K inhibitors can 

not prevent Ser338 phosphorylation indicating that PI3-K is not required for this event. 

Furthermore, Pak3 activation does not correlate with Ser338 phosphorylation as activated 

mutants of Pak3 are able to induce Ser338 phosphorylation but not Raf-1 activation 

(Chiloeches et al., 2001).

The equivalent serine at this position is conserved in A-Raf (amino acid 299), but its effect 

on the activity of A-Raf has not been investigated. B-Raf also has a conserved serine at the 

position equivalent to Ser338 of Raf-1 (Ser445 in B-Raf). S445 is constitutively 

phosphorylated in B-Raf and this phosphorylation together with the Asp448 (equivalent to 

Tyr341 of Raf-1) is thought to contribute to the high basal kinase activity of B-Raf, with 

B-Raf basal kinase activity being 15-20 times that of either Raf-1 or A-Raf (Mason et al., 

1999).

In the proposed model, Ras activation results in the recruitment of Raf-1 to the plasma 

membrane where it is fully activated by phosphorylation of Tyr341 by Src-like kinases and 

by phosphorylation of Ser338 by Pak3 or an unidentified kinase. These phosphorylation 

events in CR3 are essential for Raf-1 regulation. However their precise role in Raf-1 

regulation is unclear. They could either directly influence the catalytic activity of Raf-1 or 

they could act in concert with Ras to relieve the amino-terminal inhibition. The model for 

A-Raf activation is proposed to be similar to that of Raf-1. However, the model for the 

activation of B-Raf is different, as the basal kinase activity of B-Raf is 15-20 times that of 

either Raf-1 or A-Raf. However, Ras activation results in the recruitment of B-Raf to the 

plasma membrane which appears to fully activate B-Raf (Marais et al., 1997; Mason et al.,

1999).

1.4.3 PKA, Rapl and cAMP

Cyclic AMP (cAMP) is a major second messenger. Some of the hormones that have their 

cellular effects mediated by cAMP include glucagon, epinephrine and vasopressin. cAMP 

is produced from ATP at the plasma membrane by a family of membrane-bound adenylyl
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cyclases (Taussig and Gilman, 1995). Hormone binding to the G-protein-coupled receptor 

stimulates exchange of bound GDP for GTP on the a-subunit of inactive heterotrimeric G 

proteins (Collins et al., 1992). The a-GTP dissociates from the py components and 

activates the cyclase leading to the production of cAMP (Collins et al., 1992). The 

elevation of cAMP levels in the cell correlates with the inhibition of Raf-1. It has been 

suggested that this effect is due to the activation of cAMP-dependent protein kinase A 

(PKA). However, the mechanism of this inhibition is not fully understood. Three different 

sites in Raf-1 have been implicated as PKA inhibitory phosphorylation sites; that of Ser43 

(Morrison et al., 1993; Wu et al., 1993a), Ser621 (Hafner et al., 1994; Mischak et al.,

1996) and recently Ser259 (Dhillon et al., 2002b). Studies have shown that deletion of 

Ser43 does not prevent the cAMP-dependent inhibition of Raf-1 in vivo (Sidovar et al., 

2000; Dhillon et al., 2002b). In addition, Ser621 is an autophosphorylation site required 

for 14-3-3 binding and Raf-1 activation (Thorson et al., 1998). Therefore it seems unlikely 

that a phosphorylation site that is essential for Raf-1 activity would also be required for 

inhibition. Recent data gives evidence to suggest that Ser259 is the major target for 

inhibitory phosphorylation by PKA (Dhillon et al., 2002b). Moreover, the mutation of 

Ser259 appears to enhance the affinity of Raf-1 towards Ras (Dhillon et al., 2002a). The 

authors suggest that the phosphorylation of Ser259 affects the conformation of Raf-1, and 

its dephosphorylation is a major step towards its activation.

Rapl is a small G-protein and two isoforms exist in humans; Rap la  and Rap lb (Pizon et 

al., 1988). Rapl can be activated by cAMP and is phosphorylated by PKA (Altschuler and 

Lapetina, 1993; Altschuler et al., 1995). A constitutively active mutant of Rapl when 

expressed in rat-1 fibroblasts interferes with ERK activation in response to EGF and LPA 

(Cook et al., 1993). In contrast, Rapl activates the ERKs in PC 12 cells despite Raf-1 

being inhibited (Vossler et al., 1997; York et al., 1998). The difference between these two 

cell types is suggested to be due to B-Raf as its expression is much greater in PC 12 cells, 

in addition B-Raf has been found to be activated by Rapl in vitro (Ohtsuka et al., 1996; 

Vossler et al., 1997). The formation of a Rapl/B-Raf complex was observed in PC 12 cells 

stimulated with NGF and cAMP (Vossler et al., 1997; York et al., 1998). This allows Ras- 

independent activation of the ERKs via B-Raf which leads to differentiation of PC 12 cells
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(Vossler et al., 1997; York et al., 1998). The effect of PKA or Rapl on A-Raf has not 

been investigated.

1.4.4 PKC

Members of the protein kinase C (PKC) family, of which there are at least 11 members, are 

activated by the second messenger diacylglycerol (DAG). This lipid is derived from 

phosphatidyl inositol phosphate metabolism in response to a variety of cellular agonists 

operating through tyrosine-kinase-linked receptors and seven-transmembrane receptors 

(Liscovitch, 1992). PKCs are also activated by tumour-promoting phorbol esters such as 

12-O-tetradecanoyl-phorbol-13-acetate (TPA) (Rapp, 1991). PKCa has been shown to 

directly phosphorylate Raf-1 both in vitro and in vivo on several sites, including Ser497 

and Ser499 and this was found to be sufficient to activate the enzymatic function of Raf-1 

in vitro and in vivo (Kolch et al., 1993; Carroll and May, 1994). The mutation of Ser499 

blocks Raf-1 activation by PKCa, but has no effect on Raf-1 activation by Ras and Src. 

Also, Raf-1 and PKCa co-operate in the transformation of NIH3T3 cells, and this is 

dependent on Ser499 (Kolch et al., 1993). In three separate studies however, the loss of 

these sites is shown to have no effect on Raf-1 activation by PKC and Ras (Barnard et al., 

1998; Schonwasser et al., 1998; Chong et al., 2001). Instead, it is observed that the 

primary effect of phorbol ester treatment is to promote an increase in Ras-GTP which then 

activates Raf-1 by the same mechanisms as those utilized by EGF (Barnard et al., 1998). 

Also, Raf-1 mutations that prevent its association with Ras block the activation of Raf-1 by 

PKC (Marais et al., 1998). However, dominant negative Ras does not prevent Raf-1 

activation by PKC. This indicates that Raf-1 activation by PKC involves Ras, but via a 

different mechanism than that which occurs downstream of activated receptor tyrosine 

kinases (Marais et al., 1998).

1.4.5 B -R af specific Phosphorylations

Thr598 and Ser601 have been identified as the additional major phosphorylation sites of B- 

Raf in response to oncogenic Ras and phosphorylation of these two residues is thought to 

be required for full activation (Zhang and Guan, 2000). The kinase responsible for these 

phosphorylation events has not been identified. The equivalent residues in Raf-1 and 

A-Raf are conserved but have not been identified as major phosphorylation sites.
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In addition, the phosphorylation of Ser364 appears to negatively regulate B-Raf activity. 

The expression of Serum- and glucocorticoid-inducible kinase (SGK) prevents the 

activation of B-Raf in response to serum via the phosphorylation of Ser364. The mutation 

of Ser364 to alanine prevents this inhibition of B-Raf by SGK (Zhang et al., 2001). 

Ser259 is the equivalent residue in Raf-1 which also serves as a negative regulatory site 

when phosphorylated.

1.5 Chaperones

Several chaperones have been reported to interact with Raf-1 including: 14-3-3 proteins, 

heat-shock protein of 90 kDa (Hsp90), p50 (Cdc37), Raf kinase inhibitor protein (RKIP), 

kinase suppressor of Ras (KSR), Suppressor of Ras-8 (Sur-8), FKBP65 and Bag-1. The 

interaction of Raf-1 with Hsp90 and p50 (Cdc37) is widely accepted. However its 

interaction with FKBP65 and Bag-1 has not been thoroughly investigated. These 

observations suggest that Raf-1 is part of a large signalling complex.

1.5.1 14-3-3

Members of the 14-3-3 family of proteins are highly conserved phosphoserine-specific 

adapter proteins which are ubiquitously expressed and assemble as dimers (Tzivion et al., 

2001). 14-3-3 proteins have been reported to interact with many signalling proteins and in 

many cases this causes the inactivation of the target protein by changing its subcellular 

localisation or protein associations (Tzivion et al., 2001). Using both biochemical and 

genetic approaches 14-3-3 is able to bind to Raf-1 as identified by several groups (Fantl et 

al., 1994; Freed et al., 1994; Fu et al., 1994; Irie et al., 1994; Yamamori et al., 1995). 14- 

3-3 has been reported to bind to at least two distinct phosphorylated sites of Raf-1; Ser259 

in CR2 and Ser621 in CR3 (Morrison et al., 1993; Morrison, 1995), although the role of 

14-3-3 in Raf-1 activation is not fully understood. Mutation of Ser259 to alanine results in 

the constitutive activation of Raf-1, suggesting that the phosphorylation of this particular 

serine residue is inhibitory ( Morrison et al., 1993; Clark et al., 1997). Moreover, Akt and 

PKA are reported to phosphorylate Ser259 which results in the inhibition of Raf-1 activity 

(Zimmermann and Moelling, 1999; Dhillon et al., 2002b). The serine/threonine protein 

phosphatase 2A (PP2A) is reported to affect the phosphorylation state of Ser259 in 

macrophages. Use of the specific PP2A inhibitor prevents the full activation of Raf-1 by
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CSF-1 which correlates with an increase in the phosphorylation status of Ser259 (Abraham 

et al., 2000). This indicated that PP2A is required for full Raf-1 activation by 

dephosphorylating Ser259. The mutation of Ser621 to alanine results in a kinase inactive 

version of Raf-1, suggesting that the phosphorylation of this particular serine residue is 

required for Raf-1 activation. This residue has also been identified as an

autophosphorylation site (Morrison et al., 1993; Thorson et al., 1998). There is conflicting 

data as to whether 14-3-3 contributes to the activation of Raf-1. Several groups report that 

14-3-3 has a positive role in Raf-1 activation (Fantl et al., 1994; Freed et al., 1994; Irie et 

al., 1994; Tzivion et al., 1998), others have reported that it has no effect (Michaud et al., 

1995; Suen et al., 1995), or that it has an inhibitory effect (Clark et al., 1997; Rommel et 

al., 1997). In reality 14-3-3 seems to play opposite roles in the activation of Raf-1.

A model for the activation of Raf-1 has been proposed by Kolch, 2000. It appears that in 

resting cells, dimeric 14-3-3 is required to maintain Raf-1 in an inactive conformation by 

binding to both phosphorylated Ser259 and Ser621. Upon stimulation, the active

conformation of Raf-1 is stabilized as Ras-GTP destabilises the interaction of 14-3-3 with 

phosphorylated Ser259 (Rommel et al., 1996) allowing protein phosphatase 2A to access 

this site and remove the phosphate (Abraham et al., 2000). Thus as half of the 14-3-3 

dimer is now free, it has been suggested that it binds to a new phosphoserine resulting in 

stabilisation of an active Raf-1 conformation (Tzivion et al., 1998).

A-Raf has not been reported to bind to 14-3-3 proteins. However since the 14-3-3 binding 

sites are conserved in all three Raf proteins, the interaction is proposed to be similar. 

B-Raf was shown to interact with 14-3-3 proteins in vitro (Papin et al., 1996). Through the 

analysis of four different cell types that all expressed similar amounts of 14-3-3 proteins, it 

was discovered that cAMP was inhibitory in cells where less 14-3-3 was associated with 

B-Raf than in cells where more 14-3-3 was associated with B-Raf. This observed cell 

type-specific inhibition of B-Raf can be prevented by overexpression of 14-3-3 proteins, 

whereas the expression of a dominant negative 14-3-3 mutant results in partial inhibition of 

B-Raf activity. The authors suggest that the amount of 14-3-3 associated with B-Raf may 

explain the tissue-specific effects of cAMP on B-Raf kinase activity, implying that 14-3-3 

protects B-Raf from inhibition by cAMP (Qiu et al., 2000).
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1.5.2 Hsp90andp50

The drug geldanamycin binds to Hsp90 and prevents its interaction with its binding 

partners (Schulte et al., 1995). It is observed that treatment of cells with geldanamycin 

almost completely depletes cells of Raf-1 within a few hours by targeting the protein for 

degradation (Schulte et al., 1995; Schulte et al., 1997). The association of Raf-1 with 

Hsp90 is thought to be mediated by p50 (Cdc37) (Silverstein et al., 1998; Grammatikakis 

et al., 1999). Overexpression of a p50 mutant deficient in binding Hsp90 impairs growth 

factor stimulation of the ERK pathway in mammalian cells, whereas the co-expression of 

p50 in insect cells enhances both the basal and the Ras- and Src-induced activity of Raf-1 

(Grammatikakis et al., 1999). Thus, formation of a ternary Raf-l-p50-Hsp90 complex is 

crucial for Raf-1 activity and MAPK pathway signaling (Grammatikakis et al., 1999). The 

p50-Hsp90 complex has been shown to associate with v-Src and other tyrosine kinases. 

Therefore p50 could potentially link Raf-1 to tyrosine phosphorylation (Kimura et al.,

1997). Moreover, MEK is also found in a high-molecular weight complex with p50 and 

Hsp90 leading to the possibility that p50 couples Raf-1 to MEK (Stewart et al., 1999). It is 

postulated that the function of these chaperones is not simply to prevent degradation, but 

also to allow the recruitment of specific activators to allow signalling pathway specificity.

B-Raf is also found in a complex containing Hsp90 upon treatment of PC 12 cells with 

NGF (Jaiswal et al., 1996). However whether A-Raf exists in a complex with Hsp90 has 

not been investigated.

1.5.3 Sur-8

The Caenorhabditis elegans suppressor of Ras-8 (Sur-8) was isolated in a genetic screen 

for mutations that could suppress the multivulva phenotype that resulted from an activated 

let-60 (Ras) mutation (Sieburth et al., 1998). Sur-8 expression in mammalian cells 

enhances Ras- or EGF-induced Raf and ERK activation but has no effect on ERK 

activation induced by active Raf or MEK and therefore functions as a positive regulator of 

Ras signalling (Sieburth et al., 1998). Sur-8 forms a ternary complex with Ras and Raf 

and its role may be as a scaffold that enhances Ras-MAP kinase signal transduction by 

facilitating the interaction between Ras and Raf (Li et al., 2000).
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1.5.4 KSR

Kinase Suppressor of Ras (KSR) was first identified by genetic studies performed in D. 

melanogaster and C. elegans. In both organisms, inactivating mutations in KSR suppress 

the phenotypic effects induced by activated Ras thereby functioning as a positive mediator 

of Ras signalling either upstream of or parallel to Raf-1 (Downward, 1995; Komfeld et al., 

1995; Sundaram and Han, 1995; Therrien et al., 1995). KSR has been shown to interact 

with several components of the MAP kinase cascade in mammalian cells, including Raf-1 

(Michaud et al., 1997), MEK1/2 and ERK1/2 (Yu et a l, 1998), plus 14-3-3, p50 (Cdc37) 

and Hsp90 (Stewart et al., 1999). In light of the fact that KSR can interact with many 

proteins, that KSR kinase activity in vitro cannot be detected and that a version of KSR in 

which the kinase domain was removed was shown to stimulate Raf-1 activity (Michaud et 

al., 1997; Stewart et al., 1999), it was proposed that KSR functions as a scaffold protein to 

assemble a signalling complex in mammalian cells.

It has also been suggested that KSR is a ceramide-activated protein kinase that is able to 

phosphorylate Thr269 of Raf-1 in response to ceramide or tumour necrosis factor-a (Yao 

et al., 1995; Zhang et al., 1997). Furthermore, it was shown that the phosphorylation of 

this site by KSR was essential for Raf-1 activation in vitro and for optimal activation of 

Raf-1 by KSR in response to EGF stimulation in vivo (Xing and Kolesnick, 2001).

1.5.5 RKIP

An interaction between Raf-1 and Raf kinase inhibitor protein (RKIP) was identified in a 

yeast two hybrid screen (Yeung et al., 1999). RKIP was also shown to bind to MEK1 and 

ERK2 in vitro and in vivo but did not bind to Ras. RKIP was shown by overexpression 

experiments to suppress the Raf/MEK/ERK pathway. Moreover it was shown to interfere 

with Raf-mediated proliferation and transformation by inhibiting Raf-1 (Yeung et al.,

1999). RKIP decreases the phosphorylation of MEK by Raf-1 in vitro, but does not inhibit 

ERK phosphorylation by MEK or Elk phosphorylation by ERK. In addition RKIP does 

not prevent MEK phosphorylation by MEKK-1 and it does not interfere with Raf-1 

autophosphorylation. Taken together these data indicate that RKIP is a selective inhibitor 

of the activation of MEK by Raf-1. In effect it acts as a competitive inhibitor by 

dissociating the Raf-1-MEK complex (Yeung et al., 2000). RKIP therefore appears to
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function as a physiological regulator of ERK signalling whereby its overexpression blocks 

ERK-dependent processes such as gene transcription and cellular transformation, whereas 

lowering the levels of RKIP by using antisense RNA causes activation of the pathway 

(Yeung et al., 1999).

1.6 Downstream of Raf

1.6.1 MEKs and ERKs

A link between Ras and activation of the ERKs was discovered by the expression of 

oncogenic Ras which resulted in activation of ERK1 and ERK2 (Leevers and Marshall, 

1992; Wood et al., 1992). Moreover, the use of a dominant negative Ras mutant prevented 

ERK activation in response to growth factor stimulation (de Vries-Smits et al., 1992; 

Thomas et al., 1992; Wood et al., 1992). Therefore as Raf proteins functioned 

downstream of Ras, Raf appeared to be the kinase responsible for activating the ERKs. It 

was shown that ERK2 was activated in v-raf transformed cells, and in cells transfected 

with activated Raf-1. This was found to be independent of Ras as shown by using a 

dominant negative mutant of Ras (Dent et al., 1992; Howe et al., 1992).

MEK1 and MEK2 were identified as dual specificity serine/threonine and tyrosine kinases 

as they are capable of specifically phosphorylating ERK1/2 on regulatory tyrosine and 

threonine residues (Payne et al., 1991). Moreover, MEK1 and MEK2 were found to 

become activated in response to serum (Crews and Erikson, 1992; Nakielny et al., 1992; 

Seger et al., 1992b; Wu et al., 1993b; Zheng and Guan, 1993).

MAPK/ERK kinase (MEK) is the only commonly accepted downstream substrate for the 

three Raf proteins. Two different MEK cDNAs (MEK1 and MEK2) were cloned from 

mouse, rat, human and Xenopus (Seger et al., 1992c; Wu et al., 1993b; Zheng and Guan, 

1993). All three Raf isoforms are able to phosphorylate and activate MEK1 (44kDa) and 

MEK2 (45kDa) 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). However, data from one group 

suggest that A-Raf can only phosphorylate and activate MEK1, but not MEK2 (Wu et al.,

1996). Although Raf isoforms are the predominant MEK activators, MEKK-1 [Lange- 

Carter et al., 1993), Mos (Pham et al., 1995) and Tpl-2 (Salmeron et al., 1996) can also
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phosphorylate and activate MEK1 and MEK2. MEK1 is activated by phosphorylation of 

two serine residues at positions 218 and 222 present in the activation loop (Alessi et al., 

1994; Yan and Templeton, 1994; Zheng and Guan, 1994). MEK1 and MEK2 contain a 

proline rich sequence that is thought to be required for recognition and activation by Raf 

proteins (Catling et al., 1995). This sequence is not present in other MAPKKs and 

therefore is a basis for specific signalling from Raf proteins to MEK 1/2 rather than to 

MKK4 (activator of JNK and p38MAPK) for example (Catling et al., 1995).

A striking biochemical difference between the three Raf isoforms is in their abilities to 

phosphorylate and activate MEK, their most widely accepted substrate. It is evident that 

B-Raf activates MEK to a much greater extent than Raf-1, and subsequently Raf-1 

activates MEK to a greater extent than A-Raf. In fact A-Raf activity towards MEK is 

barely detectable (Pritchard et al., 1995; Marais et al., 1997; Papin et al., 1998; Huser et 

al., 2001). These differing abilities of the Raf isoforms to activate MEK could have 

profound implications on cell proliferation and cell cycle arrest (discussed in Section 1.5).

Two different ERK isoforms exist in mammalian cells; p44 and p42 MAPK or ERK1 and 

ERK2 respectively. ERK1 and ERK2 are activated by phosphorylation of a threonine and 

tyrosine residue in the sequence -Thr-Glu-Tyr- by MEK which displays a high substrate 

selectivity towards ERK and are the only identified ERK activators (Crews et al., 1991; 

Matsuda et al., 1992; Nakielny et al., 1992; Seger et al., 1992a). The phosphorylation sites 

have been mapped to Thrl83 and Tyrl85 in ERK2 (Payne et al., 1991). The ERKs are 

serine/threonine protein kinases that recognise a minimal consensus sequence of Ser/Thr- 

Pro and have at least 50 substrates. The ERKs are located both in the cytosol and in the 

nucleus and translocation of the ERKs from the cytosol to the nucleus occurs after mitogen 

stimulation (Chen et al., 1992; Sanghera et al., 1992). Therefore the ERKs provide a 

physical link in the signal transduction pathway from the cytoplasm to the nucleus.

1.6.2 Downstream o f ERKs

The ERKs phosphorylate and activate a wide variety of substrates including upstream 

protein kinases such as Raf-1 (Anderson et al., 1991; Lee et al., 1992) and MEK (Matsuda 

et al., 1993). The function of this may be to serve as a feedback mechanism for the
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upstream components that lead to the activation of the ERKs. p90 ribosomal S6 kinase 

( p 9 0 RSK) a i s o  known as MAPKAP kinase-2 is phosphorylated and activated by the ERKs 

(Sturgill et al., 1988). p90RSK is able to translocate to the nucleus (Chen et al., 1992) 

where it has been reported to phosphorylate and activate several transcription factors such 

as c-Fos (Chen et al., 1993) and serum response factor (Rivera et al., 1993). The ERKs 

phosphorylate cytoskeletal proteins such as tau which is a microtubule associated protein 

(Drewes et al., 1992) leading to the regulation of cytoskeletal rearrangements and cellular 

morphology. The ERKs phosphorylate cell membrane enzymes such as the EGF receptor 

(Northwood et al., 1991; Takishima et al., 1991) and cytoplasmic phospholipase A2 

(CPLA2) (Lin et al., 1993; Nemenoff et al., 1993). The phosphorylation of CPLA2 causes 

an increase in its enzymatic activity resulting in an increased arachidonic acid release and 

formation of lysophospholipids from membrane phospholipids (Lin et al., 1993). ERKs 

can therefore trigger the formation of multiple secondary signalling pathways. The ERKs 

also phosphorylate transcription factors such as c-Myc (Alvarez et al., 1991; Gupta et al., 

1993), NF-IL6 (Nakajima et al., 1993), Elk-1 (Gille et al., 1992; Marais et al., 1993), Ets-2 

( McCarthy et al., 1995; McCarthy et al., 1997), ATF-2 (Abdel-Hafiz et al., 1992) and c- 

Jun (Pulverer et al., 1991; Smeal et al., 1991). The ERKs also influence cell shape and 

motility via interaction with integrins (Hughes et al., 1997), activation of myosin light 

chain kinase (MLCK) (Klemke et al., 1997) and activation of Calpain II (Glading et al., 

2000).

1.7 Other binding partners for the Raf proteins

Each of the Raf family members have been reported to interact with substrates other than 

MEK. A-Raf has been reported to interact with the p regulatory subunit of casein kinase 2 

(CK2) using yeast two-hybrid assays and this binding was specific for A-Raf (Boldyreff 

and Issinger, 1997; Hagemann et al., 1997). A-Raf was also shown to interact with hTOM 

and hTIM. These are novel proteins that are thought to be involved in mitochondrial 

transport implicating their involvement in the transport of A-Raf to the mitochondria where 

it was shown to be localised (Yuryev et al., 2000). Raf-1 has been reported to interact with 

the antiapoptotic protein Bcl-2 (Wang et al., 1994), Bagl (Wang et al., 1996b), KSR 

(Michaud et al., 1997) and Cdc25 phosphatase (Galaktionov et al., 1995). These 

interactions have been discussed in detail elsewhere in the chapter. Many more proteins
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that interact with the Raf proteins have been identified (presented in the review by Kolch, 

2000).

1.8 Proliferation

Growth factors stimulate the entry of quiescent cells into the cell cycle. The presence of 

growth factors is essential for the progression of cells through the G1 phase and past the 

restriction point at which cell cycle progression is independent of growth factor 

stimulation. This then allows entry into S phase which is when chromosome duplication 

occurs. This is followed by the G2 phase which is then followed by M phase which is 

when chromosome segregation plus cytokinesis occurs. There are many checkpoints 

during the cell cycle which each monitor the execution of a particular cell cycle event for 

example; DNA synthesis and spindle assembly. These safeguard against mistakes in cell 

duplication.

Progression through the initial phases of G1 appears to be regulated by Cyclins D l, D2 and 

D3 in conjunction with their catalytic partners, the cyclin-dependent protein kinases 

(Cdks), cdk4 and cdk6. The major target of these complexes is the retinoblastoma protein 

(pRb) (Kato et al., 1993). At least in part, pRb is thought to control G1 progression by 

regulating the activity of the transcription factor E2 promoter binding factor (E2F). E2F 

activates the transcription of many genes necessary for DNA replication and is sequestered 

into an inactive complex by association with pRb (Nevins, 1992). CyclinDl-Cdk4 kinase 

complexes phosphorylate pRb during mid to late Gl. Also, very close to the Gl/S phase 

transition, cyclin E accumulates and specifically activates cdk2 which has a secondary role 

in the phosphorylation of pRb (Harbour et al., 1999). Hyperphosphorylated pRb is unable 

to bind E2F, which enables free E2F to promote expression of genes necessary for entry 

into S phase. Gl progression depends on the sustained expression of D-type cyclins, 

which, in turn depends on continuous mitogenic stimulation up until the restriction point 

when E2F is released from Rb. Moreover, overexpression of D-type cyclins or cyclin E 

during early Gl leads to premature S phase entry (Ohtsubo and Roberts, 1993; Quelle et 

al., 1993; Resnitzky et al., 1994). Therefore, D-type cyclins provide a link between 

mitogen signalling and the cell-cycle machinery.
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The cyclin-cdk complexes are targets for negative regulators referred to as cyclin- 

dependent kinase inhibitors (CKIs). Two classes of CKIs exist: the CDK-interacting 

protein/kinase-interacting protein (Cip/Kip) family (p21WAF1/Cipl, p27Kipl and p57Kip2) and 

the inhibitor of cyclin-dependent kinase 4 (INK4) family (p i5, p i6, p i8 and p i9) (Sherr 

and Roberts, 1999). Cip/Kip family members can inhibit both cyclin-D-Cdk4/6 kinases 

and cyclin-E/A-Cdk2 (Blain et al., 1997). INK family members specifically inhibit cyclin- 

D-Cdk4/6 kinases (Sherr and Roberts, 1999).

1.8.1 Raf-1 and proliferation

A role for Raf-1 in cell proliferation was first indicated by experiments showing that the 

microinjection of Raf-1 protein was sufficient to induce DNA synthesis in quiescent cells 

(Smith et al., 1990). Furthermore it was shown that antisense Raf-1 or kinase-defective 

Raf-1 interfered with the proliferation of NIH3T3 cells, whereas a constitutively active 

form of Raf-1 had an accelerated effect on proliferation (Kolch et al., 1991; Miltenberger 

et al., 1993). It was also shown that Raf-1 was both necessary and sufficient to activate a 

subset of early and late growth response genes (Miltenberger et al., 1993).

1.8.2 The Ras/Raf/MEK/ERK cascade andproliferation

A direct connection between activation of the Ras/Raf/MEK/ERK cascade and 

transcriptional changes that are believed to induce cell proliferation has been demonstrated. 

The transcription of the prominent early response gene c-fos appears to be regulated by two 

proteins, the serum response factor (SRF) and Elk-1, which both bind to the promoter of 

the c-fos gene. This promoter is activated upon phosphorylation of Elk-1 by the ERKs 

(Treisman, 1996). c-Fos is one of the components of activating protein-1 (AP-1). AP-1 is 

a collective term referring to dimeric transcription factors composed of Jun, Fos or ATF 

family members that bind to a common DNA site, the AP-1 binding site which is found in 

the promoters of many genes, including the promoter of cyclin D1 (Angel and Karin, 1991; 

Albanese et al., 1995). The abundance of AP-1 proteins is most commonly regulated by 

controlling the transcription of their genes as described for c-Fos, but can also be regulated 

by modulation of their stability, for example by preventing their degradation (Karin, 1995).
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1.8.3 Use o f  inducible Rafproteins to investigate the role o f  Raf in proliferation

Detailed studies on the role of the Raf proteins in cell proliferation have been performed by 

using a system in which Raf-1 kinase activity could be rapidly and conditionally activated 

in mammalian cells. This was achieved by fusing the CR3 domain of each of the 3 Raf 

isoforms to the human hormone-binding domain of the estrogen receptor (hbER) (Figure 

1.5) resulting in the creation of ARaf-l:ER, AB-Raf:ER and AA-Raf:ER (Samuels et al., 

1993; Pritchard et al., 1995). In the absence of estradiol the hybrid proteins are maintained 

in an inactive state due to formation of a complex including Hsp90, which results in steric 

hindrance of other activities. Estradiol binding results in release of the Hsp90 complex and 

hence derepression leading to oncogenic activation of each of the Raf proteins (Picard, 

1993). The addition of estradiol to quiescent 3T3 cells expressing either ARaf-l:ER or 

AB-Raf:ER does not allow cell cycle progression and inhibits the response of the cells to 

EGF and platelet derived growth factor (PDGF). Moreover AB-Raf:ER inhibits the 

mitogenic response of these cells to serum. In contrast, the addition of estradiol to 

quiescent 3T3 cells expressing AA-Raf:ER leads to cell cycle progression. Unlike the 

other Raf kinases, AA-Raf:ER has no effect on the mitogenic responses of cells to growth 

factor stimulation (Pritchard et al., 1995). The reason for the different responses of the 

cells to the activation of the three Raf proteins is thought to be due to their differing 

abilities to activate MEK/ERK. All three Raf proteins, when activated, could activate 

MEK. However their individual efficiencies at doing so varied significantly, with AB- 

Raf:ER activating MEK to the greatest extent, ARaf-l:ER to a lesser extent, and AA- 

Raf:ER activating MEK to an even lesser extent (Pritchard et al., 1995).

With the use of the estradiol regulated Raf proteins, further experiments were performed to 

analyse the regulation of various cell cycle proteins. It was found that all of the active 

forms of the Raf proteins induce cyclin D1 and cyclin E expression and cause a decrease in 

the expression of p27Kipl which is consistent with a positive effect on proliferation (Woods 

et al., 1997). However, ARaf-l:ER and AB-Raf:ER strongly induced the expression of 

p21Cipl which is the probable cause of the observed cell cycle arrest, whereas AA-Raf:ER 

did not induce p21Clpl expression (Woods et al., 1997). Moreover, the activation of the 

hybrid proteins was manipulated by adjusting the concentration of estradiol. It was 

concluded from these experiments that each of the Raf proteins could elicit either cell cycle
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Fig. 1.5 Generation of a conditionally activated form of Raf. (A) Domain structure of Raf 
highlighting the three conserved regions (CR1, CR2 and CR3). (B) Fusion of the human 
binding domain of the estrogen receptor to the CR3 domain of Raf in which Raf only 
becomes activated upon the addition of estradiol.
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progression or cell cycle arrest depending upon the level of Raf kinase activity, with low 

levels of Raf activity eliciting cell cycle progression and high levels of Raf activity 

eliciting cell cycle arrest (Woods et al., 1997). The activation of ARaf-l:ER in p21Cipl_/~ 

MEFs led to a robust mitogenic response, supporting the theory that p21Clpl is involved in 

Raf-induced cell cycle arrest and by the use of p53-/~ MEFs it was shown that the induction 

of p21Cipl was independent of p53 (Sewing et al., 1997; Woods et al., 1997). Therefore the 

induction of p21Cipl and consequently cell cycle arrest requires high levels of signalling 

through the Raf/MEK/ERK signalling pathway whereas cell cycle progression requires low 

levels of signalling through the Raf/MEK/ERK signalling pathway to prevent p21Cipl 

induction in NLH3T3 cells.

1.9 Differentiation

One of the most studied differentiation systems in culture is that of the rat 

pheochromocytoma cell line (PC 12 cells) in which both EGF and NGF activate the MAPK 

cascade. However, EGF treatment induces proliferation (Huff et al., 1981) whilst NGF 

treatment induces differentiation into sympathetic neuron-like cells (Greene and Tischler, 

1976; Qui and Green, 1992). It is thought that the difference between the EGF and NGF 

responses may be derived from differences in the duration of MAPK signalling (Qui and 

Green, 1992; Traverse et al., 1992; Nguyen et al., 1993). EGF and other mitogens 

promote the brief activation of the MAPK pathway, whereas NGF promotes the sustained 

activation of this signal transduction pathway (Qui and Green, 1992; Traverse et al., 1992; 

Nguyen et al., 1993). When the number of EGF receptors is increased in PC 12 cells it 

changes their response to EGF, MAPK is sustained and the cells undergo differentiation 

rather than proliferation (Dikic et al., 1994; Traverse et al., 1994). The difference in 

strengths of signalling may be as a result of different rates of receptor downregulation, as 

the EGF receptor is downregulated much faster than the TrkA receptor (Countaway et al., 

1992).

These results are consistent with the findings that both oncogenic Ras and oncogenic Raf 

mimic the effect of NGF in stimulating neurite outgrowth (Bar-Sagi and Feramisco, 1985; 

Noda et al., 1985; Wood et al., 1993), as both of these oncoproteins produce prolonged 

activation of the ERKs (Leevers and Marshall, 1992). NGF treatment and thus sustained
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ERK activation leads to nuclear translocation of ERK whereas EGF and thus transient 

ERK activation does not lead to nuclear translocation of ERK (Nguyen et al., 1993; Dikic 

et al., 1994). Therefore this difference in the nuclear translocation of ERK is probably the 

mechanism behind the different biological responses of PC 12 cells to EGF and NGF as for 

example, it was observed that NGF stimulates the activation of Elk-1 more markedly than 

EGF (York et al., 1998). It appears that in the case of PC 12 cells the strength and duration 

of signals transmitted through the MAPK cascade are themselves sufficient to determine 

the responses of PC 12 cells to stimuli, with prolonged MAPK signalling leading to 

differentiation and transient MAPK signalling leading to proliferation. These differences 

in strengths of signalling to the ERKs may be provided for by the different Raf isoforms. 

For example, NGF specifically activates B-Raf in PC 12 cells. In addition this appears to 

be mediated by Rapl which leads to sustained activation of the ERKs and differentiation 

(Vossler et al., 1997; York et al., 1998).

1.10 Cellular transformation

Oncogenes were first described as retrovirus-encoded genes that produced tumours in 

rodents and birds as was the case for the discovery of the Raf proteins. Most oncogenes 

discovered encode proteins that participate in the various signalling cascades through 

which growth factors stimulate normal cell division. However, no direct links have been 

observed between Raf and human cancers even though amino-terminal truncations of all 

three Raf proteins leads to cellular transformation. The main reason for studying the 

involvement of Raf proteins in cellular transformation is due to the fact that mutations of 

m s genes have been found in 30% of human cancers (Bos, 1989). Therefore the main role 

for Raf proteins in tumour cells is thought to be mediated by their participation in the 

Ras/Raf/MEK/ERK cascade.

1.10.1 Transforming abilities o f the Rafproteins

A critical role for Raf-1 in oncogenic transformation of 3T3 cells by v-Ha-ras, v-Ki-ras 

(Kolch et al., 1991) and v-src (Qureshi et al., 1993) was demonstrated by inhibition studies 

using dominant negative and antisense RNA constructs, which serve to block 

transformation normally induced by these oncogenes. Also, constitutively activated 

mutants of all Raf proteins exhibit transforming activities in fibroblast transformation
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assays, although A-Raf displays the weakest transforming ability compared to the other 

two Raf proteins (Pritchard et al., 1995). This difference correlates with the individual 

abilities of the Raf proteins to activate MEK, with A-Raf activating MEK to a much lesser 

extent than B-Raf and Raf-1 (Pritchard et al., 1995).

We recently assessed the ability of A-Raf ~/Y and A -R a f+/Y mouse embryonic fibroblasts 

(MEFs) immortalised with the SV40T antigen and transfected with either Ras or Src 

oncogenes to undergo anchorage independent growth. No difference was observed in the
_ /Y  4- /Yability of the A-Raf MEFs to form colonies in soft agar in comparison to A-Raf MEFs 

(Mercer et al., 2002). This shows that A-Raf is not required for transformation with either 

of these two particular oncogenes, which possibly reflects its lack of a major involvement 

in the Ras/Raf/MEK/ERK pathway in MEFs.

As discussed, the ERKs provide a link between the cytoplasmic signalling cascade and 

transcription of genes controlling cellular proliferation, therefore the Ras/Raf/MEK/ERK 

cascade is an important mediator of activated oncogenes. Furthermore, the involvement of 

Raf-1 in promoting cell survival (see Section 1.11) has major consequences for the survival 

of aberrant cells and tumour progression.

1.10.2 The p53 tumour suppressor protein

The p53 gene is mutated in approximately 60% of all human tumours (Hollstein et al., 

1991). p53 is an important tumour suppressor protein that serves to maintain genomic 

integrity by arresting cell growth or inducing apoptosis in response to cellular stress, such 

as DNA damage (Lakin and Jackson, 1999). The p53 protein has a short half-life and is 

maintained at low levels in normal cells. Upon stimulation by cellular stress, p53 levels 

are transiently stabilized and it becomes active as a transcription factor to either promote 

apoptosis or arrest proliferation to allow DNA repair (Lakin and Jackson, 1999). The 

mdm2 protein, encoded by a p53-inducible gene, is a critical cellular antagonist of p53, as 

it binds directly to p53 which blocks its transcriptional activity and also targets p53 for 

degradation (Momand et al., 1992; Haupt et al., 1997; Kubbutat et al., 1997). p53 itself is 

responsible for regulating the transcription of mdm2 thus resulting in a negative feedback 

in which p53 regulates its own destruction (Barak et al., 1993; Wu et al., 1993c). It was
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shown that mdm2 expression was controlled by the Ras/Raf/MEK/ERK cascade as the 

overexpression of Ras or the activation of AB-Raf:ER leads to the induction of mdm2 

transcription. However in wild-type cells, p53 levels were not affected (Ries et al., 2000). 

The reason for this is that activation of the Ras/Raf/MEK/ERK cascade also induces the 

expression of p l9 ARF (Bates et al., 1998; Palmero et al., 1998). p l9ARF inhibits mdm2 

activity (Pomerantz et al., 1998; Tao and Levine, 1999). Further experiments showed that 

in cells that lack functional p l9ARF, the activation of AB-Raf:ER leads to the induction of 

mdm2 transcription and the subsequent degradation of p53 (Ries et al., 2000). Therefore in 

normal cells the levels of p53 are determined by a balance between mdm2 and p l9ARF 

expression induced by the Ras/Raf/MEK/ERK cascade. In tumours possessing activated 

Ras, mdm2 levels will be elevated which may lead to tumour progression via the 

prevention of p53 mediated apoptosis induction or growth arrest.

1.11 Apoptosis

Apoptosis is also known as programmed cell death. It is an essential physiological process 

required for the normal development and maintenance of tissue homeostasis. When 

misregulated, apoptosis can contribute to various diseases including cancer and 

autoimmune and neurodegenerative diseases. Growth factors, cytokines, and serum 

provide both mitogenic and anti-apoptotic signals to cells and play an important role in 

maintaining the homeostatic balance between cell proliferation and cell death.

The actual process of apoptosis involves cytoplasm shrinkage and chromatin condensation 

with the maintenance of organelle integrity. The plasma membrane blebs but does not 

rupture, thus preventing the release of cellular compounds into the extracellular medium. 

Apoptotic cells are then recognised and removed by phagocytes, thereby avoiding 

inflammation (Cohen, 1997). Most of the morphological changes observed with apoptosis 

are as a result of a set of cysteine proteases that are specifically activated in apoptotic cells. 

These cysteine proteases are part of a large family known as caspases and first identified in 

C. elegans. Caspases are highly conserved through evolution and are the central 

executioners of the apoptotic pathway, as inhibition of caspases can prevent apoptosis 

(Cohen, 1997). Caspases are synthesized as enzymatically inert zymogens and are 

activated upon cleavage at specific sites, probably catalysed by other activated caspases
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resulting in a caspase cascade giving amplification and integration of pro-apoptotic signals 

(Cohen, 1997). Caspases selectively cleave a limited set of cellular proteins, usually 

resulting in the inactivation of the cleaved protein. Examples of caspase substrates include 

poly (ADP-ribose) polymerase (PARP), DNA-dependent protein kinase (DNA-PK), lamin, 

and focal adhesion kinase (FAK) (Cohen, 1997). Raf-1 has also been identified as a 

caspase substrate; the cleavage of Raf-1 results in inhibition of its kinase activity 

(Widmann et al., 1998).

1.11,1 Death receptor and mitochondria mediated apoptosis

Two major apoptotic pathways exist in mammalian cells: The death receptor pathway and 

the mitochondrial pathway (Figure 1.6). The death receptor pathway is triggered by 

members of the death receptor family including CD95/Fas and tumour necrosis receptor I 

(TNFR1). Binding of the cognate ligand, such as CD95 ligand (CD95L) or agonistic 

antibodies to the CD95 receptor induces receptor trimerisation and formation of a death 

inducing signalling complex (Ashkenazi and Dixit, 1998). In the case of CD95, receptor 

trimerisation results in recruitment of the adapter protein FADD (Fas-associated death 

domain) whereas in the case of TNFR1, receptor trimerisation results in recruitment of the 

adapter protein TRADD (TNFR-associated death domain) (Ashkenazi and Dixit, 1998). 

This allows the engagement of multiple procaspase-8 molecules. This complex is termed 

the DISC (death-inducing signalling complex), and results in the generation of active 

caspase-8 by trans-catalysis (Ashkenazi and Dixit, 1998). Caspase-8 is an initiator caspase 

as it is able to activate all other known caspases in vitro (Srinivasula et al., 1996) (Figure 

1.6).

The mitochondrial pathway is triggered in response to DNA damage. These diverse 

response pathways converge on mitochondria, often through the activation of a pro- 

apoptotic member of the Bcl-2 family. The Bcl-2 family consists of proteins that inhibit 

(Bcl-2, Bc1-Xl) and promote (Bax, Bad, Bak, Bid) apoptosis (Gross et al., 1999). The 

different family members interact with each other at the mitochondrial membrane via 

homodimerisation or heterodimerisation to tightly regulate cytochrome c release by an 

unknown mechanism, although several models have been proposed (Gross et al., 1999). 

Cytochrome c is released from the mitochondria into the cytosol if the pro-apoptotic
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Fig. 1.6 Death receptor (CD95 in this example) and mitochondrial mediated apoptosis via 
the activation of the effector caspases 3, 6 and 7. Also indicated is the potential role of Raf-1 
in the prevention of apoptosis by phosphorylation of Bad which leads to the interaction o f 
Bad with 14-3-3 to prevent its pro-apoptotic function.
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proteins predominate (Gross et al., 1999). Cytochrome c then interacts with apoptotic 

protease activating factor-1 (Apaf-1), dATP/ATP and procaspase-9 to form the 

apoptosome (Li et al., 1997; Zou et al., 1999). Caspase-9 is also known as an initiator 

caspase as it sets off a cascade of caspase activation (Figure 1. 6). The activated initiator 

caspases (caspase-8 and caspase-9) can then activate the effector caspases (caspase-3, 

caspase-6 and caspase-7), which then initiate a program of cleavage of a limited set of 

cellular proteins, this results in the ordered dismantling and removal of the cell (Zou et al.,

1997).

1.11.2 Linking o f the two apoptotic pathways

Bid is a pro-apoptotic protein that has been suggested to link the death receptor pathway to 

mitochondria. The cleavage of Bid by Caspase-8 releases a truncated protein (tBid) which 

is translocated to the mitochondria where it promotes cytochrome c exit and formation of 

the apoptosome (Li et al., 1998). The involvement of the mitochondria in CD95-induced 

apoptosis is controversial, as cytochrome c is not always released (Strasser et al., 1995). 

However, hepatocytes from Bid deficient mice are resistant to CD95 induced apoptosis, 

and MEFs and thymocytes from these mice display a delay in apoptosis (Yin et al., 1999). 

This discrepancy has led to the proposal that two different cell types exist; type I in which 

death ligands induce apoptosis without the involvement of the mitochondria, and type II in 

which death ligands induce apoptosis with the aid of the mitochondria and cytochrome c 

(Scaffidi et al., 1998). Overall, in CD95-mediated apoptosis it is unclear whether or not 

Bid significantly contributes to the overall degree of apoptosis.

It has been observed that many DNA damaging agents including etoposide induce 

apoptosis by inducing the synthesis of CD95-L mediated by the induction of nuclear 

factor-KB (NF-kB) and AP-1, thereby activating the death receptor pathway (Kasibhatla et 

al., 1998). However, it is unclear how relevant these findings are as very high drug 

concentrations are required for the induction of CD95-L synthesis in these experiments 

(Kaufinann and Eamshaw, 2000).
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1.11.3 ERK-dependent role for Rafproteins in apoptosis regulation

The Ras/Raf/MEK/ERK pathway is associated with the inhibition of apoptosis, leading to 

cell survival in some cell types and it is also associated with the induction of apoptosis in 

other cell types. The overexpression of constitutively activated MEK, Ras, Raf-1 or B-Raf 

prevents apoptosis after growth factor deprivation of a variety of cell types including; 

myeloid cells, PC 12 cells and fibroblasts (Cleveland et al., 1994; Xia et al., 1995; Erhardt 

et al., 1999; Le Gall et al., 2000). Moreover, the removal of NGF from PC 12 cells results 

in apoptosis involving the sustained activation of JNKs and p38MAPKs and inhibition of 

ERKs. Therefore it appears that whether apoptosis occurs in PC 12 cells is dependent upon 

relative levels of activation/inhibition of the JNK-p38MAPK and ERK pathways (Xia et 

al., 1995). Activated Ras has been shown to suppress apoptosis through the activation of 

PKB/Akt. Conversely, a constitutively active Ras mutant is reported to cause c-Myc- 

induced apoptosis through the activation of Raf-1 (Kauffrnann-Zeh et al., 1997). 

Therefore it is thought that Ras controls both apoptosis induction and suppression by the 

activation of two different effectors.

Growth factor deprivation induces a mitochondrion-dependent apoptosis pathway that is 

dependent upon cytochrome c release (Green and Reed, 1998). Bcl-2 and Bc1-Xl are 

inhibitors of apoptosis that act by preventing cytochrome c release from mitochondria 

(Kluck et al., 1997; Yang et al., 1997). The overexpression of B-Raf in serum starved 

fibroblasts leads to the prevention of apoptosis, after the release of cytochrome c (Erhardt 

et al., 1999). This indicates that constitutive activation of the Ras/Raf/MEK/ERK pathway 

may activate or upregulate the expression of the caspase inhibitors such as X-linked 

inhibitor of apoptosis protein (X-IAP) and cellular IAP (cIAP).

The ERKs were found to act in both a transcription-dependent and -independent manner to 

prevent apoptosis in cerebellar neurones (Bonni et al., 1999). Amongst other substrates, 

the ERKs phosphorylate and activate p90RSKs. At least three Rsk isoforms have been 

identified in mammals; Rsk-1, Rsk-2 and Rsk-3 (Nebreda and Gavin, 1999). Rsk-2 was 

shown to directly phosphorylate Bad at Ser 112 (Bonni et al., 1999). Rsks are also able to 

phosphorylate and activate the transcription factor CREB (cAMP response element- 

binding protein) which is thought to induce the expression of Bcl-2 (Bonni et al., 1999).
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Therefore activation of the RSKs by the ERKs can lead to the prevention of apoptosis 

through two different mechanisms.

1.11.4 ERK-independent role fo r  Rafproteins in apoptosis regulation

Raf-1 in particular has been implicated in the regulation of apoptotic pathways in an ERK- 

independent way. Raf-1 has been reported to interact with Bcl-2 in vitro and it was shown 

that these two proteins act synergistically to prevent apoptosis upon withdrawal of 

interleukin-3 (IL-3) in an IL-3 dependent haematopoietic cell line (Wang et al., 1994). 

Furthermore, when a mitochondrial membrane localisation signal was fused to the kinase 

domain of Raf-1, an enhanced resistance to apoptosis in response to IL-3 withdrawal was 

observed in myeloid cells (Wang et al., 1996a). However, when a mutation which renders 

Raf-1 inactive was used, this survival effect was abolished (Wang et al., 1996a; Majewski 

et al., 1999). In a contrasting report, it was shown that Bcl-2 does not stably interact with 

Raf-1 and that Bcl-2 does not require Raf-1 for its function (Olivier et al., 1997).

Bad is a pro-apoptotic member of the Bcl-2 family. Its function is modulated by 

phosphorylation at two sites; Seri 12 and Serl36 (Datta et al., 1997; Bonni et al., 1999). In 

the absence of phosphorylation, Bad is thought to induce cell death by binding to the anti- 

apoptotic protein Bcl-XL resulting in the translocation of cytochrome c from the 

mitochondria to the cytosol (Zha et al., 1996). Phosphorylation of Bad leads to binding to 

14-3-3 proteins, which may sequester Bad from Bc1-Xl and thus promote cell survival 

(Zha et al., 1996). Raf-1 has been reported to phosphorylate Bad in vitro, independently of 

the Ras/Raf/MEK/ERK cascade (Wang et al., 1996a). However, the sites of 

phosphorylation are not those that are required for the inactivation of Bad in response to 

survival signals (Zha et a l, 1996). Therefore Raf-1 may influence the phosphorylation of 

Bad indirectly (Figure 1.6).

Bag-1 has been reported to interact with and activate Raf-1 in vitro (Wang et al., 1996b). 

However, as Bag-1 is a chaperone, this interaction may simply be required to maintain 

Raf-1 in an active conformation rather than promoting its activation. Bag-1 has also been 

reported to bind to Bcl-2 (Takayama et a l, 1995) which may provide a mechanism of 

Raf-1 localisation to the mitochondria where both Bcl-2 and Bad reside.
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1.11.5 N F kB

NFkB is a transcription factor that in unstimulated cells is bound to its inhibitor IkB which 

retains it in the cytosol (Baeuerle and Baltimore, 1988). In response to diverse stimuli, 

including TNFa, IL-1 and viral RNA, IkB proteins are phosphorylated on two serine 

residues and rapidly degraded thus freeing NFkB dimers which translocate to the nucleus 

(Brown et al., 1995; Chen et al., 1995; Traenckner et al., 1995). NFkB is involved in the 

transcription of genes associated with the inflammatory response, development and cell 

survival (Beg and Baltimore, 1996; Van Antwerp et al., 1996). The genes induced by 

NFkB to promote cell survival include the caspase inhibitors c-IAPl and C-IAP2 (Chu et 

al., 1997; Wang et al., 1998), B C L -X l (Chen et al., 2000) and growth arrest and DNA 

damage45p (Gadd45P) which is involved in cell cycle control and DNA repair (De Smaele 

et al., 2001).

IkB kinase (IKK) is the kinase responsible for the phosphorylation of IkB (Zandi et al.,

1998). IKK is activated by phosphorylation as shown by treatment with PP2A which 

results in its inactivation (DiDonato et al., 1997). Also, stimulation of cells with TNF 

results in phosphorylation of all subunits, although it appears that the important sites for 

activation of IKK are located in the activation loop of IKKp (Delhase et al., 1999). Two 

upstream activators of IKK have been identified; NFKB-inducing kinase (NIK) and 

MEKK1. Overexpression of either results in activation of IKK (Lee et al., 1998; Ling et 

al., 1998; Nakano et al., 1998). Raf-1 was shown to activate NFkB by inducing the 

phosphorylation and subsequent degradation of IkB (Li and Sedivy, 1993). More recently 

it was shown that Raf-1 stimulates the hcB-kinase complex (IKK) which is responsible for 

phosphorylating and inactivating IkB and that this may be mediated by MEKK1 (Baumann 

et al., 2000; Figure 1.7).

1.11.6 ASK1

Apoptosis signal-regulating kinase 1 (ASK1) is a MAPKKK (Ichijo et al., 1997) that is 

activated in response to apoptotic stimuli such as TNFa, CD95L, oxidative stress and 

DNA damage and relays these signals to JNKs and p38MAPKs (Ichijo et al., 1997; Chang et 

al., 1998; Nishitoh et al., 1998; Saitoh et al., 1998; Liu et al., 2000).
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Fig. 1.7 Activation of NFkB by TNFa resulting in the prevention of apoptosis, and 
activation of JNK or p38MAPK via ASK1 resulting in the promotion of apoptosis. The 
potential role of Raf-1 in the prevention of ASK1 function and in the stimulation of the IkB- 
kinase complex (IKK) is indicated.
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Overexpression of ASK1 induces apoptosis in a variety of cell types by inducing 

mitochondria-mediated caspase activation (Ichijo et al., 1997; Saitoh et al., 1998; Hatai et 

al., 2000). Raf-1 was shown to interact with ASK1 in vivo, in addition, the overexpression 

of Raf-1 disrupts ASKl-induced cell death (Chen et al., 2001; Figure 1.7). Use of MEK 

inhibitors indicate that this function of Raf-1 is independent of its role in activating the 

MEK/ERK pathway. Moreover, the use of a kinase defective Raf-1 show that this role of 

Raf-1 is independent of its kinase activity (Chen et al., 2001). These results show that 

Raf-1 promotes cell survival by interfering with ASK1 function independently of its kinase 

activity or ability to activate the ERKs.

1.11.7 PI3-K/Aktpathway and cell survival

Phosphoinositide 3-kinase (PI3-K) is involved in the survival of a number of different cell 

types. A number of PI3-K isoforms exist; the best characterised is a heterodimer that 

consists of an 85 kDa regulatory subunit (Otsu et al., 1991) and a 110 kDa catalytic subunit 

(Hiles et al., 1992). Activation of PI3-K involves association of the p85 regulatory subunit 

with specific phosphotyrosines either on the cytoplasmic domain of growth factor 

receptors or on receptor-associated adaptor proteins (Rordorf-Nikolic et al., 1995). PI3-K 

may also interact with and be directly activated by Ras (Rodriguez-Viciana et al., 1994). 

The result of either of these is the translocation of PI3K from the cytosol to the plasma 

membrane whereby the pi 10 subunit catalyses the phosphorylation of phosphoinositides at 

the D3 position. These PI3-K-generated phospholipids then elicit a diverse set of cellular 

responses, including the regulation of the Ser/Thr kinase Akt by direct binding to the Akt 

pleckstrin homology (PH) domain. Activation of Akt is also thought to involve 

phosphorylation at two major sites Thr308 and Ser473 by phosphoinositide dependent 

kinase 1 (PDK1) (Currie et al., 1999).

Akt targets several key proteins to keep cells alive, including transcription factors and 

apoptosis regulators. For example Akt has been shown to phosphorylate Bad in vitro and 

in vivo on Seri36 (Datta et al., 1997). Secondly, in human embryonic kidney (HEK293) 

cells, Akt has been reported to phosphorylate Raf-1 on Ser259 which results in the 

inhibition of Raf-1 activity by allowing association with 14-3-3 at this site which is thought 

to maintain Raf-1 in an inactive conformation (Zimmermann and Moelling, 1999). Akt
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has also been reported to phosphorylate B-Raf on multiple sites within the amino-terminal 

regulatory domain including Ser364, the equivalent residue to Ser259 of Raf-1 which 

similarly acts to inhibit B-Raf activity (Guan et al., 2000). This suggests that the 

RafTMEK/ERK pathway is negatively regulated by Akt which may mediate the cell 

survival effects of Akt.

1.12 Manipulating the mouse genome

1.12.1 Embryonic stem (ES) cells

Embryonic stem (ES) cells are derived from the inner cell mass of mouse blastocyst stage 

embryos (E3.5). These cells are pluripotent as they can differentiate into all cell types. 

The isolation of ES cells from mouse blastocysts and their successful culture was first 

reported in 1981(Evans and Kaufman, 1981; Martin, 1981). ES cells can be successfully 

cultured to maintain their undifferentiated state by growing them on a feeder layer of 

mitotically inactivated MEFs which provides a matrix for attachment as well as secreted 

protein factors whose role is to maintain the cells’ pluripotent capacity. ES cells also 

require the addition of leukaemia inhibitory factor (LIF) to the media which efficiently 

preserves the cells’ pluripotent capacity (Smith et al., 1988). Cultured ES cells can be 

reintroduced into a mouse blastocyst which are then placed into a surrogate mother. The 

resulting mouse is termed a chimaera, with some of its cells derived from the host embryo 

and some of its cells derived from the reintroduced ES cells (Bradley et al., 1984). If the 

coat colour alleles of the donor ES cells and the recipient blastocyst are distinguishable, the 

resulting chimaeric mouse will exhibit coat colour mosaicism. ES cells contribute 

efficiently to the formation of all tissues in a chimaeric mouse, including the germline 

(sperm or ova). Whether donor ES cells contribute to the germline can then be evaluated 

by breeding to a suitable mouse with the appropriate coat colour trait (Bradley et al., 

1984).

While in culture, ES cells can be manipulated by a number of methods to allow the 

incorporation of exogenous DNA and they may be passaged many times without losing 

their pluripotent capacity. Electroporation is technically simple and is the most common 

method for introducing DNA into ES cells. A high voltage electrical pulse is applied to a 

suspension of ES cells and DNA, enabling the DNA to enter the ES cells (Joyner, 1999).
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The first report on the introduction of exogenous DNA into ES cells followed by the 

successful transmission of the genetic change through the germline was achieved by the 

use of retroviral vectors (Robertson et al., 1986).

With an aim to derive an animal model for the Lesch-Nyhan syndrome in humans, 

hypoxanthine guanine phosphoribosyl transferase (hprt) was the first gene to be 

manipulated in ES cells. This gene is on the X chromosome, therefore disruption of the 

single copy in male ES cells was sufficient to yield hprt null ES cells. One approach was 

to select for spontaneous mutations that lead to disruption of this gene in ES cells (Hooper 

et al., 1987). Another approach was by the insertion of retroviral DNA into ES cells to 

allow random mutagenesis, followed by selection for the loss of HPRT activity (Kuehn et 

al., 1987). In both cases, the mutant ES cells were used to successfully derive mice 

deficient for the hprt gene.

1.12.2 Gene targeting in ES cells

Gene targeting is the homologous recombination between endogenous DNA sequences and 

introduced exogenous homologous sequences and this process occurs via a double 

reciprocal recombination event. A targeting vector is designed to recombine with and 

mutate a specific chromosomal locus. There are many different kinds of mutations that 

can be created including: null mutations, point mutations, deletions of specific functional 

domains, chromosomal translocations and gain-of-function mutations. The general design 

of a targeting vector includes: homologous DNA sequences, a positive selectable marker 

and a negative selectable marker. The length of DNA sequence homology is normally in 

the range of 5-8 kb, separated into a short and a long sequence of homology. Homologous 

recombination events are very rare, therefore the ES cell population needs to be enriched 

for cells harbouring such events. Both positive and negative selection procedures are used. 

A typical positive selection marker is the neomycin resistance gene (neoR) whose gene 

product confers resistance to the drug G418 and acts to isolate the rare transfected cells 

that have stably integrated the targeting vector. The positive selectable marker can also 

serve as a mutagen by disrupting a coding exon of a gene (Figure 1.8). A typical negative 

selection marker is the herpes simplex virus thymidine kinase gene (HSV-/&) whose gene 

product converts the drug gancyclovir to a form that is toxic to the cell. Therefore if the
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HSV-tk gene is placed outside the targeting event it provides selection for the targeted 

recombination product (Figure 1.8).

After the targeting vector has undergone homologous recombination with the endogenous 

sequence, the final recovered product is equivalent to a replacement of the chromosomal 

homology with all components of the vector which are flanked on both sides by 

homologous sequences. Any sequences at the ends of the vector homology are excised 

from the vector, for example the HSV-M: gene, and are not recovered as stable genomic 

sequences in the recombinant allele following targeting (Figure 1.8).

A common way to generate a null allele is to insert a selection cassette into a coding exon 

and/or replace part of the locus (Figure 1.8). However, exon interruptions and small 

deletions do not necessarily ablate the function of the target gene to generate a null allele, 

and in many cases transcripts and truncated proteins are produced from such a mutant 

allele which may have some function.

The first report of gene targeting in ES cells was the inactivation of the endogenous 

selectable hprt gene in male ES cells. Homologous recombinants could be directly 

selected for as the hprt gene product converts the base analogue 6-thioguanine to a form 

that is toxic to the cell, therefore only cells that had undergone homologous recombination 

to disrupt the gene survived treatment with 6-thioguanine (Thomas and Capecchi, 1987). 

The first report of a targeted non-selectable gene was that of Int-2 where the targeting 

vector harboured both positive and negative selectable markers to enrich the ES cell 

population for homologous recombination events (Mansour et al., 1988).

A relatively new technology has arisen that has many advantages over conventional gene 

targeting strategies and is explained in more detail in Chapter 3. The Cre/loxP site-specific 

recombination system allows a null allele to be generated in a conditional manner. Firstly, 

this requires the integration of two 34 bp sequences known as loxP sites that flank the gene 

of interest or part of the gene. Cre is an enzyme that recognises and mediates a site- 

specific recombination between the two loxP sequences and results in deletion of the
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Fig. 1.8 Gene targeting to create a null allele. Thick red line represents homologous 
sequences in vector and locus, thick black line represents sequence of chromosome not 
homologous to vector sequence, thin black line represents bacterial plasmid not homologous 
to chromosome sequence. Also indicated is a blue coding exon, the necP gene and the HSV- 
tk gene. (A) Positive selectable marker interrupts the coding exon. (B) Positive selectable 
marker replaces the coding exon.
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intervening DNA sequence (Hoess and Sternberg, 1982; Hoess and Abremski, 1984). As 

Cre can be placed under the control of a variety of promoters, this allows both spatial and 

temporal restriction of the Cre-mediated recombination event by the generation of Cre 

transgenic mice.

1.12.3 Generation o f transgenic mice

The application of gene targeting technology to ES cells in culture followed by the 

generation of mice enables specific gene function to be studied in vivo. Once the required 

genetic modification has been achieved in ES cells, the next stage is to generate mice from 

them (Figure 1.9 is a diagram of this process). A timed mating between male and female 

mice is set up, in this example C57BL6 and CBA strains are used. At E3.5, blastocysts are 

taken from the female. Normally, between 6  and 12 targeted ES cells are then 

microinjected into each host blastocyst using micromanipulation techniques. The 

blastocysts are then transferred into the uterus of a surrogate pseudopregnant female. 

Approximately 16 days after the transfer, the pups are bom. These are referred to as 

chimaeras, because cells originating from the host blastocyst and the microinjected ES 

cells contribute to the progeny in a random pattern. The readily apparent genetic marker of 

chimaerism is coat colour, and the degree of coat colour chimaerism of a particular animal 

correlates with the degree of germline contribution. Germline transmission of the 

microinjected ES cells means that they have contributed to the germline of the chimaera. 

Most ES cells in use were derived from male embryos. The main reason for this is that 

male mice can be mated many more times than female mice and therefore the ES cell 

contribution to the germline can be more rapidly assessed. Because the ES cells used are 

male, it is highly unlikely that female chimaeras will transmit the ES cell genotype through 

the germline.

To assess whether germline transmission has been achieved, the male chimaeras are mated 

to wild-type MF-1 mice. Coat colour of the progeny indicates whether germline 

transmission has been achieved and in the example, albino progeny have originated from 

the targeted ES cells (which originate from the 12901a strain) whereas agouti or black 

progeny have originated from the host blastocyst (Figure 1.10). Once germline
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Fig.1.9. Diagram to show the generation of transgenic mice. (A) Microinjection of albino 
coat colour ES cells into an agouti coat colour E3.5 blastocyst. (B) Transfer of blastocysts 
into surrogate female. (C) Chimaeras result that harbour a mixture of cells originating from 
both the injected ES cells and the host blastocyst. (D) Mating of the chimaeras with wild- 
type MF-1 mice. (E) The coat colour of the FI progeny indicates whether germline 
transmission has been achieved. The albino coloured mice have transmitted the ES cells 
whereas the agouti coloured mice originate from the host blastocyst cells.
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Fig. 1.10. Germline transmission of ES cells as assessed by coat colour of FI progeny resulting from mating 

of a chimaera with a wild-type MF-1. Albino mice in the FI progeny indicates that the germ cells originated 

from the microinjected 12901a ES cells, black coloured mice in the FI progeny indicates that the germ cells 

originated from the host blastocyst. A and C are coat colour genes, A is dominant over C.

Dominant coat colour genes: A = agouti, C = black 

Recessive coat colour genes: a = nonagouti, c = albino

Origin of Blastocyst
germ cells: CBA x C57BL/6

AaCC

12901a ES cell
aacc

aacc

FI
progeny:

AaCc aaCc
(agouti) (black)

aacc
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transmission has been achieved, the animals are screened for the presence of the mutation 

originally introduced into the ES cells in culture. Animals that harbour the mutation are 

heterozygotes in that every cell of the animal contains the mutation on one chromosome 

and can be used to form a breeding colony.

1.13 Ras/Raf/MEK/ERK knockouts in mice

A vast number of individual gene knockouts have been accomplished in mice, including 

many of the signalling components of the Ras/Raf/MEK/ERK signalling cascade. Gene 

knockouts provide a valuable tool for studying the role of such proteins in comparison to 

overexpression experiments which often give false information.

1.13.1 Ras

In mammals, there are three functional ras genes that encode four highly homologous 

proteins: H-Ras, N-Ras, K4A-Ras and K4B-Ras. K4A-Ras and K4B-Ras are produced 

from the same gene.

Mice homozygous for the N-Ras null mutation (N-ras~f~) are indistinguishable from their 

wild-type littermates with regards to their development, growth and fertility (Umanoff et 

al., 1995).

Mice homozygous for the H-Ras null mutation (H-ras~f~) are also indistinguishable from 

their wild-type littermates with regards to their development, growth and fertility (Ise et 

a l, 2 0 0 0 ).

Mice homozygous for the K-Ras null mutation (K-ras~f~) on an inbred background strain, 

die between E l2 and E l4, with foetal liver defects and anaemia. Therefore K-Ras is the 

only Ras family member that is essential for embryogenesis. However, the growth and 

differentiation of many tissues can proceed normally in the absence of K-Ras function 

through mid-gestation indicating that there is functional compensation from the other Ras 

proteins (Johnson et al., 1997).
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Double H-ras_A and N-ras~'~ mice were then obtained. These mice grow normally, are 

fertile and do not show any obvious phenotype. Therefore it appears that H-Ras and N-Ras 

are dispensable for mouse development and that K-Ras is sufficient for normal mouse 

development (Esteban et al., 2001).

An overlapping function for K-Ras and N-Ras was revealed, as the K-ras~f~ phenotype is 

more severe in combination with just one functional allele of N-ras. Also, the N-ra.T/_ 

phenotype in combination with just one functional K-ras allele results in death between 

E10 and E l2. The authors suggest that a critical level of Ras activity is required during 

development, this is achieved by various combinations of the different Ras proteins 

(Johnson et al., 1997).

1.13.2 Raf

Mice homozygous for the B-Raf null mutation (B-rafA) die between E10.5 and E12.5, due 

to vascular defects and endothelial apoptosis. This therefore shows that B-Raf is essential 

for embryogenesis and has a role in cell survival and the other Raf family members cannot 

compensate for its loss (Wojnowski et al., 1997).

On the C57 BL/ 6  and the 12901a genetic backgrounds, mice homozygous for the A-Raf
_ / Y

null mutation (.A-raf ) survive to adulthood and are fertile. However they are much 

smaller than wild-type littermates, have a feeding ataxia and display a subset of 

neurological abnormalities. This shows that A-Raf is not essential for mouse development, 

but it is essential for specific aspects of neurological development (Pritchard et al., 1996).

Raf-1 deficient mice were initially created by Wojnowski et al. (1998). However, the 

introduced mutation results in the expression of an aberrant 62 kDa Raf-1 protein that has 

residual kinase activity. Therefore these mice were not null for Raf-1. Despite this, 

embryos homozygous for this mutation display embryonic lethality with the time-point of 

death dependent upon genetic background therefore indicating full-length Raf-1 is essential 

for embryogenesis. Homozygous mutants display a generalised growth retardation which 

is attributed to the observed defects of the placentas. Other abnormalities are observed in 

the skin and lungs. MEFs were derived from both homozygous mutant and wild-type

50



Chapter 1 Introduction

embryos. The homozygous mutant MEFs display a reduced rate of cell proliferation 

(Wojnowski et al., 1998).

Raf-1 deficient mice were created in our laboratory and is described in Hiiser et al. (2001). 

The generation of these mice is described in Chapter 5. The severity of the phenotype of 

mice homozygous for the Raf-1 null mutation (raf-F /_) is dependent upon the genetic 

background. Mice on a predominantly C57/BL6 background die in embryogenesis at 

around E9.5 and show vascular defects in the yolk sac and placenta as well as increased 

apoptosis of embryonic tissues although cell proliferation is not affected. Mice on a mixed 

MF-1 background survive up until birth but are much smaller than wild-type littermates, 

are anaemic and the placenta is disorganised (Huser et al., 2001). ERK activation is 

normal in MEFs derived from the raf-F /_ embryos. This indicates that Raf-1 is essential 

for normal mouse development and it also plays a key role in the prevention of apoptosis.

Our laboratory also reported the generation of knockin transgenic mice that harbour a 

mutation of the endogenous tyrosine residues 340 and 341 to phenylalanine residues 

(RafFF) (Huser et al., 2001). These tyrosine residues have previously been found to be 

essential for Raf-1 activation. Mice homozygous for the RafFF mutation survive to 

adulthood, are fertile and display a normal phenotype. However, when Raf-1 is 

immunoprecipitated from MEFs derived from embryos homozygous for the RafFF 

mutation (raf-lFF/FF), it has no activity towards MEK. Furthermore, ERK activation is 

normal in comparison to wild-type MEFs (Huser et al., 2001).

It was therefore concluded that the MEK kinase activity of Raf-1 is not essential for 

normal mouse development, but that the protein is required, indicating that Raf-1 has a 

unique role that is independent from its involvement in the Ras/Raf/MEK/ERK cascade.

Raf-1 deficient mice were also created by Mikula et al. (2001). They report that the 

mutant Raf-1 homozygous embryos die during mid-gestation and display growth 

retardation. Moreover, abnormalities are observed in the mutant placentas and in the foetal 

liver, with an increase in apoptotic cells. MEFs were derived from mutant and wild-type 

embryos, and ERK activation is found to be normal in the mutant cells.
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1.13.3 MEK

Mice homozygous for the MEK1 null mutation (mekFA) die at around E l0.5 due to a 

reduced level of vascularisation of the placenta. This defect is not due to a defect in 

differentiation, instead it appears that the vascular endothelial cells are incapable of 

invading the labyrinthine region which is indicative of a migration defect. Primary mouse 

embryonic fibroblasts were derived from wild-type and mek-FA embryos and analysed 

with regards to their ability to migrate. The migration of mek-FA MEFs is greatly reduced 

in comparison to wild-type MEFs and this is not due to a cell adhesion defect. This means 

that MEK1 has a unique role in the transduction of signals required for vascularisation in 

vivo and cell migration in MEFs. ERK activation was also measured and no differences 

were found between the mek-Ff~ MEFs in comparison to wild-type MEFs. This is 

probably due to compensation by MEK2 or other kinases (Giroux et al., 1999).

1.13.4 ERK

Mice homozygous for the ERK1 null mutation (erkFf~) are viable, fertile, and of normal 

size. However a defect in thymocyte maturation is observed with these mice having half 

the amount of mature thymocytes. This appears to be due to a proliferation defect. Thus, 

ERK1 is apparently dispensable for normal mouse development and ERK2 may 

compensate for its loss, but ERK1 has a specific role in thymocyte development that 

cannot be compensated for by ERK2 (Pages et al., 1999).

1.14 Aims of the project

The aims of this thesis has been to contribute to the characterisation of the Raf family by:

• The generation of a mouse line where the raf-1 gene is flanked by loxP sites introduced 

by gene targeting in ES cells with the aim of generating a conditional knockout mouse 

for raf-1.

• The investigation of the use of Cre in ES cells, MEFs and mice to conditionally delete 

raf-1.
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• The characterisation of raf-1 7 and raf-lFF/FF MEFs with regards to growth, 

proliferation and apoptosis.

• The characterisation of A-raf ~/Y MEFs with regards to growth, proliferation, 

differentiation and apoptosis.
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2 MATERIALS AND METHODS

2.1 Molecular biology

All chemicals and reagents were supplied by Sigma unless otherwise stated and all 

restriction endonucleases were supplied by New England Biolabs.

2.1.1 Plasmids

The plasmids used were:

pBluescript KSII+ (Stratagene; Figure 2.1 A)

pX53-neo (gift from R. Murray, DNAX Research Institute, California; Figure 2.IB) 

pX53-hyg (gift from R. Murray, DNAX, California; Figure 2.1C)

pPGK-puro (gift from R. Fassler, Department of Experimental Pathology, Lund 

University, Sweden; Figure 2.ID)

pIC-Cre (gift from R. Murray, DNAX, California; Gu et al., 1993)

pCre-Pac (gift from A. Gonzalez-Garcia, The Institute of Cancer Research, London; Figure 

2.IE)

pEFm.6 , pEFm.6 /Raf.l and pEFm.6 /kinase inactive (gifts from R. Marais, The Institute of 

Cancer Research, London; Marais et al., 1995)

pZIPSVtsA58 (gift from P. Jat, Ludwig Institute for Cancer Research, London; Jat and 

Sharp, 1989)
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Fig. 2.1. Plasmid maps. (A) pBSIIKS+ (MCS = multiple cloning site) (B) pX53-neo 
(C) pX53-hyg (D) pPGK-puro (E) pCre-Pac
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2.1.2 Ethanol precipitation o f DNA

1/10th volume of 3 M NaOAc pH 5.5 and 2x volumes of 100% ethanol were added to the 

DNA solution followed by centrifugation at 13000 rpm at 4°C for 10 min. The supernatant 

was removed by aspiration and the DNA pellet was washed with 70% ethanol. The pellet 

was left to air dry and resuspended in an appropriate volume of TE (10 mM 

Tris-HCl [pH 8.0], 1 mM diaminoethane-tetra acetic acid [EDTA]).

2.1.3 Agarose gel electrophoresis

Between 0.8% (w/v) and 1.5% (w/v) pure agarose (SeaKem) in 1X TAE buffer (40 mM 

Tris base, 20 mM NaOAc, 1 mM EDTA [pH 7.4]) was melted and poured into a gel mould 

containing a comb and left to set. The gel was immersed in an electrophoresis tank 

containing lx TAE buffer. 5x loading dye (0.5% Orange G, 30% (v/v) glycerol) was 

added to each DNA sample before loading into separate wells. Samples were compared to 

a 1 kb DNA ladder (Life Technologies) for determination of size. Gels were run at 100 V 

until the DNA had separated sufficiently. The DNA bands were visualised by staining the 

gel in a 0.5 pg/ml ethidium bromide solution, followed by viewing using a Bio-Rad gel 

documentation system.

2.1.4 Production o f competent DH5 a

A  single colony from a streaked plate was grown up overnight in 5 ml SOB (1 g 

bactotryptone (Oxoid), 0.25 g bactoyeast extract (Oxoid), 0.5 ml of 1 M NaCl, 0.125 ml of 

1 M KC1, up to 49 ml (IH2O and autoclaved, followed by the addition of 0.5 ml of 1 M 

MgCh and 0.5 ml of 1 M MgS0 4 ). 450 pi of this overnight culture was taken to inoculate 

45 ml SOB in a 200 ml conical flask. This was grown at 37°C with shaking at 225 rpm for 

approximately 3 h until the OD600 was between 0.3 and 0.5. The bacteria were centrifuged 

at 4000 rpm for 5 min at 4°C. The supernatant was discarded and the bacterial pellet was 

resuspended in 40 ml TFB1 (10 mM MES [2-(N-Morpholino) ethanesulphonic acid] 

pH 6.3, 45 mM MnCh, 10 mM CaCh, 100 mM KC1, 3 mM Hexaminecobalt chloride) and 

left at 4°C for 5 min. The bacteria were centrifuged at 3000 rpm for 8 min at 4°C. The 

supernatant was discarded and the bacterial pellet was resuspended in 4 mis TFB2 (10 mM 

MOPS [3-(N-Morpholino) propanesulphonic acid] pH 6.5, 75 mM CaCh, 10 mM RbCl, 

15% (v/v) glycerol) at 4°C. The bacteria were then aliquoted into 50 pi aliquots and snap

56



Chapter 2 Materials and Methods

frozen in a dry ice/IMS bath and subsequently stored at -80°C. The transforming 

competency of the DH5a were tested using a known amount of plasmid DNA.

2.1.5 Transformation o f DH5a

One aliquot (50pl) of competent DH5a was thawed on ice for each transformation and 

transferred to a round bottomed tube (Falcon) on ice. 5 pi of ligation mix or 1 pi of 

plasmid were gently mixed into the competent cells. The tube was left on ice for 30 min 

followed by heat shock at 42°C for 45 sec and transferred back to ice for 1 min. 900 pi 

Luria Bertani (LB) medium (10 g bactotryptone, 5 g bactoyeast extract, 10 g NaCl up to 

1 litre dH20 and autoclaved) was added and the tube was shaken at 225 rpm and 37°C for 

1 h. 200 pi of this was spread onto a plate containing LB agar (LB with 15 g agar up to 1 

litre dFLO and autoclaved) plus 50 pg/ml ampicillin. The plate was inverted and placed at 

37°C overnight to allow the formation of discrete bacterial colonies.

2.1.6 Minipreparation o f plasmid DNA from bacteria

5 ml of LB media was inoculated with bacteria and shaken overnight at 225 rpm and 37°C. 

1 ml of the culture was placed into 1.5ml eppendorf tubes and centrifuged (Heraeus 

Biofuge) at 13000 rpm for 30 sec at 4°C. The supernatant was aspirated and the bacterial 

pellet resuspended in 100 pi buffer PI (50 mM Tris-HCl [pH 8.0], 10 mM EDTA, 100 

pg/ml ribonuclease [RNase]). 200 pi buffer P2 (200 mM NaOH, 1% [w/v] sodium 

dodecyl sulphate [SDS]) was added and the tubes were inverted 5 times to mix and left at 

room temp for 5 min. 150 pi ice cold buffer P3 (3 M KOAc [pH 5.5]) was added and the 

tubes were inverted five times. The tubes were placed on ice for 5 min followed by 

centrifugation at 13000 rpm for 10 min at 4°C. The supernatant was removed and placed 

into a new tube. To precipitate the DNA, 400 pi isopropanol was added, tubes were 

inverted five times, followed by centrifugation at 13000 rpm for 10 min at 4°C. The 

supernatant was removed by aspiration and the DNA pellet was washed with 70% ethanol. 

The pellet was left to air dry and resuspended in 50 pi TE.
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2.1.7 Midi scale preparation o f plasmid DNA from bacteria

100 ml of LB media was inoculated with bacteria and shaken overnight at 225 rpm and 

37°C. The plasmid midi kit (Qiagen) was used to purify the plasmid DNA from the 

bacteria following the manufacturer’s recommended method.

2.1.8 Caesium chloride preparation o f plasmid DNA from bacteria

400 ml of LB media was inoculated with bacteria and shaken overnight at 225 rpm and 

37°C. The following day the culture was centrifuged at 6000 rpm at 4°C for 10 min 

(Sorvall RC-5B) and the pellet was resuspended in 10 ml of buffer P l. 20 ml of buffer P2 

was added to lyse the cells and the tubes were left on ice for 5 min. 15 ml of buffer P3 was 

added and the tubes were left on ice for 5 min. Tubes were centrifuged at 9000 rpm for 15 

min at 4°C. The supernatant was transferred to a new tube containing 50 ml ice cold 

isopropanol, mixed and centrifuged at 9000 rpm for 15 min. The pellet was resuspended in

5.5 ml TE. The DNA solution was transferred to a 12 ml tube and 550 pl of a 5 mg/ml 

ethidium bromide solution was added, 6.0 g CsCl was then added and dissolved before 

centrifuging at 4000 rpm for 5 min (IEC Centra CL3R) to pellet debris. The clear solution 

was transferred into two Quickseal centrifuge tubes (Beckman). The tubes were 

centrifuged at 100000 rpm for 12-16 h overnight at 20°C (Beckman Optima MAX-E 

ultracentrifuge). The lower plasmid band was removed with a 21G needle and placed into 

a tube. H2O saturated isobutanol was added to the DNA solution and the tube was inverted 

several times, the two layers were allowed to settle, and the top layer was discarded. This 

step was repeated several more times until the ethidium bromide could no longer be 

visualised. Twice the volume of water was added and the DNA was precipitated with 

twice the volume of 100% ethanol. The tubes were centrifuged at 11000 rpm for 15 min at 

4°C and the pellet was washed with 70% ethanol and left to air dry. The pellet was 

resuspended in 500 pl TE and the DNA quantitated using a spectrophotometer (LKB 

Biochrom Ultrospec 4050) to measure OD2 6 0-

2.1.9 Restriction digestion o f miniprep plasmid DNA

For analytical purposes, 1 unit of the appropriate lOx restriction digestion buffer (supplied 

by the manufacturer of the enzyme) was added to the miniprep DNA with 1 unit of the 

enzyme in a total volume of 10 pl. The reactions were incubated at 37°C for one hour.
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2.1.10 Restriction digestion o f genomic DNA

In a total volume of 200 pl, 20 (al of the appropriate lOx restriction digestion buffer was 

added to the DNA with 10 units of the enzyme, 2.5 mM spermidine, and 100 pg/ml RNase. 

The reactions were incubated at 37°C for at least 16 h.

2.1.11 Fill-in o f 5' overhangs resulting from restriction digestion

In a total volume of 10 pl, 1 pl of lOx klenow buffer (supplied by the manufacturer), 

0.5 mM of each dNTP and 5 units of klenow DNA polymerase I was added to the DNA. 

The reaction was incubated at 37°C for 15 min. The enzyme was inactivated by heating to 

75°C for 10 min.

2.1.12 Removal o f 5' phosphate groups from linear plasmid DNA

After restriction digestion of the DNA sample, 5 units of shrimp alkaline phosphatase 

(United States Biochemical) was added to the reaction and placed at 37°C for 30 min. The 

sample was run through an agarose gel for purification.

2.1.13 Purification o f gel fragments

The DNA fragment to be purified was excised from the agarose gel using a scalpel blade. 

The QIAquick gel extraction kit (Qiagen) was used to purify the DNA from the gel slice 

following the manufacturer’s recommended method.

2.1.14 Ligation o f DNA fragments

A  molar ratio of 1:4 of vector:insert plus 1 unit of T4 DNA ligase (Boehringer Mannheim) 

and 2 pl lOx T4 DNA ligase buffer (supplied by the manufacturer) up to a total volume of 

20 pl was placed at 16°C overnight.

2.1.15 DNA sequencing and primer synthesis

The Protein and Nucleic Acid Laboratory (PNACL) at the University of Leicester 

performed all DNA sequencing and primer synthesis. Sequencing was analysed by the 

Applied Biosystems program Factura™.
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2.1.16 Lysis o f  cells to extract DNA

Attached cells were washed twice with PBS and an appropriate volume of DNA lysis 

buffer (50 mM Tris-HCl [pH 7.6], 1 mM EDTA, 100 mM NaCl, 0.2% [w/v] SDS, 

100 pg/ml fresh proteinase K) was added, and the mixture was incubated at 37°C 

overnight. DNA was precipitated the next day by placing the DNA solution into an 

eppendorf tube and adding an equal volume of 100% ethanol. The tube was inverted 

several times until the DNA was visible. The tube was centrifuged at 13000 rpm for 1 

min, the supernatant was discarded and 1 ml of 70% ethanol was added to wash the DNA 

pellet. The ethanol was removed and the pellet was left to air dry and then resuspended in 

an appropriate volume of TE.

2.1.17 Lysis o f  mouse tail samples to extract DNA

A  2 mm tail sample was lysed in 100 pi of PCR buffer with non-ionic detergent (50 mM 

KC1, 10 mM Tris-HCl [pH 8.3], 0.1 mg/ml gelatin, 0.45% [v/v] Nonidet P-40, 0.45% [v/v] 

polyoxyethylene sorbitan monolaurate [Tween 20], 100 pg/ml fresh proteinase K) at 56°C 

until the tissue had completely digested. Samples were heat inactivated at 95°C for 10 

min.

2.1.18 Polymerase chain reaction (PCR)

PCR beads (Amersham Pharmacia Biotech) were hydrated in 25 pi milliQ H2 O plus 

primers (Table 1) at a final concentration of 1 pmol/pl. 8 pi of this PCR mix was placed 

in 0.5 ml PCR tubes and 1 pi sample DNA was added. Each PCR reaction was overlaid 

with 10 pi mineral oil. PCR was performed on a Biometra TRIO-thermoblock. The 

conditions for PCR were the following:

Initial denaturation of DNA at 94°C for 5 min followed by 35 cycles consisting of three 

steps:

step 1 94°C for 30 sec

step 2 X°C for 30 sec (Table 1)

step 3 72°C for 1 min per kb of product

A final extension at 72°C for 10 min
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Table 1. List of primers used and their corresponding optimal annealing temperature.

Primer name Sequence 5f to 3’ Annealing 

temperature of 

PCR reaction 

(X°C)

OcplO GAT GTA GCT GTG AAA GTG 60

Ocp26 GAC TAG ACA TGT CTT AAC ATC TGT CC 65

Ocp27 CCT ATT GCA TGG ACT GCA GCT TAT G 65

Ocp52 CAG ATT ATA TCT GTA CCT GAC CTG 52

Ocp56 ACA GAA AGT GTA GCT GCA GTG A 60

Ocp59 TTA CAT GTC CAC AAG ACT CCT TAC 52

Ocp66 CGT GCA ATC CAT CTT GTT CA 60

Ocp67 GGC AGC AGC TAG GAT GAT TT 60

Ocp68 GCA GGT AGC AAA CAC CCA CT 60

Ocp69 AGG GGA TCG GCA ATA AAA AG 60

Ocp77 GTC CAG AGT GCC GTG TGA TA 62

Ocp78 ATT GAT TTG ATT GCC AGG TAT GAT 60

Ocp82 TAA GCC CAA CCA GCT CTG TC 60

Ocp83 CAA CCC CTG GCA TCT TTT TA 60

Ocp84 GTT CGC AAG AAC CTG ATG GAC A 62

Ocp85 CTA GAG CCT GTT TTG CAC GTT C 62

Ocp86 GGC AAC TGG CCT CAG ACA CCA T 62

Ocp87 TGT GGA GCC TCT GGA TCA GGA C 62

Ocp90 GCT CAG AGG AGA AAG GGT CA 60

OcplOO GTT TGC CTC CAG AGC ATC TT 60

Ocpl06 GCT TAC ATT TGC TTC TGA CA 60

Ocpl07 GTG ATA CTT GTG GGC CAG G 60

3’pgk CCA GAA AGC GAA GGA GCA AAG C 60
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2.1.19 Southern blot analysis

DNA was electrophoresed at 15 V through 0.8% (v/v) agarose gels overnight. Gels were 

then placed in a bath of 0.25 M HC1 for 15 min to depurinate the DNA and in a bath of 0.4 

M NaOH (transfer buffer) for 30 min on a moving platform. Sponges were placed in a 

deep container and were flooded with transfer buffer until the sponges were immersed up 

to half way. A piece of gel blot paper (Schleicher and Schuell) cut to the same size as the 

gel was placed on top of the sponges. The agarose gel was inverted and placed on top of 

the paper, flooded with transfer buffer and any bubbles removed. A piece of Zeta-probe 

GT genomic tested blotting membrane (Bio-Rad) was cut to size and placed on top of the 

gel followed by another piece of gel blot paper. More transfer buffer was added to the 

stack and all bubbles were removed. Paper towels to a height of 15 cm were stacked on 

top of the structure and a 100 g weight was placed on top to compress the towels. Blotting 

was left to take place for at least 6 h. The Zeta-probe membrane was then orientated and 

soaked in lx SSC (made from diluting stock 20x SSC; 3 M NaCl, 0.3 M trisodium citrate 

[pH 7.0]) for 10 min. The membrane was baked at 80°C for 30 min after which it was 

ready for hybridisation with a probe.

2.1.20 Probe radiolabelling

10 ng of probe DNA was boiled and rapidly cooled on ice. To the boiled probe DNA 

5 units Klenow DNA polymerase I (United States Biochemical), 200 pg/ml BSA, 10 pi 5x 

Oligo labelling buffer (Table 2), 1 pi [a-32P] dCTP (Perkin Elmer Life Sciences) was 

added in a total volume of 50 pi. The reaction was incubated at 37°C for two hours. The 

labelled probe was then recovered by centrifugation through a spin column containing 

Sephadex G50 saturated with TE buffer. The probe was boiled for 5 min followed by 

rapid cooling on ice and then added to the Zeta-probe membranes that had been 

prehybridised with Church buffer (0.5 M sodium phosphate [pH 7.2], 7% [w/v] SDS, 0.5 

mM EDTA [pH 8.0]) for at least 1 hour at 65°C. Hybridisation was allowed to proceed in 

a rotating Hybaid oven at 65°C overnight. The membranes were washed 3 times with 2x 

SSC and 0.1% (w/v) SDS at 65°C in the Hybaid oven, and 2 times with 0.5x SSC and 0.1% 

SDS at 65°C in the Hybaid oven, with each wash lasting for 10 min. They were then 

wrapped in Saranwrap, placed in a cassette and exposed to autoradiography film (Kodak) 

at -80°C for varying amounts of time depending upon the strength of the signal.
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Table 2. Oligo labelling buffer.

Solutions were mixed in the ratio A:B:C 100:250:150

Ingredients

Solution O 1.25 M Tris-HCl (pH 8.0), 0.125 M MgCl2

Solution A 1 ml solution 0 , 18 pi (3-mercaptoethanol,

5 pi 100 mM dATP, dTTP, dGTP (Amersham/Pharmacia Biotech)

Solution B 2 M HEPES (pH 6.6 titrated with 4M NaOH and filter sterilised)

Solution C Hexadeoxyribonucleotides pd(N)6 (Amersham/Pharmacia Biotech)

2.1.21 Stripping Southern blots for re-probing

Blots were incubated with O.lx SSC, 0.5% (w/v) SDS at 95°C for 2 washes. 

Prehybridisation in Church buffer was repeated before freshly labelled probe was added.

2.2 Cell culture

All cell culture reagents were supplied by Life Technologies and plasticware was supplied 

by Nunc unless otherwise stated.

2.2.1 Media and maintenance o f mouse embryonic fibroblast (MEF) cell lines

Cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with

4500 mg/litre D-glucose, supplemented with:

15% (v/v) foetal calf serum (FCS; Globefarm)

20 mM L-glutamine 

100 U/ml penicillin 

100 pg/ml streptomycin

Cells were incubated at 37°C and 10% CO2 in a humidifying incubator. Cells were 

passaged once they became 100% confluent by aspiration of the media followed by the 

addition of an appropriate volume of phosphate buffered saline (PBS; 137 mM NaCl, 8.1
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mM Na2HPC>4 , 2.7 mM KC1, 1.5mM KH2PO4 and autoclaved) depending upon the plate 

size. The PBS was aspirated and an appropriate volume of 0.5 mg/ml trypsin in PBS was 

added depending on the size of the dish. The cells were placed at 37°C for 5 min to 

generate a single cell suspension, followed by addition of media to neutralise the trypsin.

2.2.2 Production o f primary MEFs from E14.5 mouse embryos

The uterus was dissected from the pregnant mouse and placed into sterile PBS at 4°C. The 

uterus was tom using forceps and each embryo was dissected from the placenta and 

amniotic fluids followed by removal of the liver. The embryos were washed in several 

changes of PBS. They were then chopped into small pieces using a sterilised scalpel and 

placed into a tube containing 4 ml of 2.5 mg/ml trypsin in PBS. The tubes were placed at 

4°C overnight to allow dissociation of the tissues. The next day the tubes were placed at 

37°C for 30 min. The trypsin was removed carefully, then 1 ml media was added and the 

dissociated embryo was pipetted up and down until the cell suspension was complete. This 

was then plated out onto a 15 cm plate containing 15 ml media. The cells were left to grow 

until confluent. They were then passaged to make stocks for freezing and for genotyping.

2.2.3 Freezing down stocks o f cell lines

Cells to be frozen were trypsinised, pelleted by centrifugation and resuspended in an 

appropriate volume of media. An equal volume of 2x Freezing mix (1 ml 

dimethylsulphoxide, 2  ml foetal calf semm, 2  ml growth media) was added and the cells 

were transferred to cryovials and placed at -80°C.

2.2.4 Immortalisation ofprimary MEFs with a temperature sensitive version o f the 

SV40 large T antigen

5 x 106 Bosc23 cells (Pear et al., 1993) were cultured in MEF media and were plated out 

onto a 10 cm plate the evening prior to transfection. The next morning, 12.5 pg 

pZIPSVtsA58 was mixed with 1 ml OPTI-MEM 1 containing no supplements. 90 pi 

lipofectamine was mixed with 1 ml OPTI-MEM 1 medium containing no supplements. 

The two solutions were mixed with gentle vortexing. The mixture was incubated at room 

temperature for 15 min. The Bosc23 cells were washed twice with 5 ml OPTI-MEM 1 

medium containing no supplements and the DNA/lipofectamine mixture was gently laid
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onto the cells. The plate was agitated gently to distribute the liquid over the monolayer. 

Plates were placed at 37°C for 5 h, with gentle agitation every hour to ensure proper 

coverage of the cells. 10 ml of OPTI-MEM 1 medium, supplemented with 20% (v/v) FCS 

was added to the cells and the incubation was continued for a further 19 h. The media was 

removed and replaced with 6 ml of DMEM containing 15% (v/v) FCS. 12 h later the viral 

supernatant was removed, polybrene was added to a final concentration of 8 pg/ml and 

filtered through a 0.2 pm filter to remove cell debris. The viral supernatant was then either 

aliquoted and placed at -80°C or used immediately. 2 ml of viral supernatant was added to 

each 6 cm dish of primary MEFs that had been plated out at a density of 1 x 105 cells the 

previous evening for 8 h. The virus was removed and replaced with fresh media 

containing 20% FCS for 24 h. Once the cells became confluent, they were trypsinised into 

media containing 500 pg/ml G418.

2.2.5 Transfection o f MEFs with Lipofectamine

6 x 105 MEFs were plated onto each 10cm plate the day before transfection. An 

appropriate amount of caesium chloride prepared plasmid DNA was added to 800 pi 

OPTI-MEM 1 media. 36 pi Lipofectamine was added to 800 pi OPTI-MEM 1 media. The 

two solutions were mixed and left at room temperature for 15 min. MEFs to be transfected 

were washed with media containing no supplements. 4.4 ml media was added to tubes 

containing complexes. The DNA/lipofectamine mixture was gently laid onto the MEFs 

and they were placed at 37°C in a humidifying incubator for 5 h. 6 ml media plus 1.5 ml 

serum was added and the cells were left at 37°C overnight. Selection for resistant cells was 

applied the following day.

2.2.6 Mitomycin C treatment o f primary MEFs

When primary MEFs containing the bacterial neomycin phosphotransferase gene (neo) 

were 80% confluent on 10 cm plates, Mitomycin C in H2 O was added to the growth media 

to a final concentration of 2 pg/ml, and incubated at 37°C for 2 h. MEFs were washed 

three times with 10 ml PBS, and the cells harvested by trypsinisation. MEFs were counted 

using a haemocytometer. MEFs were then either aliquoted and frozen down or plated out 

onto the appropriate sized tissue culture plate that had been pretreated with 0.1% (w/v) 

gelatin to ensure a confluent monolayer of MEFs (Table 3).
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Table 3. Number of Mitomycin C treated MEFs to be plated out for different sized tissue 

culture plates to ensure a confluent monolayer.

Size of plate Number of MEFs

10 cm 1 x 106

6 cm 6 x  105

6-well 4 x 105

12-well 2.5 x 105

24-well 1 x 105

48-well 4 x  104

2.2.7 Media and maintenance o f embryonic stem cell (ES) cells 

The E l4.la  ES cell line was derived from the 12901a strain and was maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) with 4500 mg/litre D-glucose, 

supplemented with:

15% (v/v) embryonic stem cell qualified foetal bovine serum (Labtech International)

20 mM L-glutamine 

100 U/ml penicillin 

100 pg/ml streptomycin 

1 mM non-essential amino acids 

10 mM sodium pyruvate 

115 pM p-mercaptoethanol 

1 ml recombinant LIF

Leukaemia inhibitory factor (LIF) was made by a calcium phosphate transient transfection 

of COS7 cells with a LIF expression vector, followed by harvesting the supernatant after 

48 h. LIF was provided by S. Figgit, Department of Biochemistry, University of Leicester.

ES cell lines were incubated at 37°C and 10% CO2 in a humidifying incubator. Cell lines 

were grown on dishes pretreated with 0.1% (w/v) gelatin in H2 O alone or containing a 

confluent layer of mitomycin C treated MEFs. Cells were passaged once they became
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70% confluent, by aspiration of the media, followed by the addition of an appropriate 

volume of PBS depending upon the plate size. The PBS was aspirated and an appropriate 

volume of 0.5 mg/ml trypsin in PBS was added depending on the size of the dish. The 

cells were placed at 37°C for 5 min to generate a single cell suspension, followed by 

addition of media to neutralise the trypsin.

2.2.8 Electroporation o f ES cells

ES cells were harvested by trypsinisation and counted using an improved neubauer 

haemocytometer (Marienfeld, Germany). Depending upon the particular experiment,
o n

either 1 x 1 0  o r l x l O  cells were taken and washed with 20 ml PBS to remove any 

remaining media. The cells were resuspended in 1.6 ml PBS and the appropriate amount 

of caesium chloride prepared DNA to be electroporated was added. The mixture was 

placed into two Bio-Rad electroporation cuvettes and cells were electroporated with a Bio- 

Rad Gene Pulser equipped with a capacitance extender at 0.25 V and 500 pFD. The cells 

were left at room temperature for 5 min. They were then pooled and plated out onto an 

appropriate number of 10 cm plates containing mitomycin C treated MEFs. The day after 

the electroporation, the appropriate selection was applied. After one week, ES cell clones 

were visible. The media was aspirated and the ES cells were washed two times with PBS 

followed by the addition of 10 ml PBS. Using a pipette, each clone was individually 

picked into a single well of a 96 well plate containing 100 pi of 0.5 mg/ml trypsin in PBS. 

After 24 clones had been picked, the 96 well plate was transferred to 37°C for 5 min. Each 

clone was dissociated to a single cell suspension and transferred into a single well of a 48 

well plate containing a confluent monolayer of Mitomycin c treated MEFs and ES cell 

media. Media was aspirated and replaced with fresh media daily minus selection. Once 

the ES cells became 60% confluent, they were harvested by trypsinisation, 100 pi was 

transferred to a single well of a 96 well plate containing 2x freezing mix and placed at 

-80°C, and 50 pi was transferred to a single well of a 12 well plate that had been pre­

treated with 0.1% (w/v) gelatin. The ES cells on the 12 well plate were left until they were 

100% confluent and were then lysed for DNA extraction to be used to screen for the 

detection of homologous recombinants by PCR and Southern blot analysis.
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2.2.9 Selection o f resistant ES cell/MEF clones

24 h after the introduction of exogenous DNA the appropriate selection was added in 

normal growth media and selection continued until distinct cell clones could be identified 

and picked (Table 4). The concentrations for selection had been previously established.

Table 4. Selections applied to transfected cells.

Concentration used for 

selection of ES cells

Concentration used for 

selection of MEFs

G418 250 pg/ml 500 pg/ml

Hygromycin B 100 pg/ml 200 pg/ml

Gancyclovir (Roche) 0.6 pg/ml Not applicable

Puromycin 0.9 pg/ml 1.2 pg/ml

2.2.10 Generation o f transgenic mice

ES cells to be injected were grown in wells of a 12 well plate containing a confluent layer 

of Mitomycin c treated MEFs until they were 70% confluent. The ES cells were harvested 

by trypsinisation and the cells collected by centrifugation at 1250 rpm for 4 min. The ES 

cell pellet was resuspended in 500 pi Connaught Medical Research Labs (CMRL) media 

supplemented with 15% (v/v) embryonic stem cell qualified foetal bovine serum, 100 U/ml 

penicillin, lOOpg/ml streptomycin, 20 mM L-glutamine and 10 mM sodium pyruvate. ES 

cells were injected into host blastocysts and implanted into surrogate female mice by J. 

Brown, Transgenic Unit, University of Leicester, following Home Office regulations under 

project licence number: 80/1260 held by C. Pritchard.

2.3 Protein Analysis

2.3.1 Standard cleared lysis o f  cells for protein analysis

Plates were placed on ice and the media was aspirated. Cells were washed twice with ice 

cold PBS and, dependent upon plate size, an appropriate volume of Gold lysis buffer 

(20 mM Tris-HCl [pH 7.9], 137 mM NaCl, 5 mM EDTA, 10% [v/v] glycerol, 1% [v/v] 

Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM aprotinin, 1 mM leupeptin, 1
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mM sodium orthovanadate) was added. The plates were placed on a moving platform at 

4°C for 20 min. Using a cell scraper, the plates were scraped to ensure any unlysed cells 

were obtained, and the mixture was placed into an eppendorf on ice for 15 min. Tubes 

were centrifuged at 13000 rpm for 10 min at 4°C, and the supernatants were placed into 

fresh eppendorf tubes on ice. Tubes were centrifuged for a second time at 13000 rpm for 

15 min at 4°C, and the supernatants were placed into fresh eppendorf tubes on ice. Protein 

concentrations were measured with the bicinchoninic acid (BCA) protein assay kit 

(Pierce). On a 96 well plate, different amounts of bovine serum albumin (BSA) were 

aliquoted in duplicate to provide a protein range of 0, 2, 5, 6, 8, 10, 15 and 20 pg. 5pi of 

the cell lysates were aliquoted into individual wells in duplicate. 200 pi of the BCA mix 

was added for each test and the plate was incubated at 37°C for 30 min. Using a plate 

reader (EL340 Microplate Biokinetics Reader), the OD630 was determined. A standard 

curve was plotted and using linear regression, the protein concentrations of the cell lysates 

were calculated. Each cell lysate was prepared for electrophoresis by the addition of 25 pi 

4x laemmli loading buffer (250 mM Tris-HCl [pH 6.8], 8% [w/v] SDS, 20% [v/v] [3- 

mercaptoethanol, 40% [v/v] glycerol, 0.004% [w/v] pyronin Y) made up to 100 pi with 

H2O to give a final protein concentration of 1 pg/pl. Each sample was boiled at 100°C for 

5 min.

2.3.2 Lysis o f  cells for protein analysis over a timecourse o f stimulation

Attached cells were washed once with PBS and between 50 to 100 pi lx laemmli loading 

buffer (62.5 mM Tris-HCl pH 6.8, 2% [w/v] SDS, 5% [v/v] P-mercaptoethanol, 10% [v/v] 

glycerol, 0.001% [w/v] pyronin Y) was added. Using a pipette and a swirling motion to 

ensure that all of the cells had been lysed, the mixture was removed from the well and 

placed into an eppendorf tube. The samples were boiled at 100°C for 5 min.

2.3.3 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Either 6% or 10% separating polyacrylamide gels, depending upon the size of the protein 

of interest, were made with a 4% stacking gel (Table 5). Gels were placed in the mini- 

protean II container (BioRad) and were immersed in SDS-PAGE running buffer (192 mM 

glycine, 25 mM Tris-base, 0.1% [w/v] SDS). Between 10 pg and 20 pg of each protein 

sample were loaded per well. The protein samples were electrophoresed at 100 mA
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through the 4% stacking gel and 200 mA through the separation gel using a Bio-Rad 

Power pac 300.

Table 5. Composition of SDS-PAGE gels.

6%

separation gel

10%

separation gel

4%

Stacking gel

h 2o 8.0ml 6.0ml h 2o 3.6ml

1.5 M Tris-HCl (pH 8.8) 3.75ml 3.75ml 0.5 M Tris-HCl (pH 6.8) 1.5ml

30% acrylamide, 0.8% 

Bisacrylamide (National 

Diagnostics)

3.0ml 5.0ml 30% acrylamide, 0.8% 

Bisacrylamide (National 

Diagnostics)

0.8ml

10% SDS (w/v) 150pl 150pl 10% SDS (w/v) 60pl

10% APS (w/v) 150pl 150pl 10% APS (w/v) 60(0.1

N, N, N \ N'-

tetramethylethylenediami

ne

15pl 15pl N, N, N', N'-

tetramethylethylenediami

ne

6 pi

2.3.4 Western blot analysis

SDS-PAGE gels were soaked in gel transfer buffer (192 mM glycine, 25 mM Tris, 0.01% 

[w/v] SDS) for 30 min. The proteins were electroblotted onto either 0.2 pm or 0.45 pm 

nitrocellulose filters (Schleicher and Schuell) pre-soaked in membrane transfer buffer (192 

mM glycine, 25 mM Tris-base, 0.01% [w/v] SDS, 10% [v/v] methanol) at 1 mA/cm2 for 

90 min using a semi-dry blotting apparatus. After transfer, Western blots were stained 

with Ponceau S stain (0.5% (w/v) Ponceau S made in 5% (w/v) trichloroacetic acid), and 

protein loadings were compared. After three washes at 15 min intervals in Tris-buffered 

saline (10 mM Tris-HCl [pH 7.6], 150 mM NaCl) containing 0.05% (v/v) Tween 20 

(TBS/Tween), non-specific sites were blocked by incubation of the blots at room 

temperature with gentle shaking in 5% (w/v) non-fat milk powder (Marvel) in TBS/Tween 

for 1 h. However, if the blots were to be subsequently incubated with anti phospho-p38 

MAPK, they were incubated with 3% (w/v) BSA overnight at 4°C with gentle shaking. 

After three washes at 15 min intervals in TBS/Tween, the blots were incubated with an
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appropriate dilution of primary antibody (Table 6) in TBS/Tween, or in 0.5% (w/v) BSA in 

TBS/Tween if using anti phospho-p38 MAPK overnight at 4°C with gentle shaking. The 

filters were washed three times at 15 min intervals in TBS/Tween and incubated with a 

1:3500 dilution in TBS/Tween of the appropriate (Table 6) secondary antibody coupled to 

horseradish peroxidase for 1 h with gentle shaking at room temperature. After washing 

three times at 15 min intervals with TBS/Tween, the enhanced chemiluminescence 

detection system (Pierce) was used to visualise antigen-antibody complexes by placing the 

blots onto plastic wrap, mixing an equal ratio of the two solutions, and adding 1 ml of the 

mixture to each blot ensuring an even distribution for 3 min. Excess liquid was removed 

from the blots, they were then wrapped in Saranwrap and placed into a cassette and various 

times of exposure to photographic film (Fuji) were performed at room temperature.

Table 6. Details of primary antibodies used for Western blot analysis.

Size of

protein (kDa)

Dilution Type and secondary Company

Raf-1 74 1:1000 mouse monoclonal Transduction Laboratories

A-Raf 68 1:1000 rabbit polyclonal Santa Cruz 

Biotechnology, Inc

phospho-ERK 42 + 44 1:2000 mouse monoclonal New England Biolabs

ERK 42 + 44 1:1000 rabbit polyclonal Zymed Laboratories, Inc.

Vinculin 116 1:1000 mouse monoclonal Gift from Dr. V. 

Koteliansky, CNRS, Paris

SV40 Large T 85 1:5000 Mouse polyclonal PharMingen

phospho-p38 MAPK 38 1:1000 rabbit polyclonal New England Biolabs

p38 MAPK 38 1:1000 goat polyclonal Santa Cruz 

Biotechnology, Inc

2.3.5 Stripping Western blots

Western blots were incubated in 0.5 M Glycine, 1% (w/v) SDS pH 2.8 with HC1 on a 

shaking platform for 15 min at room temperature. The blots were blocked again before 

incubation with a different antibody.
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2.4 Proliferation, apoptosis and differentiation analysis

2.4.1 Cell growth profiles

Each MEF cell line was seeded onto a 24 well tissue culture plate at a density of 1 x 104 

cells per well in triplicate in MEF media. At 24 hourly intervals, the cells were trypsinised 

and resuspended in 1 ml of media. The cells were transferred to eppendorf tubes and 

centrifuged at 2000 rpm for 5 min. The supernatant was aspirated and the cell pellets 

resuspended in 100 pi media. 100 pi of a 0.4% (v/v) Trypan Blue solution (Sigma) was 

added, and the viable cells that did not take up the dye were counted using a 

haemocytometer.

2.4.2 BrdUproliferation analysis

MEFs were plated out onto 3.5 cm dishes at a density of 2 x 104 cells. The plates were 

allowed to become 60% confluent and then serum free MEF media was added to the cells 

and they were left overnight. The next day MEF media containing 15% serum plus 10 pM 

Bromodeoxyuridine (BrdU; Amersham/Pharmacia Biotech) was added and the cells were 

left for 18 h at 37°C. The next day, the cells were washed once with PBS and then fixed by 

the addition of 4% (w/v) paraformaldehyde in PBS for 20 min at room temp. After three 

washes at 15 min intervals with PBS, cells were permeabilised by the addition of 0.2% 

(v/v) Triton X 100 in PBS for 20 min. After three washes at 15 min intervals with PBS, 

DNA was denatured by the addition of 1.5 M HC1 for 10 min. After three washes at 15 min 

intervals with PBS, Non-specific sites were blocked by the addition of 10% (v/v) FCS in 

PBS for 30 min. After three washes at 15 min intervals with PBS, a 1:10 dilution in PBS 

of a monoclonal rat anti-BrdU antibody (gift from H. Paterson, Institute of Cancer 

Research, London) was added for 1 h at 37°C in a humidified chamber. After three washes 

at 15 min intervals with PBS, 1:50 dilution in PBS of a goat-anti-Rat IgG FITC coupled 

secondary antibody (Southern Biotechnology Associates) was added to the cells for 1 h at 

37°C in a humidified chamber. After three washes at 15 min intervals with PBS, mounting 

solution (80% [v/v] glycerol in PBS) was added and a coverslip placed on top. This was 

sealed using nail varnish. A minimum total of 100 cells per dish was counted and scored 

for whether or not the nuclei were fluorescent using a fluorescence microscope (Zeiss 

Axiophot). Data were analysed by using the two-tailed unpaired /-test.
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2.4.3 Annexin V FITC staining o f cells

MEFs were plated out onto 6 cm dishes at a density of 1.5 x 105 cells. These were placed 

in a humidifying incubator at 37°C. The next day, fresh media was added to the plates and 

they were returned to 37°C, or, if the cells harboured the tsSV40T antigen they were placed 

at the restrictive temperature of 39.5°C. The day after, the plates were either left untreated, 

placed in serum free MEF media or 50 pM etoposide or 50 ng/ml anti-CD95 monoclonal 

antibody (PharMingen) plus 0.5 pM cycloheximide and placed in a humidifying incubator 

at 37°C (or 39.5°C) for 20 h. The media was removed and placed in a tube. 1 ml PBS was 

added, removed and placed into the tube. 1 ml of 0.125 mg/ml trypsin in PBS was added 

and the cells were placed at 37°C for 5 min. 1 ml media was added to neutralise the 

trypsin, and the cells were placed into the tubes containing the suspension cells. The tubes 

were centrifuged for 5 min at 1500 rpm to collect both suspension and attached cells in a 

pellet. The supernatant was removed and discarded. The cell pellets were resuspended in 

1 ml media and were placed in a humidifying incubator at 37°C for 20 min to allow the 

phosphatidyserine groups to re-equilibrate. 500 pi was removed from the tubes and was 

discarded. The tubes were centrifuged for 5 min at 1500 rpm to collect the cells. The 

supernatant was removed and discarded. Phosphatidylserine extemalisation was quantified 

by resuspending the cell pellets in 500 pi lx  Annexin binding buffer (Bender MedSystems; 

10 mM HEPES/NaOH [pH 7.4], 140 mM NaCl, 2.5 mM CaCl) plus 5 pi Annexin V-FITC 

(Bender MedSystems) followed by incubation at room temp for 10 min. 1 pg/ml 

propidium iodide in H2O was added to allow the measurement of membrane integrity. 

Cells were analysed by fluorescence activated cell sorting (Becton Dickinson) in 

conjunction with CELLQuest software, with 5000 events recorded per assay. Data were 

analysed by using the two-tailed unpaired Mest.

2.4.4 Hoechst staining

Live cells were stained with 5 pg/ml Hoechst 33258 in PBS for 1 h at 37°C. Apoptotic 

cells were identified as those with brightly stained, condensed nuclei. Images were 

recorded using a Leica TC54D confocal microscope.
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2.4.5 Teratoma formation

ES cells were cultured, trypsinised, and washed with PBS and 5 x 106 cells in PBS were 

injected subcutaneously into the flank of 8-week-old syngeneic 12901a male mice. After 3 

weeks, tumours were dissected, weighed, fixed in 4% (w/v) paraformaldehyde in PBS, 

embedded in paraffin and 5 pm sections were prepared and stained with haematoxylin and 

eosin and viewed using a Leica DMLB light microscope. The sections were prepared by 

S. Giblett, Department of Biochemistry, University of Leicester.
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3 GENERATION OF A CONDITIONAL RAF-1 KNOCKOUT 

MOUSE

3.1 Introduction

3.1.1 Cre/loxP technology and its use in knockouts

The general approach to embryonic stem (ES) cell mediated gene targeting has been to 

create null mutations in the gene of interest by deleting part of the target gene and 

replacing it with an antibiotic resistance gene. However, this approach is limited by the 

fact that the alteration is present in the germline and is thus present in all cells at all times 

during development. Therefore, if the genetic change results in an early lethal phenotype, 

later phenotypes cannot be assessed. An example of an early lethal phenotype is that of the 

targeted disruption of the talin gene, as the mutant embryos die at the gastrulation stage of 

embryonic day (E) 8.5-9.5 (Monkley et al., 2000). An even earlier lethal phenotype is 

observed with the targeted disruption of the cadherin gene, as the mutant embryos die at 

around the time of implantation (Larue et al., 1994). Gene disruptions that result in such 

early lethal phenotypes limit studies even further as even primary mouse embryonic 

fibroblasts (MEFs) cannot be generated. Also, tumour studies cannot be performed as 

these studies utilise older animals. Moreover, a genetic change that produces a complex 

multi-component phenotype could be more easily analysed if the alteration were restricted 

to one tissue or cell type. By combining the Cre//axP site-specific recombination system 

with transgenic technologies, it has become possible to introduce conditional genome 

alterations that are spatially and temporally restricted.

Cre is the 38kDa product of the ere (cyclization recombination) gene of bacteriophage PI 

that recognises and mediates site-specific recombination between 34 bp sequences referred 

to as loxP (locus of crossover (x) in PI). The loxP sequence consists of two 13 bp inverted 

repeats interrupted by an 8 bp non-palindromic spacer sequence. It is the spacer that 

determines the orientation of the loxP sequence (Figure 3.1; Hoess and Sternberg, 1982; 

Hoess and Abremski, 1984).
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Fig. 3.1 . Sequence of a loxP site.

inverted repeat spacer inverted repeat
 ►   <----------------------------

5’-AT AACTT CGT AT AGC AT AC ATT AT ACG AAGTT AT -  3’ 
3 -T  ATT GAAGCAT ATCGT AT GT AAT AT GCTT CAAT A - 5’

lox.P

When two loxP sites are placed in the same orientation on a linear DNA molecule, 

including a mammalian chromosome, and Cre is added, a Cre-mediated intramolecular 

recombination event occurs, resulting in the excision of the loxP flanked, or ‘floxed’ 

sequence (Figure 3.2; Sauer and Henderson, 1989).

Fig. 3. 2. Cre-mediated deletion of a floxed gene upon addition of Cre.

►
Floxed gene

I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I  I I f  1 1 I I I I 1 1

+ Cre

i i  i n  n  i n  i i  m i  i n  n  i i n  n  i n  i n  i n  i n  i n  n  ii  11 n  n  n  n  11 n  ii  n  i ii  i n  n  i ii  i n  i n  ii  i n  n  i

Cre/loxP mediated gene deletion in mice and mammalian cells is accomplished in two 

steps. The first is the incorporation of loxP sites via homologous recombination into the 

genome of mouse ES cells, flanking the gene of interest, to generate a ‘floxed’ allele via 

corresponding targeting vectors and the identification of these homologous recombinant
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clones. The final genetic modification is obtained by a Cre-mediated deletion event, either 

by transient or stable transfection of a plasmid expressing Cre in cultured ES cells, which 

can then be used to make mice. Alternatively the Cre-mediated deletion event can be 

achieved in a conditional manner, in mice by the expression of Cre as a transgene. 

Expression of the Cre transgene can be restricted by placing it under the control of a tissue- 

specific promoter or an inducible promoter resulting in spatial and temporal specificity of 

Cre-mediated deletion. Alternatively, a chimeric Cre protein can be created such that Cre 

is only active when the corresponding synthetic ligand is administered such as by fusing 

Cre to a ligand binding domain of a receptor (discussed in Section 3.1.2). This will result 

in temporal specificity of Cre mediated deletion. Moreover, it can also be placed under the 

control of a tissue-specific promoter (Torres and Kuhn, 1997). A website exists that lists 

the different available Cre transgenic mice (http://www.mshri.on.ca/nagy/default.htm).

3.1.2 Previous reported uses o f  the Cre/loxP recombination system 

The first reported use of the Cxdlox? recombination system in the generation of a 

conditional knockout in mice was by Gu et al. (1994). They flanked a segment of the 

DNA polymerase p gene (pol/3) with lox? sites (polJ3^ox). The lox? sites were introduced 

into introns to prevent disruption of the gene. Animals homozygous for the pol/3^ox 

mutation survived and were healthy, in contrast to the homozygous pol/3 knockout mice 

that died during embryogenesis. This indicates that the presence of the lox? sites does not 

severely affect pol/3 expression in vivo. A mouse line expressing Cre under control of the 

Ick proximal promoter (crelck), which means it is selectively expressed in T lineage cells, 

was used to selectively delete the pol/3 gene. Mice homozygous for pol/3flox and 

harbouring crelck were assessed and the development of these mice was normal. However, 

38% of CD4+ and CD8+ thymocytes had deleted the pol/3 gene, and no detectable deletion 

was observed in B lymphocytes as assessed by Southern blot analysis. The reasons for 

incomplete deletion of the pol/3 gene in T cells could be due to the fact that the Ick 

proximal promoter is only transiently active early on in T cell development and therefore 

this limited the time for completion of recombination. In addition, the particular cre gene 

that was used has subsequently been found not to be expressed as optimally as other cre 

genes (Gu et al., 1994).
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Kuhn et al. (1995) reported on the use of an inducible Cre recombinase, that of an 

inducible promoter of the mouse M xl gene. The Mxl gene is part of the defence to viral 

infections and is silent in healthy mice. However, upon the administration of interferon-a 

(IFN-a) or IFN-P, the Mxl promoter can be transiently activated to high amounts of 

transcription in many tissues. A mouse line expressing Cre under control of the Mxl 

promoter (Mx-cre) were crossed to polp^ox mice. Offspring at 8 weeks old and 

homozygous for poip flox and harbouring Mx-cre were assessed following the injection of 

recombinant human IFN-a. Excision of the floxed target genes occurred in all organs. 

However, the only complete deletion occurred in the liver and a nearly complete deletion 

occurred in lymphocytes as assessed by Southern blot analysis. The least amount of 

deletion occurred in the brain which is probably due to lack of transport of IFN across the 

blood-brain barrier. A reason for the tissue variation in Cre-mediated deletion could be 

due to the differing availability of IFN in the different tissues or the different 

responsiveness of particular cell types to IFN. Also the proliferation rates of different 

tissues varies considerably which may affect Cre-mediated recombination (Kuhn, 1995).

Feil et al. (1996) reported the use of ligand-activated site-specific recombination in mice. 

They created transgenic mice expressing Cre-ER, representing a fusion protein between 

Cre and a mutated ligand-binding domain of the human estrogen receptor. Cre-ER was 

placed under the control of a cytomegalovirus (CMV) promoter. These mice were crossed 

to reporter mice harbouring a floxed target gene. The gene that was floxed in the reporter 

mice was a modified retinoid X receptor a  (RXRa) allele carrying a floxed neomycin 

resistance gene integrated by homologous recombination. When 4-hydroxytamoxifen was 

injected intraperitoneally into 4 week old offspring, excision of the floxed target gene in all 

organs except in the thymus occurred. No excision of the floxed target gene was observed 

in control mice. Semi-quantitative PCR was used to estimate the extent of gene excision. 

These results indicate that Cre-ER is a tightly regulated recombinase that displays 

undetectable activity in the absence of ligand and can be activated in mice by 4- 

hydroxytamoxifen treatment. Excision of the floxed target gene was most efficient in skin, 

tail, kidney and spleen where it occurred in 40-50% of cells. 30% excision was achieved 

in the liver and stomach. 15% excision was achieved in other tissues. An explanation for 

the differing efficiencies of excision could be due to the fact that CMV-driven transgene
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expression varies considerably between different cell types. It could also be due to 

differences in accessibility of particular tissues to hydroxytamoxifen. Also, the 

proliferation rates of tissues varies considerably which may affect Cre-mediated 

recombination (Feil et al., 1996).

Schwenk et al. (1995) generated a Cre transgenic mouse line that carries several copies of 

the Cre gene under control of a human CMV minimal promoter and is referred to as a 

deleter strain. These mice were crossed to the pol/3^ox mice and Southern blot analysis of 

homozygous offspring showed that complete deletion of the floxed gene in all cell lineages 

including germ cells had occurred, indicating that Cre is ubiquitously expressed from very 

early in development. This particular Cre transgenic mouse line is useful for generating 

null alleles through the germline.

Therefore, as described, deletion of a floxed target sequence can be successfully restricted 

to specific cell types and/or at a specific time during development, or in all cell types 

ranging from very early on in embryogenesis to adulthood. Currently this is only limited 

by the availability of Cre expresssing transgenic mice. This means that once a floxed 

mouse line has been generated, the function of the floxed target gene can be assessed 

independently in a large number of different tissues and at different times during 

development.

Other uses of Cre/ZoxP technology include; chromosome translocations which are useful 

for modelling human diseases that are associated with chromosomal rearrangements 

(Smith et al., 1995; Van Deursen et al., 1995) and conditional knockins, which are 

particularly useful for tumour studies. For example, two groups reported on the generation 

of mice that harbour oncogenic K-Ras that only becomes activated upon the expression of 

Cre. They used a recombinant adenovirus that expressed Cre in lung epithelial cells and 

once the adenovirus was delivered it resulted in the rapid onset of tumorigenesis. This 

allowed the development of a new model for human lung cancer progression due to control 

over the time of tumour initiation (Jackson et al., 2001; Meuwissen et al., 2001).
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Fig. 3. 3 Knockout targeting event for the raf-1 gene; Huser et al. (2001).
(A) Restriction map of the targeted part of the wild-type raf-1 gene indicating exons 10 to 13. (B) Targeting 
vector that contains a short and a long arm of homology to the raf-1 gene separated by the neoR gene, and 
also containing the herpes simplex virus-thymidine kinase (HSV-tk) gene for a negative selection marker. 
(C) raf-1 targeted allele after homologous recombination with the targeting vector results in the replacement 
of exons 10 to 13 with the neoR gene.
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3.1.3 Conventional knockout o f raf-1

A knockout of the raf-1 gene in mice was previously accomplished in our laboratory and is 

described in Hiiser et al. (2001). This was achieved by construction of a targeting vector 

that resulted in the introduction of a neomycin resistance (neoR) gene to replace 

approximately 6 kb of raf-1 genomic DNA encoding exons 10 to 13 that encodes amino 

acids 338 to 472 (Figure 3.3). No Raf-1 protein or N-terminal Raf-1 fragment was 

expressed in protein lysates prepared from mice homozygous for this mutation as detected 

by Western blot analysis or Raf-1 kinase assays.

The phenotype of the homozygous Raf-1 deficient mice differs depending upon genetic 

background. On the C57/BL6 inbred background embryos survived to E9.5. However on 

the MF-1 outbred background a few survived up to birth. These results indicated that raf-1 

is an essential gene for development. Therefore, the only way to study the function of 

Raf-1 in adult tissues was to generate a conditional allele for Raf-1 in mice. With the ever- 

expanding database of new Cre expressing transgenic mice, the generation of such a 

conditional raf-1 knockout has many implications for further analysis of Raf-1 function.

3.2 Aims

The aim of this part of the project was to flank the raf-1 gene with loxP sites generating a 

‘floxed’ raf-1 allele in mouse ES cells and to consequently produce a mouse line 

harbouring these sites. The reason for flanking the whole raf-1 gene with loxP sites was 

because Wojnowski et al. (1998) targeted exon 3 of raf-1 with an aim to produce a null, 

but instead this resulted in the generation of a truncated Raf-1 protein that had residual 

kinase activity. Moreover, the generation of the Raf-1 knockout described in Hiiser et a l 

(2001) had not been completed by the time that this project began. Therefore it was not 

known whether the deletion of exons 10 to 13 would result in no Raf-1 protein being 

produced.

The raf-1 gene is too large to be able to use just one targeting vector to introduce two lox? 

sites. Therefore, to flank the raf-1 gene with two lox? sites required the generation of two 

targeting constructs harbouring lox? sites and performing two independent targeting events
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in ES cells, with one being targeted to the 5' end of raf-1 within intron 2 and the other 

being targeted to the 3' end of raf-1 after the 3' untranslated region. The loxP sites were 

placed approximately 26.8 kb apart with the intervening sequence containing exons 3 to 

17. Once ES cells were identified that had homologously recombined both targeting 

events, the aim was to generate mice.

3.3 Results

The gene for raf-1 had previously been isolated by screening a Stratagene mouse genomic 

library made from mouse strain 129Sv DNA cloned into the Xba I site in the Lambda 

vector Lambda-FIX. raf-1 phages were isolated by screening with the full length raf-1 

cDNA and eight phages were isolated. These were restriction mapped. Two of these 

X clones (>.1 and XI3) were used in construction of the two targeting vectors (Figure 3.4). 

The aim was to produce two targeting vectors, each with a 5' arm and a 3f arm separated by 

a loxP sequence and a selectable marker. Therefore homologous recombination between 

the arms and the endogenous raf-1 gene will result in the incorporation of the loxP 

sequence and the selectable marker. Two more vectors were to be constructed that would 

act as a positive control for PCR to test primers that would be used to screen ES cell clones 

for homologous recombination events. The reason for this is because homologous 

recombination events are very rare, and as the PCR is specific for the homologous 

recombination event (i.e. one primer outside the targeting event in the gene of interest and 

one primer unique to the targeting event such as a neoR sequence), the only way to work 

out optimal PCR conditions is to generate a vector that has these sequences adjacent to 

each other.

3.3.1 Construction o f the 5' loxP targeting vector

The 3' arm of the 5' targeting construct was derived from X clone 1. This was a 4.4 kb Xba 

I fragment subcloned from pSP/ra/-//4.4 kb I Xba I (Figure 3.4 and 3.5 A; provided by Dr. 

C. Pritchard) into Xba I digested pBluescript II KS+ (pBS II KS+) containing a single loxP 

sequence (Figure 3.5B; pBS II KS+-/oxP). The resulting vector, confirmed by Hind III 

restriction digestion analysis was named pBS II KS+-/oxP-4.4 kb raf-1 (Figure 3.6A).
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Fig. 3.5 First part o f the construction of the 5' pTC7-/axP-neo targeting construct.
(A) Restriction map of pSP72/ra/7/4.4 kb/Xba I, highlighting the Xba I sites used for 
cloning. (B) Restriction map of pBS II KS7/ojcP, highlighting the Xba I site used for 
cloning. (C) Restriction map of pSPlraf-111.4 kb Xba I, highlighting the Xba I sites used for 
cloning. (D) Restriction map of pX53-neo, highlighting the Hpa I site used for cloning.
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Fig. 3.6 Second part of the construction of the 5' pTC7-/oxP-neo targeting construct. (A) 
Restriction map of pBS II KS+ loxP-4.4 kb raf-1, highlighting the Sal I site used for cloning.
(B) Restriction map of pX53-neo-1.4 kb raf-1, highlighting the Sal I and Xho I sites used for 
cloning. (C) Restriction map of pTC7-/ojrP-neo, highlighting the Not I and site used to 
linearise the vector before electroporation into ES cells. (D) Restriction digestion of pTC7- 
/ojcP-neo with various enzymes followed by agarose gel electrophoresis. M = 1 kb DNA 
marker.
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The 5’ arm of the 5' targeting construct was also derived from X clone 1. This was a 1.4 kb 

Xba I fragment subcloned from pSP-ra/-/-1.4 kb -Xba I (Figure 3.4 and 3.5C; provided by 

Dr. C. Pritchard) that was subsequently filled in and blunt end ligated with the Hpa I 

digested pX53-neo plasmid (Figure 3.5D). This plasmid harbours a neomycin resistance 

(neoR) gene that allows for positive selection and a Herpes Simplex Virus (HSV) thymidine 

kinase (tk) gene that allows for negative selection; both of these genes are driven by the tk 

promoter. The resulting vector was confirmed by Sst I restriction digestion analysis and 

was named pX53-neo-1.4 kb raf-1 (Figure 3.6B).

The final stage in construction of this targeting vector was to digest pX53-neo-1.4 kb raf-1 

with Xho I and Sal I, followed by gel purification of the fragment and ligation to Sal I 

digested pBS II KS+-/oxP-4.4 kb raf-1. The resulting vector was named pTC7-/oxP-neo 

(Figure 3.6C). Restriction mapping using several restriction enzymes was performed to 

confirm the vector obtained was correct (Figure 3.6D).

3.3.2 Construction o f a positive control vector for PCR detection o f the 5' targeting 

event

A positive control vector was constructed with an aim to establish optimum PCR 

conditions with the primers to be used for the detection of the pTC7-/oxP-neo homologous 

recombination event in ES cells. A 0.7 kb Sst V Xba I fragment was derived from X clone 

1 and subcloned from pSP-ra/-7-7 kb-iscoR I/Hind III (Figure 3.4 and 3.7A; provided by 

Dr. C. Pritchard) into pBS II KS+ (Figure 3.7B). This vector was confirmed by restriction 

digestion analysis with EcoR I and Hind III and was named pBS II KS+ 0.7 kb raf-1 

(Figure 3.7C).

A 2561 bp EcoR I fragment was gel purified from pX53-neo-1.4 kb raf-1 (created in 

construction of pTC7-/oxP-neo). This fragment contained the neoR gene and the 1.4 kb 

raf-1 Xba I fragment (Figure 3.7D).

The final stage in construction of the PCR vector was to ligate the 2561 bp EcoR I 

fragment to EcoR I digested pBS II KS+ 0.7 kb raf-1. This vector was named positive 

control PCR vector (Figure 3.7E). A single diagnostic restriction digestion with BamH I
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Fig. 3.7 Construction of the positive control PCR vector. (A) Restriction map of pSP lraf-117 
kb /RI/H3 highlighting the Sst I and Xba I sites used for cloning. (B) Restriction map of pBS 
II KS+ highlighting the Sst I and Xba I sites used for cloning. (C) Restriction map of pBS II 
KS+ 0.7 kb raf-1 highlighting the EcoR I site used for cloning. (D) Restriction map of pX53- 
neo-1.4 kb raf-1 highlighting the EcoR I sites used for cloning. (E) Restriction map of PCR 
vector highlighting the positions of primers Ocp67 and Ocp69. (F) Restriction digestion with 
BamH I and agarose gel electrophoresis to screen bacterial clones 1-6 for presence of the 
positive control PCR vector. (G) PCR of bacterial clones 1, 3 and 6 using Ocp67 and Ocp69 
to ensure that the PCR is specific. M = 1 kb DNA marker.
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was used to confirm that the EcoR I insert ligated in the correct orientation, yielding 

fragments of sizes 4763 bp and 1598 bp. Clone numbers 3 and 6 were found to be correct; 

the others were incorrect (Figure 3.7F). Clones 3 and 6 were then used in a PCR reaction 

with Ocp67 and Ocp69, and a product of the correct size (1815 bp) was visualised in these 

two clones (Figure 3.7G). These primers could now be used to screen ES cell clones for 

the 5' homologous recombination event with pTC7-/acP-neo.

3.3.3 Construction o f the 3' loxP targeting vector

The 5' arm of the 3f targeting construct was derived from X clone 13. This was a

4.3 kb raf-1 EcoR I/Sal I fragment subcloned from pSP-ra/-/-4.3 kb-EcoR VXba I (Figure

3.4 and 3.8A; provided by Dr. C. Pritchard) that was subsequently filled in at the EcoR I 

site only and ligated with Sal I and BamH I digested pBS II KS+//oxP that had also been 

filled in at the BamH I site (Figure 3.8B). The resulting vector was confirmed by 

restriction digestion analysis with Hind III and Kpn I and was named pBS II KS+-/orP-4.3 

kb raf-1 (Figure 3.9A).

The 3' arm of the 3' targeting construct was also derived from X clone 13. This was a 1.3 

kb Xba V Hind III fragment subcloned from pBS II KS+-1.3 kb-raf-l-X/H  (Figure 3.4 and 

3.8C) that was subsequently filled in and blunt end ligated with the Hpa I digested pX53- 

hyg plasmid (Figure 3.8D). This plasmid harbours the hygromycin resistance (hygR) gene 

that allows for positive selection and the HSV-tk gene; both of these genes are driven by 

the tk promoter. The resulting vector was confirmed by restriction digestion analysis with 

Sst I and was named pX53-hyg-1.3 kb raf-1 (Figure 3.9B).

The final stage in construction of this targeting vector was to digest pX53-hyg-1.3 kb raf-1 

with Hind III, gel purification of the fragment and ligation to Hind III digested pBS IIKS+- 

/oxP-4.3 kb raf-1. The resulting vector was named pTC8-/oxP-hyg (Figure 3.9C). 

Restriction mapping using several restriction enzymes was performed to confirm the vector 

obtained was correct (Figure 3.9D).

The design of both targeting vectors was such that the transcriptional direction of the 

antibiotic resistance genes (neoR gene and hygR gene) were in the opposite orientation to



Fig. 3.8 First part of the construction of the 3' pTC8-/axP-hyg targeting construct. (A) 
Restriction map of pSP/ra/^.//4.3/E/X, highlighting the EcoR I and Sal I sites used for 
cloning. (B ) Restriction map of pBS II KS+ loxP, highlighting the Sal I and BamH I sites 
used for cloning. (C) Restriction map o f pBS II KS+ -1,3kb-ra/-7-X/H, highlighting the Xba 
I and Hind III sites used for cloning. (D ) Restriction map of pX53-hyg, highlighting the 
Hpa I site used for cloning.
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Fig. 3.9 Second part o f the construction of the 3' pTC8-/o;cP-hyg targeting construct. 
(A) Restriction map of pBS II KS+ /axP-4.3 kb raf-1, highlighting the Hind III site used for 
cloning. (B) Restriction map of pX53-hyg-1.3 kb raf-1, highlighting the Hind III sites used 
for cloning. (G) Restriction map of pTC8-/axP-hyg, highlighting the Not I site used to 
linearise the vector before electroporation into ES cells. (H) Restriction digestion o f pTC8- 
loxP-hyg with various enzymes followed by agarose gel electrophoresis. M = 1 kb DNA 
marker.
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raf-1 so that they would be transcribed in the opposite direction to raf-1 transcription with 

the aim that the polyadenylation signals would not interfere with raf-1 transcription of the 

floxed allele. The loxP sites were placed in the same orientation as each other, but were in 

the opposite orientation to the raf-1 gene. Also, the antibiotic resistance genes and the 

loxP sequence were placed within raf-1 introns to prevent any possible disruption to raf-1 

gene expression from the floxed allele. Sequencing information was obtained for the sites 

of integration and BLAST searches were performed to confirm that the insertion sites for 

both targeting vectors were within introns and did not disrupt splice sites.

3.3.4 Electroporation o f positive control PCR vector into ES cells

lpg of PCR vector was linearised by restriction digest with Hind III. It was then 

electroporated into 1 x 106 E l4.la  ES cells as described in Chapter two. After seven days 

of G418 selection, one single clone was picked and grown up. This was used to establish 

PCR conditions for screening clones from the pTC7-/axP-neo targeting event for 

homologous recombinants.

3.3.5 Electroporation o f 5 fpTC7-loxP-neo targeting construct into ES cells

60 jug of pTC7-/ovP-neo was linearised by restriction digest with Not I and then
Q

electroporated into 1 x 1 0  E14.1aES cells as described in chapter two. After seven days 

of G418 selection, 288 G418 resistant clones were picked and grown up. A portion of each 

cell culture was frozen and the remaining cells were lysed for DNA analysis.

3.3.6 Detection o f homologous recombination with pTC7-loxP-neo by PCR

Three primers, Ocp67, Ocp68 and Ocp69 were designed. Ocp67 is located within the 

0.7 kb Sst VXba I fragment which lies outside of the targeting event, with extension 

occurring towards the 3' end of the raf-1 gene (Figure 3.4 and 3.10A+C). Ocp68 is located 

within the 4.4 kb Xba VXba I fragment used as one of the arms of pTC7-/arP-neo, with 

extension occurring towards the 5' end of the raf-1 gene (Figure 3.4 and 3.10A-C).
R.Ocp69 is located at the 3' end of neo gene with extension occurring towards the 5' end of 

the raf-1 gene (Figure 3.10B+C). Ocp67 and Ocp68 amplified a 1625 bp product from the 

wild-type allele and were used as a control to confirm that the DNA samples were of a 

high enough quality to be used in a PCR reaction. All samples analysed amplified the
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Fig. 3.10 5' targeting event highlighting the positions o f homologous arms used in the construction of pTC7, restriction enzyme sites, 
positions o f primers, the position o f the probe for Southern blot analysis and the size o f the restriction fragment that hybridises to the probe.
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Fig. 3.11 Screening for hom ologous recombination in ES cell clones electroporated with 
pTC7-/oxP-neo. (A) PCR using control primers Ocp67 and Ocp68 amplified the wild-type 
PCR product o f  1625 bp in all ES cell clones. (B) PCR using Ocp67 and Ocp69 to am plify  
the 5' targeted allele. A  1623 bp product was amplified from ES cell clone numbers 2, 8 and 
9, and a 1815 bp product from the positive control PCR vector. (C) Southern blot analysis 
using the 0.7 kb raf-1 Sst I/Xba I fragment to probe EcoR I digested DNA. Hybridisation to 
the targeted 3.9 kb fragment was observed with ES cell clones 2, 8, 9, 19, 24 and 28. (D) 
Southern blot analysis using the neoR gene to probe EcoR I digested DNA. Hybridisation to 
the targeted 3.9 kb fragment was observed with ES cell clones 2, 8, 9, 19, 24, 28, but clone 
12 harbours a random integration (RI) event. M = 1 kb D NA marker.
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wild-type PCR product (clone numbers 1 to 12 inclusive; Figure 3.11 A). Ocp67 and 

Ocp69 amplified a 1623 bp PCR product from the targeted allele as well as a 1815 bp PCR 

product from the positive control PCR vector. Several positive clones were identified via 

PCR screening (clone numbers 2, 8, 9 were positive and clone numbers 1, 3, 4, 5, 6, 7, 10, 

11, 12 were negative; Figure 3.1 IB). Of 70 clones analysed by PCR, 18 had undergone 

homologous recombination with pTC7-/oxP-neo, representing a targeting frequency of 

1:3.9.

3.3.7 Detection o f  homologous recombination with pTC7-loxP-neo by Southern blot 

analysis

A 0.7 kb Sst VXba I fragment obtained from X clone 1 lies 5' to the pTC7-/oxP-neo 

targeting event (Figure 3.4 and 3.10A+C). This fragment was used as a probe to screen 

DNA from the ES cell clones that gave a positive result with PCR. Genomic DNA was 

digested with EcoR I, electrophoresed through an agarose gel and transferred onto a nylon 

membrane. The blot was probed with this 0.7 kb raf-1 fragment. In wild-type DNA this 

probe hybridises to a 13.9 kb fragment. If the ES cell clone had undergone homologous 

recombination with pTC7-/oxP-neo, hybridisation to a 3.9 kb fragment of the targeted 

allele would also be detected. This reduction in size of the EcoR I fragment occurs as a
• R.result of the introduction of an additional Eco RI site m the neo gene (Figure 3.10C).

All ES cell clones that tested positive by PCR were also found to be positive as assessed by 

Southern blot analysis (2, 8, 9, 19, 24 and 28; Figure 3.11C). Several clones were selected 

for further analysis to ensure that multiple integrations of pTC7-/oxP-neo had not occurred. 

ES genomic DNA was digested with Eco RI and probed with a short sequence 

corresponding to the neoR gene (963 bp Eco RI fragment obtained by digestion of pX53- 

neo). Hybridisation to a 3.9 kb fragment of the targeted allele was visualised with all ES 

clones selected showing the presence of the targeting event and no extra hybridisations 

were observed except for clone 12 which had not undergone homologous recombination 

but had randomly integrated pTC7-/oxP-neo (Figure 3.1 ID). This indicated that pTC7- 

/oxP-neo had only integrated once in the homologously recombined clones. Six clones 

were selected to undergo the next round of targeting with pTC8-/oxP-hyg. These were 

clone numbers 2, 8, 9, 19, 24, 28.
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3.3.8 Electroporation o f 3 'pTC8-loxP-hyg targeting construct into ES cells containing 

thepTC7-\oxP-neo targeting event

50 pg of pTC8-/oxP-hyg was linearised by restriction digest with Not I and was then 

electroporated separately into each of the six ES cell clones positive for the first targeting 

event (clone numbers 2, 8, 9, 19, 24, 28). After seven days of hygromycin B selection, a 

total of 260 resistant clones were picked and grown up with at least 40 picked from each of 

the six parental ES cell clones. A portion of each cell culture was frozen and the remaining 

cells were lysed for DNA analysis.

3.3.9 Detection o f homologous recombination with pTC8-loxP-hyg by PCR

An attempt to construct a positive control vector for PCR detection of the 3' targeting event 

was unsuccessful. Therefore conditions for PCR had to be established using the 

electroporated ES cell clones. Two primers 3'pgk and ocp77 were used. Ocp77 is located 

within the 0.9 kb Hind III/BamH I fragment which lies outside of the targeting event, with 

extension occurring towards the 5' end of the raf-1 gene (Figure 3.4 and 3.12A+C). 3'pgk
R  • • •is located at the 5’ end of the hyg gene, with extension occurring towards the 3’ end of the 

raf-1 gene (Figure 3.12B+C). Ocp77 and 3'pgk amplify a 1758 bp PCR product from the 

targeted allele. Eight positive clones out of 270 were identified via PCR screening. These 

were clone numbers 7, 9, 18, 26, 29, 38, 55 and 166 (Figure 3.13A).

3.3.10 Detection o f homologous recombination with pTC8-loxP-hyg by Southern blot 

analysis

A  0.9 kb Hind Hl/BamH I fragment obtained from X clone 13 lies 3' to the pTC8-/oxP-hyg 

targeting event (Figure 3.4 and 3.12A+C). This was used as a probe to screen DNA from 

the eight ES cell clones that gave a positive result with PCR. Genomic DNA was digested 

with BamH I, electrophoresed through an agarose gel and transferred onto a nylon 

membrane. The blot was probed with this 0.9 kb raf-1 fragment. In wild-type DNA this 

probe hybridises to a 15.2 kb fragment of the wild type allele. If the ES cell clone had 

undergone homologous recombination with pTC8-/oxP-hyg, hybridisation to a 2.3 kb 

fragment of the targeted allele would also be detected. This reduction in size of the BamH 

I fragment occurs as a result of the introduction of an additional BamH I site in the hygR 

gene (Figure 3.12B). 8 clones out of 270 were identified as having undergone homologous
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Fig. 3.12 3' targeting event highlighting the positions o f homologous arms used in the construction o f pTC8, restriction enzyme sites, 
positions o f primers, the position o f the probe used for Southern blot analysis and the size o f the restriction fragment that hybridises to the 
probe. (A) Wild-type raf-1 gene. (B) Restriction map o f pTC8-/axP-hyg. (C) 3' BamH I restriction fragment o f raf-1 gene after homologous 
recombination with pTC8 . Single letter key: E = EcoR I, S = Sst I, X = Xba I, H = Hind III.



Fig. 3.13 Screening for homologous recombination in pTC7-/oxP-neo targeted ES cell 
clones electroporated with pTC8-/o;cP-hyg. (A) PCR using ocp77 and 3'pgk to amplify the 
3' targeted allele. A  1758 bp product was amplified from ES cell clone numbers 9, 18, 29, 
38 and 55 but not from ES cell clone number 54 (upper panel). A 1758 bp product was 
amplified from ES cell clone numbers 7, 166 and 26 but not from ES cell clone number 156 
(lower panel). (B) Southern blot analysis using the 0.9 kb raf-1 Hind UVBamH I fragment 
to probe BamH I digested DNA. Hybridisation to the targeted 2.3 kb fragment was observed 
with ES cell clones 7, 9, 18, 26, 29, 38, 55 and 166. (C) Southern blot analysis using the 
hyg? gene to probe BamH I digested DNA. Hybridisation to the targeted 15.2 kb fragment 
was observed with ES cell clones 9, 18, 26, 29, 38, 55 and 166 but an extra insertion o f  
pTC8-/oxP-hyg was observed with clone 7. Also clones 12 and 54 harbour random 
integration events. M =  1 kb D N A  marker.
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1758 bp

M 7 166 26 156
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recombination with pTC8-/axP-hyg (clones 7, 9, 18, 26, 29, 38, 55, 166; Figure 3.13B) 

representing a targeting frequency of 1:33. Therefore, all 8 ES cell clones that tested 

positive by PCR were also found to be positive as assessed by Southern blot analysis.

The parental pTC7-/oxP-neo ES cell clones of each of these clones are indicated in Table 

3. 1. All eight clones were selected for further analysis to ensure that multiple integrations 

of pTC8-/oxP-hyg had not occurred. ES genomic DNA was digested with BamH I, 

Southern blotted and probed with a short sequence corresponding to the hygR gene 

(1109 bp EcoR I/Hind III fragment obtained by digestion of pX53-hyg). Hybridisation to 

the expected 15.2 kb fragment of the targeted allele was visualised with all ES clones 

except for clone number 7 for which an extra hybridising band was observed, indicating a 

multiple integration event. Clone numbers 12 and 54 had also randomly integrated pTC8- 

loxP-hyg (Figure 3.13C).

3.3.11 Further analysis o f  pTC7-loxP-neo and pTC8-loxP-hyg double targeted ES cell 

clones

Each of these eight ES cell clones was karyotyped to ensure that they harboured a normal 

complement of chromosomes to allow for germline transmission of the ES cells. This 

work was undertaken by Dr. E. P. Evans (Department of Zoology, Oxford University). All 

clones were 40XY with no abnormal karyotype except for clone number 29 which 

harboured a reciprocal translocation between chromosomes 14 and 18.

Table 3. 1. Summary of the origin of each double targeted ES cell clone, whether they 

harbour additional integration events and whether their karyotype is normal.

Parental pTC7-/oxP- 
neo clone number

Double targeted ES cell 
clone number

Additional
integrations

Karyotype

19 7 Yes Normal
28 9 No Normal
19 18 No Normal
9 26 No Normal
24 29 No translocation 14:18
9 38 No Normal
2 55 No Normal
19 166 No Normal
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To ensure that the integration events had not interfered with the production of Raf-1 

protein, protein lysates were prepared from these double targeted ES cell clones, followed 

by SDS-PAGE and electro-transfer of the proteins onto nitrocellulose. The blots were 

incubated with an anti-Raf-1 antibody. The amount of Raf-1 in the double targeted ES cell 

clones appeared to be similar to the amount of Raf-1 in wild-type cells (Figure 3.14A). A 

vinculin antibody was used as a control for protein loading (Figure 3.14B).

Each of the clones that were frozen down at the earliest stage were expanded and a portion 

lysed for DNA and re-checked by PCR using Ocp67 and Ocp69 for detection of the 5' 

targeting event, and using Ocp77 and 3'pgk for detection of the 3' targeting event. This was 

to ensure that the presence of both targeting events had been maintained. Figure 3.14C 

shows data for double targeted ES cell clones 9, 38 and 55 plus ES cell clone 54 which has 

only been targeted with pTC7-/ax;P-neo.

It had not been established at this stage which, if any, of the eight clones had acquired both 

targeting events on the same chromosome. It was decided that due to the length of time 

needed to generate mice, it was not feasible to delay the blastocyst microinjections. 

Therefore, all clones were microinjected into blastocysts, except clone number 7 since this 

also harboured a random integration of pTC8-/oxP-hyg. Further analysis of the clones was 

undertaken in the meantime to establish which clones had acquired both targeting events 

on the same chromosome. This work is described in Chapter 4. Segregation of the two 

targeting events in mice could also address whether both alleles are on the same 

chromosome.

3.3.12 Generation o f  mice from pTC7-loxP-neo and pTC8-loxP-hyg targeted ES cell 

clones

Each of the ES cell clones positive for both targeting events, except number 7, were 

microinjected into E3.5 blastocysts (C57BL/6 x CBA FI) by standard micromanipulation 

techniques followed by implantation into the uterine tract of pseudopregnant surrogate 

mothers to generate chimeric mice. This work was undertaken by Ms. J. Brown (Division 

of Biomedical Services, University of Leicester). 19 chimeric mice from both sexes were 

produced from these microinjections (Table 3.2). The targeted E14.1a ES cells originate
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Fig. 3.14 Further analysis o f  double targeted ES cell clones. (A) Western blot analysis for 
detection o f  Raf-1 levels. (B) Western blot analysis for detection o f  Vinculin levels as a 
control for protein loading. (C) Reconfirmation o f  both loxP targeting events by PCR. PCR 
using primers O cp67 and Ocp69 amplified the 5 ’ lox? targeted PCR product o f  1623 bp 
from ES cell clones 9, 38, 54 and 55 but not from the wild-type sample (WT). PCR using 
primers Ocp77 and 3 ’pgk amplified the 3 ’ lox? targeted PCR product o f  1758 bp from ES 
cell clones 9, 38 and 55 but not from 54 or the WT sample. M = 1 kb D NA marker.
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from the 12901a strain. Therefore, these chimeras were each mated to wild-type animals 

from the MF-1 background in order to screen for germline transmission which was 

indicated by the presence of albino coloured pups in the offspring (see Chapter 1 for the 

genetics to explain this). Germline transmission was obtained from only one of the male 

chimeras (17); this chimera had originated from the microinjection of ES cell clone 

number 9.

Table 3. 2. Chimeric mice produced from blastocyst injections.

ES cell clone chimeras produced germline transmission

9 2 female 3 male Yes

18 2 females No

26 3 females 3 males No

29 1 male No

38 3 females no

55 2 males no

3.3.13 Screening mice for the presence o f both targeting events

Chimera 17, generated from ES cell clone number 9, generated 5 silver coloured pups in its 

first litter when mated to a wild-type MF-1 female. The second litter contained 2 silver 

coloured pups and the third litter contained 1 silver coloured pup. These mice were 

numbered 17-1, 17-2, 17-3, 17-4, 17-5, 17-6, 17-7 and 17-8. The next step was to discover 

if any of these mice harboured both the 3' and 5' loxP targeting events, because at this stage 

it was still not known whether the targeting events were present on the same chromosome. 

Segregation would have occurred in these mice and this would therefore give proof of the 

presence or absence of both targeting events on the same chromosome. Different primers 

for genotyping the mice with respect to the presence of both targeting events were 

designed, as the primers that were originally used to genotype ES cell clones produce a 

PCR product too large to reliably reproduce from mouse tail DNA (Figure 3.15).
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Fig. 3.15 Diagram to show the positions o f primers used to genotype progeny from germline transmitting 
chimera. (A) Restriction map of the 5' end o f raf-1 highlighting the two fragments used for the targeting 
construct. (B) Restriction map o f the 3' end o f raf-1 highlighting the two fragments used for the targeting 
construct.

Eco RI Sst I Xba I Xba I Eco RI Xba I

Cep 67 Ocp 100
neo

r -  ^  r
Ocp 69 Ocp 68

B Eco RI Bam HI Hind HI Bam HI 
Xba I

Ocp 82 3’ pgk

"Ocp 83 ^Ocp 77

1 r\̂



Chapter 3 Generation o f a conditional Raf-1 knockout mouse

Primers OcplOO and Ocp68 were used to amplify a 286 bp PCR product from the wild type 

allele which was used as a control for all other PCRs (Figure 3.16A). OcplOO and Ocp68 

amplified a product in each of the silver mice; samples 17-2, 17-4, 17-5, 17-6, 17-7 and 17- 

8 are shown in Figure 3.16A. This indicated that the DNA was of a high enough quality 

for PCR. 17-1 and 17-3 samples are not shown in this figure.

Primers Ocp83 and 3'pgk were used to amplify a 788 bp PCR product from the 3' targeted 

allele. Ocp83 and 3'pgk amplified a product in 3 of the 6 silver mice; samples 17-2, 17-5 

and 17-8 (Figure 3.16B). 17-1 and 17-3 samples are not shown in this figure. However, 

17-1 was negative for the 3' targeting event and 17-3 was positive for the 3' targeting event. 

Therefore from a total of 8 silver coloured mice, 4 harboured the 3' loxP targeting event 

which is the expected frequency of transmission.

Primers OcplOO and Ocp69 were used to amplify a 290 bp PCR product from the 5' 

targeted allele. However, the 5' targeting event could not be detected in any of the silver 

mice. As a control for this PCR, a product was successfully amplified from DNA obtained 

from ES cell clone number 9 as these were the cells injected that generated the transmitting 

male chimera (Figure 3.16C).

To confirm the PCR data suggesting the presence of the 3' targeting event, mouse numbers 

17-4 (negative by PCR for the 3' targeted allele) and 17-5 (positive by PCR for the 3' 

targeted allele) were culled and used to make a large amount of DNA for Southern blot 

analysis. To detect the 3' targeting event, tail DNA was digested with BamH I, 

electrophoresed through an agarose gel and transferred onto a nylon membrane. The blot 

was probed with the 0.9 kb raf-1 Hind HU BamH I 3’ fragment. This showed hybridisation 

to a 15.2 kb fragment from the wild type allele in both 17-4 and 17-5 samples as expected 

(Figure 3.16D). A 2.3 kb fragment corresponding to the targeted allele in sample 17-5 was 

also observed (Figure 3.16D). This provided firm evidence that germ-line transmission 

had been achieved with respect to the 3' pTC8-/oxP-hyg targeting event. To detect the 5' 

targeting event, tail DNA was digested with BamH I, electrophoresed through an agarose 

gel and transferred onto a nylon membrane. The blot was probed with a short sequence



Fig. 3.16 Evidence for germline transmission o f the raf-1 targeted allele. (A) PCR using 
control primers OcplOO and Ocp68 to amplify the wild-type PCR product o f 286 bp from all 
o f the silver coloured mice. (B) PCR using primers Ocp83 and 3' pgk to amplify the 3' loxP 
targeted PCR product o f  788 bp from 17-2, 17-5 and 17-8. No PCR product was amplified 
from 17-4, 17-6 or 17-7. (C) PCR using primers OcplOO and Ocp69 to amplify the 5' loxP 
targeted PCR product. No PCR product was amplified from any o f the silver coloured mice 
or the wild-type sample, but a product was observed in ES cell DNA from number 9. (D) 
Southern blot analysis using the 0.9 kb raf-1 Hind III/BamH I fragment to probe BamH I 
digested DNA from 17-4 and 17-5. Hybridisation to the targeted 2.3 kb fragment was 
observed with 17-5 only. (E) Southern blot analysis using the neoR gene to probe BamH I 
digested DNA from 17-4 and 17-5. No hybridisation was observed from either o f the 
DNAs. M = 1 kb DNA marker.
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corresponding to the neoR gene. A smear of hybridisation and no specific hybridisation 

was observed in either of the samples 17-4 or 17-5 (Figure 3.16E).

Together with the PCR data it therefore appeared that neither of the samples 17-5 or 17-4 

harboured the 5’ pTC7-/axP-neo targeting event. An explanation for this could have been 

that the two targeting events were on different chromosomes and had segregated during 

meiosis resulting in each of the silver offspring having either one or the other of the 

targeting events. However, this can not be the case as all mice negative for the 3' event 

were also negative for the 5' event.

In order to analyse this further, tail samples were taken from all of the remaining chimeric 

mice generated including the transmitting male chimera 17. Ocp83 and 3'pgk were used to 

amplify a 788 bp product from the 3' targeted allele (Figure 3.15). As expected, all 

samples amplified the PCR product with this primer pair (Figure 3.17A). OcplOO and 

Ocp69 were used to amplify a 290 bp product from the 5' targeted allele (Figure 3.15). 

However, only chimera numbers 10 and 12 amplified a PCR product with this primer pair 

(Figure 3.17B). These two chimeras originated from two different microinjections, those of 

ES cell clones 55 and 29. All the other chimeras that did not contain the 5' targeting event 

(13, 16, 17, 18, 19, 20, 21, 22, 23, 24, and 25) arose from the microinjections of clone 

number 9 and number 26, which includes the male chimera number 17 from which 

germline transmission had been achieved. Therefore it appeared that the 5' targeting event 

had been lost in ES cell clone numbers 9 and 26 either before microinjection or soon 

afterwards, but had been retained in ES cell clone numbers 29 and 55.

3.3.14 Further analysis o f  ES cell clones 9 and 26

To find out why the chimeras resulting from the injection of ES cell clones 9 and 26 did 

not harbour the 5' loxP targeting event, new DNA was made from these ES cell clones and 

PCR was used to confirm the presence of both targeting events. Ocp77 and 3'pgk 

amplified a 1758 bp product from the 3' targeted allele in all double targeted ES cell clones 

(Figure 3.18A). In addition, Ocp83 and 3'pgk amplified a 788 bp product from the 3' 

targeted allele in all double targeted ES cell clones (Figure 3.18B). Ocp67 and Ocp69 

amplified a 1623 bp product from the 5’ targeted allele in all double targeted ES cell clones



Fig. 3.17 PCR analysis o f DNA from 13 chimera tail samples (numbered 10, 12, 13, 16, 17, 
18, 19, 20, 21, 22, 23, 24, 25). (A) PCR using primers Ocp83 and 3' pgk amplified the 3' 
loxP targeted PCR product o f  788 bp from all samples except the wild-type (WT) sample.
(B) PCR using primers OcplOO and Ocp69 amplified the 5' loxP targeted PCR product 
from 10, 12 and ES cell clone num ber 9. No PCR product was amplified from 13, 16, 17, 
18, 19, 20, 21, 22, 23, 24, 25 or WT. M = 1 kb DNA marker.

A
M 10 12 13 16 17 18 19 20 21 22 23 24 25 9 WT

B
M 10 12 13 16 17 18 19 20 21 22 23 24 25 9 WT
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Fig. 3.18 PCR analysis o f  DNA from ES cell clones (A) PCR using primers Ocp77 and 
3’pgk amplified the 3' loxP targeted PCR product o f 1758 bp from all clones. (B) PCR using 
primers Ocp83 and 3' pgk amplified the 3' loxP targeted PCR product o f 788 bp from all 
clones. (C) PCR using primers Ocp67 and Ocp69 amplified the 5' loxP targeted PCR 
product o f 1623 bp from all clones. (D) PCR using primers OcplOO and Ocp69 amplified 
the 5' loxP targeted PCR product o f  290 bp from all clones. WT = wild-type, M = 1 kb DNA 
marker.

-41758 bp

B I -4788 bp

D

^  A O) \b

-41623 bp
-4290 bp



Chapter 3 Generation o f a conditional Raf-1 knockout mouse

(Figure 3.16C). However, ES cell clone numbers 9 and 26 produced a much weaker band 

than the other clones, indicating loss of the pTC7-/oxP-neo targeting event in a portion of 

these cells. In addition, OcplOO and Ocp69 amplified a 290 bp product from the 5' 

targeted allele in all double targeted ES cell clones. However, ES cell clone number 26 

produced a much weaker band than the other clones (Figure 3.18D).

The only possible explanation for the loss of the 5' loxP targeting event in ES cell clone 

numbers 9 and 26 is that the 5’ loxP targeting event is unstable in these two clones.

3.3.15 Further analysis o f  mice heterozygous for the 3' targeting event

A further analysis was performed with regard to the mice heterozygous for the 31 targeting 

event, because even though it was clear that they had lost the neoR gene, there was a 

possibility that the 5' loxP site was still present. A timed mating was set up between male 

and female mice heterozygous for the 3' targeting event. At E14.5, the embryos were taken 

and used to generate individual primary MEF cell lines. This work was undertaken with 

the technical help of Mrs. S. Giblett (Department of Biochemistry, University of 

Leicester). The MEF cell lines were PCR genotyped with respect to the 3' targeting event 

of raf-1 using primers Ocp82 and Ocp83 to amplify from the wild-type allele and Ocp83 

and 3’pgk to amplify from the targeted allele. Four MEF cell lines were identified as 

homozygous for the 3' targeting event; 1.1, 1.3, 1.4 and 2.4 (Figure 3.19A+B) and five 

MEF cell lines were identified as wild-type; 1.6, 1.8, 2.1, 2.2 and 2.3 (Figure 3.19A+B). 

Three MEF cell lines were identified as heterozygotes; 1.7, 1.9 and 1.5 (Figure 3.19A+B).

PCR analysis of the 5' end of raf-1 was performed using Ocp68 and OcplOO, as these 

primers span the region of insertion of the neoR gene and the lox? site. It seemed feasible 

that if extra sequences were present, then the PCR product from the homozygous targeted 

MEFs would be larger than the PCR product from the wild-type MEFs. However, it 

appeared that the size of the bands from the targeted allele were exactly the same size as 

those from the wild-type allele (Figure 3.19C). As a definite way to identify if the loxP 

site was present at the 5' end of the raf-1 gene, sequencing across where the neoR gene and 

loxP site should have been was then performed using primer OcplOO on the PCR product 

resulting from primers Ocp67 and Ocp68 (Figure 3.15A). Sequencing was performed on
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Fig. 3.19 Further analysis o f  germline transmitting mice. (A) Genotyping primary MEFs 
generated from a timed mating between mice heterozygous for the 3' targeting event. PCR 
using primers Ocp82 and Ocp83 amplified the wild-type PCR product o f 514 bp from the 3' 
targeted end o f raf-1 from 1.7, 1.9, 2.1, 2.3 (left panel), ES cell clone number 9, 1.5, 1.6, 1.8 
and 2.2 (right panel). No PCR product was amplified from 1.1, 1.3, 1.4 and 2.4 (left panel) 
except a non-specific PCR product (NS) which is amplified from all samples except from the 
H20  control. (B) PCR using primers Ocp83 and 3' pgk amplified the 3' loxP targeted PCR 
product o f 788 bp from 1.1, 1.3, 1.4, 1.7, 1.9, 2.4, ES cell clone number 9 and 1.5. No PCR 
product was amplified from 2.2, 2.3, 1.8 and 2.2. (C) PCR using primers Ocp68 and OcplOO 
amplified the wild-type PCR product o f  286 bp from the 5' targeted end o f raf-1 from 1.1, 
1.6, wild-type (WT), 1.5, 1.6, 1.8 and 2.2. M = 1 kb DNA ladder.
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both a wild-type sample (1.6) and a homozygote sample (1.1). The sequence of the 

homozygote sample was identical to that of the wild-type sequence and a loxP sequence 

could not be identified (data not shown). This led to the conclusion that a loxP site did not 

exist at the 5' end of the raf-1 gene in these transgenic mice that harboured a lox? site at 

the 3' end of raf-1. Hence these animals were of no further use.

3.4 Conclusions

This chapter describes the successful generation of two different targeting constructs that 

involved multiple complex cloning stages. The vectors were arranged so that two different 

selectable markers were used that were transcribed in the opposite orientation to raf-1 and 

the lox? sites were placed in the opposite orientation to raf-1. It was ensured that the 

antibiotic resistance genes and lox? sites integrated within intron sequences of raf-1 to 

prevent disruption to the coding sequence. The 5' lox? and neoR gene integrated within
• Rmtron 2 of raf-1 and the 3f lox? and hyg gene integrated after the 3' untranslated region. 

Therefore when both targeting constructs were homologously integrated, the lox? sites 

were spaced approximately 26.8 kb apart in the raf-1 gene.

The reason for performing two targeting events and spacing then so far apart was due to 

the data presented by Wojnowski et al. (1998). This group targeted exon 3 using a 

conventional approach with an aim to disrupt gene transcription by the introduction of the 

neoR gene. However, a null allele was not created as a truncated protein was produced that 

had residual kinase activity. Also, the raf-1 knockout mice generated by Hiiser et al. 

(2001) had not been completed when work was started to create the floxed raf-1 allele, so 

it was not known if the site chosen to disrupt raf-1 by Hiiser et al. (2001) would produce a 

null allele. Therefore, it was decided that to generate a null allele the safest option was to 

target the whole of raf-1 to circumvent potential problems with hypermorphic alleles. This 

strategy required the generation of two targeting vectors.

Gene targeting was used and a frequency of 1: 3.9 was obtained for the 5' end of raf-1 and 

a targeting frequency of 1: 33 was obtained for the 3' end of raf-1. A possible reason that 

the 3' targeting event was much lower than the 5' targeting frequency could be that as the 

cells had already been electroporated once, the chance of a second homologous
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recombination may be reduced. Other groups have previously targeted the raf-1 gene; 

Hiiser et al. (2001) observed a frequency of 1 in 60 when exons 10 to 13 were targeted, 

Mikula et al. (2001) observed a frequency of 1 in 35 when exon 3 was targeted and 

Wojnowski et al. (1998) observed a frequency of 1 in 34.5 when exon 3 was targeted.

Eight ES cell clones were positive for having undergone homologous recombination with 

both pTC7-/o*P-neo and pTC8-/oxP-hyg. One ES cell clone was not used any further as it 

had multiple integrations of the 3' pTC8-/oxP-hyg vector. The remaining 7 ES cell clones 

were microinjected into blastocysts and 19 chimeras were obtained. It was not known 

which, if any, of the ES cell clones had loxP sites present on the same chromosome but 

segregation in the mice would address this.

Germline transmission was achieved from ES cell clone 9. It was subsequently determined 

that these mice harboured the 3' pTC8-/axP-hyg targeting event but they did not harbour 

the 5' pTC7-/oxP-neo targeting event. It became evident through DNA analysis of tail 

samples, that all chimeras arising from the injections of ES cell clone numbers 9 and 

number 26 did not have the 5' loxP targeting event, even though PCR analysis of the cells 

that were injected did screen positive for this particular targeting event. The only possible 

explanation for the loss is that the 5' loxP targeting event is unstable alone or that the 

integration of the 3' loxP targeting event has made the 5' lox? targeting event become 

unstable and a proportion of the cells have lost it. Other groups using this new technology 

have not previously reported this phenomenon probably because the general trend for 

producing floxed alleles is to use just one targeting vector.

Subsequent analysis of the 8 double targeted ES cell clones (described in chapter four), 

indicate that ES cell clone 29 acquired both loxP targeting events on the same 

chromosome, but that clones 7, 9, 18, 26, 38, 55 and 166 acquired both targeting events on 

separate chromosomes. The 5' loxP targeting event appears to be stable in ES cell clone 

number 29 as reflected by the presence of this event in a chimera created from injection of 

these ES cells (Figure 3.15B). Furthermore, it appears to efficiently delete the raf-1 gene 

upon the expression of Cre (described in chapter four). Therefore this clone may prove 

useful for the generation of mice. However, there is a problem with this clone as it
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harbours a reciprocal translocation between chromosomes 14 and 18. This would mean 

that litter numbers resulting from a mating between the chimeras generated from these ES 

cells and wild-type mice will be approximately halved due to the production of unbalanced 

products at meiosis, thus reducing the possibility of obtaining germline transmission of the 

raf-1 floxed allele.

The Baccarini group has recently reported the generation of mice in which exon 3 of raf-1 

is flanked by loxP sites. These mice were crossed to mice expressing Cre under the control 

of the M xl promoter. Upon induction of Cre by the administration of polyinosinic: 

cytidyllic acid, exon 3 was deleted in the liver and bone marrow. The deletion of exon 3 in 

other tissues was not reported upon. Macrophages were derived from these mice and raf-1 

was not detected by Western blot analysis indicating that the deletion of exon 3 resulted in 

a null raf-1 allele (Jesenberger et al., 2001). However, this does not fit in with the data 

observed by Wojnowski et al. (1998). This group also targeted exon 3 using a 

conventional approach but they did not generate a null allele as a truncated protein was 

produced that had residual kinase activity.

It is now evident that the raf-1 null mice previously generated in our laboratory survive 

postnatally on the MF-1 background strain. This may possibly circumvent the need for a 

conditional raf-1 knockout. However, if tumour studies are to be performed on animals 

that lack raf-1, they require older animals, and at this stage the raf-1 knockout animals 

would not survive long enough. Also, tissue-specific deletion of raf-1 is a desirable tool, 

as it overcomes the influence of surrounding cells/tissues that would also lack raf-1 from 

interfering with the interpretation of Raf-1 function. Therefore if raf-1 floxed mice could 

be generated from clone number 29 they would be invaluable for these reasons.

Unfortunately, it was recently discovered that the gene encoding for makorin RING zinc- 

finger 2 (MKRN2), overlaps, in an antisense orientation with the 3' UTR of the mouse raf- 

1 gene (Gray et al., 2001). MKRN2 belongs to a family that has a characteristic zinc- 

finger composition. The function of the protein family to which MKRN2 belongs is 

unknown. Comparison of intron and exon boundaries showed that the 3' loxP targeting 

event has integrated between exons 6 and 7 of MKRN2 (Figure 3.20). MKRN2 has a total
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Fig. 3.20. Diagram showing the intron/exon structures of the 3' end of the raf-1 gene and the 
3' end of the Mkm2 gene. The Mkm2 gene is antisense to the raf-1 gene and overlaps by 91 
bp indicated by the broken parallel lines. The raf-1 gene is coloured red and the Mkm2 gene 
is coloured green. The loxP and hygf introduced by homologous recombination with the 3' 
targeting vector integrated at the Xba I site. Therefore following Cre-mediated 
recombination between the two loxP sites (the other loxP site being present at the 5' end of 
raf-1) will result in the the deletion o f exons 7 and 8 of Mkm2 in addition to the deletion of 
exons 3 to 17 of raf-1.
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of 8 exons, therefore upon Cre-mediated recombination between the two loxP sites, this 

would result in the deletion of exons 7 and 8 of Mkrn2 in addition to the deletion of raf-1. 

In hindsight therefore, the 3f loxP site should have been placed within intron 16 of raf-1 

between exons 16 and 17 as this region does not overlap with the Mkrn2 gene. The 

deletion of exons 7 and 8 of Mkrn2 will probably result in a truncated protein which may 

or may not function as the native protein. Therefore the future analysis of the phenotypes 

of the Raf-1 floxed mice when they have been made will have to be considered in light of 

this fact.
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4 CRE-MEDIATED DELETION OF A FLOXED DNA SEQUENCE

4.1 Introduction

4.1.1 Expression o f  Cre in vitro and in vivo

Once a floxed allele for a given gene has been generated in ES cells, Cre-mediated deletion 

can be achieved by transfection of the ES cells with a vector expressing Cre under the 

control of a suitable promoter. Alternatively, once a floxed allele has been generated in 

vivo, the mutant mouse can be crossed with a corresponding Cre transgenic mouse that 

exhibits the desired spatial or temporal specificity of Cre expression resulting in the 

generation of a double transgenic mouse line. As discussed in chapter three, to achieve 

spatial restriction, the cre coding sequence can be placed under the regulation of a variety 

of tissue-specific promoters and to achieve temporal restriction, cre can be placed under 

the regulation of an inducible promoter, or a ligand regulated Cre protein can be used.

4.1.2 Potential role o f  Raf-1 in cardiac myocyte hypertrophy

Cardiac hypertrophy occurs in response to an increased workload. It is a compensatory 

response which results in an increase in myocyte size in the absence of cell division as 

these cells are terminally differentiated. Changes in gene expression occur in order to 

maintain the function of the heart. With the use of cardiomyocytes in primary culture, a 

variety of extracellular stimuli that induce the hypertrophic response have been identified 

including; mechanical stretch, cytokines, growth factors, hormones, catecholamines and 

vasoactive peptides (Yamazaki et al., 1998). The exposure of ventricular myocytes to such 

stimuli activates a series of genetic changes that leads to cell hypertrophy including the 

induction of early response genes such as c-jun, c-fos and c-myc. Many of these 

hypertrophic agonists have also been shown to activate MEK and ERK in these cells and 

suggest that the Ras/Raf/MEK/ERK cascade may play a role in the transcriptional changes 

associated with hypertrophy (Sadoshima and Izumo, 1993; Yamazaki et al., 1993; 

Bogoyevitch et al., 1994; Thorbum et al., 1994a;). Direct support for this hypothesis is 

provided by studies using neonatal rat ventricular myocytes where the introduction of 

RasV12 and constitutively activated forms of MEK induce changes in gene expression that 

are associated with hypertrophy (Thorbum et al., 1993). A-Raf and Raf-1 are expressed in
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cultured ventricular myocytes and hypertrophic stimuli differentially activate these two 

isoforms (Bogoyevitch et al., 1995). A role for Raf-1 in the regulation of cardiac myocyte 

hypertrophy was demonstrated by using an estradiol-inducible Raf-1 and dominant 

negative Raf-1 mutants. The activation of Raf-1 results in ERK activation and subsequent 

expression of the atrial natriuretic factor (ANF) and myosin light chain-2 (MLC-2) genes, 

indicating that Raf-1 can induce expression of genes that are involved in the hypertrophic 

response in the absence of other stimuli. However, active Raf-1 alone is not sufficient to 

induce the morphological changes associated with the hypertrophic response (Thorbum et 

a l, 1994b).

To further study the role of Raf-1 specifically in the hypertrophic response, it is possible to 

achieve the specific deletion of Raf-1 in the heart by crossing a Raf-1 floxed mouse, 

described in Chapter 3, with a Cre expressing transgenic mouse line where Cre is 

expressed under control of the myosin light chain 2v (MLC-2v) promoter (Chen et al.,

1998). This promoter is only active in the ventricular chamber of the heart. Therefore the 

deletion of raf-1 would be restricted to these cells only.

4.1.3 MLC2\-Cre knock-in mice

Expression of the MLC-2v gene at E8.75 is the earliest ventricular restricted marker during 

mammalian cardiogenesis. The MLC-2v gene is an abundant transcript in all ventricular 

muscle cell lineages, even at the earliest stages of ventricular chamber specification, which 

acts to assist in achieving high levels of efficiency of recombination. Use of M L C 2v-C yq 

transgenic mice to generate a conditional knockout has previously been reported by Chen 

et al. (1998). As a test for the efficiency of Cre expression, a conditional allele of one of 

the retinoic acid receptors, RXRa, in which loxP sites flanked an essential exon, was 

established in the mouse germline. Mice homozygous for the floxed RXRa allele and 

carrying the MLC2v-Cre knock-in gene demonstrate a conditional mutation of the RXRa 

gene exclusively in the ventricular chamber of the heart as early as E8.75, with an 

efficiency of approximately 80%. These results show that this is a highly efficient method 

for generating a conditional knockout of a floxed gene in the ventricular chamber of the 

embryonic heart (Chen et al., 1998).
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In order to study Raf-1 function in heart and the role of Raf-1 in cardiac myocyte 

hypertrophy, the aim was to cross the Raf-1 floxed mice generated in chapter three with the 

MLC2v-Cre knock-in mice.

4.2 Aims

The aim of this part of the project was to firstly develop conditions for using Cre in tissue 

culture cells since it had not been used previously in the laboratory. Conditions for this 

purpose were developed for the deletion of the neoR gene in raf-lFF/FF MEFs. The second 

aim was to use Cre to confirm whether or not that the two loxP sites introduced by 

homologous recombination with two separate targeting vectors (generated in Chapter 3) 

had integrated on the same chromosome by the expression of Cre. The third aim was to 

establish a colony of MLC2vCre mice obtained from Dr. K. Chien (Department of 

Medicine and Center for Molecular Genetics, University of California, San Diego) that 

would eventually be mated with the raf-1 floxed mice with an aim to delete raf-1 

specifically in the heart.

4.3 Results
FF/FF •4.3.1 Derivation o f  immortalised MEFs from raf-1 mice

It is thought that full activation of Raf-1 requires the phosphorylation of two tyrosine 

residues 340 and 341 as mutation of these two tyrosine residues to phenyalanine residues, 

creating RafFF, prevents activation of Raf-1 by oncogenic Ras and v-Src, or by ligand 

stimulation (Fabian et al., 1993; Marais et al., 1995). A ‘knockin’ strategy was employed 

to mutate these two residues to phenylalanine residues creating RafFF. The generation of 

raf-lFF/FF mice was reported by Hiiser et al. (2001) and Figure 4.1 provides details of the 

targeting event. In order to generate raf-lFF/FF MEFs, raf-1+/FFmale and ra f-l+/FF female 

mice were mated and embryos were harvested at E14.5. MEFs were derived from the 

embryos by standard procedures and the genotypes were confirmed by PCR. This work 

was undertaken by Dr. M. Hiiser (Department of Biochemistry, University of Leicester). 

Sibling raf-1+/+ MEFs were named A2 and A8 and raf-1FF/FF MEFs were named A6 and 

A7. These four cell lines were immortalised with virus expressing the SV40 large T 

antigen by Dr. M. Hiiser.
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Protein lysates were prepared from these immortalised MEFs, followed by SDS-PAGE and 

electro-transfer of the proteins onto nitrocellulose. The blots were incubated with an anti- 

Raf-1 antibody. The western blot data showed a decreased amount of Raf-1 protein in the 

raf-lFF/FF cells in comparison to raf-1+/+ cells (Figure 4.2A). An anti-vinculin antibody 

was used as a control for protein loading (Figure 4.2B). This decreased level of Raf-1 

protein was probably due to a decrease in raf-1 transcription as a result of the presence of
n . n

the neo gene. Since two loxP sites flank the neo gene, the expression of Cre in these 

cells would result in deletion of the neoR gene, possibly leading to the restoration of 

expression of Raf-1 protein levels.

4.3.2 In vitro Cre-mediated deletion o f  the neoR gene in immortalised MEFs from
r  i  FF/FFraf-1 mice

A plasmid containing the gene for Cre recombinase driven by the HSV-tk promoter, named 

pIC-Cre was obtained (Gu et al., 1993). This pIC-Cre plasmid also contains the neoR gene. 

Therefore in order to introduce it into raf-1FF/FF MEFs that also harboured the neoR gene, a 

co-electroporation with the pX53-hyg plasmid was performed as this confers resistance to 

hygromycin B. It was assumed that a high proportion of resistant clones that grew through 

after selection with hygromycin B would also have acquired the pIC-Cre plasmid. 15 pg 

pIC-Cre was linearised with Hind III and 1.5 pg pX53-hyg was linearised with BamR I. 

These were electroporated into two raf-lFF/FF immortalised lines (A6 and A l). After 7 

days of hygromycin B selection, 40 clones from each electroporated cell line were picked 

and grown up for DNA analysis.

In order to screen for the deletion of the neoR gene, two primers were designed that flanked 

the neoR gene in the raf-lFF/FF MEFs. Ocp52 is located within the Xba VXba I raf-1 

fragment used for one of the arms of the targeting construct with extension occurring 

towards the 3’ end of the raf-1 gene (Figure 4.1). Ocp59 is located within the Xba l/Eco 

RI raf-1 fragment used for the other arm of the targeting construct with extension 

occurring towards the 5’ end of the raf-1 gene (Figure 4.1).

PCR was performed on the raf-lFF/FF MEFs before and after they were transfected with 

pIC-Cre plus raf-l+/+ MEF control samples. PCR with Ocp52 and Ocp59 amplified a
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Fig. 4.1 Diagram showing homologous recombination between RafFF targeting vector and 
the raf-1 gene and the consequences o f a Cre-mediated recombination event. The positions 
o f PCR primers used for detection of both the wild-type and targeted alleles are indicated. 
(A) Restriction map of the wild-type raf-1 gene highlighting the positions of homologous 
arms used in the construction o f the RafFF targeting vector. (B) RafFF targeting vector. In 
this vector, the necf gene is flanked by lox? sequences. (C) Restriction map of the raf-1 
gene following homologous recombination with the RafFF targeting vector. (D) Restriction 
map of the raf-1 gene after Cre mediated recombination.
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Fig. 4.2 Screening im mortalised ra f-lFF/FF MEFs transfected with the pIC-Cre plasmid to 
detect excision o f the neoR gene. (A) W estern blot analysis to detect levels o f Raf-1 in the 
raf-l+/+, raf-lFF/FFand in the M EFs transfected with pIC-Cre. (B) Western blot analysis to 
detect levels o f vinculin as a control for protein loadings. (C) PCR using Ocp52 and Ocp59 
to amplify both the wild-type allele, the targeted allele, and the cre-mediated deleted allele 
from the raf-1+/+, raf-1FF/FF and in the M EFs transfected with pIC-Cre. M = 1 kb DNA 
marker.
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485 bp product from ra f-l+/+ MEFs (A2; Figure 4.2C) and a 1700 bp product from raf- 

1FF/FF MEFs (A6; Figure 4.2C). Following the introduction of Cre into the raf-lFF/FF 

MEFs, a smaller product of around 600 bp was observed from clones that had undergone 

cre-mediated deletion of the neoR gene (A6-26, A7-8, A7-10, A7-122 and A7-7; Figure 

4.2C). This PCR product represents the Cre-recombined allele lacking the neoR gene with 

the retention of a single loxP site (Figure 4 .ID). It is important to note that the product 

arising from the Cre-recombined allele is larger than that arising from the wild-type allele 

which is presumably due to the presence of the remaining loxP site and extra plasmid 

sequence. 33 clones were analysed with regard to the Cre-mediated recombination event 

and three different types were observed (Table 4.1); full recombination (A6-26, A7-8 and 

A7-10; Figure 4.2C), partial recombination (A7-122 and A7-7; Figure 4.2C) and no 

recombination (A7-149; Figure 4.2C). The full recombination efficiency was found to be 

1 in 4.7. However, the clones were not screened for the integration of the pIC-Cre plasmid 

and due to the fact that a co-transfection was performed, the reason that some clones had 

not undergone recombination could be because they do not have the pIC-Cre plasmid.

Table 4.1 Number of clones with different recombination products following transfection 

with pIC-Cre as assessed by PCR with Ocp52 and Ocp59.

No recombination Partial recombination Full recombination

A6 11 6 0

A7 3 6 7

Total 14 12 7

In order to confirm that Cre-mediated deletion of the neoR gene had lead to restoration of 

expression of Raf-1 protein levels, a Raf-1 western blot was performed using protein from 

A2, A8, A6, A7, A7-8, A7-10, A7-7 and A6-26 (Figure 4.2C). Detection of vinculin was 

used as a control for protein loading (Figure 4.2B). In all cases, Raf-1 from clones that 

amplified the cre-recombined allele by PCR had increased significantly and approached 

levels similar to wild type.
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4.3.3 In vitro Cre mediated deletion o f  raf-1 in ES cells containing 5' and 3' loxP 

targeting events

Of major importance in the generation of the floxed raf-1 allele described in Chapter 3 was 

knowledge of whether the two loxP targeting events (pTC7-/axP-neo and pTC8-/oxP-hyg) 

had occurred on the same chromosome. Since conditions for Cre-mediated deletion had 

been established (see Section 4.3.2), the simplest approach was to introduce Cre into ES 

cells containing the two loxP targeting events and assess whether or not the intervening 

DNA had been deleted. For these experiments, a different Cre expression vector 

containing the gene for Cre driven by the MCI promoter named pCre-Pac (Chapter 2, 

Figure 2. 1) was used. This plasmid contains a puromycin resistance (puroR) gene and is 

advantageous to use as it can be electroporated without a co-selectable plasmid. 10 pg of 

the pCre-Pac plasmid was electroporated separately into each of the eight ES cell clones 

positive for pTC7-/oxP-neo and pTC8-/axP-hyg targeting events (ES cell clones 7, 9, 18, 

26, 29, 38, 55 and 166). After 7 days of puromycin and G418 selection, 12 resistant 

colonies from each ES cell clone and 24 clones from ES cell clone numbers 9 and 26 were 

picked and grown up for DNA analysis and a portion was frozen down. The reason for 

selecting using G418 along with puromycin was because of the problem encountered with 

loss of the neoR gene in ES cell clone 9 and 26 discussed in chapter three.

4.3.4 Detection o f  Cre-mediated deletion o f raf-1 in ES cells

To assess whether Cre-mediated deletion of raf-1 had occurred in any of the ES cell 

clones, PCR using Ocp66 and Ocp83 was attempted that spanned the region of deletion i.e. 

from the hygR gene to the neoR gene, but unfortunately this PCR was unsuccessful. Also, 

there were no suitable restriction enzymes that could be used to perform diagnostic 

Southern blot analysis.

The only other way to easily assess whether Cre-mediated deletion of raf-1 had occurred 

was to perform a PCR that gave a negative result if raf-1 had been deleted. Two primers 

were used for this purpose. OcplOO is located within the 1.4 kb Xba I raf-1 fragment used 

as one of the arms for pTC7-/axP-neo with extension occurring towards the 3' end of ra f-1 

(Figure 4.3A and B). Ocp68 is located within the 4.4 kb Xba I raf-1 fragment used as one 

of the arms for pTC7-/oxP-neo with extension occurring towards the 5' end of raf-1
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(Figure 4.3 A and B). OcplOO and Ocp68 amplified a 286 bp PCR product from the wild- 

type allele and a 1430 bp PCR product from the targeted allele. All of the untransfected 

ES cell clones amplified both PCR products because they were all heterozygous for the 

pTC7-/0*P-neo targeting event (shown for ES cell clones 9 and 26 in Figure 4.4A).

Following Cre-mediated deletion of raf-1, if the 1430 bp product disappears then this 

would indicate that both loxP targeting events were on the same chromosome as Ocp68 

would be deleted. The wild-type PCR product of 286 bp was amplified in all clones 

analysed that had been transfected with pCre-Pac and this conveniently served as a control 

for the larger PCR product (Figure 4.4A). The 1430 bp PCR product was amplified from 

all clones originating from 7, 18, 38, 55 and 166 (Figure 4.4A). However, 5 out of 6 

clones that originated from ES cell clone number 29 did not amplify the 1430 bp PCR 

product (clones 29-1, 29-2, 29-3, 29-4, 29-6; Figure 4.4A). Also, 5 out of 8 clones that 

originated from ES cell clone number 9 (9-13, 9-14, 9-15, 9-17 and 9-18; Figure 4.4A) and 

2 out of 5 clones that originated from ES cell clone number 26 (26-10 and 26-14; Figure 

4.4A) did not detectably amplify the 1430 bp PCR product.

To further confirm these results, another PCR was set up using primers Ocp66 and Ocp68 

that again was reliant on the lack of a PCR product to indicate Cre-mediated deletion of 

raf-1. These primers amplified a 450 bp PCR product from the targeted allele in all clones 

analysed (shown for 26-14, 9-14 and 38-5 in Figure 4.4B) except from clone 29-1 (Figure 

4.4B). The data for 29-1 is consistent with the other PCR result obtained from primers 

Ocp68 and OcplOO. However, the data from 9-14 and 26-14 is not consistent with the 

other PCR results obtained from primers Ocp68 and OcplOO. Therefore it is clear that ES 

cell clone 29 consistently gives results to show that Cre-mediated deletion of the raf-1 gene 

has occurred, but the results for ES cell clones 9 and 26 are not so clear.

A final PCR was set up using Ocp69 and OcplOO as a further control to confirm that the 

reason for the loss of PCR product described for clones originating from ES cell clone 29 

with the two previous PCRs were not as a result of a loss of the 5' targeting event. A PCR 

product was amplified with sample 29-1 indicating that the 5' targeting event was still 

present (Figure 4.4C).
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Fig. 4.3 Diagram showing the raf-1 gene before and after Cre-mediated deletion if loxP sites are present on the same chromosome, 
highlighting restriction sites and positions of PCR primers. (A) raf-1 targeted gene containing 5' and 3' lox? targeting events prior to Cre- 
mediated deletion, highlighting the positions of homologous arms used in the construction of the targeting vectors. (B) raf-1 gene following 
Cre-mediated recombination between lox? sites. Single letter key: E = Eco RI, S = Sst I, X = Xba I, B = BamH I and H = Hind III.
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Fig. 4.4 PCR analysis of eight ES cell clones electroporated with pCre-Pac. (A) PCR using Ocp68 and 
OcplOO amplified the wild-type PCR product of 286 bp from all samples and the 5' loxP targeted PCR 
product of 1430 bp from all samples except from 29-1, 29-2, 29-3, 29-4 and 29-6. (B) PCR using Ocp66 
and Ocp68 amplified the 5' loxP targeted PCR product of 450 bp from 26-14, 9-14, 38-5 and 29 but not from 
29-1 and wild-type (WT). (C) PCR using Ocp69 and OcplOO amplified the 5' lox? targeted PCR product of 
290 bp from 29-1 and 38-5 but not from WT. M = 1 kb DNA marker.
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These PCR results provide strong evidence that Cre-mediated deletion of raf-1 had 

occurred in these 5 clones that originate from ES cell clone number 29 and therefore that 

this clone contains loxP sites on the same chromosome.

4.3.5 Maintenance o f  a Cre expressing transgenic mouse colony

The ultimate goal was to analyse the role of Raf-1 in the heart by a conditional approach 

using mice harbouring a floxed raf-1 gene. For this purpose, transgenic knockin mice were 

imported that harboured Cre coding sequences within the genomic locus of the myosin 

light chain 2v (.MLC2v) gene. These mice were supplied by Dr. K. Chien (Department of 

Medicine and Center for Molecular Genetics, University of California, San Diego). These 

transgenic mice were imported from California and kept in an isolated unit for 6 months to 

ensure that they did not pose a health risk to the other animals in the facility. They were 

bred onto 2 different background strains; the MF-1 outbred and C57/BL6 inbred strains. 

The reason for this was to obtain genetically pure strains that are the same as those onto 

which the raf-1 floxed mice will be bred. The reason that two different strains were used is 

that the particular strain used to establish a mutation on can affect the phenotype. This was 

observed with the raf-1 knockout phenotype, as the mutation on the C57/BL6 was more 

severe than on the MF-1 background strains (see Section 1.13.2; Huser et al., 2001). 

Figure 4.5 shows the breeding strategy that was followed for the C57/BL6 strain and the 

breeding strategy that was followed for the MF-1 strain with the mutation being carried on 

alternating sexes at each generation. This is to ensure that the Y chromosome and the 

maternally inherited mitochondrial DNA is inherited from the corresponding genetic 

background that the mice are being bred onto. At present the mutation is on the 6th
tVigeneration on both genetic backgrounds. Virtual genetic purity is achieved at the 10 

generation.

The MLC2v-Cyq knock-in mutation gives rise to homozygous lethality, so only mice 

heterozygous for the mutation survived. PCR was used to genotype tail biopsies from the 

mice. Primers Ocp84 and Ocp85 are located within Cre specific sequences (Figure 4.6B 

and C). Primers Ocp86 and Ocp87 are located within MLC2v specific sequences (Figure 

4.6A). All four primers were used in combination for each PCR. Ocp84 and Ocp85 

amplified a 350 bp product from the targeted allele (Figure 4.6D). Ocp86 and Ocp87
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Fig. 4.5 Breeding strategy for obtaining the MLC2vCre knock-in mutation on the MF-1 outbred strain and 
on the C57/BL6 inbred strain. At present, breeding has been achieved up to the 6th generation. At each 
generation, the males and females were alternated as shown.
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Fig. 4.6 Generation and PCR genotyping of MLC2v Cre transgenic mice (Chen et al., 1998). 
(A) MLC2v wild-type allele indicating positions of primers Ocp86 and Ocp87. (B) 
Targeting construct to replace MLC2v coding sequence with Cre recombinase coding 
sequence by homologous recombination. The positions of primers Ocp84 and Ocp85 are 
indicated. (C) Targeted allele indicating positions of primers Ocp84 and Ocp85. (D) PCR 
genotyping of MLC2v mice using Ocp84, Ocp85, Ocp86 and Ocp87 to amplify both the 
wild-type allele and the targeted allele. M = 1 kb DNA marker.
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amplified a 750 bp product from the wild type allele (Figure 4.6D). Therefore 2, 3 and 4 

are heterozygous mice and could be used for future breeding with the raf-1 floxed mice. 1 

is a wild-type mouse.

4.4 Conclusions

This chapter describes the successful use of Cre expressing plasmids for two purposes: 

Firstly, the deletion of the neoR gene from an intron of the raf-1 gene in immortalised raf-
J7U/PP'

1 MEFs, and secondly, the determination of which of the ES cell clones generated in 

Chapter 3 contain two loxP sites on the same chromosome.

In the case of the Cre-mediated deletion of the neoR gene in the raf-lFF/FF MEFs, some 

clones had completely deleted the neoR gene as assessed by PCR. A partial recombination 

was observed in some other clones and no recombination was observed in some others. A 

possible reason for the partial recombination could be due to the fact that a co­

electroporation was performed with the pX53-hyg plasmid. Therefore, as the Cre 

expression vector was not directly selected for, it may have been lost from a portion of the 

cells in a clone before Cre was expressed. A reason to explain why no recombination had 

occurred in some clones is that just the pX53-hyg plasmid entered the cell without the pIC- 

Cre plasmid entering. Therefore if  Cre was cloned into an expression plasmid harbouring 

either the hygR or puroR gene, the recombination efficiency should increase, as each 

resistant clone would have taken up the plasmid. Nonetheless these results have shown 

that Cre efficiently deletes a floxed gene in tissue culture cells and that this deletion is 

stable.

This chapter has also provided strong evidence by PCR that ES cell clone number 29 

generated in chapter 3 contains both 5' and 3' targeting events on the same chromosome 

and both targeting events appear to be stable. This conclusion is based on two independent 

negative PCR results which suggest that the raf-1 gene in between the two loxP sites has 

been deleted after the introduction of pCre-Pac. The generation of mice is in progress and 

will answer the question as to whether the loxP sites are on the same chromosome.
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An interesting observation was discovered with ES cell clone numbers 9 and 26 transfected 

with pCre-Pac. The targeted PCR product (1430 bp) that arises from OcplOO and Ocp68 

was not detectably amplified from several ES cell clones derived from numbers 9 and 26. 

However, when Ocp66 and Ocp68 were used, the intensity of the targeted PCR product 

was similar to that from a sample that had not been transfected with pCre-Pac. Therefore 

the only reasonable explanation for the difference is that the low intensity of the targeted 

PCR product is simply as a result of sub-optimal PCR due to the large size (1430 bp) in 

comparison to the smaller wild-type PCR product (286 bp) from Ocp68 and OcplOO and 

the targeted PCR product (450 bp) from Ocp66 and Ocp68. However, even if ES cell 

clones 9 and 26 do prove to have both loxP sites on the same chromosome, they could not 

be used to generate mice as it is evident from experiments conducted in Chapter 3 that the 

5' loxP targeting event is unstable in these ES cell clones.

Finally, a colony of mice expressing Cre specifically in the heart has been imported and 

bred. The mutation has been established onto the MF-1 outbred and C57/BL6 inbred 

genetic backgrounds and are available to cross to the raf-1 floxed mice once they have 

been made from ES cell clone 29. The specific deletion of Raf-1 in the heart would give 

information on the role of Raf-1 in cardiac hypertrophy as it has been shown that Raf-1 is 

expressed in cultured ventricular myocytes and is differentially activated by hypertrophic 

stimuli (Bogoyevitch et al., 1995). Moreover, it appears that the Ras/Raf/MEK/ERK 

cascade has a role in the transcriptional changes associated with hypertrophy including 

induction of expression of the ANF and MLC-2 genes (Thorbum et al., 1994b). Therefore 

the specific deletion of Raf-1 in the ventricular cells would give valuable information to its 

role in the hypertrophic response. Analysis of the raf-1 null mice previously generated in 

our laboratory indicated that there was no obvious problem with heart function in E9.5 

embryos and is probably not the cause of death, therefore the specific deletion of Raf-1 in 

the heart is postulated to result in healthy mice.

4.5 Further work

It would be desirable to further analyse ES cell clone 29 to be able to confirm the PCR data 

suggesting that that the two loxP sites at the 3* and 5’ end of raf-1 are on the same 

chromosome. For example, a Western blot to detect Raf-1 could be performed, as there
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may be a reduction in the amount of Raf-1 expressed if  one raf-1 allele has been deleted, as 

this is observed with cells heterozygous for the conventional Raf-1 knockout. In the 

meantime mice are being generated from these ES cells.

Once, mice have been generated and a colony of raf-1 floxed mice has been established on 

the C57/BL6 and MF-1 background strains, they can then be crossed with the MLC2v-Cre 

mice with an aim to analyse Raf-1 function in the heart. The aim would be to isolate 

cardiac myocytes and investigate the activation of the Ras/Raf/MEK/ERK cascade in 

response to hypertrophic stimuli.

The raf-1 floxed mice can be used to generate primary MEFs. Each primary floxed line 

could then be transfected with a Cre-ER expressing plasmid whereby Cre is only active 

upon the addition of 4-hydroxytamoxifen (see Chapter 3). This therefore means that 

experiments can be performed with genetically identical cells with the only difference 

being that one population is treated with 4-hydroxytamoxifen resulting in the deletion of 

the raf-1 gene and the other is not treated and retains raf-1. This therefore should 

eliminate problems often observed with inconsistency between cell lines derived from 

different siblings. The MEFs would be used primarily to investigate the role of Raf-1 in 

apoptosis since Chapter 5 uncovered a specific role of Raf-1 in the prevention of apoptosis 

in MEFs.

A major advantage of using conditional technology rather than to generate null alleles in 

the conventional way is the recent discovery that cells can adapt to the loss of a particular 

protein and respond by altering the regulation of other proteins (Sage et a l [abstract at 

Genes and Cancer meeting, Warwick, 2001]). This makes the analysis of the role of the 

protein in question more difficult to interpret and hence loxP technology could eliminate 

this unwelcome complication.
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5 CHARACTERISATION OF PROLIFERATION AND APOPTOSIS 

IN raf-C  AND raf-lFF/FF MUTANT MOUSE EMBRYONIC 

FIBROBLASTS

5.1 Introduction

5.1.1 Potential involvement o f  Raf-1 in proliferation and apoptosis

Raf-1 is the most studied of the three Raf proteins and abundant levels of Raf-1 transcript 

can be detected in all tissues (Storm et al., 1990). The best characterised role for Raf-1 is 

as a key component in the Ras/Raf/MEK/ERK cascade. It was shown to bind to activated 

Ras (Koide et al., 1993; Van Aelst et al., 1993; Vojtek et al., 1993; Wame et al., 1993; 

Zhang et al., 1993) which results in the translocation of Raf-1 to the plasma membrane 

(Traverse et al., 1993; Leevers et al., 1994; Stokoe et al., 1994) where additional signals 

are received to allow full activation including phosphorylation events (Leevers et al., 1994; 

Marais et al., 1995). Raf-1 has been shown to phosphorylate and activate MEK-1 and 

MEK-2 when the kinase domain of Raf-1 is overexpressed in vitro and in vivo (Dent et al., 

1992; Howe et al., 1992; Kyriakis et al., 1992; Pritchard et al., 1995; Marais et al., 1997). 

However, in comparison to B-Raf, the kinase domain of Raf-1 is much weaker in its ability 

to phosphorylate and activate MEK as assessed by overexpression studies of the kinase 

domains and by measuring the ability of coimmunoprecipitated endogenous Raf proteins to 

phosphorylate and activate MEK and ERK, but it is a much better activator of MEK than 

A-Raf (Pritchard et al., 1995; Marais et al., 1997; Papin et al., 1998; Huser et al., 2001). 

Therefore, Raf-1 is able to participate in the Ras/Raf/MEK/ERK cascade, although its 

effect on this signalling pathway is less significant than the effect of activated B-Raf. The 

differing abilities of the Raf isoforms to activate MEK may have profound implications for 

the cell, with low levels of Raf activity eliciting cell cycle progression and high levels of 

Raf activity eliciting cell cycle arrest. Therefore, the specific Raf protein that becomes 

activated at a certain time may determine cell fate (Woods et al., 1997).

A direct connection between activation of the Ras/Raf/MEK/ERK cascade and 

transcriptional changes that are believed to induce cell proliferation has been demonstrated. 

The ERKs have been shown to phosphorylate transcription factors including Elk-1. This
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particular transcription factor, in combination with the SRF is responsible for the 

transcription of the prominent early response gene c - f o s  (Treisman, 1996). c-Fos is one of 

the components of AP-1 which promotes the transcription of many genes including cyclin 

D1 which is responsible for promoting the G1 to S phase transition (Angel and Karin, 

1991; Albanese e t  al., 1995;).

A connection between the Ras/Raf/MEK/ERK cascade and the inhibition of apoptosis was 

demonstrated by the overexpression of constitutively activated MEK, Ras, Raf-1 or B-Raf, 

which resulted in the prevention of apoptosis following growth factor deprivation of 

various cell types (Cleveland e t  al., 1994; Erhardt e t  al., 1999; Le Gall e t  al., 2000). Also, 

the removal of nerve growth factor from PC 12 cells results in apoptosis involving the 

sustained activation of JNKs and p38MAPKs and inhibition of ERKs (Xia e t  al., 1995). 

The ERKs were found to act in both a transcription-dependent or -independent manner to 

prevent apoptosis in cerebellar neurones via the phosphorylation and activation of 

p90RSKs. Rsk-2 has been shown to directly phosphorylate Bad on Seri 12 (Bonni e t  al.,

1999). RSKs are also able to phosphorylate and activate the transcription factor CREB 

which is thought to induce the expression of Bcl-2 (Bonni e t  al., 1999). Therefore 

activation of the RSKs by the ERKs leads to the prevention of apoptosis through two 

different mechanisms.

There are numerous reports of the localisation of Raf-1 to the mitochondria (Wang et al., 

1996a; Salomoni e t  al., 1998; Nantel e t  al., 1999; Peruzzi et al., 2001). As a result of these 

findings a role for Raf-1 in the prevention of apoptosis has been proposed that is 

independent from its role in the Ras/Raf/MEK/ERK cascade. Raf-1 has been reported to 

interact with Bcl-2 in myeloid cells, which results in its translocation to the mitochondrial 

membrane and leads to an increased resistance to apoptosis in response to IL-3 withdrawal 

(Wang et al., 1994). Furthermore, when the kinase domain of Raf-1 was fused to a 

mitochondrial membrane localisation signal it resulted in enhanced resistance to apoptosis 

in response to IL-3 withdrawal. However, when a kinase inactive Raf-1 was used, this 

survival effect was abolished (Wang e t  al., 1996a; Majewski e t  al., 1999). However, in a 

contrasting report, it was shown that Bcl-2 does not stably interact with Raf-1, and Bcl-2 

does not require Raf-1 for its death protective function (Olivier e t  al., 1997).
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Raf-1 has been reported to phosphorylate the pro-apoptotic protein Bad in vitro (Wang et 

al., 1996a). However, the sites of phosphorylation are not those that are required for the 

inactivation of Bad in response to survival signals (Zha et al., 1996). Therefore Raf-1 may 

influence the phosphorylation of Bad indirectly. Raf-1 has been reported to interact with 

Bag-1 in vitro and Bag-1 has also been reported to bind to Bcl-2 which means that Bag-1 

may function to translocate Raf-1 to the mitochondria where both Bcl-2 and Bad reside 

(Wang et al.9 1996b).

NFkB is a transcription factor that in unstimulated cells, is bound to its inhibitor IkB which 

retains it in the cytosol (Baeuerle and Baltimore, 1988). In response to diverse stimuli, 

including TNF, IL-1 and viral RNA, IkB proteins are phosphorylated on two serine 

residues and rapidly degraded thus freeing NFkB dimers which translocate to the nucleus 

(Brown et al., 1995; Chen et al., 1995; Traenckner et al., 1995). The genes induced by 

NFkB to promote cell survival include the caspase inhibitors c-IAPl and C-IAP2 (Chu et 

al., 1997; Wang et al., 1998), B C L -X l (Chen et al., 2000) and Gadd45p which is involved 

in cell cycle control and DNA repair (De Smaele et al., 2001). IKK is the kinase 

responsible for the phosphorylation of IkB (Zandi et al., 1998). NIK and MEKK1 are able 

to activate IKK when overexpressed (Lee et al., 1998; Ling et al., 1998; Nakano et al., 

1998). Raf-1 has been shown to induce the phosphorylation and subsequent degradation of 

IkB which leads to the activation of N FkB (Li and Sedivy, 1993). It appears that Raf-1 

stimulates IKK which is responsible for phosphorylating and inactivating IkB and this is 

mediated by MEKK1 (Baumann et al., 2000).

ASK1 is activated in response to apoptotic stimuli such as TNFa, Fas (CD95), oxidative 

stress and DNA damage and relays these signals to JNKs and p38MAPKs (Ichijo et al., 

1997; Chang et al., 1998; Nishitoh et al., 1998; Saitoh et al., 1998; Liu et al., 2000). 

Overexpression of ASK1 induces apoptosis in a variety of cell types by inducing 

mitochondria-mediated caspase activation (Ichijo et al., 1997; Saitoh et al., 1998; Hatai et 

al., 2000). Recently, Raf-1 has been shown to interact with ASK1 in cells and the 

overexpression of Raf-1 disrupts ASK 1-induced cell death that is not dependent on Raf-1 

kinase activity and results in the promotion of cell survival (Chen et al., 2001). Therefore
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it is evident that Raf-1 could influence apoptosis through its potential involvement in 

multiple pathways.

5.7.2 Raf-1 knockout

As reported earlier, gene targeting was used previously in the laboratory to generate Raf-1 

deficient mice by a conventional approach. The severity of the phenotype of mice 

homozygous for the mutation (raf-7_/_) is dependent upon the genetic background. Mice 

on a predominantly C57/BL6 background died in embryogenesis at around E9.5 and 

showed vascular defects in the yolk sac and placenta as well as increased apoptosis of 

embryonic tissues as detected by terminal deoxynucleotidyl transferase-mediated dUTP 

nick end labelling (TUNEL) assay, although cell proliferation was not affected as assessed 

by a-Ki67 staining which is a marker for cells in S phase. Therefore, Raf-1 is essential for 

normal mouse development and it also plays a key role in the prevention of apoptosis. 

Mice on a mixed MF-1 background survived up until birth but were much smaller than 

wild-type littermates, were anaemic and the placenta was disorganised (Huser et al., 2001). 

It has recently been observed that raf-Ff~ mice on the MF-1 strain survive to 2-3 days 

postpartum although they are much smaller than wild-type littermates. Therefore genetic 

modifiers of the MF-1 strain appear to be compensating for the lack of Raf-1.

One of the main aims for producing mice deficient in Raf-1 is to generate primary MEFs 

which can be used for a variety of biochemical and biological experiments. Primary 

raf-FA MEFs could not be cultured from embryos on the C57BL6 background which is 

indicative of an inherent spontaneous apoptotic phenotype, but they could be cultured from 

embryos on the MF-1 background. In these cells, ERK activation was similar to wild-type 

levels in response to a variety of treatments (Huser et al., 2001). The biological 

characteristics of these cells is investigated in this chapter.

5.7.3 RafFF m utation

Previous studies in COS7 cells have shown a requirement for the phosphorylation of the 

two tyrosine residues 340 and 341 for Raf-1 activation as mutation of these residues to 

phenylalanine residues (RafFF) blocks activation of Raf-1 by oncogenic Ras and v-Src, or 

by ligand stimulation (Marais et al., 1995; Marais et al., 1997; Barnard et al., 1998). A
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knockin strategy was employed to generate transgenic mice harbouring the RafFF mutation 

(Huser et al., 2001). During the generation of these RafFF mutant mice, Mason et a l 

(1999) identified that the phosphorylation of tyrosine 341 was a critical event in the 

activation of Raf-1 whereas the phosphorylation of tyrosine 340 was not essential (Mason 

et al., 1999). When Raf-1 was immunoprecipitated from MEFs derived from embryos 

homozygous for the RafFF mutation (raf-lFF/FF), it had no activity towards MEK. 

However, the raf-lFF/FF mice survived to adulthood, were fertile and displayed a normal 

phenotype which is in stark contrast to the Raf-1 knockout phenotype (Huser et al., 2001). 

It was therefore concluded that the MEK kinase activity of Raf-1 is not essential for 

normal mouse development, but that the protein is required, indicating that Raf-1 has a 

unique role that is independent from its involvement in the Ras/Raf/MEK/ERK cascade.

5.2 Aims

The aims for this chapter were to characterise the role of Raf-1 with respect to cell growth 

and apoptosis. This was achieved by the derivation of MEFs that were deficient for Raf-1 

(<raf-l~/_) and the derivation of MEFs that harboured a mutation of the two endogenous 

tyrosine residues 340 and 341 to phenylalanine residues (raf-lFF/FF'). Further analysis of 

the apoptosis phenotype of the raf-FA primary MEFs was performed as well as ERK 

phosphorylation and p38 phosphorylation in response to apoptosis induction. Finally, the 

primary MEFs were immortalised by using a virus encoding a temperature sensitive 

version of the SV40T antigen, followed by assessment of apoptosis upon induction with a- 

CD95 to ensure that they exhibited similar sensitivities to undergo apoptosis as the primary 

MEFs. These cells were transfected with an empty vector, full-length Raf-1 and a kinase 

inactive version of Raf-1 to assess if the increased sensitivity to undergo apoptosis could 

be restored to levels similar to that observed with wild-type cells with these expression 

vectors.

5.3 Results

5.3.1 Derivation o f raf-F~primary MEFs

The production of mice with a complete knockout of Raf-1 was reported by Huser et al. 

(2001) and is described in Chapter 3. A breeding colony of these mice is maintained at the 

University of Leicester. Primary MEFs were derived from E14.5 embryos on the MF-1
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background strain resulting from a timed mating between a male raf-l+/~ and female 

rctf-l+/. Each MEF line was generated from a single embryo and was genotyped using a 

combination of three primers; Ocp56, Ocp66 and Ocp78 in one PCR reaction. Ocp56 and 

Ocp78 amplified a 355 bp product o f the wild-type allele and Ocp56 and Ocp66 amplified 

a 450 bp product of the targeted allele (Figure 5.1 A). Both PCR products were present in 

heterozygous MEFs. O f the MEF cell lines tested; 34-2, 33-6, 121-3 and 121-6 were 

identified as raf-P ' a n d  34-3, 33-3, 121-2, 121-7 and 121-8 were identified as raf-l+/+. 

121-1, 121-4, 121-5, 121-9, 121-10, 121-11 and 121-12 were identified as raf-l+/~.

To confirm the PCR results, protein lysates were prepared from the MEFs, followed by 

SDS-PAGE and electro-transfer of the proteins onto nitrocellulose. The blots were 

incubated with an anti-Raf-1 antibody, and as expected, the raf-Pf~ primary MEFs lacked 

Raf-1 protein (Figure 5.IB). An antibody against vinculin was used as a control for 

protein loading (Figure 5.IB). MEF cell lines 34-2, 33-6, 121-3 and 121-6 were shown to 

be deficient in Raf-1 (ra f-P /~). MEF cell lines 34-3, 33-3, 121-2, 121-7 and 121-8 were 

identified as wild-type (raf-l+/+). Only primary MEFs originating from raf-Pf~ and 

raf-l+/+ embryos were used for subsequent experiments.

5.3.2 Derivation o f  raf-lFF/FFprimary MEFs

The production of mice harbouring a mutation of Raf-1 where the endogenous tyrosine 

residues 340 and 341 have been mutated to phenylalanine residues (RafFF) is described in 

Chapter 4. A breeding colony of these mice are maintained at the University of Leicester. 

Primary MEFs were derived from MF-1 E l4.5 embryos resulting from a timed mating 

between a male ra f-l+/FF and female raf-1+/FF. The derivation of these MEFs was 

undertaken by Dr. M. Htiser (Department of Biochemistry, University of Leicester). Each 

MEF line was generated from a single embryo and was genotyped using a combination of 

three primers, Ocp52, Ocp59 and Ocp69. Ocp59 and Ocp69 amplified a 245 bp product of 

the targeted allele (Figure 5.2A). Ocp52 and Ocp59 amplified a 350 bp product of the 

wild-type allele and a 1700 bp product of the targeted allele (Figure 5.2B). As an example, 

only cell lines B l, B3, B4, B5 and B7 are shown in Figure 5.2A+B. Of these MEF cell 

lines; Bl and B5 were identified as raf-lFF/FF and B3 was identified as raf-1+/+. B4 and B7 

were identified as raf-l+/FF.
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Fig. 5.1 Derivation o f  r a f - l^  M EFs. (A) PCR using Ocp56, Ocp66 and Ocp78 to amplify 
both the wild-type allele (355 bp) and the raf-1 targeted allele (450 bp). (B) Western blot 
analysis to detect Raf-1 (upper panel) and vinculin (lower panel).
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Fig. 5.2 Derivation o f  raf-1FF/FF M EFs. (A) PCR using Ocp59 and Ocp69 to amplify the 
RafFF targeted allele (245 bp) (B) PCR using Ocp52 and Ocp59 to amplify both the wild- 
type allele (485 bp) and the RafFF targeted allele (1700 bp). A non-specific (NS) product 
was amplified from B l. (C) W estern blot analysis to detect Raf-1 (upper panel) and 
vinculin (lower panel) in the MEFs. M  = 1 kb DNA marker.
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Western blot analysis using a Raf-1 antibody was performed to check levels of expression 

of Raf-1. A reduced amount of Raf-1 protein was detected in the raf-lFF/FF primary MEFs. 

Only cell lines A2, A8, A6 and A7 are shown in Figure 5.2C. An antibody against 

vinculin was used as a control for protein loading (Figure 5.2C). Cell lines A6, A7, Bl and 

B5 were identified as being homozygous for the RafFF mutation (raf-lFF/FF). Cell lines 

A2, A4, A8 and B3 were identified as wild-type (raf-l+/+). Only primary MEFs

originating from raf-lFF/FF and ra f-l+/+ embryos were used for subsequent experiments.

5.3.3 Analysis o f  the growth characteristics o f  raf-F~ and raf-lFF/FF primary MEFs

In order to analyse the growth of MEFs, total cell numbers were measured daily. Primary 

MEFs of all genotypes were plated onto 24 well plates at a density of lx l0 4 cells per well. 

Then the cells were counted in triplicate every 24 hours using a haemocytometer over a 

period of up to 7 days in culture to obtain growth curves for both raf-l~/~ (34-2 and 33-6) 

and raf-l+/+ (34-3 and 33-3) primary MEFs and for both raf-lFF/FF (A6, A7, Bl and B5) 

and raf-l+/+ (A2, A4 and B3) primary MEFs. The growth curves obtained for raf-FA 

primary MEFs were similar to those of the raf-l+/+ primary MEFs. The graph presented in 

Figure 5.3A is representative of all data recorded and represents pooled data from 2 cell 

lines; raf-FA (34-2 and 33-6) and ra f-l+/+ (34-3 and 33-3) from three data sets.

The growth curves obtained for raf-lFF/FF primary MEFs were similar to those of the raf- 

7+/+ primary MEFs. The graph presented in Figure 5.3B represents pooled data from 2 cell 

lines of each genotype; raf-lFF/FF (A6 and A7) and raf-l+/+ (A2 and A4) from three data 

sets. In general, the growth curves obtained were occasionally variable between different 

experiments. However this was not reflective of the genotype.

5.3.4 Analysis o f  proliferation o f  raf-F ~ and raf-lFF/FFprimary MEFs

In order to analyse the ability of MEFs to progress through the cell cycle, DNA synthesis 

was measured. MEFs were made quiescent and then stimulated with 10% foetal calf 

serum in media containing bromodeoxyuridine (BrdU). Cell proliferation was measured 

by detection of cells that had incorporated BrdU by the addition of an anti-BrdU antibody, 

followed by addition of a FITC-conjugated secondary antibody. A minimum of 100 cells 

per experiment were analysed using a fluorescent microscope and scored for whether or

141



Fig. 5.3 Analysis o f the growth characteristics o f  primary MEFs. (A) Growth profiles o f 
raf-l_/~ primary MEFs (closed circles) com pared to ra f-l+/+ primary MEFs (open circles) 
over seven days in culture. The data represent pooled data from 2 cell lines o f each 
geneotype (34-2, 34-3, 33-3, 33-6) from three data sets. (B) Growth profiles o f raf-lFF/FF 
(closed grey circles) prim ary M EFs com pared to raf-1+/+ (open circles) primary MEFs over 
six days in culture. The data represent pooled data from 2 cell lines o f each genotype (A2, 
A4, A6, A7) from three data sets. Standard deviation bars are shown.
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Fig. 5.4 DNA synthesis analysis o f  prim ary MEFs by the addition o f 10% serum. (A) 
Percentage o f BrdU positive raf-1 ̂  prim ary MEFs compared to raf-1+/+ primary MEFs. 
The data represent pooled data from 2 cell lines o f each genotype (34-2, 34-3, 33-3, 33-6) 
from 5 experiments. (B) Percentage o f  BrdU positive raf-lFF/FF primary MEFs compared to 
raf-1+/+ primary MEFs. The data represent pooled data from 2 cell lines o f each genotype 
(A2, A4, A6, A7) from 3 experiments. Standard deviation bars are shown.
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not they had fluorescent nuclei. The graph presented in Figure 5.4A represents pooled data 

from 2 cell lines of each genotype; raf-FA (34-2 and 33-6) and raf-l+/+ (34-3 and 33-3) 

from 5 experiments. The raf-l~A primary MEFs showed no significant difference in their 

ability to undergo DNA synthesis compared with raf-l+/+ primary MEFs using the 

unpaired t test. The raf-1+/+ cells showed 63.06% proliferation and the raf-Ff~ cells 

showed 63.43% proliferation (n=5; 95% Cl for difference -21.06 to 20.31, p=0.968; Figure

5.4 A).

The graph presented in Figure 5.4B represents pooled data from 2 cell lines of each 

genotype; raf-lFF/FF (A6 and A7) and ra f-l+/+ (A2 and A4) from 3 experiments. The raf-
FF/FF1 primary MEFs showed no significant difference in their ability to undergo DNA 

synthesis compared with raf-1+/+ primary MEFs using the unpaired t test. The r a f l +/+ 

cells showed 73.9% proliferation and the raf-lFF/FF cells showed 69.7% proliferation (n=3; 

95% Cl for difference -19.34 to 27.84,p=0.643; Figure 5.4B).

FF/FF5.3.5 Analysis o f  apoptosis in raf-1 and raf-1 primary MEFs 

The primary raf-FA MEFs derived from the MF-1 background did not show evidence of 

spontaneous apoptosis as evident from normal growth profiles. In order to assess 

apoptosis, MEFs were plated out onto 6 cm dishes at a density of 1.5 x 105. The next day 

the cells were fed with normal growth media. Apoptosis was induced the day after by 

treatment of the MEFs with 50pM etoposide, 50 ng/ml a-CD95 antibody plus 0.5pM 

cycloheximide or by serum withdrawal for 20 hours, and cell death was assessed by 

harvesting both attached and suspension MEFs followed by annexin V staining and flow 

cytometric analysis. Annexin V binds to phosphatidylserine; this lipid is normally 

restricted to the inner-membrane leaflet but becomes displayed on the outer leaflet when 

the cell is undergoing apoptosis and as a result can be used as a reliable marker for the 

detection of apoptotic cells. Flow cytometric analysis allows the cell population to be split 

into two; the low annexin V staining population were the live cells and the high annexin V 

staining population were the apoptotic cells. An example of a typical cytogram is shown in 

Figure 5.5A, with the number in the top right hand comer referring to the percentage of 

cells in the high annexin V staining population and hence refers to the percentage of 

apoptotic cells in the sample.
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Fig. 5.5 Analysis o f  prim ary M EFs with respect to apoptosis induced by either serum free 
media, 50 pM etoposide or 50 ng/ml a-C D 95 antibody plus 0.5 pM  cycloheximide. (A) 
Percentage o f annexin positive staining cells as assessed by flow cytometric analysis o f raf-l~ 
/_ primary MEFs compared to ra f- l+/+ prim ary MEFs with the number in the top right comer 
representing the percentage o f cells in the high annexin staining population. (B) Hoechst 
33258 staining o f  r a f - 1 and raf-1+/+ prim ary MEFs after no treatment or after treatment with 
50 ng/ml a-CD95 antibody plus 0.5 pM  cycloheximide.
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Fig. 5.6 Analysis o f  prim ary M EFs with respect to apoptosis induced by either serum free 
media, 50 pM  etoposide or 50 ng/m l ot-CD95 antibody plus 0.5 pM cycloheximide.
(A) Percentage o f annexin positive staining cells as assessed by flow cytometric analysis of 
raf-l~'~ primary MEFs compared to raf-1+/+ prim ary MEFs. The data represent pooled data 
from 2 cell lines o f  each genotype (34-2, 34-3, 33-3 and 33-6) from 7 experiments.
(B) Percentage o f annexin positive staining cells as assessed by flow cytometric analysis o f 
raf-lFF/FF primary MEFs compared to ra f- l+/+ primary MEFs. The data represent pooled 
data from 7 cell lines (A2, A6, A8, A7, B l,  B3 and B5) from 11 experiments. Standard

deviation bars are shown.
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The graph presented in Figure 5.6A represents pooled data from 2 cell lines of each 

genotype; raf-l~f~ (34-2 and 33-6) and ra f-l+/+ (34-3 and 33-3) from 7 experiments. The 

raf-Ff~ MEFs showed a significant increase in apoptosis in response to both etoposide and 

a-CD95 antibody plus cycloheximide in comparison to the raf-l+/+ cells. Upon treatment 

with etoposide, 21.1% of the ra f-l+/+ MEFs compared with 30% of the raf-Ff~ MEFs 

underwent apoptosis (n=7; 95% Cl for difference 0.5% to 17.2%,/? = 0.04; Figure 5.6A). 

Upon treatment with a-CD95 antibody, 29.9% of the raf-1+/+ MEFs compared with 48.3% 

of the raf-Ff~ MEFs underwent apoptosis (n=7; 95% Cl for difference 9.5% to 27.4%, p  = 

0.0007; Figure 5.6A). The raf-Ff~ MEFs did not show a significant increase in apoptosis 

upon serum withdrawal as this treatment induced 26.0% apoptosis for the raf-F /_ cells and 

18.7% for the raf-l+/+ MEFs (n=7; 95% Cl for difference -6.8% to 21.4%, p  = 0.284; 

Figure 5.6A). However, the data obtained for apoptosis upon serum withdrawal was very 

variable as indicated by the large standard deviation bars. This may be reflective of the 

strain background of the MEFs.

Hoechst 33258 is a nuclear stain that stains all nuclei, but stains condensed apoptotic 

nuclei very brightly. This stain was used to confirm that apoptosis was the process that 

was occurring in the MEFs rather than necrosis. Upon no treatment, no apoptotic cells 

were identified, whereas upon addition of 50 ng/ml a-CD95 antibody plus 0.5 pM 

cycloheximide for 20 hours, more apoptotic cells were identified in the population of raf-F  

A MEFs than in the population of ra f-l+/+ cells (Figure 5.5B).

The raf-lFF/FF MEFs did not show evidence of spontaneous apoptosis under normal growth 

conditions. The graph presented in Figure 5.6B represents pooled data from 3 cell lines of 

each genotype; raf-lFF/FF (A6, A7 and B l) and raf-l+/+ (A2, A8 and B3) from 11 

experiments. The raf-lFF/FF MEFs showed no increase or decrease in apoptosis upon 

treatment with any of the apoptotic inducing treatments compared to raf-1+/+ MEFs. The 

raf-lFF/FF cells did not show a significant increase in apoptosis upon treatment with 

etoposide in comparison to the ra f-l+/+ cells as this treatment induced 18.1% apoptosis for 

the raf-1+/+ cells and 20.8% apoptosis for the raf-lFF/FF cells (n=l 1; 95% Cl for difference 

-12.9% to 7.4%,/? =0.581; Figure 5.6B). The raf-lFF/FF cells did not show a significant 

increase in apoptosis upon treatment with a-CD95 antibody in comparison to the ra f-l+/+
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cells as this treatment induced 29.4% apoptosis for the raf-l+/+ cells and 31.6% apoptosis 

for the raf-lFF/FF cells (n = ll; 95% Cl for difference -11.3% to 6.9%, p  =0.616; Figure 

5.6B). The raf-lFF/FF cells did not show a significant increase in apoptosis upon serum 

withdrawal as this treatment induced 17.6% apoptosis for the raf-lFF/FF cells and 15.5% for 

the raf-l+/+ cells (n=l 1; 95% Cl for difference -9.1% to 4.8%,p  =0.53; Figure 5.6A).

5.3.6 Analysis o f  raf-l~~ primary MEFs in comparison to wild-type primary MEFs 

with respect to ERKphosphorylation

To measure ERK activation, phosphorylation of ERK in response to apoptosis induction by 

treatment with a-CD95 antibody plus cycloheximide was assessed since this particular 

treatment gave the largest difference in apoptosis between raf-l+/+ and raf-Ff~ MEFs. In 

order to achieve this, primary ra f-l+/+ (34-3, 121-2 and 121-8) and raf-Ff~ MEFs (34-2, 

121-3 and 121-6) were plated out at a density of 2 x 104 cells on each well of a 24 well 

plate. The next day they were fed with normal growth media. Then the following day they 

were stimulated with 50 ng/ml a-CD95 antibody plus 0.5 pM cycloheximide for different 

times. Cells were lysed at timepoints of 0, 2, 5, 10, 20, 40 and 60 minutes of stimulation. 

Protein lysates were prepared from these MEFs, followed by SDS-PAGE and electro­

transfer of the proteins onto nitrocellulose. The blots were incubated with an a- 

phosphoERK antibody to detect levels of phospho-ERK (Figure 5.7). Total ERK levels 

were analysed using an a-ERK2 antibody as a control for protein loading and to ensure 

that any differences in phospho-ERK were not due to differences in the relevant amounts 

of ERK protein (Figure 5.7). The levels of phospho-ERK in the raf-l~A MEFs was similar 

to that in the ra f-l+/+ MEFs with phospho-ERK levels increasing following 2 min 

treatment and continuing to increase up to 10 min of treatment and beginning to decrease 

after this timepoint (Figure 5.7). However there was a degree of variability between 

experiments. This was repeated at least three times for three different cell lines of each 

genotype. No consistent difference between raf-Ff~ and raf-l+/+ MEFs was observed.

5.3.7 Analysis o f  Raf-1 deficient primary MEFs in comparison to wild-type primary 

MEFs with respect to p38MAPKphosphorylation

To measure p38MAPK activation, phosphorylation of p38MAPK in response to apoptosis 

induction was assessed. In order to achieve this, primary raf-l+/+ (34-3, 121-2 and 121-8)
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Fig. 5.7 ERK phosphorylation in raf-1+/+ and raf-l~f~ primary MEFs over a timecourse of 
stimulation (0 to 40 or 60 min) with 50 ng/m l a-CD 95 antibody plus 0.5 pM cycloheximide. 
(A) Protein lysates were prepared from prim ary MEF cell lines 34-2 and 34-3 followed by 
western blot analysis and detection o f  phospho-ERK (upper panel) and detection o f total 
ERK protein as a control for protein loading (lower panel). (B) Protein lysates were prepared 
from primary MEF cell lines 121-2 and 121-3 followed by western blot analysis and 
detection o f phospho-ERK (upper panel) and detection o f total ERK protein as a control for 
protein loading (lower panel). (C) Protein lysates were prepared from primary MEF cell 
lines 121-6 and 121-7 followed by W estern blot analysis and detection o f phospho-ERK 
(upper panel) and detection o f total ERK protein as a control for protein loading (lower 
panel).
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Fig. 5.8 p38MAPK phosphorylation in ra f- l+/+ and raf-1-'-prim ary MEFs over a timecourse 
of stimulation with 50 ng/m l a-C D 95 antibody plus 0.5 pM  cycloheximide. Treatment of 
ra f-l+/+ MEFs with 500 m M  sorbitol for 30 min was used as a control for phospho- 
p38MAPK. (A) Protein lysates were prepared from primary MEF cell lines 34-2 and 34-3 
followed by western blot analysis and detection o f phospho-p38MAPK (upper panel)and 
detection o f total p38M APK protein as a control for protein loading (lower panel). (B) 
Protein lysates were prepared from prim ary MEF cell lines 121-2 and 121-3 followed by 
western blot analysis and detection o f  phospho-p38M APK (upper panel) and detection o f 
total p38MAPK protein as a control for protein loading (lower panel). (C) Protein lysates 
were prepared from prim ary M EF cell lines 121-6 and 121-7 followed by western blot 
analysis and detection o f phospho-p38M APK (upper panel) and detection o f total p38MAPK 
protein as a control for protein loading (lower panel).
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and raf-1 7 MEFs (34-2, 121-3 and 121-6) were plated out at a density of 2 x 104 cells on 

each well of a 24 well plate. The next day they were fed with normal growth media. Then 

the following day they were stimulated with 50 ng/ml a-CD95 antibody plus 0.5 pM 

cycloheximide for different times. Cells were lysed at timepoints of 0, 2, 5, 10, 20, 40 and 

60 minutes of stimulation. As a control for phospho-p38MAPK, MEFs were treated with 

500 mM sorbitol for 30 min. Protein lysates were prepared from these MEFs, followed by 

SDS-PAGE and electro-transfer of the proteins onto nitrocellulose. The blots were 

incubated with an a-phospho-p38MAPK antibody to detect levels of phospho-p38 (Figure 

5.8). Total p38MAPK levels were analysed using an a-p38MAPK antibody as a control 

for protein loading and to ensure that any differences in phospho-p38MAPK were not due 

to differences in the relevant amounts of p38MAPK protein (Figure 5.8). The levels of 

phospho-p38MAPK induced in the raf-F /_ MEFs by a-CD95 antibody were similar to that 

in the raf-1+/+ MEFs, with phospho-p38MAPK levels increasing following 2 min treatment 

and staying at the same level following 40 min of treatment (Figure 5.8). This was 

repeated at least two times for three different cell lines of each genotype and although 

slight differences were observed, they did not appear to be dependent on genotype.

5.3.8 Gen eration o f  immortalised raf-l~~ MEFs

It was necessary to generate immortalised MEFs in order to transfect the cells with vectors, 

as the transfection of primary MEFs is extremely difficult. A viral gene that has been 

shown to be capable of immortalising rodent cells is the simian virus 40 (SV40) gene 

encoding the large T antigen. This immortalisation ability is thought to result from its 

interaction with a number of cellular gene products, including the tumour suppressor 

proteins p53 and pRb family members. As a result of this, such immortalised MEFs 

behave differently to primary MEFs. For example immortalised MEFs are much more 

sensitive to DNA damaging agents such as etoposide which is related to their increased 

rate of proliferation. For this reason, a reversible system was used whereby the SV40T 

antigen is present at the permissive temperature of 33°C and degraded at the restrictive 

temperature of 39.5°C. The plasmid used was pZIPSVtsA58, which 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-
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MuLV provirus, pBR322 sequences necessary for the propagation of the vector DNA in E. 

coli and the neoR gene (Jat and Sharp, 1989; Figure 2.1).

Using a Lipofectamine transfection, pZIPSVtsA58 was transfected into Bosc23 cells. This 

cell line contains integrated copies of an M-MuLV provirus genome that provides all the 

trans functions necessary for the encapsidation of a recombinant genome, yet it is defective 

in the ability to encapsidate its own RNA (Pear et al., 1993). 24 hours after transfection, 

the Bosc23 culture fluid was harvested and used to infect two raf-l+/+ (34-3 and 33-3) and 

two ra f-r /~ (34-2 and 33-6) primary MEF cell lines. G418 selection was applied to the 

primary MEFs until colonies were visible at which point the colonies were pooled, 

passaged and a portion of the cells frozen down. To determine levels of SV40 T antigen 

expression, the four cell lines were split onto two 6 cm plates at a density of 3 x 105 and 

placed at 33°C overnight. The next day, one plate from each cell line was placed at 33°C 

and the other plates were placed at 39.5°C for 24 hours. Protein lysates were prepared 

from these 8 plates of MEFs, followed by SDS-PAGE and electro-transfer of the proteins 

onto nitrocellulose. The blots were incubated with an a-large T antigen antibody to 

analyse the presence of this antigen (Figure 5.9A). The SV40 T antigen was expressed in 

all cell lines at the permissive temperature of 33°C. However in cell line 34-3 it was not 

expressed as highly as it was in the other three cell lines. Unexpectedly, at 39.5°C, the 

antigen was present in all of the cell lines except 34-3, but at reduced levels in comparison 

to the levels of expression at 33 °C. Therefore it had not fully degraded. It was expressed 

most highly in 33-6. This particular cell line had a different morphology to the other cell 

lines as the cells were smaller and had a spindle-like appearance reminiscent of 

transformed cells. Despite these findings, all tsSV40T immortalised cell lines were 

analysed with respect to apoptosis to assess if they could reproduce similar susceptibilities 

as the primary MEFs upon a-CD95 and cycloheximide addition.

5.3.9 Analysis o f  apoptosis in immortalised raf-1'v~ MEFs

In order to assess apoptosis, tsSV40T immortalised MEFs were plated out onto 6 cm 

dishes at a density of 1.5 x 105 at the permissive temperature of 33°C. The next day the 

cells were fed with normal growth media and the cells were shifted to the restrictive 

temperature of 39.5°C in order to allow at least some degradation of the large T antigen.
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Fig. 5.9 Analysis o f  tsSV40T MEFs. (A) W estern blot analysis to detect levels o f SV40 
large T antigen in raf-1+/+ and r a f - 1 M EFs after they had been placed at either 33°C or at 
39.5°C for 24 hours. (B) Percentage o f  annexin V positive staining cells as assessed by flow 
cytometric analysis o f ra/-7-AM EFs (34-2 and 33-6) compared to ra f-l+/+ MEFs (34-3 and 
33-3) when apoptosis was induced by 50 ng/ml a-CD 95 antibody plus 0.5 pM 
cycloheximide or with no treatment. The data represents three experiments. Standard 
deviation bars are shown. (C) Bar chart showing the same data from B split up into the 
individual MEF cell lines. Standard deviation bars are shown.
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Apoptosis was induced the following day by treatment of the MEFs with 50 ng/ml a-CD95 

antibody plus 0.5 pM cycloheximide for 20 hours, and cell death was assessed by 

harvesting both attached and suspension MEFs followed by annexin V staining and flow 

cytometric analysis.

The graphs presented in Figure 5.9B+C represent the data from 3 experiments on each of 

the 4 cell lines (34-2, 34-3, 33-3, 33-6). Figure 5.9B shows the data pooled for raf-l+/+ 

and raf-l~f~ cells. Analysis of the pooled data shows that the raf-F /_ cells did not show a 

significant increase in apoptosis in comparison to raf-l+/+ cells with no treatment as this 

treatment induced 18.6% apoptosis for the ra f-l+/+ cells and 21% apoptosis for the raf-l~f~ 

cells (n=7; 95% Cl for difference -6.13% to 10.99%, p  = 0.5479; Figure 5.9B). However, 

the raf-FA cells showed a significant increase in apoptosis with a-CD95 antibody and 

cycloheximide, as 35.3% of the ra f-l+/+ cells underwent apoptosis whereas 51.6% of the 

raf-FA cells underwent apoptosis (n=7; 95% Cl for difference 1.84% to 30.73%, p  = 

0.0302; Figure 5.9B). Figure 5.9C shows each cell line separately with an aim to highlight 

the individual differences between the cell lines as it was clear that a large degree of 

variability existed between them. 34-3 expressed the least amount of T antigen and had a 

much higher percentage of cells undergoing apoptosis in comparison to 33-3 (Figure 

5.9A+C). 33-6 expressed the most amount of T antigen and had a much lower percentage 

of cells undergoing apoptosis in comparison to 34-2 (Figure 5.9A+C). 33-3 and 34-2 

expressed similar levels of T antigen and effectively replicated the differences observed in 

the primary MEFs with respect to apoptosis susceptibility (Figure 5.9A+C). Regardless of 

the difference in apoptosis susceptibilities of the two raf-Ff~ MEF cell lines (34-2 and 33- 

6), both were used for subsequent transfection experiments.

5.3.10 Transfection o f raf-F/_ immortalised MEFs with vectors expressing wild-type and 

kinase inactive Raf-1

Disruption of raf-1 by gene targeting could potentially have effects on other genes which 

may be the reason for both the observed phenotype of the raf-1 f mice and the increase in 

apoptosis susceptibility of the raf-FA MEFs. In particular, a gene has recently been 

identified that overlaps with and is antisense to raf-1 by 91 bp, called makorin RING zinc 

fmger-2 (MKRN2) (Gray et a l, 2001). However, the knockout targeting event for the
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raf-1 gene was achieved by the deletion of exons 10 to 13, therefore the MKRN2 gene was 

not disrupted. The authors suggest that raf-1 and MKRN2 mRNA may be co-regulated as 

the expression patterns are similar in a variety of tissues and cell lines (Gray et al., 2001). 

This means that the raf-1 knockout may have an effect on MKRN2 mRNA. In order to 

rule this out, the ability of the expression of wild-type Raf-1 to rescue the increase in 

susceptibility to undergo apoptosis observed with the immortalised raf-F /_ MEFs was 

assessed. In addition, the use of a kinase inactive Raf-1 mutant where the critical ATP 

binding site of lysine 375 has been mutated to methionine was used to provide information 

as to whether the kinase function of Raf-1 is necessary for its role in cell survival.

The r a f - F ' tsSV40T immortalised MEFs (clones 34-2 and 33-6) were plated out onto 

three 10 cm plates at a density of 6 x 105. The next day they were fed with normal growth 

media. The following day both cell lines were transfected with three different vectors; a 

vector expressing wild-type human Raf-1 (pEFm.6/Raf-l), a vector expressing a kinase 

inactive version of human Raf-1 where lysine 375 is mutated to methionine 

(pEFm.6/kinase inactive) and the empty backbone vector (pEFm.6). Using Lipofectamine, 

8 pg of each expression vector was co-transfected with 0.8 pg pPGKpuro (a plasmid 

harbouring thepuroR gene driven by the PGK promoter; Figure 2.ID). The reason for the 

co-transfection was that the expression vectors have the neoR gene and the immortalised 

MEFs already harbour a copy of this gene. After 10 days of puromycin selection, resistant 

clones were picked (Table 5.1).

DNA was harvested from clones transfected with the pEFm.6 vector and the samples were 

analysed by PCR to discover if they contained the construct. Primers Ocpl06 and Ocpl07 

were used to amplify a 200 bp product from the pEFm.6 vector as a control (Figure 5.10). 

Ocpl06 and Ocpl07 amplified a 200 bp product in 4 out of 15 clones from 34-2 (1, 11, 23 

and 35; Figure 5.10) and 6 out of 9 clones from 33-6 (43, 48, 49; Figure 5.10A and not 

shown 70, 83 and 85). Therefore these clones contained the pEFm.6 vector. This gave a 

mean frequency of integration of 1 in 2.4. Therefore, the co-transfection technique used 

for pEFm.6 was very effective.
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In order to confirm levels of expression of Raf-1 in all clones transfected with wild-type 

Raf-1 and kinase inactive Raf-1, protein lysates were prepared followed by SDS-PAGE 

and electro-transfer of the proteins onto nitrocellulose. The blots were incubated with an 

a-Raf-1 antibody. An a-vinculin antibody was used as a control for protein loading. 

Proteins from raf-l+/+ MEFs (34-3 and 33-3), raf-l~/_ MEFs (34-2 and 33-6) and raf-Ff~ 

MEFs transfected with pEFm-6 (1, 23 and 35) were used as controls (Figure 5.11 A, B and 

C). 2 clones out of 17 from 34-2 (58 and 72) and 3 clones out of 9 from 33-6 (46, 47 and 

62) were identified that expressed the wild-type Raf-1 construct (Figure 5.11 A, B and C). 

3 clones out of 26 from 34-2 (37, 56 and 68) and no clones out of 16 from 33-6 were 

identified that expressed the kinase inactive Raf-1 construct (Figure 5.11 A and C). This 

gave a mean frequency of expression of both of the Raf-1 constructs of 1 in 8.5. Therefore 

a restoration of Raf-1 expression was observed in these clones. However the expression 

levels of Raf-1 were highly variable between them. Table 5. 1 gives a summary of the 

clones identified that either harbour pEFm.6 or expressed Raf-1 and from which clones 

they originated.

Table 5.1. Number of puromycin resistant clones picked from each parental MEF line for 

each transfection. Clones that were positive for PCR in the case of pEFm.6 or expressed 

Raf-1 protein as assessed by Western blot analysis and from which parental MEF line they 

originated from.

Total number of 

clones picked

Clones positive for pEFm.6 PCR or 

Raf-1 expression

Parental MEF line 34-2 33-6 34-2 33-6

pEFm.6 15 9 1, 11,23,35 43, 48, 49, 70, 83, 85

Wild-type Raf-1 17 9 58, 72 46, 47, 62

Kinase inactive Raf-1 26 16 37, 56, 68 None
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Fig. 5.10 Screening raf-1_/_ clones transfected with the pEFm.6 vector by PCR using 
primers Ocpl06 and O cpl07. Am plification o f  a PCR product o f 200 bp was observed from 
the pEFm.6 vector in 10 out o f  14 clones.



Fig. 5.11 Screening raf-1v" transfected clones for Raf-1 expression. (A) Western blot 
analysis to detect Raf-1 expression in transfected clones (upper panel). Western blot analysis 
to detect vinculin levels as a control for protein loading (lower panel). (B) Western blot 
analysis to detect Raf-1 expression in transfected clones (upper panel). Western blot analysis 
to detect vinculin levels as a control for protein loading (lower panel). (C) Western blot 
analysis to detect Raf-1 expression (upper panel). Longer exposure o f  same blot in upper 
panel to visualise the faint band o f  clone num ber 58 (middle panel). Western blot analysis to 
detect vinculin levels as a control for protein loading (lower panel). Abbreviations; pEFm.6 
= empty backbone vector, W T = wild-type human Raf-1, KI = kinase inactive mutant o f 
human Raf-1.
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5.3.11 Characterisation o f  Raf-1 deficient tsSV40T MEFs transfected with pEFm.6, 

wild-type Raf-1 and kinase inactive Raf-1 with respect to ERK phosphorylation

Previous reports have suggested that the expression of dominant negative mutants of Raf-1 

inhibit the phosphorylation of ERK and suppress cell growth (Kolch et al., 1991; Schaap et 

al., 1993). Therefore the kinase inactive mutant used for these experiments may also act in 

a dominant negative fashion. In order to determine whether the unregulated expression of 

kinase inactive Raf-1 had any effect on the phosphorylation of ERK, the following clones;

33-3/ra /-/+A, 34-2/l/pEFm.6, 34-2/23/pEFm.6, 34-2/72/WT, 34-2/58/WT, 34-2/37/KIand

34-2/68/KI were either left unstimulated or stimulated with 50 ng/ml a-CD95 antibody 

plus 0.5 pM cycloheximide for 10 min. Protein lysates were prepared from each of the 

samples, followed by SDS-PAGE and electro-transfer of the proteins onto nitrocellulose. 

The blots were incubated with an a-phosphoERK antibody to detect levels of phospho- 

ERK (Figure 5.12A). Total ERK levels were analysed using an a-ERK antibody as a 

control for protein loading and to ensure that any differences in phospho-ERK were not 

due to differences in the relevant amounts of ERK protein (Figure 5.12B). In all 

unstimulated MEFs, levels of phospho-ERK were barely detectable (Figure 5.12B). After 

stimulation, the levels of phospho-ERK in all of the transfected raf~rf~ MEFs was similar 

to that observed in the ra f-l+/+ MEFs (Figure 5.12A). This suggested that the expression 

of kinase inactive Raf-1 does not significantly disrupt ERK activation. The cells that 

expressed kinase inactive Raf-1 could then be used for the analysis of apoptosis in 

response to a-CD95 antibody.

5.3.12 Characterisation o f Raf-1 deficient tsSV40T MEFs transfected with pEFm.6, 

wild-type Raf-1 and kinase inactive Raf-1 with respect to levels o f  apoptosis induced by 

a-CD95 antibody

In order to assess whether the expression of wild-type or kinase inactive Raf-1 could 

rescue the increase in apoptosis susceptibility observed with raf-1 7 MEFs, apoptosis 

assays were performed. MEFs were plated out onto 6 cm dishes at a density of 1.5 x 105. 

The next day the cells were fed with normal growth media and the cells were shifted to 

39.5°C. Apoptosis was induced the following day by treatment of the MEFs with 50 ng/ml 

a-CD95 antibody plus 0.5 pM cycloheximide for 20 hours, and cell death was assessed by 

harvesting both attached and suspension MEFs followed by annexin V staining and



Fig. 5.12 Analysis o f  transfected tsSV 40T MEFs with respect to ERK phosphorylation 
induced by 50 ng/ml a-C D 95 antibody plus 0.5 pM  cycloheximide and with no treatment.
(A) Western blot analysis to detect phospho-ERK after no treatment (NT) or after 10 min 
stimulation with 50 ng/ml a-C D 95 antibody plus 0.5 pM  cycloheximide. (B) Western blot 
analysis to detect total ERK levels as a control for protein loading. Abbreviations; pEFm.6 
= empty backbone vector, W T = wild-type human Raf-1, KI = kinase inactive mutant o f 
human Raf-1.
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FACScan analysis. Each individual apoptosis experiment was performed with varying 

combinations of the following cell clones due to number limits for the assay; 34-3 and 33-3 

raf-1+/+ MEFs, three clones of 34-2 with pEFm.6 (1, 23 or35), two clones of 33-6 with 

pEFm.6 (49 or 48) two clones of 34-2 expressing wild-type Raf-1 (72 and 58) three clones 

of 34-2 expressing kinase inactive Raf-1 (37, 56 and 68) and three clones of 33-6 

expressing wild-type Raf-1 (46, 47 or 62). Cell clones originating from each of the two 

parental raf-FA tsSV40T MEF cell lines (34-2 and 33-6) were analysed separately as it 

was found that results differed greatly between them.

tsSV40T MEFs containing pEFm.6 both originating from the 34-2 parental cell line 

(34-2/l/pEFm.6, 34-2/23/pEFm.6 and 34-2/35/pEFm.6) and originating from the 33-6 

parental cell line (33-6/49/pEFm.6 and 33-6/48/pEFm.6) showed a significant increase in 

apoptosis in response to a-CD95 antibody plus cycloheximide as compared with raf-l+/+ 

tsSV40T MEFs (34-3 and 33-3) when all data sets obtained were combined. Upon 

treatment with a-CD95 antibody, 26.9% of the ra f-l+/+ cells underwent apoptosis whereas 

46.5% of the 34-2/pEFm.6 cells underwent apoptosis (n= ll; 95% Cl for difference 14.2% 

to 25%, p  = <0.0001; Figure 5.13A) and 44.3% of the 33-6/pEFm.6 cells underwent 

apoptosis (n=3; 95% Cl for difference 5% to 30%, p  = 0.0096; Figure 5.13A). However, 

the data obtained from 33-6 MEFs transfected with pEFm.6 upon treatment with a-CD95 

antibody plus cycloheximide was very variable as indicated by the large standard 

deviation. This limits the usefulness of this clone for the rescue experiments especially in 

light of the observed high expression levels of the T antigen.

tsSV40T MEFs originating from the 33-6 parental cell line and expressing wild-type Raf-1 

(46/WT/33-6, 47/WT/33-6 and 62/WT/33-6) showed a significant increase in apoptosis in 

response to a-CD95 antibody plus cycloheximide as compared with ra f-l+/+ tsSV40T 

MEFs (34-3 and 33-3). This treatment induced 73.5% apoptosis for 46/WT/33-6, 64% 

apoptosis for 47/WT/33-6 and 48.7% apoptosis for 62/WT/33-6 (Figure 5.14B). When 

these three data sets are combined they induced 60.1% apoptosis whereas the ra f-l+/+ cells 

induced 26.9% apoptosis (n=7; 95% Cl for difference 21.8% to 44.8%, p  = <0.0001; 

Figure 5.14A). This indicated that the expression of Raf-1 in these cells did not rescue the 

apoptotic phenotype resulting from a lack of Raf-1. In fact, significantly more death was
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Fig. 5.13 Analysis o f  tsSV 40T im m ortalised MEFs transfected with pEFm.6 with 
respect to apoptosis induced by  50 ng/m l a-C D 95 antibody plus 0.5pM  cycloheximide 
(a-CD95 antibody; grey bars) and w ith no treatment (NT; white bars). Apoptosis is 
measured by the percentage o f  cells that have high annexin V staining as assessed by 
flow cytometric analysis. Graph o f pooled data from raf-1+/+, three clones o f 34-2 with 
pEFm.6 (1, 23 and 35) and two clones o f  33-6 with pEFm.6 (48 and 49). Standard 
deviation bars are shown.
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observed with these clones transfected with wild-type Raf-1 than clones transfected with 

pEFm.6.

However, tsSV40T MEFs originating from the 34-2 parental cell line and expressing wild- 

type Raf-1 (72/WT/34-2 and 58/WT/34-2) did not show a significant increase in apoptosis 

in response to a-CD95 antibody plus cycloheximide as compared with raf-l+/+ tsSV40T 

MEFs (34-3 and 33-3). This treatment induced 34.25% apoptosis for 58/WT/34-2 and 

19.2% apoptosis for 72/WT/34-2 (Figure 5.14C). When these two data sets are combined 

they induced 25.9% apoptosis whereas the ra f-l+/+ cells induced 26.9% apoptosis (n=8; 

95% Cl for difference -0.5%  to 10.4%,/> = 0.071; Figure 5.14A). This result indicates that 

the expression of Raf-1 in these cells has rescued the apoptosis phenotype resulting from a 

lack of Raf-1. In addition, the Raf-1 expression levels in the two clones is different, with 

clone 72 expressing levels in comparison to wild-type and clone 58 expressing a much 

lower amount than wild-type (Figure 5.11C). However, this difference in expression 

seemed to have no effect on the ability to rescue the apoptosis defect.

tsSV40T MEFs originating from the 34-2 parental cell line and expressing kinase inactive 

Raf-1 (37/KI/34-2, 56/KI/34-2 and 68/KI/34-2) showed a significant increase in apoptosis 

in response to a-CD95 antibody plus cycloheximide as compared with raf-1+/+ tsSV40T 

MEFs. This treatment induced 52.5% apoptosis for 37/KI/34-2, 40.8% apoptosis for 

56/KI/34-2 and 16.7% apoptosis for 68/KI/34-2 (Figure 5.15B). When these three data 

sets are combined they induced 38.5% apoptosis whereas the raf-l+/+ cells induced 26.9% 

(n=ll; 95% Cl for difference 1.6% to 21.62%, p  = 0.025; Figure 5.15A). This indicated 

that the expression of kinase inactive Raf-1 in these cells did not rescue the apoptotic 

phenotype resulting from a lack of Raf-1. However when one of the clones expressing 

kinase inactive Raf-1 (68/KI/34-2) is analysed alone, the raf-l+/+ cells showed 26.9% 

apoptosis whereas the 34-2 raf-1 / cells showed 16.7% apoptosis (n=3; 95% Cl for 

difference 1.79% to 18.57%, p  = 0.021; Figure 5.15B). This means that not only has the 

kinase inactive Raf-1 rescued the apoptosis phenotype in this clone, but it has reduced the 

amount of cells undergoing apoptosis to even less than that observed with wild-type MEFs. 

The Raf-1 expression levels in the three clones are all similar to each other and to wild-
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Fig. 5.14 Analysis o f  tsSV 40T im m ortalised MEFs expressing human wild-type Raf-1 
with respect to apoptosis induced by 50 ng/ml a-CD 95 antibody plus 0.5 pM 
cycloheximide (a-C D 95 antibody; grey bars) and with no treatment (NT; white bars). 
Apoptosis is m easured by the percentage o f  cells that have high annexin V staining as 
assessed by flow cytom etric analysis. (A) Graph o f pooled data from raf-1+/+ and 
clones 34-2 and 33-6 expressing W T Raf-1. (B) Graph o f pooled data from raf-1+/+ and 
clones 33-6 transfected w ith pEFm .6 and the three 33-6 clones expressing WT Raf-1 
(46, 47 and 62). (C) Graph o f  pooled data from raf-1+/+ and 34-2 transfected with 
pEFm.6 and the two 34-2 clones expressing W T Raf-1 (58 and 72). Standard deviation 
bars are shown.

7 0 - 
> 6 0 - 
1  50Oh
.£ 4 0 -  
1 30-
«  2 0 -sOo'- . A

34-2 + 
W T Raf-1

33-6 + 
W T Raf-1

U n t

□  oc-CD95

B

7 0 -
a>>
S 5 0 -

.a 40 _

i 3 0 '  

*  2 0 -

^  , A .

33-6/62raf-1+/+ 33-6 +
pEFm .6

33-6/46 33-6/47



■

Fig. 5.15 Analysis o f  tsSV 40T im m ortalised MEFs transfected with kinase inactive 
human Raf-1 with respect to apoptosis induced by 50 ng/ml a-CD95 antibody plus 0.5 
pM cycloheximide (a-C D 95 antibody; grey bars) and with no treatment (NT; white 
bars). Apoptosis is m easured by the percentage o f cells that have high annexin V 
staining as assessed by flow cytom etric analysis. (A) Bar chart o f pooled data from raf- 
1+/+ , 34-2 transfected with pEFm .6 and 34-2 clones expressing kinase inactive Raf-1.
(B) Bar chart o f  pooled data from, 34-2 transfected with pEFm.6 and the three 34-2 
clones expressing kinase = inactive Raf-1 (37,56 and 68). Standard deviation bars are 
shown.
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type levels (Figure 5.11C). Therefore a difference in expression levels cannot explain the 

differences on the ability to rescue the apoptosis defect.

5.4 Conclusions

This chapter describes the derivation of MEFs that lack Raf-1 (;rnf-FA) and MEFs that 

harbour a mutation of the endogenous tyrosine residues 340 and 341 to phenylalanines
pp /pp

{raf-1 ). These MEFs were used to analyse the role of Raf-1 in growth, proliferation 

and apoptosis. Raf-1 immunoprecipitated from the raf-lFF/FF MEFs has previously been 

confirmed as having no detectable kinase activity towards MEK. It was also previously 

discovered that after stimulation with various growth factors, levels of ERK activation in 

the raf-l~A and raf-lFF/FF MEFs as determined by phosphorylation status are identical to 

the raf-l+/+ MEFs, indicating that Raf-1 is not an essential component of the 

Ras/Raf/MEK/ERK cascade (Huser et al., 2001). Further support for the idea that Raf-1 is 

not the major MEK activator is supplied by the findings that when either endogenous or 

transfected Raf proteins are immunoprecipitated from MEFs, B-Raf displays considerably 

higher activity towards MEK than either A-Raf or Raf-1 (Pritchard et al., 1995; Marais et 

al., 1997; Papin et al., 1998; Huser et al., 2001). Consistent with this, B-Raf has been 

identified as the major MEK activator in neuronal cell types and NIH3T3 cells (Catling et 

al., 1994; Jaiswal et al., 1994; Moodie et al., 1994; Traverse and Cohen, 1994; Reuter et 

al., 1995).

Whilst this work was being undertaken, Mikula et al. (2001) also published work on the 

generation and characterisation of a Raf-1 knockout mouse, and therefore where relevant 

the results obtained in this chapter are compared with the published results from this group.

No difference was observed in the growth or proliferation of either the raf-l~A primary 

MEFs or the raf-lFF/FF primary MEFs as compared with the raf-l+/+ primary MEFs 

isolated from embryos on the 12901a/MF-l genetic background as assessed by counting 

cells over several days in culture and by performing BrdU assays. These data are 

consistent with Mikula et al. (2001) as they determined the DNA content of synchronised 

populations of primary MEFs and found no cell cycle anomalies with the raf-1 primary 

MEFs. However, when primary MEFs were isolated from embryos on the
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12901a/C57BL6 genetic background they failed to grow which meant that they either had 

a cell proliferation defect or an apoptosis defect. These data are consistent with those 

shown by Mikula et al. (2001), as they found that their r a f - F primary MEFs, which were 

obtained from embryos on the 129Sv/C57BL6 genetic background, grew significantly 

slower than wild-type MEFs although they were able to culture them. They came to the 

conclusion that the reason for the defective growth of their raf-Ff~ primary MEFs was due 

to an apoptosis defect rather than a proliferation defect, as the flow cytometric analysis 

highlighted a significantly larger sub-2N DNA content in the raf-Ff~ primary MEFs in 

comparison to the ra f-l+/+ primary MEFs. Therefore this chapter describes the lack of a 

requirement for Raf-1 specifically in MEFs with respect to cell growth and proliferation. 

However this does not exclude the possibility that Raf-1 is essential for these processes in 

other cell types.

No defect in spontaneous apoptosis was observed in the raf-FA primary MEFs in 

comparison to the ra f-l+/+ primary MEFs on the 12901a/MF-l genetic background. 

However the fact that primary MEFs on the 12901a/C57BL6 could not be cultured 

indicates that on this particular genetic background, the lack of Raf-1 results in 

spontaneous apoptosis. Furthermore, spontaneous apoptosis was observed by Mikula et al. 

(2001) on the 129Sv/C57BL6 genetic background. This indicates the presence of genetic 

modifiers in different strains. The nature of these modifiers is presently unknown but it is 

clear that they have profound effects on Raf-1 function in different strains.

This chapter describes a role for Raf-1 in the prevention of apoptosis in response to 

etoposide and a-CD95 antibody plus cycloheximide, because a lack of Raf-1 results in an 

increased susceptibility to these agents, with the largest susceptibility to a-CD95 antibody 

plus cycloheximide. This data is supported by Mikula et al. (2001) who found that their 

raf-Ff~ primary MEFs were more susceptible to undergo apoptosis in comparison to the 

raf-l+/+ primary MEFs in response to serum deprivation, actinomycin D treatment and a- 

CD95 antibody plus actinomycin D treatment. The only contradiction is that they observed 

an increase in susceptibility to undergo apoptosis following serum deprivation. However 

the difference between the raf-F;~ primary MEFs and raf-l+/+ primary MEFs was very 

small in comparison to the other treatments. This difference in response to serum
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deprivation is probably due to the genetic strain difference, with the 12901a/MF-l genetic 

background having a genetic modifier that resists an increase in apoptosis under these 

conditions.

It appears that this function of Raf-1 is independent of its MEK kinase function, as the
pp /pp  . . t

raf-1 primary MEFs do not exhibit the same susceptibility as the raf-1 primary 

MEFs to these apoptosis inducers, even though Raf-1 in the raf-lFF/FF primary MEFs has 

no detectable kinase activity towards MEK. It therefore appears that Raf-1 has a unique 

role in cell survival that cannot be compensated for by A-Raf or B-Raf, and that is 

probably independent o f its function as a component of the Ras/Raf/MEK/ERK cascade.

The largest difference in apoptosis between raf-FA primary MEFs and raf-1+/+ primary 

MEFs was observed with a-CD95 antibody plus cycloheximide treatment. Therefore ERK 

activation and p38MAPK phosphorylation was assessed over a timecourse of stimulation 

with this apoptosis inducer. No obvious differences were observed in the phosphorylation 

profile of ERK or p38MAPK between the raf-FA MEFs and the raf-l+/+ MEFs. Mikula et 

al. (2001) also investigated ERK phosphorylation over a timecourse of stimulation with a- 

CD95 antibody and observed a similar ERK phosphorylation profile. This shows that the 

apoptosis susceptibility of the raf-FA MEFs in response to a-CD95 antibody plus 

cycloheximide treatment is not due to effects mediated by either the Ras/Raf/MEK/ERK 

cascade, which is in agreement with the RafFF data, or the p38MAPK stress pathway.

This chapter also describes the derivation of MEFs immortalised with a temperature 

sensitive version of the SV40 large T antigen for the first time in MEFs. The reason that 

the primary MEFs were immortalised was to allow the successful transfection of raf-FA 

MEFs with various Raf-1 expressing constructs as primary MEFs are very difficult to 

transfect. The reason for the use of a reversible system was because large T antigen has 

many effects on the cell, including interference with the cell cycle control machinery that 

may interfere with the interpretation of results. By placing cells that express a temperature 

sensitive SV40 large T antigen at the permissive temperature of 33°C, the protein is active, 

but when the same cells are placed at the restrictive temperature of 39.5°C, the T antigen is 

degraded (Jat and Sharp, 1989). However, it was found that after placing cells expressing
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the temperature sensitive version of the large T antigen for 24 hours at 39.5°C, western blot 

analysis showed that in three out of four cell lines, the large T antigen was still present but 

at reduced levels. Therefore it had not fully degraded. In spite of this, the tsSV40T 

transformed raf-1 7 MEFs showed similar characteristics to the raf-Ff~ primary MEFs at 

39.5°C with respect to apoptosis upon induction with a-CD95 antibody plus 

cycloheximide when data was pooled. However, the degree of apoptosis appeared to be 

dependent on the levels of expression of the T antigen.

Nevertheless, these tsSV40T transformed raf-l~/~ MEFs were transfected with two Raf-1 

expressing constructs to ensure that the observed apoptosis susceptibility was both 

specifically due to the lack of Raf-1 rather than disruption of a different gene such as 

MKRN2 (Gray et al., 2001) and to determine whether the kinase function of Raf-1 was 

required for its postulated role in apoptosis suppression. However, only 8 out of 68 

puromycin resistant clones were obtained that expressed Raf-1. The reason for this low 

frequency was probably because it was necessary to perform a co-transfection as the 

expression plasmids could not be directly selected for. This therefore highlighted a major 

drawback to this approach as clonal variation is observed from analysing too few clones 

that each express different levels of Raf-1. An improvement to this technique would be to
• Rsubclone the Raf-1 cDNAs into a plasmid harbouring the Puro gene so that integration of 

the plasmid could be directly selected for.

Each of the five tsSV40T transformed raf-l~7“ MEF clones expressing wild-type Raf-1 

were then analysed with respect to apoptosis induced by treatment with a-CD95 antibody 

in order to assess whether they could rescue the observed increased susceptibility to 

undergo apoptosis. The two clones originating from the 34-2 parental cell line (58 and 72) 

rescued the apoptosis phenotype with the response being similar to that of tsSV40T 

transformed ra f-l+/+ MEFs and lower than the control tsSV40T transformed raf-Ff~ MEFs 

harbouring the backbone vector (pEFm.6). However, clones originating from the 33-6 

parental cell line (46, 47 and 62) did not rescue the apoptosis phenotype, with the response 

being greater than that of tsSV40T transformed ra f-l+/+ MEFs and even greater than the 

control tsSV40T transformed raf-F /_ MEFs harbouring the backbone vector (pEFm.6). 

These differences between clones derived from the two different parental cell lines in
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ability to rescue the apoptosis defect is possibly due to the fact that the 33-6 parental cell 

line expressed higher levels o f  SV40 large T antigen in comparison to the 34-2 parental 

cell line, as it clearly had an effect on the morphology of these cells with them having a 

much smaller and spindle-like appearance reminiscent of transformed cells. It would be 

preferable to generate m ore cell lines before a confident conclusion can be made as to 

whether wild-type Raf-1 can rescue the observed apoptosis defect.

Three tsSV40T transformed ra f-F ;~ MEF clones expressing kinase inactive Raf-1 were 

obtained from the parental cell line 34-2 (37, 56 and 68) and were then analysed with 

respect to apoptosis induced by treatment with a-CD95 antibody in order to assess whether 

they could rescue the observed increased susceptibility to undergo apoptosis. When all 

data was pooled from each o f these clones the apoptosis phenotype was not rescued, with 

the response being greater than that of tsSV40T transformed raf-l+/+ MEFs. However 

when each clone was analysed separately, clone number 68 did rescue the apoptosis 

phenotype, with the response being even lower than that of tsSV40T transformed raf-l+/+ 

MEFs. Therefore due to too few clones and just one out of three rescuing the apoptosis 

defect, it cannot be confirmed that the kinase activity of Raf-1 is not required for its role in 

cell survival as more cell lines need to be analysed.

The data presented in this chapter suggest a MEK/ERK independent role for Raf-1 in 

apoptosis in response to a-CD 95 antibody and etoposide which were originally thought to 

mediate apoptosis through two separate pathways; the death receptor pathway and the 

mitochondrial pathway correspondingly. However, links between these two pathways 

have been identified. It has been observed that many DNA damaging agents including 

etoposide, induce apoptosis by the inducing the synthesis of CD95-L mediated by 

induction o f NF-kB and AP-1 thus activating the death receptor pathway (Kasibhatla et al, 

1998). However, it is unclear how relevant these findings are, as very high drug 

concentrations were required for induction of CD95-L protein (Kauffnann and Eamshaw,

2000). Also, death receptors such as CD95, can activate caspase-8 which can then cleave 

and activate Bid which has been shown to stimulate cytochrome c release from 

mitochondria and induce formation of the apoptosome (Scaffidi et a l, 1998). Therefore 

the analysis of Bid cleavage and cytochrome c release in raf-FA MEFs in comparison to
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raf-l+/+ MEFs could reveal whether Raf-1 is involved in mediating this process. It would 

also be interesting to further address whether Raf-1 is involved in the control of 

susceptibility to other apoptosis inducers that act through these different pathways.

Raf-1 has been reported to interact with several proteins involved in the regulation of 

apoptosis independent from its role in the Ras/Raf/MEK/ERK cascade. Raf-1 has been 

reported to activate the transcription factor N F - kB  by inducing the phosphorylation and 

degradation of Ik B  (Li and Sedivy, 1993). It appears that Raf-1 stimulates IKK which is 

responsible for phosphorylating and inactivating Ik B  and this is mediated by MEKK1 

(Baumann et al., 2000). Once released from IkB , N F -kB  is free to translocate to the 

nucleus where it is involved in the transcription of genes involved in the prevention of 

apoptosis such as c-IAPl and C-IAP2 (Chu et al., 1997; Wang et al., 1998), BCL-Xl  (Chen 

et al., 2000) and Gadd45p which is involved in cell cycle control and DNA repair (De 

Smaele et al., 2001). However Mikula et al. (2001) analysed IkB  degradation in response 

to TNF-a and a-CD95 antibody. They reported no difference in the degradation of this 

protein upon a-CD95 antibody or TNF-a treatment between raf-l+/+ and raf-FA MEFs.

Raf-1 has also been reported to interact with the chaperone Bag-1 (Wang et al., 1996b) and 

the anti-apoptotic protein Bcl-2 (Wang et al., 1994) either of which may enable its 

translocation to the mitochondrial membrane where it may promote resistance to apoptosis 

by promoting the phosphorylation of the pro-apoptotic protein Bad (Wang et al., 1996a). 

In this respect it would be useful to analyse whether mitochondrial targeted Raf-1 can 

rescue the apoptosis susceptibility of these cells.

Raf-1 has also been reported to interact with the MAPKKK, ASK1 in vivo. Furthermore, 

the overexpression of Raf-1 disrupted ASK1 -induced cell death (Chen et al., 2001). ASK1 

is activated in response to apoptotic stimuli such as TNFa, CD95-L, oxidative stress and 

DNA damage and relays these signals to JNKs and p38MAPKs (Ichijo et al., 1997; Chang 

et al., 1998; Nishitoh et al., 1998; Saitoh et al., 1998; Liu et al., 2000). ASK1 is thought to 

induce apoptosis in a variety of cell types by inducing mitochondria-mediated caspase 

activation (Ichijo et al., 1997; Saitoh et al., 1998; Hatai et al., 2000). Therefore, this 

interaction with ASK1 would explain the results obtained as both CD95-L and DNA
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damage activate ASK1, therefore if  Raf-1 is normally required to suppress ASK1 activity, 

a lack of Raf-1 would result in increased susceptibility to apoptosis. In light of these 

findings, it is important to assess ASK1 activity in the raf-l~/_ MEFs in response to 

apoptosis induction. However, the p38MAPK data suggests that ASK1 activity may not be 

deregulated in these cells.

In conclusion, it is now important to obtain firm evidence for the rescue of the apoptosis 

defect. This can be achieved by isolating more tsSV40T transformed cell lines and, from 

these, more stable clones transfected with various Raf-1 constructs need to be generated. 

This might be better done by using an expression vector that harbours the puroR rather than 

using a non-selectable plasmid. Another improvement may be to perform transient 

transfections so that a mixed population of cells expressing different levels of Raf-1 is 

analysed for each experiment which should eliminate the clonal variation that has been 

observed in this study. The mechanism for the role of Raf-1 in the prevention of apoptosis 

needs to be explored by analysis of each of the pathways mentioned above in which Raf-1 

has been reported to act. This could be done by comparing the activity or levels of 

expression of proteins that are either upregulated or downregulated in response to a-CD95 

antibody in raf-Ff~ versus ra f-l+/+ MEFs.
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6 CHARACTERISATION OF A-RAF DEFICIENT PRIMARY 

MOUSE EMBRYONIC FIBROBLASTS AND EMBRYONIC STEM 

CELLS

6.1 Introduction

6.1.1 Potential involvement ofA -R af in growth and proliferation and apoptosis

A-Raf protein is abundant in all cell types (Luckett et al., 2000) and has been shown to 

bind to activated Ras (Vojtek et al., 1993) which results in the translocation of A-Raf to the 

plasma membrane (Marais et al., 1997). A-Raf binds to MEK and can phosphorylate 

MEK in immunecomplex kinase assays (Pritchard et al., 1995; Marais et al., 1997; Huser 

et al., 2001). However one report suggests that, upon EGF stimulation, A-Raf only 

phosphorylates and activates MEK1 but not MEK2 (Wu et al., 1996). In comparison to 

Raf-1 and B-Raf, the kinase domain of A-Raf is much weaker in its ability to 

phosphorylate and activate MEK as assessed by overexpression studies (Pritchard et al., 

1995; Marais et al., 1997; Papin et al., 1998). Also, when endogenous A-Raf is 

immunoprecipitated from growth factor stimulated MEFs, its ability to phosphorylate and 

activate MEK using the kinase cascade assay is negligible (Huser et al., 2001). In fact, 

endogenous A-Raf activity towards MEK has only been observed in primary rat ventricular 

myocytes upon stimulation with strong hypertrophic agonists such as 12-0- 

tetradecanoylphorbol-13-acetate (TPA) (Bogoyevitch et al., 1995). Therefore, although A- 

Raf is able to participate in the Ras/Raf/MEK/ERK cascade, its effect on this signalling 

pathway is less significant than the effect of activated Raf-1 and B-Raf. These differing 

abilities of the Raf isoforms to activate MEK could have profound implications on cell 

proliferation and cell cycle arrest, as low levels of Raf activity elicit cell cycle progression 

and high levels of Raf activity elicit cell cycle arrest due to the induction of p 2 iWAF1/ClP1 as 

a result of high levels of ERK activation (Woods et al., 1997). Therefore, as activation of 

A-Raf leads to weak signalling through the Ras/Raf/MEK/ERK cascade, this may 

implicate a specific role for A-Raf in cell proliferation.

Besides Ras and MEK, A-Raf specifically has been reported to interact with the (3 

regulatory subunit of casein kinase 2 (CK2) using yeast two-hybrid assays (Boldyreff and
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Issinger, 1997; Hagemann et al., 1997). CK2 is a ubiquitously expressed serine/threonine 

protein kinase that has a wide range of substrates, many of which are involved in cell cycle 

regulation and as such it is thought to be involved in proliferation and tumourigenesis 

(Allende and Allende, 1995). A-Raf was also shown to interact with hTOM and hTIM. 

These are novel proteins that are thought to be involved in mitochondrial transport 

implicating their involvement in the transport of A-Raf to the mitochondria where it was 

shown to be localised (Yuryev et al., 2000). This mitochondrial localisation may implicate 

a role for A-Raf in apoptosis or other mitochondrial functions such as the citric acid cycle. 

However no evidence has been shown for its involvement in apoptosis except for its 

possible role in regulation of the ERKs which have been shown to both promote and 

inhibit apoptosis.

6.1.2 A-Raf knockout in mice

A knockout of the X-linked A -raf gene in ES cells and mice has previously been described 

(Pritchard et al., 1996). The 5' arm of the targeting construct was a 5 kb Sac I fragment 

that spanned the promoter and sequences encoding the initiator ATG and the amino- 

terminal 84 amino acids of the mouse A-Raf protein. The 3' arm of the targeting construct 

was a 4.5 kb Stu I-Sac I fragment that contained sequences encoding amino acids 349 to 

500 of the mouse A-Raf protein. The neoR gene separated the two arms of the targeting 

construct. Homologous recombination between this targeting construct and the A-raf gene 

in E14.1a ES cells resulted in deletion of sequences encoding 263 amino acids of A-raf that 

encompass the cysteine finger of the CR1 domain, the entire CR2 domain and the ATP 

binding site of the CR3 domain (Pritchard et al., 1996; Figure 6.1 A).

E l4.la  ES cells are male. Therefore the clones obtained that had undergone homologous 

recombination were null for A-Raf as determined by Western blot analysis as the A-raf 

gene is located on the X chromosome. Two of the ES cell clones (89 and 99) were used to 

generate knockout mice by standard procedures and a breeding colony of these mice is 

maintained at the University of Leicester. The A-Raf knockout mice survive postnatally 

but have a distinct phenotype on the C57/BL6 genetic background, exhibiting both 

neurological and intestinal abnormalities, although on the 129/Ola genetic background,
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Fig. 6.1 A-raf targeting event. (A) Restriction map of the targeted part of the wild-type A-raf gene 
indicating CR1, CR2 and CR3. (B) Targeting vector that contains a short and a long arm of homology to the 
A-raf gene separated by the neo gene, and also containing the herpes simplex virus-thymidine kinase gene 
(HSV-tk) for a negative selection marker. (C) A-raf targeted allele after homologous recombination with the 
targeting vector results in the replacement of the whole of CR2 and part of CR1 and CR3 with the neoR gene.
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they only display a subset of the neurological abnormalities. This indicates that A-Raf has 

a role specifically in neurological development that is not compensated for by Raf-1 or B- 

Raf. A-Raf knockout mice also suffer from progressive wasting post-partum which 

indicates that they have a feeding ataxia (Pritchard et al., 1996).

6.2 Aims

The aims for this chapter were to characterise the role of A-Raf with respect to cell growth 

and proliferation, differentiation and apoptosis by the derivation and analysis of MEFs and 

ES cells that were null for A-Raf.

6.3 Results

6.3.1 Derivation o f  A -R a f /Yprimary M EFs

Primary MEFs were derived from C57BL/6 E14.5 embryos resulting from a timed mating 

between C57BL/6 male animals and A-raf +/~ female animals. The derivation of these 

MEFs was undertaken by Dr. C. Pritchard (Department of Biochemistry, University of 

Leicester). Each primary MEF line was generated from a single embryo and was 

genotyped by PCR using primers Ocp66 and Ocp90 (Figure 6.1C) to amplify a 500 bp 

product from the targeted allele and OcplO and Ocp90 (Figure 6.1A) to amplify a 250 bp 

product from the wild type allele (only A3-4, A3-12 and A3-14 are shown; Figure 6.2A). 

An extra PCR was performed using primers Ocp26 and Ocp27 corresponding to the sry 

gene to amplify a 150 bp product of this Y specific allele (only A3-4, A3-12 and A3-14 are 

shown; Figure 6.2B). Western blot analysis using an a-A-Raf antibody was performed to 

confirm PCR results (only MEFs A3, A4, A5, A6, A8 and A9 are shown; Figure 6.2C) and 

an antibody against vinculin was used as a control for protein loading (Figure 6.2D). MEF 

cell lines A3-12 (Figure 6.2A+B), A4, A5 and A8 (Figure 6.2C), and A ll (not shown) 

were identified as both male and deficient in A-Raf (A-raf ~/Y). MEF cell lines A3-14, 

(Figure 6.2A+B), A3, A6 and A9 (Figure 6.2C), and Al and A2 (not shown), were 

identified as both male and wild-type (A -ra f+/Y). Only primary MEFs originating from A- 

raf~/Y and A-raf +/Y embryos were used for subsequent experiments. Also, western blot 

analysis using an anti-A-Raf antibody was performed to confirm that the two A-raf ES
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Fig. 6.2 Generation o f  A -ra f ~/Y prim ary M EFs and ES cells. (A) PCR analysis of DNA 
from MEFs arising from  a tim ed m ating between C57BL/6 male animals and A-raf +/~ 
female animals. PCR using prim ers OcplO and Ocp90 amplified the wild-type PCR product 
o f  500 bp from  A3-4 and A3-14. PCR using primers Ocp66 and Ocp90 amplified the 
targeted PCR product o f  250 bp from A3-4 and A3-12. (B) PCR using primers Ocp26 and 
Ocp27 am plified the sry  specific PCR product o f  250 bp from A3-14 and A3-12. (C) 
Western blot analysis to detect A-Raf. (D) W estern blot analysis o f the same blot in C to 
detect vinculin as a control for protein loading. M = 1 kb DNA marker.
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cell lines 89 and 99 that were used to generate mice did not express A-Raf protein (Figure 

6.2C).

6.3.2 Analysis o f  the growth characteristics o f A - r a f p r i m a r y  MEFs

In order to analyse the growth of MEFs, total cell numbers were measured daily. Primary 

MEFs of all genotypes were plated onto 24 well plates at a density of lx l0 4 cells per well. 

Then the cells were counted in triplicate every 24 hours using a haemocytometer over a 

period of up to 6 days in culture to obtain growth curves for both A-raf ~/Y(A4, A5, A8 and 

A l l )  and A -ra f+/Y (A3, A6, A9, A l and A2) primary MEFs. The growth curves obtained 

for A-raf ~/Yprimary MEFs were similar to those of the A-raf +/Y primary MEFs. The graph 

presented in Figure 6.3A is representative of all data recorded and represents pooled data 

from 2 cell lines of each genotype; A -raf ~/Y( A3 and A6) and A -ra f+/Y (A8 and Al l )  from 

three data sets. In general, the growth curves obtained were occasionally variable between 

different experiments. However this was not reflective of the genotype.

6.3.3 Analysis ofproliferation o f  A - r a f /Y primary MEFs

In order to analyse the ability of MEFs to progress through the cell cycle, DNA synthesis 

was measured. MEFs were made quiescent and then stimulated with 10% foetal calf 

serum in media containing bromodeoxyuridine (BrdU). Cell proliferation was measured 

by detection of cells that had incorporated BrdU by the addition of an anti-BrdU antibody, 

followed by addition of a FITC-conjugated secondary antibody. A minimum of 100 cells 

per experiment were analysed using a fluorescent microscope and scored for whether or 

not they had fluorescent nuclei.

The graph presented in Figure 6.3B represents pooled data from 6 different cell lines; 

A-raf ~/Y(A4, A ll  and A3-12) and A -r a f+/Y (Al, A9 and A3-14) primary MEFs from 9 

experiments. The A -ra f ~/Y primary MEFs showed no significant difference in their ability 

to undergo DNA synthesis compared with A-raf +/Y primary MEFs using the unpaired 

ttest. The A -r a f+/Y cells showed 49.87% proliferation and the A-raf ~/Y cells showed 

41.29% proliferation (n=9; 95% Cl for difference -5.68% to 22.83%, p  = 0.22; Figure 

6.3B).
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Fig. 6.3 Analysis o f  prim ary M EFs with respect to growth. (A) Growth profiles o f  A- 
raf~/Y prim ary M EFs (closed circles) com pared to A -ra f+/Y primary MEFs (open circles) over 
six days in culture. The data represent pooled data from 2 cell lines o f each genotype (A3, 
A6, A8, A l 1) from three data sets. (B) DNA synthesis o f A -raf ~/Y primary MEFs (grey bar) 
compared to A -raf +/Y prim ary M EFs (white bar). The data represent pooled data from three 
experiments o f  cells o f  each genotype. Standard deviation bars are shown.
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6.3.4 Analysis o f  apoptosis o f  A -raf /Yprimary MEFs

The primary A-raf /Y MEFs derived from the C57/BL6 background did not show evidence 

of spontaneous apoptosis under normal growth conditions. Apoptosis was induced by 

treatment of A-raf +/Y and A-raf ~/Y MEFs with 50 pM etoposide, 50 ng/ml a-CD95 

antibody plus 0.5 pM cycloheximide or by serum withdrawal for 20 hours, and cell death 

was assessed by harvesting both attached and suspension MEFs followed by annexin V 

staining staining and flow cytometric analysis. The cell population was split into two; the 

low annexin V staining population were the live cells and the high annexin V staining 

population were the apoptotic cells.

The graph presented in Figure 6.4A represents pooled data from 4 cell lines; A-raf ~/Y (A% 

and A3-12.) and A -ra f +/Y (A3 and A3-14) primary MEFs from 5 experiments. The
 r y  . .

A-raf MEFs did not show a significant increase in apoptosis upon treatment with 

etoposide in comparison to the A -ra f+/Y cells as 27.7% of the A-raf ~/Y MEFs and 29.3% of 

the A-raf +/Y MEFs underwent apoptosis (n=5; 95% Cl for difference -5.8% to 2.5%,
 / y

p  =0.326; Figure 6.4A). The A-raf MEFs did not show a significant increase in
• -I-/Vapoptosis upon treatment with a-CD95 antibody in comparison to the A-raf MEFs, as 

47.3% of the A-raf ~/Y MEFs and 55% of the A -ra f+/Y MEFs underwent apoptosis (n=5; 

95% Cl for difference -48.6%  to 33.2%, p  =0.63; Figure 6.4A). The A-raf ~/Y MEFs did 

not show a significant increase in apoptosis upon serum withdrawal as 22% of the A -r a f/Y 

MEFs and 22% of the A -raf +/Y MEFs underwent apoptosis (n=5; 95% Cl for difference 

-17.9% to 17.9%,/? =1; Figure 6.4A).

6.3.5 Analysis o f  differentiation o f  A -r a f^  ES cells

A well established method to study the differentiation potential of ES cells is to inject them 

subcutaneously into syngeneic hosts, whereby they form benign, solid teratomas 

containing derivatives of all three germ layers. Wild-type E14.1a ES cells (A-raf /Y) and 

A -ra f/Y ES cell clones 89 and 99 were injected subcutaneously into syngeneic hosts where 

they all formed teratomas of approximately equal weight. The tumours originating from 

E14.1a ES cells had a mean weight 0.58g (n=3) and the tumours originating from A -ra f/Y 

ES clones had a mean weight of 0.60g (n=5). The tumours were subjected to histological
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Fig. 6.4 Analysis o f  prim ary M EFs with respect to apoptosis induced by either serum free 
media, 50 pM  etoposide or 50 ng/m l a-C D 95 antibody plus 0.5 pM cycloheximide. (A) 
Percentage o f  annexin positive staining cells as assessed by flow cytometric analysis of 
A -raf ~/Y prim ary M EFs com pared to A -ra f+/Y prim ary MEFs. The data represent pooled data 
from five experim ents o f  cells o f  each genotype. Standard deviation bars are shown.
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Fig. 6. 5. Histological analysis o f teratomas derived from the subcutaneous injection of ES 
cells. (A) Teratoma that resulted from the injection o f A -raf+/Y ES cells. (B) Teratoma that 
resulted from the injection o f A -raf ̂  . Scale bar represents lOOpm. M = muscle, BV = blood 
vessel, E = epithelia, C = cartilage.

A-raf ̂  teratomaA -ra f+/Y teratoma
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analysis and tumours from all of the ES cell lines looked similar and exhibited a chaotic 

arrangement of various tissues including cartilage, epithelium, muscle and blood vessels 

(Figure 6.5).

6.4 Conclusions

This chapter describes the derivation of primary MEFs that lack A-Raf (A-raf ~/Y) and the 

analysis of the role of A-Raf in growth, proliferation, differentiation and apoptosis using 

these MEFs.

Firstly, no difference was observed in the growth profiles of the A-raf ~/Y MEFs as
i / y

compared with the A -ra f MEFs. Secondly, no significant difference was observed in 

the proliferation of the A-raf ~/Y MEFs as compared with the A-raf +/Y MEFs. Thirdly, no 

difference was observed in the induced apoptosis of the A-raf ~/Y MEFs as compared with
i / v

the A-raf MEFs. Fourthly, no difference was observed in the differentiation ability of 

the A-raf ~/Y ES cells as compared with the A -ra f+/Y ES cells as assessed by the ability to 

form multiple cell types in teratomas. Therefore the role of A-Raf in intracellular 

signalling is unclear.

The lack of a requirement for A-Raf in these diverse cellular processes has been primarily 

demonstrated in primary MEFs. However this does not exclude the possibility that A-Raf 

is essential for these processes in other cell types. Another possibility is that the other Raf
_ / Y

proteins or other protein kinases are compensating for its loss. A-raf mice are normal in 

size at birth which indicates that there is no problem with proliferation, differentiation or 

apoptosis during development and supports these findings in primary MEFs (Pritchard et 

al, 1996).

In line with these observations, the levels of ERK activation in the A-raf ~/Y MEFs as
~F/Ydetermined by phosphorylation status is identical to that in the A-raf MEFs (Mercer et 

a l , 2002). This indicates that A-Raf is not required for participation in the 

Ras/Raf/MEK/ERK cascade in this particular cell type or that its lack is compensated for 

by Raf-1, B-Raf or other MEK kinases. Further support for this lack of a requirement for 

A-Raf in the Ras/Raf/MEK/ERK cascade comes from the data showing that the kinase
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domain of A-Raf has a very poor ability to phosphorylate and activate MEK in MEFs 

(Pritchard et al., 1995; Marais et al., 1997; Papin et al., 1998; Huser et al., 2001).

An interesting observation in the A -ra f ~/Y MEFs was that B-Raf activity is significantly 

elevated and Raf-1 activity is elevated but to a lesser extent (Mercer et a l, 2002). This 

either suggests a compensatory response for the loss of A-Raf, or that the function of 

A-Raf is to regulate the activities of these two Raf proteins possibly by regulating access to 

MEK.

A-Raf has been shown to co-localise to the mitochondria rather than the plasma membrane 

(Yuryev et al., 2000). This implicates its potential involvement in mitochondrial-specific 

functions such as apoptosis. However, the primary MEF data shows that A-Raf is not 

involved in apoptosis in MEFs, although this does not eliminate the possibility that A-Raf 

may be required for the regulation of apoptosis in other cell types.

In addition to the data suggesting that A-Raf is not required for ERK activation in MEFs 

(Mercer et al., 2002), ERK activation by Raf-1 may also have no physiological role as 

discussed in Chapter 5 (Huser et al., 2001; Mikula et a l, 2001). Therefore it appears that 

B-Raf is the main Raf protein participating in the Ras/Raf/MEK/ERK cascade in MEFs. 

Further support for this hypothesis is provided by the finding that ERK activation is 

disrupted in B-raf MEFs (Wojnowski et a l, 1997). Further studies on the 

Ras/Raf/MEK/ERK cascade therefore need to focus on B-Raf.
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7 SUMMARY AND DISCUSSION

7.1 Generation of a floxed raf-1 allele by homologous recombination in ES cells

When this project began, the only reported generation of a null mutation for the raf-1 gene 

was by Wojnowski et al. (1998). This targeting event however generated a truncated Raf-1 

protein with residual kinase activity. Therefore deletion of the whole of the raf-1 gene was 

the safest option and was only feasible using Cre//oxP technology.

Two separate targeting vectors harbouring loxP sites were generated so that the loxP sites 

once integrated, would be approximately 26.8 kb apart with the intervening sequence 

containing exons 3 to 17. pTC7 was introduced first which, when homologously 

recombined, introduced a loxP site and a neoR gene at the 5’ end of raf-1 in intron 2. A 

targeting frequency of 1: 3.9 of the selected clones was obtained. Eight of these positive 

clones were then chosen to go through the next round of gene targeting with pTC8. When 

pTC8 homologously recombined, this introduced a loxP sequence and a hygR gene at the 3' 

end of raf-1 after the 3' untranslated region. A targeting frequency of 1: 33 of the selected 

clones was obtained. All eight clones identified as having undergone homologous 

recombination with pTC8 were analysed further to ensure disruption to the production of 

Raf-1 protein had not occurred and that the ES cells had a normal genotype. Each of these 

clones, except clone number 7, were then used to generate mice by the injection of these 

cells into 3.5 day blastocysts followed by implantation into a pseudopregnant female 

mouse to generate chimaeric mice. These mice were then used to breed with MF-1 mice to 

test for germline transmission of the targeted ES cells. ES cells derived from ES cell clone 

number 9 were shown to contribute to the germline of one of the male chimaeric mice as 

assessed by the transmission o f coat colour to the offspring. However, analysis of tail 

DNA from these mice showed the presence of the 3’ loxP targeting event but an absence of 

the 5' lox? targeting event. Further analysis of the germline transmitting chimaeric male 

showed the absence o f the 5' loxP targeting event. It was concluded that the 5' loxP 

targeting event was unstable and therefore was lost from a proportion of the ES cells that 

were originally used to generate chimaeric mice. However, the 5 and 3 loxP sites were 

retained in chimeras originating from ES cell clones 29 and 55, but germline transmission 

has not yet been achieved from these clones.
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Unfortunately, it was recently discovered that the 3' loxP targeting event had integrated 

between exons 6 and 7 o f MKRN2, a gene encoding for makorin RING zinc-finger 2 that 

overlaps in an antisense orientation with the 3' UTR of the mouse raf-1 gene (Gray et aL,

2001). Upon Cre-mediated recombination between the two loxP sites the deletion of exons 

7 and 8 of MKRN2 would occur in addition to the deletion of raf-1.

7.2 Cre-mediated deletion of a neomycin resistance gene flanked by loxP sites in 

MEFs and the raf-1 gene flanked by loxV sites in ES cells

Conditions for the use of Cre-mediated deletion of floxed sequences were established to 

test the efficiency of this technique in tissue culture. A Cre expression vector was used to 

successfully delete a floxed neoR gene in immortalised raf-lFF/FF MEFs with high 

efficiency. Therefore these results show that Cre can efficiently delete a floxed gene in 

tissue culture cells and that the deletion is stable.

A different Cre expression vector was used to identify that ES cell clone number 29 

generated in Chapter 3 had acquired both loxP targeting events on the same chromosome. 

This was shown by the use of PCR analysis resulting in loss of a product upon deletion of 

raf-1. The clones originating from ES cell clone number 29 appeared to efficiently delete 

the raf-1 gene. This ES cell clone is now being used to generate additional chimaeric 

mice.

7.3 Maintenance of a Cre expressing transgenic mouse colony

A colony of MLC2vCre mice obtained from Dr. K. Chien (Department of Medicine and 

Center for Molecular Genetics, University of California, San Diego) were established on 

both the MF-1 and the C57/BL6 background strains. These mice will eventually be mated 

with the raf-1 floxed mice derived from ES cell clone 29 with an aim to delete Raf-1 

specifically in the heart. The aim is to isolate cardiac myocytes and investigate the 

activation o f the Ras/Raf/M EK/ERK cascade in response to hypertrophic stimuli.
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7.4 Characterisation of raf-1 /  and raf-lFF/FF MEFs with regards to growth and 

proliferation and apoptosis

No differences were observed in the growth and proliferation of the raf-Ff~ MEFs in 

comparison to ra f-l+/+ MEFs. This result is consistent with the normal Ki67 staining of 

embryos (Huser et al., 2001). However they exhibited an increased susceptibility to 

undergo apoptosis upon treatment with etoposide or a-CD95 antibody plus cycloheximide, 

but not upon serum withdrawal. These results indicate that Raf-1 is required for the 

promotion of cell survival/inhibition of apoptosis in primary MEFs. In contrast, however, 

no difference in the susceptibility of the raf-lFF/FF MEFs in comparison to raf-1+/+ MEFs 

was observed. It has been shown that Raf-1 kinase activity towards MEK is undetectable 

in the raf-lFF/FF MEFs indicating an essential role of tyrosine 340/341 phosphorylation for 

Raf-1 activity (Huser et al., 2001). Moreover, ERK phosphorylation in response to various 

stimuli in raf-1'A and raf-lFF/FF MEFs is similar to that in raf-l+/+ MEFs. This indicates a 

unique role for Raf-1 in the regulation of apoptosis that is probably independent of its role 

in the Ras/Raf/MEK/ERK cascade. The results of this work were published in Huser et al., 

2001.

ERK and p38MAPK phosphorylation were measured in response to a-CD95 antibody plus 

cycloheximide over a timecourse of stimulation to see if there were any differences in the 

phosphorylation states between r a f - 1 and raf-1+/+ primary MEFs which would account 

for the increased apoptosis susceptibility of the raf-1'1'  primary MEFs. No difference was 

detected in phosphorylation status between the ra f-l'^  and raf-l+/+ primary MEFs, further 

supporting the idea that the MEK kinase function of Raf-1 is not essential for its role in 

cell survival.

The final analysis of the raf-1“A MEFs was to see if the increased apoptosis susceptibility 

could be rescued by the expression o f wild-type Raf-1. The reason these experiments were 

performed was to ensure that the disruption in the raf-1 gene had not affected other genes 

in close proximity. In particular, a gene has been identified that overlaps with and is 

antisense to raf-1 at the 3' end of Raf-1 by 91 bp, called makorin RING zinc finger-2 (Gray 

et al., 2001). Both stable clones out of a total of two that expressed wild-type Raf-1 

rescued the apoptosis susceptibility apoptosis susceptibility due to the absence of Raf-1 in
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response to a-CD95 antibody plus cycloheximide indicating that the makorin RING zinc 

finger-2 gene was not affected by the raf-1 targeting event. To identify whether the kinase 

activity of Raf-1 is required for its role in apoptosis suppression, a construct expressing 

kinase inactive Raf-1 was transfected into the raf-7~/_ MEFs. However just one stable 

clone out of a total o f three that expressed kinase inactive Raf-1 rescued the apoptosis 

susceptibility due to the absence o f Raf-1. More experiments on different stable clones 

need to be performed to assess the significance of these results.

7.5 Characterisation of A-Raf -/F MEFs with regards to growth and proliferation, 

apoptosis and differentiation

No differences were observed in the growth, proliferation or differentiation of the A-Raf ~/Y
_l_ / y

MEFs in comparison to A-Raf MEFs or in their ability to undergo apoptosis upon 

induction by treatment with serum free media, etoposide or a-CD95 antibody plus 

cycloheximide. These data imply that A-Raf is not essential for the regulation of these 

important cellular processes in MEFs. However, this does not exclude the possibility that 

A-Raf is essential for these processes in other cell types. The results of this work were 

published in Mercer et a l , 2002.

7.6 Conclusion

The use of knockout/transgenic technology has in this study revealed the major role for 

Raf-1; that of its role in cell survival rather than involvement in the Ras/Raf/MEK/ERK 

cascade as highlighted efficiently by the lack of phenotype in the RafFF mice or MEFs 

with regards to apoptosis. Many of the previous reports on the role of Raf-1 were 

performed by overexpression studies and as a result gave misleading clues as to the correct 

physiological role of Raf-1. Therefore transgenic technologies remains a valuable tool for 

studying the true function of endogenous proteins and in combination with the Cre//oxP 

system, provides a critical way to analyse intracellular signalling pathways.
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Raf-1 protein kinase has been identified as an integral 
component of the Ras/Raf/MEK/ERK signalling path­
way in mammals. Activation of Raf-1 is achieved by 
Ras.GTP binding and other events at the plasma 
membrane including tyrosine phosphorylation at resi­
dues 340/341. We have used gene targeting to generate 
a “knockout’ of the raf-1 gene in mice as well as a 
rafFF mutant version of endogenous Raf-1 with 
Y340FY341F mutations. R a f - 1 mice die in embryo- 
genesis and show vascular defects in the yolk sac and 
placenta as well as increased apoptosis of embryonic 
tissues. Cell proliferation is not affected. Raf-1 from 
cells derived from ra f-lFF/FF mice has no detectable 
activity towards MEK in vitro, and yet ra f - lFF/FF mice 
survive to adulthood, are fertile and have an appar­
ently normal phenotype. In cells derived from both 
the raf-l~,~ and ra f-lFF/FF mice, ERK activation is 
normal. These results strongly argue that MEK kinase 
activity of Raf-1 is not essential for normal mouse 
development and that Raf-1 plays a key role in 
preventing apoptosis.
Keywords: apoptosis/knockout/MEK kinase/Raf-1/ 
tyrosine phosphorylation

Introduction
The mammalian raf-1 gene was first identified as the 
cellular homologue of v-ra f  the oncogene responsible for 
the induction of sarcomas in mice by the M SV3611 virus. 
Two other genes highly homologous to raf-1 have been 
cloned: A-raf and B -raf. All three raf genes code for 
serine/threonine protein kinases and they share a high 
degree of sequence similarity. The N-terminal region 
encodes the regulatory domain and binds essential 
cofactors including Ras while the C-terminal region 
contains the catalytic kinase domain. Deletion of the 
N-terminal regulatory regions of all three kinases gives 
rise to proteins that are constitutively active and are 
oncogenic in a wide variety of cell types. The kinase

domain of B-raf appears to be the most potent of the three 
in these assays (Pritchard et al., 1995). In the mouse, 
transcripts for all three raf genes are detectable in all cells 
(Storm et al., 1990; Bamier et al., 1995).

Of the three Raf isotypes, most biochemical studies 
have focused on Raf-1. Inactive Raf-1 is normally 
cytosolic, but Raf-1 binds to Ras.GTP in vitro and in vivo 
and so translocates to the plasma membrane in the 
presence of active Ras (Marais and Marshall, 1996 and 
references therein). However, binding to Ras is not 
sufficient for full Raf-1 activation (Traverse et al., 1993; 
Marais et al., 1995, 1997; Mason et al., 1999) and 
additional signals at the plasma membrane including 
phosphorylation are required (Marais and Marshall, 1996). 
Our previous studies in COS cells have shown that 
activation of Raf-1 requires phosphorylation of Y340 and/ 
or Y341. Substitution of these residues to phenylalanine, 
creating RafFF, blocks activation of Raf-1 by oncogenic 
Ras and Src, and by ligand stimulation (Marais et al., 
1995, 1997; Diaz et al., 1997; Stokoe and McCormick, 
1997; Barnard et al., 1998). Recent data have also 
suggested that phosphorylation of Raf-1 at serine 338 is 
required for activation, demonstrating that complex phos­
phorylation events take place within this region of Raf-1 
(Diaz et al., 1997; Barnard et al., 1998; Mason et al.,
1999). However, the physiological importance of these 
phosphorylation events is unclear.

The principal functions of the Raf protein kinases 
appear to be participation in the highly conserved Ras/Raf/ 
MEK/ERK intracellular signalling pathway (Marshall 
1994). This pathway is activated by different classes of 
cell surface receptors including receptor tyrosine kinases 
(RTKs) and G protein coupled seven transmembrane 
receptors, all of which confer their biological effects 
through Ras (Dickson and Hafen, 1994; Marshall, 1994). 
ERK activation has been associated with many of the 
downstream consequences of Ras activation and the Raf 
proteins provide a vital link between activated Ras 
proteins and the ERKs. A variety of biochemical and 
genetic data point to the importance of Raf-1 as a MEK 
activator. Activation of an inducible version of oncogenic 
Raf-1 induces the rapid activation of MEK and ERK as 
well as immediate early gene expression in NIH 3T3 
cells (Samuels et al., 1993; Kerkhoff and Rapp, 1997). 
Immunoprecipitated endogenous Raf-1 can phosphorylate 
MEK1 and -2 in vitro (Howe et al., 1992; Kyriakis 
et al., 1992; Marais et al., 1998) and the Raf/MEK/ERK 
cascade can be reconstituted in vitro using proteins 
expressed in Sf9 cells (Macdonald et al., 1993). Kinase 
inactive Raf-1 cannot activate MEK in this system. 
Finally, dominant-negative Raf-1 mutants block growth 
factor and oncogenic ras-stimulated activation of ERKs in 
fibroblasts (Schaap et al., 1993; Chao et al., 1994; 
Troppmair et al., 1994).

1940 © E u r o p e a n  M o l e c u l a r  B i o l o g y  O r g a n i z a t i o n

mailto:cap8@le.ac.uk


K nockout and Y340FY341F m utations o f raf-1

Intriguingly, a number of observations do not entirely fit 
with the view that the endogenous Raf-1 protein is a 
physiologically important MEK activator (Marais and 
Marshall, 1996). First, only a small proportion (<10%) of 
the entire cellular Raf-1 is activated upon treatment of 
cells with growth factors (Dent et al., 1995; Reuter et al., 
1995; Jelinek et al., 1996). Secondly, B-Raf has been 
identified as the major MEK activator in neuronal cell 
types and NIH 3T3 cells, despite Raf-1 also being 
expressed in these cells (Moodie et al., 1993, 1994; 
Catling et al., 1994; Jaiswal et al., 1994; Traverse and 
Cohen, 1994; Reuter et al., 1995). The kinase domain of 
B-Raf is a considerably stronger activator o f MEK and has 
a higher affinity for MEK than the kinase domain o f Raf-1 
(Pritchard et al., 1995; Marais et al., 1997; Papin et al., 
1998). Finally, Raf-1 and ERK activation are not coinci­
dent in some circumstances (Wood et al., 1992, 1993; Kuo 
et al., 1996). A pool of Raf-1 is also thought to be located 
in mitochondria (Wang et al., 1996) and an ERK- 
independent role for mitochondrial Raf-1 in apoptosis 
has been postulated (Neshat et al., 2000).

Many of the previous studies designed to address the 
involvement of Raf-1 in mediating signals between Ras 
and ERKs have used antisense or dominant-negative 
constructs overexpressed in tissue culture cell lines to 
inhibit its expression or activity (Kolch et al., 1991; Chao 
et al., 1994; Troppmair et al., 1994). These approaches 
have the disadvantage that they may sequester the 
function/expression of other Raf isotypes (A-Raf and 
B-Raf) or other Ras effectors. To achieve the required 
specificity, gene targeting has been used to ablate 
individual raf genes (Pritchard et al., 1996; Wojnowski 
et a l, 1997, 1998). In this study, we describe the 
generation of Raf-1 deficient mice (ra/-7_/_) as well as 
mice with a ‘knockin’ mutation of the endogenous 340/ 
341 tyrosines to phenylalanine (ra f-lFF/FF). Although there 
is no detectable Raf-1 activity in cells derived from either 
strain of mouse, ERK activation was not compromised in 
either. However, the ra /-7 A animals die in embryogenesis 
due to vascularization defects and increased apoptosis, 
while the raf-lFF/FF animals survive to adulthood and have 
an apparently normal phenotype. Our results show that the 
full-length Raf-1 protein is essential for normal mouse 
development and for protection against apoptosis, but they 
argue that Raf-1 kinase activity towards MEK is not 
necessary for these processes.

Results
Generation an d  p h e n o ty p e  a n a lys is  o f  raf-1~f~ a n d  
raf-1FF/FF m u ta n t m ice
The generation of the mutant mice is described in the 
Supplementary data (available at The EMBO Journal 
Online.) Both mutations were established on the mixed 
12901a/C57BL6 and 12901a/MF-l backgrounds. For the 
raf-1 knockout, ra f-l+/~ animals were intercrossed and 
PCR genotype analysis was performed on tail DNAs from 
surviving offspring. No surviving animals with the raf-1 
genotype were obtained in = 14 matings) but ra f-l+/ 
animals were born at the expected Mendelian frequency 
and were indistinguishable from ra f-l+/+ littermates. 
Therefore, ra f-l+/~ intercrosses were set up and embryos 
were genotyped. On the 12901a/C57BL6 background, at

E9.5, a number of abnormal embryos were observed and 
these all PCR genotyped as raf-l~/- (Table I). On the 
12901a/MF-l background, in early backcross generations, 
a phenotype similar to that on the 12901a/C57BL6 
background was observed (Table II). However, a number 
of normal embryos at E9.5-E10.5 also typed as raf-1~/~ 
(Table II). When the raf-1 mutation was further back- 
crossed to the MF-1 strain, raf-l~F embryos were observed 
at E l2.5 up to birth but these were small and morpho­
logically abnormal.

On the 12901a/C57BL6 background, at E9.5, raf-l~A 
embryos were morphologically smaller and were reduced 
in size by approximately one-third (Figure 1A and B). 
They were developmentally arrested, had fewer somites 
and were anaemic, but were still alive as judged by the 
presence of a regular heartbeat. Strikingly, all of the 
mutants lacked small and large blood vessels in the yolk 
sac (Figure 1C and D), as visualized by staining with an 
antibody to platelet endothelial cell adhesion molecule-1 
(PECAM-1; Figure IE). PECAM-1 staining of the ra/-iv~ 
embryos also revealed abnormal vascular network forma­
tion (Figure IF—I). In the head region, there was a 
reduction in the number of large and small blood vessels, 
the vessels were disorganized and there were no capillary 
sprouts into the neuroectoderm (Figure 1H and I). 
Haemorrhaging was observed in approximately one- 
quarter of the mutant embryos (data not shown). There 
was a significant reduction in the number and density of 
cells throughout the mutant embryos but cell size appeared 
larger (Figure 1J and K). Staining of the embryonic brain 
with the Ki67 antibody, a marker for cells in S phase, 
showed that there was no significant reduction in the 
numbers of proliferating cells in the r a f - 1 embryos 
(Figure 1L and M). However, the terminal deoxynucleo- 
tidyl transferase-mediated dUTP nick end labelling 
(TUNEL) assay indicated that there was an increase in 
the numbers of apoptotic cells throughout the mutant 
embryos (Figure IN and O).

On the 12901a/MF-l background, the ra/-7~A embryos 
died within a few hours of birth. They were 50-60% 
lighter in weight than the raf-l+/+ embryos and they were 
anaemic (Figure 2A). The placenta was considerably 
smaller than the raf-l+/+ placenta and was disorganized 
(Figure 2B and C). The spongiotrophoblast layer was 
considerably reduced in size, a number of the mesen­
chymal cells of the labyrinthine layer were undifferenti­
ated and there were fewer blood vessels (Figure 2D and E). 
As with the 12901a/C57BL6 ra/-7~A embryos, there were 
fewer cells in the mutant liver than the wild-type liver, but 
the mutant cells appeared to be greater in size 
(Figure 2F-K). In addition, there were notably fewer 
areas of haemopoiesis (Figure 2F and G). There did not 
appear to be any difference in the number of proliferating 
cells in the raf-l~'~ liver compared with the raf-l+/+ liver 
(Figure 2H and I). There was also no significant difference 
in the number of TUNEL positive cells in the r a f - 1 liver 
sections compared with the raf-l+/+ liver sections 
(Figure 2J and K), indicating no significant difference in 
levels of spontaneous apoptosis. The fact that the ra/-7v~ 
livers are hypocellular is likely to have been caused by 
increased susceptibility to apoptosis at earlier develop­
mental stages (see below).
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Table I. Genotyping data from raf-l**~ intercrosses: C57BL6 background

Age raf-1*** raf-1**- raf-1-*- normal raf-1-*- abnormal Resorbed8 Untypedb

E3.5 2 5 3 0 _ 3
E8.5 2 4 3 0 0 0
E9.5 17 26 0 12 1 0
El 0.5 7 16 0 10 9 0
El 1.5 14 20 0 6 14 0
E12.5 4 2 0 0 0 0
E15.5 0 2 0 0 2 0
Total 46 75 6 28 26 3

•Resorbed tissue had degenerated too much to dissect cleanly. 
bDNA samples did not PCR amplify.

Table II. Genotyping data from raf-l**~ intercrosses: MF-1 background

Age raf-1*** raf-1**' raf-]-*- normal raf-1'*- abnormal Resorbed8 Untyped11

E8.5 2 6 1 0 0 0
E9.5 3 14 1 1 0 0
E10.5 3 1 3 2 0 1
E12.5 3 4 0 1 3 3
E13.5 7 9 0 1 1 1
El 4.5 6 6 0 3 2 7
E18.5 16 20 0 3 0 2
Birth (PI) 3 10 0 5C - 2
Total 43 70 5 16 6 16

“Resorbed tissue had degenerated too much to dissect cleanly. 
bDNA samples did not PCR amplify.
“Animals died a few hours after birth.

To assess the raf-1FF/FFphenotype, ra f-l+/FF animals on 
the 12901a/C57BL6 and 12901a/MF-l backgrounds were 
intercrossed and PCR genotype analysis was performed on 
tail DNAs from surviving offspring. Of 148 animals 
assessed, 45 typed as ra f-l+/+, 67 as ra f-l+/FF and 36 as 
raf-lFF/FF {n = 19 matings). Therefore, there was no 
significant difference in the ratio of ra f-l+/+ to raf-lFF/FF 
animals surviving to adulthood (P = 0.15). The raf-lFF/FF 
animals on both genetic backgrounds survived for >1 year, 
were normal in weight and had no behavioural abnormal­
ities. T-cell development was normal in these animals as 
judged by CD4 and CD8 staining of T cells (data not 
shown).

A nalysis o f pro lifera tion  a n d  a p o p to s is  in raf-1~P 
and raf-1FF/FF MEFs
Mouse embryonic fibroblasts (MEFs) were derived from 
the raf-1 +  and raf-lFF/FF embryos and characterized for 
their ability to proliferate and undergo apoptosis in vitro. 
We consistently failed to culture ra/-7_/~ MEFs from E10.5 
on the 12901a/C57BL6 background as most of the cells 
were dead following embryo homogenization. This may 
be because of the apparent spontaneous apoptosis o f the 
r a f - 1 embryos observed on this genetic background 
(Figure IN and O). However, we successfully obtained 
mf-l-s- MEFs from E14.5 embryos on the 12901a/MF-l 
background. Raf-1FF/FF MEFs were isolated from E l4.5 
embryos resulting from raf-1+/FF intercrosses on both 
genetic backgrounds. Sibling ra f-l+/+ MEFs were also 
isolated in each case.

There was no detectable difference between the growth 
rates of the ra/-7’A cells compared with ra f-l+/+ cells over

8 days in culture (Figure 3A), or the raf-lFF/FF cells 
compared with the raf-l+/+ cells (data not shown). Cell 
proliferation was measured by assessing bromodeoxy- 
uridine (BrdU) incorporation in MEFs that had been made 
quiescent and then stimulated with 10% fetal calf serum 
(FCS). Again, the raf-l~/- and raf-lFF/FF MEFs showed no 
difference in their ability to undergo DNA synthesis as 
measured by this assay compared with raf-l+/+ MEFs 
(Figure 3B).

Except for the C57BL6 ra/-7v~ MEFs, the primary 
MF-1 ra/-7v_ and raf-lFF/FF MEFs did not show evidence 
of spontaneous apoptosis under normal growth conditions 
(Figure 3C-E). Apoptosis was induced by treatment of 
raf-l+/+, raf-l^- and raf-lFF/FF MEFs with etoposide, 
anti-Fas antibody or by serum withdrawal, and cell death 
was assessed by annexin V or Hoechst 33258 staining. The 
raf-lFF/FF cells showed no increase or decrease in 
programmed cell death (PCD) upon treatment with these 
apoptotic agents compared with raf-l+/+ cells (Figure 3C). 
In contrast, raf-l'/~ cells showed a significant increase in 
PCD (Figure 3D-F). Upon treatment with etoposide, the 
raf-l+/+ cells showed 21.1% PCD whereas the ra/-7_A 
cells showed 30.0% PCD (n = 7; 95% Cl for difference 
0.5-17.2%, P = 0.04; Figure 3D and E). Upon treatment 
with anti-Fas antibody, the raf-l+/+ cells showed 29.9% 
PCD whereas the raf-7V_ cells showed 48.3% PCD (n = 7; 
95% Cl for difference 9.5-27.4%, P = 0.0007; Figure 3D 
and E). The raf-H* cells did not show a significant 
increase in PCD upon serum withdrawal as this treatment 
induced 26.0% PCD for the ra/-7v_ cells and 18.7% for the 
raf-l+/+ cells (n = 7; 95% Cl for difference -6.8 to 21.4%, 
P  = 0.284; Figure 3D and E). Hoechst 33258 staining
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Fig. 1. Phenotype of the 12901a/C57BL6 raf-1-'- embryos. (A) raf-1''- embryo at E9.5; (B) raf-1*'* littermate embryo at E9.5; (C) raf-1''- embryo at 
E9.5 in yolk sac; (D) raf-1*'* littermate embryo at E9.5 in yolk sac; (E) PECAM-1 immunostaining of yolk sacs from wild-type embryo at E9.5 (left) 
and from mutant embryo (right). (F-I) PECAM-1 staining of raf-1*'* embryo (F and H) and raf-l-'- embryo (G and I) at E9.5. (H) and (I) are 
magnifications of the embryonic brain regions. (J-O) Longitudinal sections through forebrain of raf-1*'* (J, L and N) and raf-l''- (K, M and O) 
embryos at E9.5. (J) and (K) were stained with haematoxylin and eosin, (L) and (M) were immunostained with a Ki67 antibody, and (N) and (O) were 
processed for TUNEL staining. Scale bars: A -E , 250 pm; F and G, 100 pm ; H and I, 25 pm, J-M , 50 pm; N and O, 100 pm. NE, neural ectoderm; 
SE, surface ectoderm; Lu, lumen of prospective forebrain; MT, cephalic mesenchyme tissue.

confirmed that the r a f - 1 cells were more susceptible to 
PCD induced by the anti-Fas antibody than the ra f-l+/+ 
cells, as assessed by nuclear morphology (Figure 3F).

Raf kinase activities in the m u tan t cells
For measuring Raf kinase activities, primary MEFs were 
immortalized with the SV40 large T antigen and perman­
ent cell lines were derived. Only cells expressing similar 
levels of the T antigen and with similar growth rates were 
analysed and compared (data not shown). We first

compared the activities of the endogenous Raf proteins 
in ra f-l+/+ MEFs using the immunoprecipitation kinase 
cascade assay (Marais et al., 1997). For these initial 
studies, the conditions were optimized for B-Raf activity, 
since B-Raf is the most active isotype under our assay 
conditions (Mason et al., 1999). In agreement with our 
previous studies, B-Raf had elevated basal activity in 
unstimulated cells, whereas both Raf-1 and A-Raf were 
inactive (Figure 4A). When stimulated with epidermal 
growth factor (EGF), B-Raf activity in raf-l+/+ cells was
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Fig. 2. Phenotype of the 12901a/MF-l rof-H~ embryos. (A) Photograph of raf-l-*- embryo (left) and raf-1*'* littermate embryo (right) at E15.5.
(B and C) Cross-sections of placentas from r a f - 1 (B) and raf-1*'* (C) embryos showing the labyrinthine and spongiotrophoblast (Sp) layers.
(D and E) Cross-sections of labyrinthine layer of placentas from raf-1+  (D) and raf-1*'* (E) embryos. (F-K) Cross-sections of liver from littermate 
raf-1-*- (G, I and K) and raf-l*'* embryos at E15.5. These sections were either stained with haematoxyhn and eosin (F and G), immunostained with 
the Ki67 antibody (H and I) or processed for TUNEL staining (J and K). Scale bars: B and C, 400 pm; D-K, 50 pm.
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Fig. 3. Proliferation and apoptosis analysis of MEFs. (A ) Growth curves of raf-1*'* MEFs (open circles) compared with raf-l’'- MEFs (closed circles) 
over 8 days in culture are shown. (B ) DNA synthesis of raf-l-'- and raf-lFF/FF primary MEFs compared with raf-1*'* cells induced by 10% serum. 
The data represent pooled data from four experiments of cells with each genotype. (C and D) Levels of apoptosis in raf-lFF,FF cells compared with 
raf-1*'* cells (C) and in raf-1’'- cells compared with raf-1*'* cells (D). Cells were either not treated (NT) or treated with serum-free media (SFM), 
etoposide or anti-Fas antibody for 20 h. The percentage of cells undergoing apoptosis was quantified by flow cytometric analysis of annexin V 
staining Each experiment was performed seven times and the data show mean values ±  standard deviation. (E) An example of flow cytometric 
analysis of annexin V staining of cells for data presented in (C) and (D). The percentage of annexin V positive cells is indicated. (F) Hoechst 33258 
staining of apoptotic cells, raf-1*'* cells (left panels) and ra f-H '  cells (right panels) were either untreated (top panels) or treated with anti-Fas 
antibody (bottom panels).
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Fig. 4. Raf kinase activities. (A) Time course o f activation of 
immunoprecipitated A-Raf, B-Raf and Raf-1 in the kinase cascade 
assay in raf-l+/+ cells following stimulation with EGF. The conditions 
for the assay were the same as those used for routinely measuring 
B-Raf activity. (B) Time course showing the fold Raf-1 activation in 
raf-l+/+, raf-H" and raf-l^^^F MEFs following EGF stimulation. 
Standard conditions for measuring Raf-1 activity were utilized.
(C) Time course showing the fold A-Raf activation in MEFs following 
EGF stimulation. The conditions were the same as for the Raf-1 assay.
(D) Time course showing the fold B-Raf activation in MEFs following 
EGF stimulation. The B-Raf assay conditions were utilized. Each 
experiment was performed in triplicate and error bars show standard 
deviations.

increased by ~2-fold and returned to basal levels by 60 min 
(Figure 4A). However, we did not detect any activation of 
Raf-1 or A-Raf in this assay (Figure 4A), despite numerous 
reports previously describing the activation of Raf-1 in 
growth factor stimulated cells (Marshall, 1994 and refer­
ences therein). We obtained similar results using two other 
B-Raf-specific antibodies, generated to peptides from 
different regions of B-Raf, but did not detect B-Raf 
activity with these antibodies in MEFs derived from 
B -ra/7- embryos (Wojnowski et al., 1997; our unpub­
lished data). However, despite this extremely strong kinase 
activity of B-Raf, the protein could not be detected in these 
cells with these antibodies even by 35S-labelling or by 
immunoprecipitation combined with western analysis 
(data not shown). By contrast, A-Raf and Raf-1 are 
present at high levels in MEFs as detected by western 
analysis.

The above results suggest that the specific activity of 
B-Raf towards MEK as measured by this kinase cascade 
assay is far greater than either Raf-1 or A-Raf. To examine 
Raf-1 and A-Raf activation, we increased the sensitivity of 
the assay by using 10-fold more lysate (1 mg) and by 
increasing the first incubation period from 15 to 30 min 
(Materials and methods). These have been developed as 
standard conditions for measuring Raf-1 activity (Marais 
et al., 1997). Immortalized raf-l+/+, r a f - 1 and raf-lFF/FF 
MEFs were made quiescent and stimulated with EGF, 
platelet-derived growth factor (PDGF), phorbol 12- 
myristate 13-acetate (PMA) or lysophosphatidic acid 
(LPA) over a time course of up to 60 min. Raf-1 kinase 
activity was stimulated 4- to 6-fold in raf-l+/+ cells 
following 2-5 min treatment with EGF and returned to 
basal levels within 60 min (Figure 4B). As expected, no 
Raf-1 kinase activity was detected in the raf-1~/~ cells 
(Figure 4B). In the raf-lFF/FF MEFs, no activation of Raf-1 
was detected in response to EGF; the level of activity 
observed was comparable to that in the ra/-7v_ cells and to 
background levels in assays performed without substrate. 
The same Raf-1 activation results were obtained upon 
stimulation with PDGF, PMA and LPA (data not shown). 
In raf-l+/+ cells, A-Raf kinase activity was much lower 
than Raf-1 activity and was stimulated only by 1.3-fold 
upon 2 min treatment with EGF. Similar levels of A-Raf 
activity were detected in the raf-l~F and raf-lFF/FF cells 
compared with raf-l+/+ cells (Figure 4C). We compared 
B-Raf activation in the ra/-7+/+, raf-l~f~ and raf-lFF/FF 
cells using the assay conditions described above for B-Raf. 
The levels of basal B-Raf kinase activity in the raf-l^~ and 
raf-lFF/FF cells were similar to that observed in raf-l+/+ 
cells (Figure 4D). The time course of activation by EGF 
was similar in the three cell lines, although the level of 
induction of B-Raf in ra/-7_/_ and raf-lFF/FF was elevated 
slightly compared with ra/-7+/+ cells.

ERK activa tion  in th e  m u tan t cells
To measure ERK activation, cells were made quiescent 
and stimulated with EGF and levels of phospho-ERK were 
assessed. In the raf-l+/+ cells, phospho-ERK increased 
following 2 min of EGF treatment and continued to 
increase up to 5 min of treatment but reached basal levels 
after 60 min (Figure 5A). For the r a f - 1 and raf-lFF/FF 
cells, the level of phospho-ERK was similar to that in the 
raf-l+/+ cells (Figure 5A). ERK phosphorylation was
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Fig. 5. ERK activation. (A) Stimulation of ERK phosphorylation in raf-1*'*, raf-H- and raf-1FF/FF MEFs over a time course of EGF treatment.
(B) Stimulation of ERK phosphorylation in raf-1*'*, raf-l~'~ and raf-lFF/FF MEFs following treatment with different stimuli for 10 min. The blots in 
(A) and (B) were incubated with an anti-phosphoERK antibody (top panels) and an anti-ERK2 antibody (bottom panels) to control for protein loading.
(C) ERK activation in raf-1*'*, raf-l~'- and raf-lFF/FF MEFs over a time course of EGF treatment as measured by the immunocomplex MBP kinase 
assay. (D) ERK activation in raf-1*'*, raf-1 and raf-lFF/FF MEFs following stimulation with different concentrations of EGF for 10 min as measured 
by the MBP kinase assay.
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assessed in cells that were made quiescent and then 
stimulated with EGF, PDGF, serum, LPA and PMA for 
10 min (Figure 5B). In the ra f-l+/+ cells, ERK phos­
phorylation was induced following treatment with all 
stimuli. A similar level o f ERK phosphorylation was 
observed in the r a f - 1 ' and ra f-lFF/FFcells with all stimuli 
(Figure 5B). ERK activation was also measured by using 
myelin basic protein (MBP) as a substrate for immuno- 
precipitated p42ERK. As with the ERK phosphorylation 
data, ERK activation increased in all cells following 2 min 
EGF treatment and reached maximum at 10 min 
(Figure 5C). There was no difference observed in either 
the time course or level of ERK activity between the 
raf-1+u, r a f - 1 or raf-1FF/FF cells following EGF treat­
ment (Figure 5C). ERK activation was also assessed upon 
stimulation of quiescent cells with sub-saturating amounts 
of EGF. MEFs of each genotype were made quiescent and 
then stimulated with varying concentrations of EGF from

0 to 10 ng/ml for 10 min. With increasing doses of EGF, a 
greater level of ERK activation was observed in all cell 
lines (Figure 5D). However, no difference was observed in 
the level of MBP phosphorylation upon treatment with any 
given dose of EGF between the raf-1+/+, raf-1 ̂  and 
raf-lFF/FF cells (Figure 5D).

Discussion
The Ras/Raf/MEK/ERK cascade links the activation of 
cell surface receptors at the membrane with downstream 
events in the nucleus (Marshall, 1994). A wealth of 
biochemical data have indicated a role for the Raf-1 
protein kinase in this pathway (Dent et al., 1992; Howe 
et a l., 1992; Kyriakis et al., 1992; Samuels et al., 1993). 
Genetic data in Drosophila and Caenorhabditis elegans 
have provided evidence that the Raf homologues in these 
species stimulate MEK and ERK activation and mediate
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many of the proliferative and differentiation signals 
induced by RTKs and Ras (Dickson and Hafen, 1994; 
Eisenmann and Kim, 1994). Inhibition of Raf-1 in 
fibroblasts using antisense or dominant-negative expres­
sing constructs disrupts proliferation induced by serum, 
transformation induced by oncogenic Ras and growth 
factor activation of the ERKs (Kolch et al., 1991; Schaap 
et al., 1993; Chao et al., 1994; Troppmair et al., 1994). In 
this study we show that, although Raf-1 is not the only 
physiological MEK activator, it is essential for mouse 
development.

The ra/-/-7- embryo phenotype reported here shows 
defects in vascularization and placenta development as 
well as increased apoptosis of many tissues. On the mixed 
inbred 12901a/C57BL6 background there was an earlier 
lethal phenotype than on the mixed 12901a/MF-l back­
ground. This strain-specific phenotype is almost identical 
to that described by Wojnowski et al. (1998), who 
generated homozygous mice with a hypomorphic allele 
for raf-1 that had 10% residual kinase activity on inbred 
(C57BL6) andoutbred (CD-I) genetic backgrounds. In the 
manuscript by Mikula et al. (2001), ra /-/-7- embryos were 
established primarily on the inbred 129Sv background and 
these also showed increased apoptosis of fetal liver cells 
and MEFs as well as similar placental deficiencies. 
However, those embryos survived to a later stage of 
development (E l2.5-16.5) than the embryos on the 
12901a/C57BL6 background and they did not possess 
yolk sac vascularization defects. These differences in 
phenotype are likely to be attributable to different genetic 
modifiers in each strain, the nature o f which is not known.

On the 12901a/C57BL6 background, the most striking 
defect in the r a f - 1 embryos is the absence of endothelial 
cells in the yolk sac and disorganization of blood vessels in 
the embryo (Figure 1E-I). The establishment and model­
ling of blood vessels is controlled by ligands such as 
vascular endothelial growth factors (VEGFs), angiopoie- 
tins and ephrins that modulate the activity of RTKs (Risau, 
1997). Vasculogenesis appears to be mediated by VEGF 
through the VEGF-R2 RTK while angiogenesis is medi­
ated by VEGF through the VEGF-R1 RTK as well as 
angiopoietins at later stages of development (Fong et al., 
1995; Sato et al., 1995; Shalaby et al., 1995; Hanahan 
et al., 1997). The lack of vascularization in the yolk sac of 
the ra/-/-deficient mice suggests a link between Raf-1 and 
VEGF-R2 signalling and/or VEGF/VEGFR expression 
in vivo that cannot be compensated by other Raf proteins. 
VEGF-R2 has also been implicated in the determination 
of the haematoangioblast progenitor (Shalaby et al., 1995; 
Risau, 1997) and the data presented by Mikula et al. 
(2001) confirm that 129Sv/ra/-/-7- embryos have defects 
in early stages of haemopoiesis. In cultured endothelial 
cell lines, VEGF induces Raf-1/ERK activities and 
stimulates mitogenesis (Takahashi et al., 1999). How­
ever, the fact that the ra f-lFF/FF mutant mice do not show 
defects in vasculogenesis and the fact that ERK activation 
is not disrupted in the ra /-/-7- MEFs argue that the role of 
Raf-1 in this process is largely ERK independent.

The placental and yolk sac deficiencies could clearly 
contribute to the generalized growth retardation and 
developmental delay observed in the ra /-/-7- embryos on 
both genetic backgrounds (Figures 1 and 2). However, in 
addition to this, the ra /-/-7- embryos and MEFs clearly

demonstrate increased levels of apoptosis, whereas there is 
no defect in the ability of these cells to undergo 
proliferation (Figures 1-3). Therefore, either endogenous 
Raf-1 has no role in the regulation of the cell cycle or its 
function in proliferation is compensated by other MEK 
activators. A role for Raf-1 in apoptosis has been indicated 
from a number of biochemical studies (Wang et al., 1996; 
Pritchard and McMahon, 1997; Lau et al., 1998) and Ras 
has been reported to induce apoptosis through activation of 
Raf-l/ERKs (Dudek et al., 1997; Kauffmann-Zeh et al., 
1997; Downward, 1998). Activated Ras is also thought to 
suppress apoptosis through PKB/Akt and recently it has 
been shown that Akt can suppress Raf-1 activity by direct 
phosphorylation of serine 259 (Rommel et al., 1999; 
Zimmermann and Moelling, 1999). The anti-apoptotic 
protein Bcl-2 has been shown to interact with Raf-1 and 
this interaction appears to be independent of Raf-1 kinase 
activity (Wang et al., 1994). One function of this 
interaction may be to target Raf-1 to the outer mitochon­
drial membrane where it could promote resistance to 
apoptosis through phosphorylation of BAD, a pro- 
apoptotic protein (Wang et al., 1996). This inhibition of 
BAD appears to require PI3-kinase but is ERK-independ- 
ent (Neshat et al., 2000). The fact that the raf-lFF/FF 
animals have no increased apoptosis also suggests that the 
role of Raf-1 in suppression of apoptosis is ERK 
independent in vivo.

The raf-lFF/FF animals have no detectable mutant 
phenotype although we cannot yet exclude the possibility 
that they are not more or less susceptible to stressful 
situations such as bacterial infections or tumorigenesis. In 
addition, the raf-lFF/FF phenotype has so far only been 
examined on mixed genetic backgrounds and further 
backcrossing to the MF-1 and C57BL6 strains may reveal 
phenotypic heterogeneity between strains, as has been 
revealed for the ra/-7-7- animals. The raf-lFF/FF animals 
express a mutant version of Raf-1 that shows no detectable 
activity towards MEK in the immunoprecipitation kinase 
cascade assay (Figure 4B), a result that supports our 
previous data in COS cells, demonstrating that over­
expressed RafFF has virtually no MEK kinase activity 
(Marais et al., 1995). It is possible that RafFF possesses 
extremely low levels of MEK kinase activity that are 
beyond experimental detection but are sufficient to allow 
survival of the RafFF animals. This would then suggest 
that in some cell types, Raf-1 is the limiting MEK 
activator, and would explain the difference in survival 
between the ra/-7-7- and raf-lFF/FF animals. However, in 
the studies of Wojnowski et al. (1998), 10% residual Raf-1 
activity was found to be insufficient for mouse survival 
and we were unable to detect this level of Raf-1 activity in 
the raf-lFF/FF MEFs. We also observed no difference in the 
level or profile of ERK activation in the ra/-7-7- and 
raf-lFF/FF MEFs compared with the raf-l+/+ cells (as also 
shown by Mikula et al., 2001) and, furthermore, MEK 
activity was detected in both the ra/-7-/- and raf-lFF/FF 
cells (data not shown; see also Mikula et al., 2001). Thus, 
Raf-1 activity is not required for MEK and ERK 
activation, at least in some cell types, presumably because 
other Raf isoforms or MEK activators (such as the MEKK 
proteins) compensate for the loss of Raf-1. We did find a 
slight increase in B-Raf activity in the ra/-/-7- MEFs, 
which may in part compensate for the loss of Raf-1. Taken
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together these data show that Raf-1 is not required for 
ERK activation at least in some cell types and yet animals 
expressing RafFF, a version of Raf-1 that is unable to 
activate MEK, survive.

Even in the ra f-l+/+ MEFs, the kinase activity of 
endogenous Raf-1 towards MEK in the immunocomplex 
kinase cascade assay is difficult to measure unless 
sensitive assay conditions are utilized (Figure 4A and 
B). In contrast, immunoprecipitated B-Raf from MEFs has 
extremely strong kinase activity towards MEK under 
much less sensitive assay conditions (Figure 4A), even 
though the B-Raf protein is difficult to detect (data not 
shown). In B-raf~/~ MEFs, ERK activation was reduced 
compared with wild-type MEFs (M.Huser, unpublished; 
Wojnowski et al., 2000). Taken together, these data 
provide strong evidence that B-Raf, rather than Raf-1, is 
the primary Raf isotype that activates MEK/ERKs in 
MEFs, if not more cell types. B-Raf regulation differs from 
that of Raf-1. Unlike Raf-1 and A-Raf, B-Raf does not 
require tyrosine phosphorylation for activation, and B-Raf 
is reported to be activated by Rap la, notably in PC 12 cells 
(York et al., 1998) and by TC21 (Rosario et al., 1999). 
B-Raf also has strong basal kinase activity towards MEK 
that is independent of Ras, although oncogenic Ras does 
stimulate B-Raf activity further through a mechanism 
involving translocation of B-Raf to the membrane (Marais 
et al., 1997; Mason et al., 1999). Thus, although the 
induction of B-Raf activity by growth factors in MEFs 
appears to be weak (2- to 3-fold), it is possible that it is the 
relocation of active B-Raf to the plasma membrane in the 
presence of active Ras that gives the large induction of 
MEK/ERK activity.

What then is the role of Raf-1? Our data imply that the 
MEK kinase activity of Raf-1 is not essential for normal 
mouse development, but that the protein is required. A 
number of other substrates for Raf-1 have been reported 
including the dual specificity phosphatase Cdc25A 
(Galaktionov et al., 1995) and the ankyrin repeat protein 
Tvl-1 (Lin et al., 1999). Possibly, the r a f - 1 phenotype 
may be manifested through disruption of the activities of 
these other substrates, whereas RafFF may be able to 
phosphorylate and activate these substrates. Alternatively, 
the main function of Raf-1 may not be as a kinase. Raf-1 
forms part of a multiprotein complex in the cell including 
HSP90, p50 and 14-3-3 proteins, and binding o f these 
scaffold proteins is thought to be important for maintain­
ing the stability of Raf-1 (Stancato et al., 1993; Wartmann 
and Davis, 1994; Reuter et al., 1995). Many o f the proteins 
that interact with Raf-1 also interact with KSR (kinase 
suppressor of Ras), a putative Ras-effector protein kinase 
that was identified by genetic studies in Drosophila and 
C.elegans (Komfeld et al., 1995; Sundaram and Han, 
1995; Therrien et al., 1995). Studies in C.elegans have 
shown that the kinase activity o f KSR is not important for 
its function (Stewart et al., 1999). Thus, at least in some 
circumstances, Raf-1, like KSR, may not require its kinase 
activity for function, and like KSR, one of its main 
functions may be as a scaffold protein (Denouel-Galy 
eta l., 1998; Yu et al., 1998).

During evolution, three highly conserved ra f genes have 
arisen from a single prototypic gene as a result of genome 
duplication followed by functional adaptation. 
Biochemical data indicate that the three mammalian Raf

enzymes are differentially utilized and the results pre­
sented here suggest that the Raf-1 protein has evolved such 
that its kinase activity towards MEK is not essential for 
mouse development, or that sufficient redundancy exists to 
overcome the need for Raf-1 kinase activity, but not for 
Raf-1 protein. A-Raf has extremely weak, if any, activity 
towards MEK (Figure 4 and Marais et al., 1997) and is 
primarily located in mitochondria (Yuryev et al., 2000), 
suggesting that it too has evolved alternative functions. 
Interestingly, Drosophila raf is more homologous to B-raf 
in many domains than A-rafor raf-1. It is now important to 
identify the non-MEK kinase functions of Raf-1 and 
A-Raf.

Materials and methods
Histology
Tissues and embryos were prepared, sectioned and then either stained 
with haematoxylin and eosin or processed for Ki67 immunostaining or 
TUNEL assay (Monkley et al., 2000). The Ki67 antibody was a rabbit 
polyclonal antibody supplied by Dianova (Germany). Embryos and yolk 
sacs for whole mount staining with PECAM-1 were processed by the 
method described by Schlaeger et al. (1995).

Derivation o f MEFs and immortalization
Individual embryos were dissected and cut, washed several times with 
cold phosphate-buffered saline (PBS) and then incubated at 4°C for 
2 (ra/-//C57BL6) or 6 h (ra/-//M F-l and rafFF) in 0.25% (w/v) trypsin. 
An aliquot of Dulbecco’s modified Eagle’s medium (DMEM) containing 
10% FCS and 100 U/ml penicillin/streptomycin was added and the 
suspension was transferred to tissue culture plates and cultured. Primary 
cells were immortalized with the ZIPTEX virus expressing the SV40 
large T antigen (Sladek and Jacobberger, 1992). Virus and cells were co­
incubated in 8 pg/ml polybrene for 4-24 h and immortalized cells were 
grown out by continuous culture.

Proliferation and apoptosis assays
For growth curves, 2 X 104 primary cells were plated and counted at 24 h 
intervals in triplicate using a haemocytometer. For DNA synthesis assays 
the method described by Treinies et al. (1999) was followed. To induce 
apoptosis, primary cells at 80% confluency on 6 cm dishes were treated 
with 50 pm etoposide, 50 ng/ml anti-Fas antibody with 0.5 pm 
cycloheximide or serum-free medium for 20 h in a 37°C humidifying 
incubator. Suspension and attached cells were collected, incubated for 
20 min at 37°C in fresh media and stained with annexin V (Bender 
MedSystems). Stained cells were assessed by FACS analysis (Becton 
Dickinson). Alternatively, treated cells were stained with 5 pg/ml 
Hoechst 33258 in PBS for 1 h at 37°C. Data were analysed by using the 
two-tailed unpaired /-test.

Kinase assays and immunoblotting
MEFs were made quiescent by culturing in DMEM containing 0.5% (v/v) 
FCS for at least 24 h. They were stimulated by addition of 10 ng/ml EGF, 
50 ng/ml PDGF, 40 pM PMA, 200 ng/ml LPA or 20% (v/v) FCS and 
incubated over a time course of 0-60 min. Protein lysates were prepared 
as described in Luckett et al. (2000) for the ERK analysis or Marais et al. 
(1997) for the Raf kinase assays. Western blots were prepared and 
processed as described previously (Luckett et al., 2000). Primary 
antibodies were a mouse monoclonal antibody against Thr202/Tyr204 
phospho-p44/42 ERK (New England Biolabs) and a rabbit polyclonal 
antibody for ERK2 (Leevers and Marshall, 1992). Raf proteins were 
immunoprecipitated for 2 h at 4°C from 0.1-1 mg cell extract with 2 pg of 
anti-Raf-1 antibody (Transduction Laboratories), 4 pg of anti-B-Raf 
rabbit polyclonal antibody (Mason et al., 1999), 2 pg of anti-B-Raf 
goat polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) 
and 2 pg of anti-A-Raf mouse monoclonal antibody (Transduction 
Laboratories). p42 ERK was immunoprecipitated by using 5 pi rabbit 
anti-p42ERK polyclonal antibody (no. 122; Treinies et al., 1999). The 
activity of each Raf protein was assessed by using the Raf kinase cascade 
assay using glutathione 5-transferase (GST)-MEK, GST-ERK and MBP 
together with [y-32P]ATP as sequential substrates (Marais et al., 1997). 
For B-Raf, 0.1 mg of lysate was used and the first kinase incubation 
period with GST-MEK and GST-ERK was for 15 min whereas for Raf-1
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and A-Raf, 1 mg of lysate was used and the first incuoation period was 
extended to 30 min. ERK activity was measured using the MBP kinase 
assay (Samuels et al., 1993).

Supplementary data
Supplementary data for this paper are available at The EMBO Journal 
Online.
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ERK signalling and oncogene transformation are not impaired in cells 
lacking A-Raf
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Previous studies have indicated an important role for the 
Raf family of protein kinases in controlling cellular 
responses to extracellular stimuli and activated onco­
genes, through their ability to activate the MEK/ERKs. 
To investigate the specific role of A-Raf in this process 
we generated A-Raf deficient mouse embryonic fibro­
blasts (MEFs) and embryonic stem (ES) cells by gene 
targeting and characterized their ability to undergo 
proliferation, differentiation, apoptosis, ERK activation, 
and transformation by oncogenic Ras and Src. The A- 
Raf deficient cells are not disrupted for any of these 
processes, despite the fact that this protein is normally 
expressed at high levels in both cell types. This implies 
either that A-Raf plays no role in MEK/ERK activation, 
that its function is fully compensated by other Raf 
proteins or MEK kinases or that its role in MEK/ERK 
activation is highly tissue-specific. Interestingly, B-Raf 
and Raf-1 activity towards MEK as measured by the 
immunoprecipitation kinase cascade assay are both 
significantly increased in the A-Raf deficient MEFs. 
Oncogene (2002) 21, 347-355 . DOI: 10.1038/sj/onc/ 
1205101

Keywords: A-Raf; knockout; ERK activation; onco­
gene transformation

Introduction

The Raf proteins are highly conserved serine-  
threonine protein kinases that are integral members 
of intracellular signalling cascades. In mammals, the 
Raf family comprises three members, A-Raf, B-Raf 
and Raf-1, that share a high degree of sequence 
similarity (Daum et al., 1994). The N-terminal part 
of the proteins comprises the regulatory domain that 
binds essential cofactors while the C-terminal domain 
comprises the catalytic kinase domain. All three 
kinases are known to bind Ras.GTPases and all three 
are translocated to the plasma membrane by oncogenic

‘Correspondence: C Pritchard; E-mail: cap8@ le.ac.uk
Received 16 August 2001; revised 19 October 2001; accepted 27
October 2001

Ras (Marais et al., 1997). All three proteins bind to 
MEK and can phosphorylate MEK in immunecomplex 
kinase assays (Pritchard et al., 1996; Marais et al., 
1997; Hiiser et al., 2001). All three genes are 
ubiquitously expressed although their expression levels 
vary enormously between different tissues (Storm et al., 
1990; Barnier et al., 1995; Luckett et al., 2000). The 
best characterized signalling cascade involving the Raf 
proteins is the Ras/Raf/MEK/ERK cascade which is 
activated by a wide variety of activated cell surface 
receptors. The function of activated Raf proteins in 
this cascade appears to be to provide a signalling link 
between Ras and ERKs by activating MEK, the 
upstream activator of the ERKs. ERKs have multiple 
targets in the cell and allow the cell to respond 
appropriately to proliferative, apoptotic and differen­
tiation signals. This cascade is also involved in 
mediating some of the transforming effects of activated 
oncogenes and inhibition studies using dominant 
negative and antisense constructs have shown that 
Raf proteins are required for transformation by v-Ha- 
ras and v-src (Kolch et al., 1991; Qureshi et al., 1993).

Immunoprecipitated Raf proteins differ widely in 
their ability to activate MEK/ERK as measured by the 
kinase cascade assay (Pritchard et al., 1995; Marais et 
al., 1997). B-Raf immunoprecipitated from growth 
factor-stimulated mouse embryonic fibroblasts (MEFs) 
is the strongest activator of MEK/ERK even though it 
is expressed at extremely low levels in this cell type 
(Hiiser et al., 2001). By contrast, A-Raf immunopreci­
pitated from the same cells does not measurably activate 
M EK/ERK (Hiiser et al., 2001) and A-Raf activity 
towards MEK have so far only been detected in primary 
rat ventricular myocytes stimulated with powerful 
hypertrophic agonists (Bogoyevitch et al., 1995). Raf-1 
immunoprecipitated from growth factor-stimulated 
MEFs also has extremely low activity towards MEK/ 
ERK compared to B-Raf (Hiiser et al., 2001). On the 
basis of these differential activities it has been suggested 
that the Raf proteins may determine whether a cell 
undergoes cell cycle progression or arrest in response to 
an extracellular stimulus, by controlling the level of 
ERK activation (Woods et al., 1997).

Despite the well established role of the Raf proteins 
in M EK/ERK activation, other functions for the Raf 
proteins have been proposed (Hagemann and Rapp,

http://www.nature.com/onc
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1999). Besides M EK and Ras, A -R af has also been 
shown to bind to the p subunit of CK2 (Hagemann et 
al., 1997) and to pyruvate kinase M2 (M2-PK). A 
recent study showed that A -R af interacts with hTOM  
and hTIM, two proteins involved in the mitochondrial 
transport system, leading to the discovery that A -Raf is 
located exclusively in m itochondria (Yuryev et al.,
2000). Recently, we (Hiiser et al., 2001) and others 
(Mikula et al., 2001) provided evidence that the major 
function of Raf-1 is in preventing apoptosis and that 
this function may be independent of any effect on 
ERK. MEFs derived from r a f - 1 mice demonstrated 
increased programmed cell death (PCD) in response to 
several apoptotic stimuli, but ERK  activation was not 
affected. Furtherm ore, we generated mice containing a 
Y340FY341F knockin m utation of Raf-1 and showed 
that, while this m utated version of Raf-1 is not able to 
phosphorylate and activate M EK /ER K , the apoptosis 
phenotype of the ra /-7_/_ mice is not detected (Hiiser 
et al., 2001).

To further investigate the in vivo role of A -Raf we 
have derived A -R af deficient mice and cell lines 
(Pritchard et al., 1996). The A-raf gene is X 
chromosome linked and, therefore, through one 
targeting event in male embryonic stem (ES) cells, we 
were able to generate A - r a f 1 Y ES cells. We have 
previously shown that male mice generated from these 
cells survive to birth but suffer from progressive 
wasting, have a variety of postnatal neurological 
abnormalities, and eventually die 10-21 days after 
birth (Pritchard et al., 1996). In this report we have 
derived A - r a f /Y M EFs and characterized these cells 
for their ability to proliferate, to undergo apoptosis, to 
activate the ERKs and to be transform ed by Ras and 
Src oncogenes. The potential of A - r a f !Y ES cells to 
form differentiated tissues in teratom as was also tested. 
Our data show that A -R af is not involved in mediating 
any of these cellular responses suggesting that this R af 
isoform is not an im portant com ponent of the Ras/ 
Raf/M EK/ERK cascade, at least in the cell types 
studied.

W ild-type p rim ers 
A & B: 2 3 0  bp

M utan t p rim ers 
C  & D: 3 4 2  bp

S ry  p rim ers  
E & F :  150bp

ES cells M EFs

+/Y -/Y  -A ' +/Y -/Y -/Y +/Y -/Y +/Y

>1
W B :a-A -R af

—««■ mmm' W B :a-vinculin

Figure 1 (a) PCR genotyping o f M EFs from a typical litter
arising from an A - r a f /_ x C57BL6 intercross. PCR genotyping 
results for wild-type primers A/B (230 bp product), mutant 
primers C /D  (342 bp product) and Sry primers E/F (approx. 
150 bp product) are indicated. The genotype o f each MEF is 
indicated at the top o f each lane, (b) Western blot analysis o f ES 
cells and M EFs. Western blot analysis with an anti-A-Raf 
antibody (top panel) was used to confirm the presence/absence 
o f  the A -R af protein in each cell line. The blot was analysed with 
an antibody against vinculin to confirm protein loading (bottom  
panel)

MEFs were indeed deficient for the A-Raf protein and 
that no truncated protein products were expressed 
from the targeted gene (Figure lb; top panel). The A- 
r a f !Y MEFs and ES cells were normal in morphology 
compared to A - r a f tY cells and showed no difference in 
contact inhibited growth, cell adhesion, cell shape or 
motility (data not shown).

Results

Generation of  A -R af_/Y ES cells and MEFs

Two independent A -R af deficient (A - r a f  Y) ES cell 
lines, clones 89 and 99, were generated by gene 
targeting of E l4 .la  ES cells with the pTCA —R af 
targeting vector as previously reported (Pritchard et al., 
1996). To obtain A -raf-,Y M EFs and sibling control A- 
r a f /Y MEFs, female A-raf+/“ mice on the C57BL6 
genetic background were mated to C57BL6 wild-type 
males. Embryos were collected at E14.5 and fibroblasts 
were grown out from the embryos by standard 
procedures (Pritchard et al., 1996; Hiiser et al., 2001). 
Genotypes of each cell line were confirmed by PCR 
analysis of DNA obtained from each individual culture 
(Figure la). Western blot analysis with an anti-A-Raf 
antibody was used to confirm that the ES cells and

A -raf /Y cells do not show significant defects in cell 
proliferation or apoptosis

The growth rates of the A-raf~,Y primary MEFs were 
compared to the growth rates of the A - r a f ,Y MEFs 
over 6 days in the culture. While some variation was 
observed between the growth rates of individual MEF 
cell lines, this did not reflect on the genotype of the 
M EF cell line (Figure 2a). The A - r a f ,Y ES cells also 
did not show any difference in growth over 7 days in 
culture compared to A-raff/y cells (data not shown). 
DNA synthesis was measured by assessing bromodeox- 
yuridine incorporation in three different A - r a f ,Y 
MEFs and three different A-raf~/Y MEFs that had 
been made quiescent and then stimulated with 10% 
foetal calf serum. Each MEF line was analysed at least 
twice and the data were pooled. While the A-raf~IY 
MEFs appeared to show a slight reduction in DNA
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Figure 2 Apoptosis and proliferation analysis o f  M EFs. (a) 
Growth curves o f  A -ra f¥/y M EFs (open circles) compared to A- 
raf~,Y MEFs (closed circles) over 6 days in culture are shown, (b) 
DNA synthesis o f A -raf^IY primary M E Fs compared to A -ra j-  1 
cells induced by 10% serum. The data represent pooled data from 
nine experiments o f  cells with each genotype, (c) Levels o f  
apoptosis in A -raf^IY cells compared to A -raf~,Y cells. Cells were 
either not treated (NT) or treated with serum-free media (SFM ), 
etoposide or anti-CD95 antibody for 20 h. The percentage o f  cells 
undergoing apoptosis was quantified by flow cytometric analysis 
of annexin V staining. Each experiment was performed three 
times and the data shows mean values +  standard deviation

synthesis (Figure 2b), this difference was not signifi­
cant, as measured by the unpaired /-test (« = 9; 95% Cl 
for difference -5.68% to 22.83%, P =  0.22). Apoptosis 
was induced by treatment of primary M EFs with 
etoposide, anti-CD95 antibody or by serum withdrawal 
(SFM), and cell death was assessed by annexin V 
staining using conditions identical to those previously 
used to assess the raf-1-1-  apoptotic phenotype (Hiiser 
et al., 2001). For the A-raf*,Y cells, significant levels of 
apoptosis were observed with each of the apoptosis 
inducers, although more PCD was observed with the 
anti-CD95 antibody than either etoposide or SFM.

3 4 9

This difference in PCD induced by the different 
treatments appears to be a general characteristic of 
primary MEFs as the same results were obtained with 
raf-1*'* cells (Hiiser et al., 2001). However, in contrast 
to raf-1-1~ cells (Hiiser et al., 2001) the A-raf-IY cells 
showed no significant increase or decrease in PCD 
upon treatment with these apoptotic agents compared 
to A-raf*,Y cells ( P = l  for serum withdrawal, P = 0.33 
for etoposide; P = 0.63 for anti-CD95 antibody; Figure 
2c).

Assessment of ERK and Raf activation in A-raf-/Y MEFs
We next examined the level of ERK activation in A- 
raf*n and A-raf-,Y MEFs by assessment of the level 
of ERK phosphorylation in response to growth 
factor treatment. Primary A-raf*,Y and A-raf- /r  
MEFs were made quiescent and then stimulated with 
epidermal growth factor (EGF) over a time course of 
up to 10 min (Materials and methods). Protein 
lysates were prepared and Western blots were 
incubated with an antibody specific for phospho- 
ERK. In the A-raf*,Y cells, the level of phospho- 
ERK increased following treatment with EGF and 
the level of phospho-ERK was similar in the A-raf-,Y 
cells (Figure 3a). ERK phosphorylation was also 
assessed in three other A-raf-11 MEF clones and in 
three other A-raf*1 y clones following EGF treatment 
for 10 min and a similar level of ERK phosphoryla­
tion was observed for clones of all genotypes (data 
not shown). ERK activation was also measured by 
performing an immunecomplex kinase assay using 
myelin basic protein (MBP) as a substrate for 
immunoprecipitated p42ERK. As with the ERK 
phosphorylation data, no difference in ERK activity 
was observed between the A-raf*,Y and A-raf-/Y cells 
following EGF treatment (Figure 3b). In addition, no 
difference in ERK activation was observed upon 
stimulation of the cells with platelet-derived growth 
factor or serum (data not shown).

No difference in the level of expression of Raf-1 was 
observed in the A-raf-,Y cells compared to the A-raf*,Y 
cells (Figure 3c). It was not possible to assess the level of 
B-Raf expression in these cells since this protein is 
expressed at extremely low levels in primary MEFs 
(Hiiser et al., 2001). Therefore, we analysed whether 
there were changes in Raf-1 and B-Raf activities in the A- 
raf-,Y cells by using the immunoprecipitation MEK/
ERK kinase cascade assay (Marais et al., 1997; Hiiser et 
al., 2001). Since B-Raf is the most active Raf isotype in 
these assays in MEFs, we used the conditions optimized 
for the Raf-1 assay and decreased the sensitivity of the 
assay for B-Raf by using 10 times less protein lysate than 
for the Raf-1 assay (Materials and methods). Immorta­
lized A-raf*/Y and A-raf-,Y MEFs were made quiescent 
and stimulated with EGF over a time course of up to 
10 min. Consistent with our previous observations, when 
stimulated with EGF, B-Raf activity in A-raf*,Y cells 
was increased by ~  1.5-fold and Raf-1 activity was 
increased by ~  2.4-fold (Figure 3d). Both activities 
reached maximum stimulation at the 5 min time point

Oncogene
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Figure 3 (a) Induction o f ERK phosphorylation by EG F in MEFs. Primary A -raf*1* and A -raf~IY MEFs were treated with EGF 
over a time course o f  0, 2, 5 and 10 min, and protein cell lysates were harvested. Western blots were prepared and analysed with an 
antibody against phosphoER K  (top) or against total ERK2 (bottom). N o  difference in the level or time course o f ERK 
phosphorylation was observed between the cell lines o f  each genotype, (b) Induction o f ERK activation by EGF in MEFs. Primary 
A -raf^ 'Y and A -raf~ ,y  M E Fs were made quiescent and then treated with EGF over a time course o f 0, 5, 10, 30 min, and 2 and 4 h. 
Protein cell lysates were harvested and p42ERK was immunoprecipitated. ERK activity was measured by using the MBP kinase 
assay. N o difference in the level or time course o f  ERK activation was observed between the cell lines o f each genotype, (c) 
Assessment o f  Raf-1 expression levels in M EFs. Western blots were prepared and analysed with an antibody against A-Raf (top 
panel) or Raf-1 (bottom  panel). Similar levels o f  Raf-1 are expressed in the A - r a f  Y and A -raf~'Y samples, (d) Measurement of B- 
Raf and Raf-1 kinase activities. Immortalized M EFs were made quiescent and treated with EGF over a time course o f 0, 2, 5 and 
10 min. Protein cell lysates were harvested and B -R af or Raf-1 was immunoprecipitated. R af activity was measured using the 
cascade assay (Materials and m ethods). Both B-R af and Raf-1 activities are elevated in the A - r q T 'Y cells compared to the A - r a f Y 
cells. Each experiment was performed three times in triplicate and error bars show standard deviations

(Figure 3d). In A - r a f 1 Y cells stimulated with EGF, B- 
Raf activity increased by ~  2.4-fold and Raf-1 activity 
increased by ~  3.1-fold. Therefore, both B-Raf and Raf- 
1 kinase activities were significantly increased in the A-

r a f /Y cells compared to the A - r a f /y cells. At the 5 min 
time point the mean difference between the Raf-1 
activities in the A - r a f IY and A - r a f ,Y cells was 
4704 c.p.m. (n = 6; 95% Cl for difference 2381 —

ogene
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A A-raf*IY teratoma

teratoma

Figure 4 Histological analysis o f  teratom as derived from A- 
r a f Y ES cells (a) and A -ra j^ /Y ES cells (b). Teratom as were 
fixed, embedded in paraffin, sectioned and stained with 
haematoxylin and eosin. Scale bar represents 100 nm. M  =  muscle, 
BV = blood vessel, E =  epithelia, C =  cartilage

type E14.1a ES cells as well as for A-raf~,r ES clones 
89 and 99 and subjected to histological analysis. All ES 
cells formed teratomas of approximately equal weight 
(For A-raf*,Y mean weight = 0.58 g, n = 3; for A-raf~'Y 
mean weight = 0.6 g, n = 5) and none of the tumours 
were invasive or metastatic. Tumours from A-raf*'Y 
and A-raf~/Y cells were indistinguishable and exhibited 
a chaotic arrangement of various tissues including 
epithelium, cartilage, muscle and blood vessels (Figure 
4).

Transformation of A-raf /Y and A-raf-1+/Y MEFs by ras 
and src oncogenes

The ability of the A-raf~iY MEFs to be transformed by 
Ras and Src oncogenes was assessed. Primary MEFs 
were first immortalized with the SV40 T antigen and 
permanent cell lines were derived (Materials and 
methods). Only cell lines with similar growth rates 
and expressing similar levels of the SY40 T antigen 
were analysed and compared in these experiments (data 
not shown). Three clones of each genotype were 
transfected with plasmid constructs expressing a 
transforming variant of Ha-ras or the chicken v-Src 
tyrosine kinase. Clones of each genotype expressing 
similar levels of v-Ha-Ras or v-Src were analysed 
(Figure 5a) and subjected to soft agar assays in order 
to assess their ability to undergo anchorage indepen­
dent growth (Figure 5b and Table 1). The immorta­
lized MEFs without a second oncogene were 
morphologically normal and had little ability to grow 
in soft agar (Figure 5b and Table 1). In contrast, the 
oncogene transformed cells of both genotypes were 
highly refractile, were no longer contact inhibited and 
were able to grow in soft agar. The A-raf~'Y MEFs 
showed no clear difference in their ability to undergo 
Ha-ras or v-src induced anchorage independent growth 
compared to A-raf*,Y cells (Figure 5b), although 
slightly more colonies were consistently obtained with 
the A-raf~/Y clones than the A-raf*/y clones trans­
fected with oncogenic Ras.

7028 c.p.m. P = 0.0006) whereas the mean difference 
between the B-Raf activities was 7272 c.p.m. (n = 6; 95% 
Cl for difference 4470- 10073 c.p.m. P <  0.0001). There­
fore the increase in B-Raf activity in the A-raf~/Y cells is 
slightly higher than the increase in Raf-1 activity. Similar 
results were obtained in three independent assays for two 
different MEFs of each genotype.

A-raf-/Y ES cells are capable o f  differentiating to various 
cell lineages
A well established method to study the differentiation 
potential of ES cells is to inject them subcutaneously 
into syngeneic hosts, whereby they form benign, solid 
teratomas containing derivatives of all three germ 
layers. Therefore, teratom as were produced for wild-

Discussion

The A-raf gene was originally identified by screening a 
mouse spleen cDNA library with a v-raf probe at low 
stringency (Huleihel et al., 1986). The gene was 
subsequently mapped to the X chromosome and shown 
to have 70-80%  nucleotide sequence identity to raf-1. 
Compared to Raf-1 and B-Raf, relatively few bio­
chemical studies have focussed on A-Raf function, 
despite the fact that this protein is expressed at high 
levels in many cell types (Luckett et al., 2000). We have 
taken the approach of using gene knockout technology 
to further understand the function of A-Raf in 
intracellular signalling in vivo.

As with all Raf proteins, A-Raf has been shown to 
bind to Ras and MEK in vitro (Hagemann and Rapp, 
1999). However, in comparison to the other Raf 
proteins, the kinase domain of A-Raf has a much

Oncogene
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A-raf*/Y

Figure 5 Transformation o f  M E Fs with Ras and Src oncogenes, (a) Expression o f  p21ras (left panel) and pp60v-src (right panel) in 
A -raf~lr  and A -ra f+IY M E Fs transfected with pZAS4ras and pZAS4src plasmids. Expression levels o f the oncogenes are similar in 
the M EFs o f  each genotype. A lthough endogenous p21ras expression is also detected in the untransfected cells, expression of  
oncogenic Ha-Ras is evident from the higher levels o f  expression in the transfected cells, (b) Anchorage independent growth o f  
MEFs transfected with Ras and Src oncogenes. Soft agar assays were performed as described in Materials and methods. Many 
colonies were detected in the Ras and Src transfected cells o f  both genotypes, but not in the untransfected cells

B

A -raf'Y

+v-ras +v-srcUntransfected

Table 1 Quantification o f  numbers o f  colonies obtained in soft agar 
assays o f A.-raf+,y and A -ra f-1'* M E Fs transformed with Ras or Src

oncogenes

MEF genotype Oncogene S o ft agar colonies

+ /Y  Clone 3 __ 14
Ras 29
Src 47

+ /Y  Clone 6 — 0
Ras 68
Src 78

+ /Y  Clone 9 — 0
Ras 39
Src 22

—fY  Clone 4 — 0
Ras 76
Src 49

- / Y  Clone 5 _ 15
Ras 76
Src 44

- / Y  Clone 11 — 0
Ras 92
Src 30

Data represent number o f  colonies obtained with 104 cells in assay. 
All assays were performed in triplicate and the m ean value is given 
for each assay

weaker ability to phosphorylate and activate MEK/ 
ERK when over-expressed in tissue culture cells 
(Pritchard et al,  1995; Marais et al., 1997). When 
expressed in Sf9 cells the kinase domain of B-Raf is 
over 500 times more efficient at phosphorylating 
MEK1 and MEK2 than the kinase domain of A- 
R af (Pritchard et al., 1995). In addition, A-Raf 
immunoprecipitated from growth factor-stimulated 
M EFs cannot detectably activate MEK as measured 
by the kinase cascade assay (Hiiser et al., 2001). The 
results presented in this report further support the 
view that A-Raf does not play a role in the Ras/Raf/ 
M EK/ERK cascade in vivo as there is no defect in 
ERK activation in A-raf~IY MEFs in response to 
growth stimulation (Figure 3a,b). Since recent data 
also indicate that ERK activation by Raf-1 may have 
no physiological role (Mikula et al., 2001; Hiiser et 
al., 2001), B-Raf seems to be the main, if not the 
only, R af isotype participating in the Ras/Raf/MEK/ 
ERK cascade in MEFs. The observation that ERK 
activation is significantly disrupted in B-raf~'~ MEFs 
is consistent with this conclusion (Wojnowski et al, 
2000).
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Previous investigations using over-expression in 3T3 
cells have shown that R af proteins can either induce 
cell cycle progression or cell cycle arrest depending on 
their level of activity towards the M EK/ERK pathway 
(Pritchard et al., 1995; Woods et al., 1997). Low levels 
of Raf activity elicits cell cycle progression by inducing 
expression of cyclin D1 and cyclin E whereas high 
levels of Raf activity can induce the expression of 
p21Cipl which inhibits cell cycle progression (Pritchard 
et al., 1995; Woods et al., 1997). Therefore, it was 
interesting to assess whether there were any defects in 
the cell cycle in MEFs and mice lacking A-Raf. The A- 
raf~/Y mice survive to birth and are normal in size at 
birth, suggesting that proliferation in embryogenesis is 
not significantly disrupted. Consistent with this ob­
servation, we found no clear difference in the ability of 
A-raf~/Y MEFs to progress through the cell cycle 
compared to A-raf*IY MEFs (Figure 2a,b). Although 
the A-raf~,Y mice demonstrate progressive wasting in 
the infant phase onwards, recent studies have shown 
that this is due to a feeding ataxia (C Pritchard and M 
Iwobi; unpublished data).

We also examined the ability of A-raf~,Y MEFs to 
undergo programmed cell death (PCD) in response to a 
variety of apoptosis inducers compared to A-raf*/Y 
cells and observed no significant difference in PCD 
(Figure 2c), unlike rq/’-7_/_ cells which are more 
susceptible to PCD induced by etoposide and anti- 
CD95 antibody (Hiiser et al., 2001). The A-raf~,Y ES 
cells also showed no defect in their ability to 
differentiate into multiple cell lineages in teratomas 
(Figure 4), a result consistent with the observation that 
all tissues of the A-raf~,Y mice develop normally 
(Pritchard et al., 1996).

The A-raf~,Y MEFs can be transformed efficiently 
with the Src and Ha-Ras oncogenes (Figure 5 and 
Table 1) and the ability of A-raf~,Y ES cells to form 
teratomas is not disrupted. These results indicate that 
A-Raf is not important for the manifestation of the 
tumour phenotype. Previous studies using antisense or 
dominant inhibitory constructs in NIH3T3 cells 
showed the importance of R af proteins for mediating 
the oncogenic effects of Ras and Src (Kolch et al., 
1991; Qureshi et al., 1993). Our data argue that A-Raf 
does not play a role in this process, indicating that 
Raf-1 or B-Raf are more im portant for oncogene 
transformation.

What then is the role of A-Raf? Our results have 
shown that A-Raf does not play a unique role in the 
Ras/Raf/MEK/ERK cascade or in mediating the 
downstream responses of this cascade, at least in 
MEFs. B-Raf activity is substantially elevated in the A- 
Raf deficient cells and Raf-1 activity to a lesser degree 
(Figure 3d), suggesting that A-Raf may be involved in 
regulating the activities of these R af isotypes. However, 
it is conceivable that the role of A-Raf as an ERK 
activator is highly tissue-specific and that the pheno­
type of the A-raf~/Y mice can be explained by tissue- 
specific disruption of this pathway. The localization of 
A-Raf to mitochondria in rat liver (Yuryev et al., 2000) 
raises the distinct possibility that A-Raf has mitochon­

drial-specific functions that may include apoptosis. 
While we have shown that A-Raf is not involved in 
apoptosis in MEFs, this does not exclude the 
possibility that A-Raf has a tissue-specific apoptotic 
role. So far, we have not detected an increase in 
apoptosis in the liver or thymus of A-raf~,Y animals.

Materials and methods

Derivation and genotyping o f  MEFs and ES cells

Two independent A -raf~,Y ES cell lines (clones 89 and 99) 
were derived by undertaking one round of gene targeting 
with the pTCA-Raf knockout targeting vector in E l4.la ES 
cells as previously described (Pritchard et al., 1996). 
Untargeted E14.1a ES cells represented A-raf*/Y controls. 
The A -raf primary MEFs were derived from E14.5 embryos 
arising from intercrosses between A - r a f * females main­
tained on the C57BL6 background and wild-type C57BL6 
males. MEFs from individual embryos were derived by 
standard procedures (Pritchard et al., 1996; Hiiser et al., 
2001). PCR genotyping was performed with primers A 
(GGCGATGTAGCTGTGAAAGTG) and B (5-GCTCA- 
GAGGAGAAAGGGTCA-3') for the wild-type allele, with 
primers C (CTTCCTGAGCACCTGCATCTC) and D (5'- 
CGTGCAATCCATCTTGTTCA) for the mutant allele and 
primers E (5'-GACTAGACATGTCTTAACATCTGTCC) 
and F (5'-CCTATTGCATGGACTGCAGCTTATG-3') for 
the Sry gene (Gubbay et al., 1992). All PCR reactions were 
performed using Ready-To-Go PCR beads (Amersham 
Pharmacia Biotech Inc.) and primers at 1 pM/p,\. PCR 
reactions were performed at 94°C for 5 min followed by 35 
cycles at 94°C for 30 s, 60°C for 30 s and 72°C for 30 s. PCR 
products were electrophoresed on 1.2% (w/v) agarose gels. 
Primary cells were immortalized with the ZIPTEX virus 
expressing the SV40 large T-antigen (Sladek and Jacobberger, 
1992). Virus and cells were co-incubated in 8 /rg/ml polybrene 
for 4 -2 4  h and immortalized cells were grown out by 
continuous culture.

Cell culture and plasmid transfections

ES cells were cultured in high glucose (4.5 g/1) Dulbecco’s 
modified Eagle’s medium (DMEM; Life Technologies) 
containing 15% foetal calf serum (Life Technologies), 
100 U/ml penicillin/streptomycin, 20 mM L-glutamine, 
10 mM sodium pyruvate, non-essential amino acids, 115 pm 
/Tmercaptoethanol and ESGRO Leukaemia Inhibitory Fac­
tor (LIF; Chemicon) on gelatin-treated plates. Primary and 
immortalized MEFs were cultured in low glucose DMEM (1 
g/1) containing 10% foetal calf serum and 100 U/ml 
penicillin/streptomycin at 10% C 02 in a humidified incu­
bator. Primary cultures were not passaged more than eight 
times. For growth factor stimulation, MEFs were made 
quiescent by culturing in DMEM containing 0.5% (v/v) FCS 
for at least 24 h. They were stimulated by addition of EGF 
(10 ng/ml) over a time course of up to 24 h. Oncogene 
plasmids, pZAS4ras and pZAS4src (supplied by M 
McMahon, University of California, San Francisco, USA), 
expressing the v-Ha-Ras and chicken v-Src oncogenes 
respectively and containing the Ecogpt selectable marker 
were transfected into A-raf~,Y or A-raf* ,Y MEFs by using 
lipofectamine according to the manufacturer’s instructions 
(Life Technologies). Transfected cells were selected with 
medium containing hypoxanthine (15 pg/ml), aminopterin

Oncogene
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(2 £tg/ml), thymidine (10 /ig/ml), xanthine (250 /tg/ml) and 
mycophenolic acid (25 //g/ml) and the resulting colonies were 
pooled.

Kinase assays and immunob lot ting

Triton X-100 soluble protein lysates and Western blots were 
prepared as described previously (Marais et al., 1997; Luckett 
et al., 2000). Primary antibodies used were: a 1 : 1000 dilution 
of an anti-p69'4-ra^ polyclonal antiserum (Santa Cruz 
Biotechnology), a 1 : 1000 dilution o f the F9 vinculin 
monoclonal antibody (a gift from Dr V Koteliansky, CNRS, 
Paris), 1 :2000 dilution o f a mouse monoclonal antibody 
against Thr202/Tyr204 phospho-p44/42 ERK (New England 
Biolabs), a 1: 1000 dilution o f a rabbit polyclonal antibody 
against ERK2 (Zymed Laboratories Inc.), a 1 : 1000 dilution 
of an anti-avian Src mouse monoclonal antiserum against 
chicken v-Src (Clone EC 10; Upstate Biotechnology, Inc.) and 
a 1 :500 dilution o f an anti-Ras mouse monoclonal antibody 
(Transduction Laboratories). Detection o f  the antigen -  
antibody complexes was performed as described previously 
with the appropriate secondary antibody (Luckett et al.,
2000). Raf proteins were immunoprecipitated for 2 h at 4°C 
from 0 .1 -1  mg o f cell extracts with 2 ng o f  the anti-Raf-1 
antibody (Transduction Laboratories) or 4 fig o f an anti-B- 
Raf rabbit polyclonal antibody (Mason et al., 1999). The 
activity o f each R af protein was assessed as described by 
Marais et al., 1997. For B-Raf, 0.1 mg o f  lysate was used 
whereas for Raf-1, 1 mg o f lysate was used. p42 ERK was 
immunoprecipitated by using 5 pi o f  a rabbit anti-p42ERK  
polyclonal antibody and ERK activity was measured using 
the MBP kinase assay (Samuels et al., 1993).

Proliferation and apoptosis analysis

For growth curves, 2 x 104 primary cells were plated per well 
of a 24- or 12-well plate. Cells were counted at 24 h intervals 
in triplicate using a haemocytometer. For D N A  synthesis 
assays the method described by Treinies et al. (1999) and 
Hiiser et al. (2001) was followed. To induce apoptosis, 
primary cells at 80% confluency on 6 cm dishes were treated 
with etoposide (50 ^m), anti-CD95 antibody (50 ng/ml) with 
0.5 cycloheximide or serum-free medium for 20 h in a

37°C humidifying incubator. Annexin V staining and FACS 
analysis were performed as described in Hiiser et al. (2001). 
Data were analysed by using the unpaired 2-tailed indepen­
dent 7-test to assess the significance of the results.

Transformation assays

For soft agar assays, cells were trypsinized and counted using 
a haemocytometer. 103, 104 and 105 cells were then placed in 
medium containing 0.35% (w/v) low-melting-temperature 
agarose. For the Ras and Src transformed cells HAT 
selection was also included in the medium. After 21 days, 
cells were stained with MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- 
diphenyltetrazolium bromide). The stained plates were 
photographed and the colonies were counted using a Gel 
Doc 2000 system (BioRad) and Quantity One software with 
the sensitivity level set at 3.0.

Teratoma formation

ES cells were cultured, trypsinized, washed with PBS and 
5 x l 0 6 cells in PBS were injected subcutaneously into the 
flank of 8-week-old syngeneic 12901a male mice. After 3 
weeks, tumours were collected, weighed, fixed in 4% (w/v) 
paraformaldehyde, embedded in paraffin and 5 /tim sections 
were prepared and stained with haematoxylin and eosin. 
Sections were analysed under a Leica DMLB light micro­
scope.
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