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Growth factor-dependent kinases, such as phosphatidylinositol 3-kinase (PI 3-kinase) and Raf kinases, have
been implicated in the suppression of apoptosis. We have recently established Rat-1 fibroblast cell lines over-
expressing B-Raf, leading to activation of the MEK/Erk mitogen-activated protein kinase pathway. Overexpres-
sion of B-Raf confers resistance to apoptosis induced by growth factor withdrawal or PI 3-kinase inhibition.
This is accompanied by constitutive activation of Erk without effects on the PI 3-kinase/Akt pathway. The activ-
ity of MEK is essential for cell survival mediated by B-Raf overexpression, since either treatment with the spe-
cific MEK inhibitor PD98059 or expression of a dominant inhibitory MEK mutant blocks the antiapoptotic
activity of B-Raf. Activation of MEK is not only necessary but also sufficient for cell survival because overex-
pression of constitutively activated MEK, Ras, or Raf-1, like B-Raf, prevents apoptosis after growth factor depri-
vation. Overexpression of B-Raf did not interfere with the release of cytochrome ¢ from mitochondria after growth
factor deprivation. However, the addition of cytochrome c to cytosols of cells overexpressing B-Raf failed to
induce caspase activation. It thus appears that the B-Raf/MEK/Erk pathway confers protection against apo-
ptosis at the level of cytosolic caspase activation, downstream of the release of cytochrome ¢ from mitochondria.

Many types of mammalian cells are dependent upon growth
factors for survival. In a variety of cell types, growth factors
prevent apoptosis by stimulation of phosphatidylinositol 3-ki-
nase (PI 3-kinase) (52), which leads to activation of the protein
kinase Akt (14, 25-26, 28, 44). Akt directly links growth factor
signaling to the central pathways controlling programmed cell
death by phosphorylating the Bcl-2 family member BAD (10—
11). In its nonphosphorylated state, BAD translocates from the
cytosol into mitochondria and promotes apoptotic cell death
by inhibiting Bcl-2 or Bel-x; through protein-protein interac-
tions (51, 55). Phosphorylation by Akt results in the binding of
BAD to cytosolic 14-3-3t, allowing Bcl-2 or Bcl-x; to function
as inhibitors of apoptosis (10-11, 55). Phosphorylation of gly-
cogen synthase kinase-3 (GSK-3) by Akt has also been re-
ported to contribute to cell survival (36), but the downstream
targets of GSK-3 that regulate apoptosis remain to be deter-
mined.

Signals that induce apoptosis culminate in the activation of
caspases, which are the ultimate effectors of programmed cell
death. Activation of the key apoptotic protease caspase-3 dur-
ing cell death induced by a variety of different stimuli, includ-
ing growth factor deprivation, is preceded by the release of
cytochrome ¢ from mitochondria to the cytosol (32). Cyto-
chrome c then initiates the formation of a ternary complex
consisting of cytochrome c¢, the apoptosis protease-activating
factor Apaf-1, and another protease called caspase-9 (31). In
this complex, caspase-9 becomes proteolytically activated and
eventually activates caspase-3, the major effector protease in
apoptosis (19). The release of cytochrome ¢ from mitochon-
dria, as well as activation of caspase-3, is blocked by Bcl-2 or
Bel-x; (3, 7, 16, 27, 50).

As with the PI 3-kinase/Akt pathway, members of the Raf
family also function as elements of signaling pathways that are
thought to be involved in the regulation of programmed cell
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death (37, 46, 48), and may provide an alternative growth factor-
dependent mechanism of cell survival. In mammals, three
members of the Raf family of protein-serine/threonine kinases
have been identified (Raf-1, A-Raf, and B-Raf), whose activa-
tion is linked to receptor protein-tyrosine kinases by Ras (24).
Activation of Raf then leads to activation of a kinase cascade
consisting of MEK and Erk1/2. The Erk kinases phosphorylate
a diverse group of substrate proteins, including the protein
kinase Rsk (pp90 S6 kinase) and transcription factors (41).

Most studies suggest a functional redundancy among the
Raf family, since all Raf kinases activate Erk through MEK
(39). In Raf knockouts, however, only mice lacking B-Raf, and
not mice lacking Raf-1 or A-Raf, showed disturbances in cell
survival (40, 47), raising the possibility that B-Raf may possess
specific functions in cell death regulation. More recently, a
specific Rap-1-dependent activation of B-Raf has been de-
scribed which is not dependent on Ras (54). In addition, Raf-1
and A-Raf require tyrosine phosphorylation for maximal acti-
vation, whereas the appropriate tyrosine residues are missing
from B-Raf (18, 33). These data are consistent with the possi-
bility that B-Raf is activated by specific upstream regulators,
leading to a unique role for B-Raf in signaling cell survival.

Two alternative mechanisms have been proposed to account
for the antiapoptotic activity of Raf-1. In some studies, activa-
tion of Erk was found to play a critical role in the prevention
of cell death (48). In contrast, other experiments have shown
that Raf-1 targeted to mitochondria by Bcl-2 leads to cell
survival without Erk activation, probably by phosphorylating
substrates other than MEK, such as Bcl-2 family members (46).
However, the mechanism of action of B-Raf in preventing
apoptosis has not been investigated.

In the present study, we have used Rat-1 fibroblast cell lines
overexpressing B-Raf to investigate the role of B-Raf in cell
survival. Overexpression of B-Raf conferred resistance to apo-
ptosis induced by either serum deprivation or PI 3-kinase in-
hibition as a result of constitutive activation of the MEK/Erk
signaling pathway. This antiapoptotic activity of B-Raf blocked
caspase activation without interfering with the release of cyto-
chrome ¢ from mitochondria, indicating that B-Raf/MEK/Erk
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signaling can inhibit apoptosis at the level of caspase activa-
tion, downstream of the action of Bcl-2 family members in
blocking mitochondrial cytochrome ¢ release.

MATERIALS AND METHODS

Cells. Rat-1 cells and transfected Rat-1 cells overexpressing B-Raf (Rat-1/B-
Raf-1 and -2 cells) were as previously described (15). Rat-1/control cells were
transfected with the B-Raf expression plasmid but after G418 selection failed to
overexpress B-Raf. Rat-1 cells overexpressing Bcl-2 (Rat-1/Bcl-2 cells) (35) were
a generous gift of J. Yuan. Cells were maintained in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% calf serum.

Assays for apoptosis. Cells were seeded at 10° cells per 100-mm culture dish
(for nuclear morphology assay) or at 2 X 10° cells per 100-mm culture dish (for
all other apoptosis assays) in DMEM containing 10% calf serum. After 24 h of
incubation, cells were deprived of serum and/or treated with 50 pM LY294002
(inhibitor of PI 3-kinase) or 50 pM PD98059 (inhibitor of MEK) for an addi-
tional 16 to 20 h to induce apoptosis. For flow cytometry, DNA fragmentation
assay, and caspase-3 cleavage both the adherent and floating cells were then
collected for analysis.

For nuclear morphology assay, cells were fixed with formaldehyde, permeabil-
ized with 0.5% Triton X-100, and stained with the DNA dye bisbenzimide
(Hoechst 33258), and the number of cells with fragmented nuclei was then
scored.

For flow cytometry, cells were fixed in methanol for at least 1 h at —20°C,
rehydrated in phosphate-buffered saline for at least an additional hour at 4°C,
and then treated with RNase A (50 wg/ml) for 30 min. Propidium iodide (25
wg/ml) was then added to the cells, and samples were analyzed in a flow cytom-
eter (FACScalibur; Becton Dickinson) by recording the propidium iodide stain-
ing in the red channel. The percentage of apoptotic cells was determined by
calculating the fraction of cells with sub-G; DNA content.

For DNA fragmentation assays, soluble cytoplasmic DNA was extracted and
analyzed by electrophoresis in 1.8% agarose gels containing ethidium bromide as
described previously (16).

For assays of caspase-3 cleavage, cytoplasmic lysates were electrophoresed in
sodium dodecyl sulfate (SDS)-12% polyacrylamide gels and analyzed by immu-
noblotting with an anti-caspase-3 antibody (Santa Cruz Biotechnology) as de-
scribed earlier (16).

Transient transfection and fluorescence microscopy. Transient transfections
were carried out as described previously (36) with minor modifications. Briefly,
3 X 10° Rat-1 or Rat-1/B-Raf cells were plated on poly-L-lysine-coated coverslips
24 h before transfection. Transient transfections were then performed by the
Lipofectamine method as suggested by the manufacturer (Life Technologies,
Inc.). First, 5 pl of Lipofectamine plus 1 pg of expression vectors (constitutively
activated or dominant-negative MEK [9]; v-raf or v-ras [20]) and 0.1 pg of a
green fluorescent protein (GFP) expression construct (pEGFP-C1) (Clontech)
were incubated with the cells for 3 h. The medium was then replaced with
DMEM supplemented with 10% calf serum for 16 h. The cells were then
deprived of growth factors by incubation in serum-free medium for an additional
24 h. Cells were then fixed with formaldehyde, permeabilized with 0.5% Triton
X-100, and stained with the DNA dye bisbenzimide (Hoechst 33258). Trans-
fected cells were identified by GFP fluorescence and scored for apoptosis by
nuclear morphology.

Activation of Erk and Akt. Cell lysates were analyzed by SDS-polyacrylamide
gel electrophoresis (PAGE) and immunoblotting as previously described (15).
The membranes were incubated with one of the following primary antibodies:
anti-phospho-Erk (New England Biolabs), anti-Akt (New England Biolabs),
anti-phospho-Akt (New England Biolabs), or anti-Erk-1 (Santa Cruz Biotech-
nology). After incubation with horseradish peroxidase-conjugated secondary an-
tibodies, the proteins were detected by using the ECL system (Amersham Corp.).

Detection of cytosolic cytochrome c. Isolation of cytosolic fraction for detecting
cytochrome ¢ was performed as described previously (6). Briefly, cells were
collected and resuspended in a buffer containing 20 mM HEPES (pH 7.5); 1.5
mM MgCl,; 10 mM KCI; 1 mM EDTA; 1 mM EGTA; 1 mM dithiothreitol; 0.1
mM phenylmethyl sulfonyl fluoride; 10 pg of leupeptin, aprotinin, and pepstatin
A per ml; and 250 mM sucrose. The cells were homogenized with a Dounce
homogenizer and centrifuged at 12,000 X g for 5 min at 4°C. Aliquots of the
resulting supernatant containing 10 wg of protein were used as the soluble
cytosolic fraction for immunoblot analysis with anti-cytochrome ¢ (Pharmingen)
and anti-cytochrome oxidase subunit IT (Molecular Probes) antibodies. Approx-
imately equal amounts of the pellet (mitochondrial fraction) were analyzed in
parallel as a positive control for detection of mitochondrial proteins.

In vitro assay of PARP cleavage in nuclei. In vitro assays of poly(ADP-ribose)
polymerase (PARP) cleavage in nuclei and preparation of cytosols and nuclei for
these assays were performed essentially as described earlier (17). Briefly, 5 pg of
cytosolic extracts from untreated cells was combined with intact HeLa cell nuclei
in the presence of 1 mM ATP and an ATP regenerating system consisting of 1
mM creatine phosphate and 1 wM creatine phosphokinase. Activation of
caspase-3 in control cytosols was induced by the addition of 0.1 wM horse heart
cytochrome ¢ (Sigma). Reactions were incubated for 1 h at 37°C, and the
cleavage of PARP derived from intact HeLa cell nuclei was analyzed on immu-
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noblots with an anti-PARP monoclonal antibody (obtained from G. G. Poirier,
Laval University, Ste-Foy, Quebec, Canada). In some experiments, rather than
inducing caspase-3 activation by cytochrome ¢, active Hisg-tagged human
caspase-3 purified from an Escherichia coli expression system (17) was added to
the reaction mixtures.

RESULTS

B-Raf possesses antiapoptotic activity. To test whether B-
Raf promotes cell survival, Rat-1 fibroblast cell lines overex-
pressing a wild-type 90-kDa isoform of human B-Raf (Rat-1/
B-Raf cells) (15) were deprived of growth factors, and apopto-
sis was quantified by determining the fraction of cells with
fragmented nuclei by Hoechst stain fluorescence. After 16 h of
growth factor deprivation, two independent clones overex-
pressing B-Raf were resistant to cell death, whereas approxi-
mately 10% of wild-type Rat-1 cells underwent apoptosis (Fig.
1A). Like wild-type Rat-1 cells, a control line of transfected
Rat-1 cells without detectable B-Raf overexpression (Rat-1/
control) remained sensitive to growth factor deprivation-in-
duced apoptosis. We have confirmed with additional apoptosis
assays that overexpression of B-Raf blocks other characteristic
events of programmed cell death, including increase in sub-G,
DNA content with flow cytometry, oligonucleosomal fragmen-
tation of DNA, and caspase-3 activation (Fig. 1B and 2).

Since the PI 3-kinase/Akt pathway is thought to be the major
survival pathway activated by serum growth factors (52-53), we
also treated Rat-1/B-Raf and Rat-1 cells with the PI 3-kinase
inhibitor LY294002 in the presence of serum rather than in-
ducing apoptosis by serum deprivation. Consistent with the
results obtained in growth factor-deprived cells, overexpressed
B-Raf blocked cell death induced by PI 3-kinase inhibitors
(Fig. 1 and 2). These data indicate that cells overexpressing
B-Raf lose growth factor dependence for survival and that the
antiapoptotic activity of B-Raf is not mediated by PI 3-kinase.

Activation of MEK is essential for cell survival conferred by
B-Raf. Our previous studies have demonstrated that in Rat-1/
B-Raf cell lines B-Raf is a catalytically active kinase that acti-
vates MEK and Erk (15). We therefore sought to determine
whether MEK is a component of the B-Raf-initiated survival
pathway. To this end, Rat-1 and Rat-1/B-Raf cells were treated
with the specific MEK inhibitor PD98059, either alone or in
combination with inducers of apoptosis. Apoptosis was quan-
tified by flow cytometry and by analysis of the proteolytic
processing of caspase-3 on immunoblots.

Inhibition of MEK in the presence of serum did not result in
significant cell death in either Rat-1 or Rat-1/B-Raf cells (Fig.
3), suggesting that MEK is not required for survival in the
presence of serum growth factors. In contrast, serum-starved
Rat-1/B-Raf cells underwent apoptosis if MEK was inhibited
by treatment with PD98059, although neither serum starvation
nor MEK inhibition alone induced apoptosis in these cells
(Fig. 3). Similar results were obtained with the nuclear mor-
phology assay by scoring the fragmented apoptotic nuclei in
two independent clones overexpressing B-Raf (data not shown).
Results obtained with PD98059 were also confirmed with 10
uM UO126 (Promega), a structurally different MEK inhibitor
(not shown). It thus appears that MEK is required for cell
survival mediated by overexpression of B-Raf but not for cell
survival in the presence of growth factors.

In contrast to Rat-1/B-Raf cells, growth factor deprivation
alone effectively induced apoptosis of normal Rat-1 cells. This
effect was enhanced by treatment with PD98059, leading to a
further increase in both the number of apoptotic cells with
sub-G,; DNA content and the formation of active caspase-3
subunits (Fig. 3). This additional increase in cell death may
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FIG. 1. Induction of apoptosis by growth factor deprivation and PI 3-kinase inhibition. (A) Wild-type Rat-1 cells (Rat-1), transfected Rat-1 cells overexpressing
B-Raf (Rat-1/B-Raf-1 and -2), and transfected Rat-1 cells that fail to overexpress B-Raf (Rat-1/control) were maintained in normal growth medium with or without
the addition of 50 uM LY294002 or were incubated in serum-free medium for 16 h. Cells were then fixed, permeabilized, and stained with the DNA dye bisbenzimide
(Hoechst 33258), and the apoptotic nuclei were scored on the basis of nuclear morphology. Data were averaged from three experiments, and at least 300 cells were
counted per experiment. The error bars are standard errors of the mean. (B) Rat-1/B-Raf-1 and Rat-1 cells were maintained and treated as described in the legend
to Fig. 1A. They were then collected and stained with propidium iodide, and the DNA content was analyzed by flow cytometry. The bar indicates cells with sub-G; DNA
content, a characteristic of apoptosis. The percentage of cells with sub-G; DNA content is indicated in the upper right corner of each panel. The results are

representative of at least two similar experiments.

reflect a residual MEK activity persisting in serum-starved cells
which is eliminated by the MEK inhibitor treatment.

Similar results were obtained in both Rat-1 and Rat-1/B-Raf
cells when apoptosis was induced by treatment with the PI
3-kinase inhibitor L.Y294002 in the presence of serum instead
of by serum deprivation (Fig. 3). This is consistent with the
view that serum growth factors promote survival primarily by
activating PI 3-kinase (52-53) but that activation of MEK can
provide an alternative cell survival pathway.

To further confirm that survival signaling by B-Raf is medi-
ated through MEK, Rat-1 and Rat-1/B-Raf cells were tran-
siently transfected with a catalytically inactive MEK mutant,
which acts as a dominant inhibitor of MEK activity, and a
construct expressing GFP. Transfected cells were identified by
fluorescence microscopy to detect GFP expression, and apo-
ptotic cells were scored by nuclear morphology after being
stained with Hoechst dye. In control cells transfected with an
empty vector, ca. 15% of the nuclei showed apoptotic mor-
phology, a result apparently due to the Lipofectamine treat-
ment (Fig. 4). In Rat-1/B-Raf cells, expression of B-Raf pre-
vented cell death induced by growth factor deprivation, but
B-Raf was unable to protect cells from apoptosis when growth
factor deprivation was accompanied by expression of the dom-
inant inhibitory MEK (Fig. 4). In contrast, in wild-type Rat-1
cells the background level of apoptosis was increased up to
40% upon serum deprivation, and approximately 20% more
cells underwent apoptosis when the cells were also transfected
with dominant inhibitory MEK (Fig. 4).

Constitutively expressed active MEK is sufficient to inhibit
cell death. Since MEK was required for the antiapoptotic ac-
tivity of B-Raf, we next examined whether activation of MEK
alone was sufficient for cell survival. Rat-1 cells were trans-

fected with a constitutively active MEK mutant by using the
GFP cotransfection assay to identify transfected cells. Expres-
sion of activated MEK completely blocked apoptosis induced
by serum withdrawal (Fig. 5). In addition, the expression of
active Ras and Raf-1, which also activate MEK, similarly in-
hibited cell death induced by growth factor deprivation (Fig.
5). These results are consistent with data obtained in other cell
types (2, 8, 22, 30, 34, 48) and indicate that MEK activation is
sufficient to prevent apoptosis resulting from growth factor
deprivation.

Overexpression of B-Raf results in increased Erk activity
without effects on the PI 3-kinase pathway. Since the antiapo-
ptotic activity of B-Raf was mediated by MEK, we investigated
the activity of the MEK target Erk in Rat-1 and Rat-1/B-Raf
cells in the presence or absence of serum. Activating phospho-
rylations of Erk (38) were assayed by immunoblotting with an
anti-phospho-Erk(202-Th1/204-Tyr) antibody. Overexpression
of B-Raf in Rat-1/B-Raf cells resulted in a constitutively high
Erk activity, even if the cells were deprived of growth factors or
treated with PI 3-kinase inhibitors (Fig. 6). In normal Rat-1
cells, however, Erk was weakly phosphorylated in the presence
of serum; this was further inhibited by growth factor with-
drawal but not by PI-3 kinase inhibitors (Fig. 6). As expected,
activation of Erk was effectively blocked by treatment with the
MEK inhibitor PD98059 in both Rat-1 and Rat-1/B-Raf cells
(Fig. 6). It thus appears that overexpression of B-Raf in Rat-
1/B-Raf cells results in an elevated level of Erk activity which
persists after growth factor deprivation or inhibition of PI
3-kinase and may therefore be responsible for the antiapopto-
tic effect of B-Raf.

To test whether PI 3-kinase is activated by B-Raf, we mea-
sured the phosphorylation of the PI 3-kinase target Akt on
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FIG. 2. Induction of oligonucleosomal DNA fragmentation and processing
of caspase-3 by growth factor deprivation and PI 3-kinase inhibition. Rat-1/B-
Raf-1 and Rat-1 cells were maintained and treated as described in the legend to
Fig. 1. (A) Oligonucleosomal fragmentation of DNA. (B) Immunoblot analysis
of caspase-3. The positions of the 32-kDa proenzyme and the 20-kDa active
subunit are indicated by arrows.

Ser-473, which is thought to reflect Akt activation (1). In the
absence of growth factors or in cells treated with L'Y294002,
this phosphorylation of Akt was strongly diminished in both
Rat-1 and Rat-1/B-Raf cells (Fig. 7). In contrast, inhibition of
MEK did not affect Akt phosphorylation in either cell type
(Fig. 7), indicating that the B-Raf/MEK pathway does not have
a direct effect on PI 3-kinase/Akt signaling.

The B-Raf/MEK/Erk pathway inhibits apoptosis down-
stream of cytochrome ¢ release from mitochondria. To posi-
tion the interaction between the B-Raf survival pathway and
the central apoptotic machinery, we first sought to determine
whether the release of cytochrome ¢ from the mitochondria
was inhibited by B-Raf overexpression in Rat-1/B-Raf cells.
Cytosols prepared from control and growth factor-deprived
Rat-1 and Rat-1/B-Raf cells were analyzed by immunoblotting
to detect cytochrome ¢ release. In parallel blots, cytochrome
oxidase served as a marker of mitochondrial contamination of
the extracts. Growth factor deprivation led to a similar increase
in cytosolic cytochrome ¢, without detectable release of cyto-
chrome oxidase, both in two independent Rat-1 clones over-
expressing B-Raf and in normal Rat-1 cells, as well as in trans-
fected Rat-1 cells without B-Raf overexpression (Fig. 8A). In
contrast, overexpression of Bcl-2, as shown earlier (27, 50),
prevented the release of cytochrome ¢ from the mitochondria.
Therefore, it appeared that overexpression of B-Raf inhibited
apoptosis at a later step than did Bcl-2, downstream of mito-
chondrial cytochrome c release.
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To further test this possibility, we used in vitro assays of
nuclear PARP cleavage to determine whether cytosols of cells
overexpressing B-Raf contained inhibitors of caspase activa-
tion. HeLa cell nuclei were added to cytosols of Rat-1 or
Rat-1/B-Raf cells, and the activity of caspases was assayed by
analyzing the appearance of a PARP cleavage fragment by
immunoblotting. First, we determined the effect of Rat-1/B-
Raf and Rat-1 cytosols on the activity of already activated
caspase-3 purified from an E. coli expression system. Active
caspase-3 added to cytosols prepared from either Rat-1/B-Raf
or Rat-1 cells induced a similar level of nuclear PARP cleavage
(Fig. 8B), indicating that cytosols of Rat-1/B-Raf cells did not
contain inhibitors that were effective against the activated
caspase.

We next tested the possibility that cytosols of Rat-1/B-Raf
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FIG. 3. Induction of apoptosis by inhibiting MEK with PD98059. Cells were
maintained in normal growth medium or in serum-free medium and treated with
50 pM LY294002 or 50 uM PD98059, as indicated, for 16 h. (A) Fraction of
apoptotic cells with sub-G; DNA content as determined by flow cytometry. (B)
Immunoblot analysis of caspase-3. The positions of the 32-kDa proenzyme and
the 20-kDa active subunits are indicated. The results are representative of at
least two similar experiments.
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FIG. 4. Induction of apoptosis by ectopic expression of dominant-negative
MEK. Cells were cotransfected with an expression vector for dominant-negative
MEK or an empty vector control (pBABE), together with an expression con-
struct for GFP. Cells were maintained in normal growth medium or in serum-
free medium for an additional 24 h. Transfected cells were then identified by
fluorescence microscopy and scored for apoptosis on the basis of nuclear mor-
phology. Data are presented as the percentage of GFP-positive cells with apo-
ptotic nuclei. Data were averaged from three experiments, and 100 cells trans-
fected with each vector were counted per experiment. The error bars are
standard errors of the mean. Asterisks indicate a significant difference (P < 0.05)
from controls maintained in serum (analysis of variance test).

cells contained inhibitors of caspase activation mediated by
cytochrome ¢ released from mitochondria. Cytochrome ¢ was
added to cytosols of either Rat-1/B-Raf cells or normal Rat-1
cells, and activation of caspase-3 was monitored by PARP
cleavage in HeLa cell nuclei. The addition of cytochrome ¢
effectively induced caspase-3 activation and PARP cleavage in
cytosols of Rat-1 cells but not in cytosols of Rat-1/B-Raf cells
(Fig. 8C). This inhibition of caspase activation in cytosols of
Rat-1/B-Raf cells contrasted with Rat-1 cells protected from
apoptosis by overexpression of Bcl-2. Consistent with the ac-
tion of Bcl-2 in preventing apoptosis by blocking the release of
cytochrome ¢ from mitochondria, the addition of cytochrome ¢
to cytosols of Rat-1/Bcl-2 cells resulted in effective caspase-3
activation (Fig. 8C). It thus appeared that cytochrome c-me-
diated caspase activation was blocked in cytosols of Ratl/B-
Raf cells, indicating that the B-Raf signaling pathway confers
protection against apoptosis at the level of caspase activation,
downstream of cytochrome c release from mitochondria.

DISCUSSION

Growth factor-dependent kinases prevent programmed cell
death by blocking activation of the apoptotic machinery. Thus,
upon overexpression of constitutively active growth factor de-
pendent kinases, such as PI 3-kinase/Akt and Raf-1, pro-
grammed cell death is suppressed in a variety of different cell
systems (8, 14, 25-26, 28, 44, 46). In the present study, we have
demonstrated that overexpression of B-Raf, another member
of the Raf kinase family, is also a potent inhibitor of apoptosis.
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FIG. 5. Inhibition of apoptosis by expression of activated MEK, Raf, or Ras
in Rat-1 cells. Rat-1 cells were cotransfected with the indicated expression
vectors and a GFP expression construct. Transfected cells were maintained in
normal growth medium or in serum-free medium for an additional 24 h. Data are
averaged from three experiments, as in Fig. 4. The extent of apoptosis in
pBABE-transfected cells deprived of serum was significantly different (P < 0.05)
from controls maintained in serum, whereas apoptosis in serum-deprived cells
transfected with MEK, Raf, or Ras expression constructs did not differ signifi-
cantly from controls.
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This protection by B-Raf was mediated through MEK and did
not involve activation of the PI 3-kinase/Akt pathway.
Consistent with recent results obtained in several different
cell types, such as hematopoietic cells, PC12 rat pheochromo-
cytoma cells, and fibroblasts (5, 29, 42-43, 49, 52-53), our data
with inhibitors of MEK and PI 3-kinase indicate distinct roles
for B-Raf/MEK and PI 3-kinase/Akt signaling in cell survival.
Growth factors maintain a significant steady state level of PI
3-kinase activity, providing protection against cell death,
whereas the basal activity of MEK is not sufficient to prevent
apoptosis. In contrast, a constitutively high MEK activity in-
duced by overexpression of B-Raf leads to survival even in the
absence of PI 3-kinase activity. This implies that overexpres-
sion of any oncogene leading to MEK activation will result in
protection from apoptosis, including all three Raf kinases, Ras,
and Rap-1. In agreement with this, we have demonstrated that
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FIG. 6. Overexpression of B-Raf results in increased Erk activity. Cells were
maintained in normal growth medium or in serum-free medium and were treated
with either 50 pM LY294002 or 50 uM PD98059, as indicated, for 16 h. Col-
lected cell lysates were analyzed by immunoblotting with antibodies to phospho-
Erk1/2 or Erkl.
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FIG. 7. Overexpression of B-Raf does not affect activation of Akt. Cells were
maintained in normal growth medium or in serum-free medium and were treated
with either 50 pM LY294002 or 50 uM PD98059, as indicated, for 16 h. Col-
lected cell lysates were analyzed by immunoblotting with antibodies to phospho-
Akt or Akt.

overexpression of activated Raf-1 and Ras, as well as activated
MEK, blocks apoptosis resulting from growth factor depriva-
tion. Similarly, the activated forms of Ras, Raf-1, and MEK
have been reported to prevent cell death in a variety of differ-
ent cell types, including PC12 cells, hematopoietic cells, T cells,
and fibroblasts (2, 8, 21-22, 30, 34, 48). Activation of MEK by
B-Raf results in constitutive Erk activity, and the role of this
pathway in cell survival is further supported by results obtained
from PC12 and HelLa cells, where Erk activity appeared to be
necessary for survival (5, 21, 37, 48).

Growth factor deprivation induces a mitochondrion-depen-
dent apoptosis pathway, ultimately leading to cytochrome ¢
release from mitochondria and cytochrome c-dependent acti-
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vation of caspases (23). The primary site of action of Bcl-2 and
Bcl-x; appears to be in the mitochondria because their over-
expression inhibits the release of cytochrome ¢ (23, 27, 50) but
cannot block caspase activation by microinjected cytochrome ¢
(13). Since the PI 3-kinase/Akt pathway acts at least in part by
phosphorylating BAD and allowing Bcl-2 and Bcl-x; to func-
tion as inhibitors of apoptosis (10-11), PI 3-kinase/Akt signal-
ing is also expected to inhibit mitochondrial cytochrome ¢
release.

In contrast, our data indicate that the B-Raf/MEK/Erk path-
way interferes with apoptosis at the level of cytosolic caspase
activation, downstream of the release of cytochrome ¢ from
mitochondria. First, cytochrome ¢ accumulated in the cytosol
of growth factor-deprived Rat-1/B-Raf cells without significant
activation of caspase-3 and cell death. In addition, cytochrome
¢ failed to induce caspase activation in cytosols prepared from
Rat-1/B-Raf cells, suggesting that cytosols from cells overex-
pressing B-Raf contained an inhibitor of caspase activation.
This action of B-Raf is also distinct from prevention of apo-
ptosis by Raf-1 targeted to mitochondria, which was reported
to inhibit apoptosis through Bcl-2 family members without the
involvement of Erk (46).

Such postmitochondrial regulation of apoptosis at the level
of caspase activation has already been described with inhibitors
of caspases, including the human IAP-like proteins (12), rais-
ing the possibility that B-Raf/MEK/Erk signaling may affect
the expression or activity of such caspase inhibitors. Moreover,
the Drosophila gene hid, which interacts with IAPs (45) and
controls caspase activation, has recently been identified as a
direct target of Ras-dependent survival signaling mediated by
Erk (4). Although there are no mammalian equivalents of
Drosophila hid known to date, the existence of a functional
homolog would provide a potential mechanism by which the
B-Raf/MEK/Erk pathway promotes survival in mammalian
cells.

Rat-1 Rat-1/B-Raf-1 Rat-1/B-Raf-2 Rat-1/control  Rat-1/Bcl-2  Mit. fr.
cytc
- o _— — - E
t
e -
serum 4+ + — + — + — + —
FIG. 8. Effect of B-Raf overexpression on cytochrome c-dependent caspase B
activation. (A) Wild-type Rat-1 cells (Rat-1), transfected Rat-1 cells overexpress-
ing B-Raf (Rat-1/B-Raf-1 and -2) or Bcl-2 (Rat-1/Bcl-2), and transfected Rat-1 Rat-1/B-Raf-1 .
cells that fail to overexpress B-Raf (Rat-1/control) were maintained in the pres- Rat-1
ence of serum or deprived of growth factors for 24 h. Equal amounts of cytosolic c
proteins were then immunoblotted for cytochrome ¢ (cyt ¢) and cytochrome PARP __: - —
oxidase subunit II (cyt ox), along with similar amounts of mitochondrial fraction
(Mit. fr.) of Rat-1 cells maintained in serum as a positive control. The positions + +
of cytochrome ¢ and cytochrome oxidase are indicated by arrows. (B) Cytosols caspase-3 — -

from Rat-1 and Rat-1/B-Raf cells were combined with purified, active Hisg-
tagged human caspase-3 and intact HeLa cell nuclei and then incubated for 1 h
at 37°C. The reaction mixture was used for immunoblot analysis to measure the
cleavage of the caspase-3 substrate PARP. Intact PARP (116 kDa) and the
cleaved fragment (85 kDa) are indicated by arrows. (C) Activation of caspase-3
was induced by the addition of cytochrome ¢ to cytosols from nonapoptotic
Rat-1, Rat-1/B-Raf, and Rat-1/Bcl-2 cells maintained in the presence of serum.
Reaction mixtures were combined with intact HeLa cell nuclei, and the cleavage
of PARP was assayed by immunoblot analysis. Lane 1 is a control in which
cytochrome ¢ was added to nuclei without cytosolic extract. The results are
representative of at least three similar experiments.
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