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Raf-1 protein kinase has been identi®ed 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. Raf-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 raf-1FF/FF mice has no detectable
activity towards MEK in vitro, and yet raf-1FF/FF mice
survive to adulthood, are fertile and have an appar-
ently normal phenotype. In cells derived from both
the raf-1±/± and raf-1FF/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 ®rst identi®ed as the
cellular homologue of v-raf, the oncogene responsible for
the induction of sarcomas in mice by the MSV3611 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; Barnier 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
suf®cient 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
®broblasts (Schaap et al., 1993; Chao et al., 1994;
Troppmair et al., 1994).

MEK kinase activity is not necessary for Raf-1
function
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Intriguingly, a number of observations do not entirely ®t
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
identi®ed 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 of MEK and has
a higher af®nity for MEK than the kinase domain of 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
speci®city, gene targeting has been used to ablate
individual raf genes (Pritchard et al., 1996; Wojnowski
et al., 1997, 1998). In this study, we describe the
generation of Raf-1 de®cient mice (raf-1±/±) as well as
mice with a `knockin' mutation of the endogenous 340/
341 tyrosines to phenylalanine (raf-1FF/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 raf-1±/± animals die in embryogenesis
due to vascularization defects and increased apoptosis,
while the raf-1FF/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 and phenotype analysis of raf-1±/± and
raf-1FF/FF mutant mice
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
129Ola/C57BL6 and 129Ola/MF-1 backgrounds. For the
raf-1 knockout, raf-1+/± 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 (n = 14 matings) but raf-1+/±

animals were born at the expected Mendelian frequency
and were indistinguishable from raf-1+/+ littermates.
Therefore, raf-1+/± intercrosses were set up and embryos
were genotyped. On the 129Ola/C57BL6 background, at

E9.5, a number of abnormal embryos were observed and
these all PCR genotyped as raf-1±/± (Table I). On the
129Ola/MF-1 background, in early backcross generations,
a phenotype similar to that on the 129Ola/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-1±/± embryos were observed
at E12.5 up to birth but these were small and morpho-
logically abnormal.

On the 129Ola/C57BL6 background, at E9.5, raf-1±/±

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 1E). PECAM-1 staining of the raf-1±/±

embryos also revealed abnormal vascular network forma-
tion (Figure 1F±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 signi®cant 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 signi®cant reduction in the
numbers of proliferating cells in the raf-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 1N and O).

On the 129Ola/MF-1 background, the raf-1±/± embryos
died within a few hours of birth. They were 50±60%
lighter in weight than the raf-1+/+ embryos and they were
anaemic (Figure 2A). The placenta was considerably
smaller than the raf-1+/+ 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 129Ola/C57BL6 raf-1±/± 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-1±/± liver compared with the raf-1+/+ liver
(Figure 2H and I). There was also no signi®cant difference
in the number of TUNEL positive cells in the raf-1±/± liver
sections compared with the raf-1+/+ liver sections
(Figure 2J and K), indicating no signi®cant difference in
levels of spontaneous apoptosis. The fact that the raf-1±/±

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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To assess the raf-1FF/FF phenotype, raf-1+/FF animals on
the 129Ola/C57BL6 and 129Ola/MF-1 backgrounds were
intercrossed and PCR genotype analysis was performed on
tail DNAs from surviving offspring. Of 148 animals
assessed, 45 typed as raf-1+/+, 67 as raf-1+/FF and 36 as
raf-1FF/FF (n = 19 matings). Therefore, there was no
signi®cant difference in the ratio of raf-1+/+ to raf-1FF/FF

animals surviving to adulthood (P = 0.15). The raf-1FF/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).

Analysis of proliferation and apoptosis in raf-1±/±

and raf-1FF/FF MEFs
Mouse embryonic ®broblasts (MEFs) were derived from
the raf-1±/± and raf-1FF/FF embryos and characterized for
their ability to proliferate and undergo apoptosis in vitro.
We consistently failed to culture raf-1±/± MEFs from E10.5
on the 129Ola/C57BL6 background as most of the cells
were dead following embryo homogenization. This may
be because of the apparent spontaneous apoptosis of the
raf-1±/± embryos observed on this genetic background
(Figure 1N and O). However, we successfully obtained
raf-1±/± MEFs from E14.5 embryos on the 129Ola/MF-1
background. Raf-1FF/FF MEFs were isolated from E14.5
embryos resulting from raf-1+/FF intercrosses on both
genetic backgrounds. Sibling raf-1+/+ MEFs were also
isolated in each case.

There was no detectable difference between the growth
rates of the raf-1±/± cells compared with raf-1+/+ cells over

8 days in culture (Figure 3A), or the raf-1FF/FF cells
compared with the raf-1+/+ 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-1±/± and raf-1FF/FF MEFs showed no
difference in their ability to undergo DNA synthesis as
measured by this assay compared with raf-1+/+ MEFs
(Figure 3B).

Except for the C57BL6 raf-1±/± MEFs, the primary
MF-1 raf-1±/± and raf-1FF/FF MEFs did not show evidence
of spontaneous apoptosis under normal growth conditions
(Figure 3C±E). Apoptosis was induced by treatment of
raf-1+/+, raf-1±/± and raf-1FF/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-1FF/FF cells showed no increase or decrease in
programmed cell death (PCD) upon treatment with these
apoptotic agents compared with raf-1+/+ cells (Figure 3C).
In contrast, raf-1±/± cells showed a signi®cant increase in
PCD (Figure 3D±F). Upon treatment with etoposide, the
raf-1+/+ cells showed 21.1% PCD whereas the raf-1±/±

cells showed 30.0% PCD (n = 7; 95% CI for difference
0.5±17.2%, P = 0.04; Figure 3D and E). Upon treatment
with anti-Fas antibody, the raf-1+/+ cells showed 29.9%
PCD whereas the raf-1±/± cells showed 48.3% PCD (n = 7;
95% CI for difference 9.5±27.4%, P = 0.0007; Figure 3D
and E). The raf-1±/± cells did not show a signi®cant
increase in PCD upon serum withdrawal as this treatment
induced 26.0% PCD for the raf-1±/± cells and 18.7% for the
raf-1+/+ cells (n = 7; 95% CI for difference ±6.8 to 21.4%,
P = 0.284; Figure 3D and E). Hoechst 33258 staining

Table I. Genotyping data from raf-1+/± intercrosses: C57BL6 background

Age raf-1+/+ raf-1+/± raf-1±/± normal raf-1±/± abnormal Resorbeda Untypedb

E3.5 2 5 3 0 ± 3
E8.5 2 4 3 0 0 0
E9.5 17 26 0 12 1 0
E10.5 7 16 0 10 9 0
E11.5 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

aResorbed tissue had degenerated too much to dissect cleanly.
bDNA samples did not PCR amplify.

Table II. Genotyping data from raf-1+/± intercrosses: MF-1 background

Age raf-1+/+ raf-1+/± raf-1±/± normal raf-1±/± abnormal Resorbeda Untypedb

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
E14.5 6 6 0 3 2 7
E18.5 16 20 0 3 0 2
Birth (P1) 3 10 0 5c ± 2
Total 43 70 5 16 6 16

aResorbed tissue had degenerated too much to dissect cleanly.
bDNA samples did not PCR amplify.
cAnimals died a few hours after birth.
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con®rmed that the raf-1±/± cells were more susceptible to
PCD induced by the anti-Fas antibody than the raf-1+/+

cells, as assessed by nuclear morphology (Figure 3F).

Raf kinase activities in the mutant 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 ®rst

compared the activities of the endogenous Raf proteins
in raf-1+/+ 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-1+/+ cells was

Fig. 1. Phenotype of the 129Ola/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-1±/± embryo (G and I) at E9.5. (H) and (I) are
magni®cations of the embryonic brain regions. (J±O) Longitudinal sections through forebrain of raf-1+/+ (J, L and N) and raf-1±/± (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 mm; F and G, 100 mm; H and I, 25 mm, J±M, 50 mm; N and O, 100 mm. NE, neural ectoderm;
SE, surface ectoderm; Lu, lumen of prospective forebrain; MT, cephalic mesenchyme tissue.
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Fig. 2. Phenotype of the 129Ola/MF-1 raf-1±/± embryos. (A) Photograph of raf-1±/± embryo (left) and raf-1+/+ littermate embryo (right) at E15.5.
(B and C) Cross-sections of placentas from raf-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-1+/+ embryos at E15.5. These sections were either stained with haematoxylin 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 mm; D±K, 50 mm.
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Fig. 3. Proliferation and apoptosis analysis of MEFs. (A) Growth curves of raf-1+/+ MEFs (open circles) compared with raf-1±/± MEFs (closed circles)
over 8 days in culture are shown. (B) DNA synthesis of raf-1±/± and raf-1FF/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-1FF/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 quanti®ed by ¯ow cytometric analysis of annexin V
staining. Each experiment was performed seven times and the data show mean values 6 standard deviation. (E) An example of ¯ow 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 raf-1±/± cells (right panels) were either untreated (top panels) or treated with anti-Fas
antibody (bottom panels).
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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-speci®c 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-raf±/± 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 speci®c 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 ®rst 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-1+/+, raf-1±/± and raf-1FF/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-1+/+ 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-1FF/FF MEFs, no activation of Raf-1
was detected in response to EGF; the level of activity
observed was comparable to that in the raf-1±/± 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-1+/+ 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-1±/± and raf-1FF/FF cells
compared with raf-1+/+ cells (Figure 4C). We compared
B-Raf activation in the raf-1+/+, raf-1±/± and raf-1FF/FF

cells using the assay conditions described above for B-Raf.
The levels of basal B-Raf kinase activity in the raf-1±/± and
raf-1FF/FF cells were similar to that observed in raf-1+/+

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 raf-1±/± and raf-1FF/FF was elevated
slightly compared with raf-1+/+ cells.

ERK activation in the mutant cells
To measure ERK activation, cells were made quiescent
and stimulated with EGF and levels of phospho-ERK were
assessed. In the raf-1+/+ 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 raf-1±/± and raf-1FF/FF

cells, the level of phospho-ERK was similar to that in the
raf-1+/+ cells (Figure 5A). ERK phosphorylation was

Fig. 4. Raf kinase activities. (A) Time course of activation of
immunoprecipitated A-Raf, B-Raf and Raf-1 in the kinase cascade
assay in raf-1+/+ 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-1+/+, raf-1±/± and raf-1FF/FF 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.
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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 raf-1+/+ cells, ERK phos-
phorylation was induced following treatment with all
stimuli. A similar level of ERK phosphorylation was
observed in the raf-1±/± and raf-1FF/FF cells 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+/+, raf-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-1FF/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 al., 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

Fig. 5. ERK activation. (A) Stimulation of ERK phosphorylation in raf-1+/+, raf-1±/± and raf-1FF/FF MEFs over a time course of EGF treatment.
(B) Stimulation of ERK phosphorylation in raf-1+/+, raf-1±/± and raf-1FF/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-1±/± and raf-1FF/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-1FF/FF MEFs following stimulation with different concentrations of EGF for 10 min as measured
by the MBP kinase assay.
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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
®broblasts 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 raf-1±/± embryo phenotype reported here shows
defects in vascularization and placenta development as
well as increased apoptosis of many tissues. On the mixed
inbred 129Ola/C57BL6 background there was an earlier
lethal phenotype than on the mixed 129Ola/MF-1 back-
ground. This strain-speci®c 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) and outbred (CD-1) genetic backgrounds. In the
manuscript by Mikula et al. (2001), raf-1±/± 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 de®ciencies.
However, those embryos survived to a later stage of
development (E12.5±16.5) than the embryos on the
129Ola/C57BL6 background and they did not possess
yolk sac vascularization defects. These differences in
phenotype are likely to be attributable to different genetic
modi®ers in each strain, the nature of which is not known.

On the 129Ola/C57BL6 background, the most striking
defect in the raf-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 raf-1-de®cient 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) con®rm that 129Sv/raf-1±/± 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 raf-1FF/FF mutant mice do not show
defects in vasculogenesis and the fact that ERK activation
is not disrupted in the raf-1±/± MEFs argue that the role of
Raf-1 in this process is largely ERK independent.

The placental and yolk sac de®ciencies could clearly
contribute to the generalized growth retardation and
developmental delay observed in the raf-1±/± embryos on
both genetic backgrounds (Figures 1 and 2). However, in
addition to this, the raf-1±/± 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-1/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-1FF/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-1FF/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-1FF/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 raf-1±/± animals. The raf-1FF/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 suf®cient 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 raf-1±/± and raf-1FF/FF animals. However, in
the studies of Wojnowski et al. (1998), 10% residual Raf-1
activity was found to be insuf®cient for mouse survival
and we were unable to detect this level of Raf-1 activity in
the raf-1FF/FF MEFs. We also observed no difference in the
level or pro®le of ERK activation in the raf-1±/± and
raf-1FF/FF MEFs compared with the raf-1+/+ cells (as also
shown by Mikula et al., 2001) and, furthermore, MEK
activity was detected in both the raf-1±/± and raf-1FF/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 ®nd a
slight increase in B-Raf activity in the raf-1±/± 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 raf-1+/+ MEFs, the kinase activity of
endogenous Raf-1 towards MEK in the immunocomplex
kinase cascade assay is dif®cult 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 dif®cult to detect (data not
shown). In B-raf±/± MEFs, ERK activation was reduced
compared with wild-type MEFs (M.HuÈser, 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 Rap1a, notably in PC12 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 speci®city phosphatase Cdc25A
(Galaktionov et al., 1995) and the ankyrin repeat protein
Tvl-1 (Lin et al., 1999). Possibly, the raf-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 of 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 of the proteins
that interact with Raf-1 also interact with KSR (kinase
suppressor of Ras), a putative Ras-effector protein kinase
that was identi®ed by genetic studies in Drosophila and
C.elegans (Kornfeld et al., 1995; Sundaram and Han,
1995; Therrien et al., 1995). Studies in C.elegans have
shown that the kinase activity of 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
et al., 1998; Yu et al., 1998).

During evolution, three highly conserved raf 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 suf®cient 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-raf or 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 of 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 (raf-1/C57BL6) or 6 h (raf-1/MF-1 and rafFF) in 0.25% (w/v) trypsin.
An aliquot of Dulbecco's modi®ed 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 mg/ml polybrene for 4±24 h and immortalized cells were
grown out by continuous culture.

Proliferation and apoptosis assays
For growth curves, 2 3 104 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% con¯uency on 6 cm dishes were treated
with 50 mm etoposide, 50 ng/ml anti-Fas antibody with 0.5 mm
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 mg/ml
Hoechst 33258 in PBS for 1 h at 37°C. Data were analysed by using the
two-tailed unpaired t-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 mM 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 mg of
anti-Raf-1 antibody (Transduction Laboratories), 4 mg of anti-B-Raf
rabbit polyclonal antibody (Mason et al., 1999), 2 mg of anti-B-Raf
goat polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
and 2 mg of anti-A-Raf mouse monoclonal antibody (Transduction
Laboratories). p42 ERK was immunoprecipitated by using 5 ml 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 S-transferase (GST)±MEK, GST±ERK and MBP
together with [g-32P]ATP as sequential substrates (Marais et al., 1997).
For B-Raf, 0.1 mg of lysate was used and the ®rst kinase incubation
period with GST±MEK and GST±ERK was for 15 min whereas for Raf-1

Knockout and Y340FY341F mutations of raf-1

1949



and A-Raf, 1 mg of lysate was used and the ®rst incubation 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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