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The Ser/Thr kinase Raf-1 is a protooncogene product that is a
central component in many signaling pathways involved in normal
cell growth and oncogenic transformation. Upon activation, Raf-1
phosphorylates mitogen-activated protein kinase kinase (MEK),
which in turn activates mitogen-activated protein kinase/extracel-
lular signal-regulated kinases (MAPK/ERKSs), leading to the prop-
agation of signals. Depending on specific stimuli and cellular
environment, the Raf-1-MEK-ERK cascade regulates diverse cellu-
lar processes such as proliferation, differentiation, and apoptosis.
Here, we describe a MEK-ERK-independent prosurvival function of
Raf-1. We found that Raf-1 interacts with the proapoptotic, stress-
activated protein kinase ASK1 (apoptosis signal-regulating kinase
1) in vitro and in vivo. Deletion analysis localized the Raf-1 binding
site to the N-terminal regulatory fragment of ASK1. This interac-
tion allows Raf-1 to actindependently of the MEK-ERK pathway to
inhibit apoptosis. Furthermore, catalytically inactive forms of Raf-1
can mimic the wild-type effect, raising the possibility of a kinase-
independent function of Raf-1. Thus, Raf-1 may promote cell
survival through its protein—protein interactions in addition to its
established MEK kinase function.

Diverse signaling pathways, such as those mediated by ty-
rosine kinase receptors and heterotrimeric G protein-
coupled receptors, converge on Raf-1 through Ras and other
mechanisms (1, 2). Raf-1 activation initiates a mitogen-activated
protein kinase (MAPK) cascade that comprises a sequential
phosphorylation of the dual-specific MAPK kinases (MEKs)
and the extracellular signal-regulated kinases (ERKs). In turn,
the Raf-1-MEK-ERK cascade regulates diverse cellular pro-
cesses such as proliferation and differentiation. Recently, Raf-1
activation of the MEK-ERK pathway has been associated with
inhibition of apoptosis, leading to cell survival (3-6). Consistent
with a critical role of the MEK-ERK pathway in survival
signaling, treatment of cells with either MEK inhibitors or
dominant inhibitory MEKSs blocks the antiapoptotic function of
Raf (5, 6). The prosurvival function of the MEK-ERK pathway
appears to be mediated by dual mechanisms. A transcription-
dependent mechanism involves the activation of cAMP response
element-binding protein by ribosomal S6 kinases, leading to
increased transcription of prosurvival genes, whereas a tran-
scription-independent mechanism allows phosphorylation of
proapoptotic proteins such as Bad, leading to its inactivation
(7-9). In support of this model, genetic analysis in Drosophila
demonstrated that activated ERK pathway inhibits the expres-
sion and activity of the proapoptotic protein Hid (10, 11). Thus,
the Raf-activated MEK-ERK pathway may promote cell sur-
vival by targeting proteins critical for mediating apoptosis.
ASKI1 (apoptosis signal-regulating kinase 1) is an important
mediator of apoptotic signaling initiated by a variety of death
stimuli, including tumor necrosis factor «, Fas activation, oxi-
dative stress, and DNA damage (12-16). Consistent with its role
in apoptotic signaling, dominant negative mutants of ASK1 can
inhibit tumor necrosis factor « and Fas ligation-induced cell
death (12, 13), and overexpression of ASK1 is sufficient to cause
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apoptosis in a number of cell lines through a mitochondria-
dependent caspase activation pathway (17). Thus, suppression of
ASK1 may provide a general mechanism for cell survival.
Indeed, multiple mechanisms have been described that directly
control ASKI1 function. For example, the binding of reduced
thioredoxin has been shown to inhibit ASK1-induced apoptosis,
which may couple intracellular redox state to the regulation of
ASK1 activity (14, 15). The phosphoserine-binding protein
14-3-3 can inhibit the proapoptotic function of ASK1 through
binding to Ser-967 of ASKI1, which is phosphorylated by an
unknown survival signaling kinase (18). Here, we describe a
physical and functional interaction of Raf-1 with ASK1, suggest-
ing a novel prosurvival mechanism for Raf-1 independent of the
MEK-ERK pathway.

Materials and Methods

Plasmids. Expression vectors for ASK1 and its mutants have been
described (12, 18). Wild-type (WT) MEKIWT, constitutively
active mutant MEK1€, and dominant negative mutant MEK 149"
were gifts from K. Guan, Univ. of Michigan (19). pcDNA3-
FLAG-Raf-1, Raf-N, and Raf-C have been described (20).
Mutations Raf®37°W and RafS?>9A/8621A were generated by using
the QuikChange site-directed mutagenesis kit (Stratagene) with
pcDNA3-FLAG-Raf-1 as a template. Hemagglutinin (HA)-
ASKI1 NT (6-678) and AC (6-936) were generated by PCRs and
subcloned into pcDNA3. HA-ASK1 AN (678-1375) was con-
structed in the Gateway cloning expression vector pDEST26
(Invitrogen). pcDNA3-HA-ASK1 AK (1-819/1057-1375) was
generated by digestion of pcDNA3-HA-ASK1 with BamHI and
BglIl and religation. HA-ASK1-CT (1071-1375) was con-
structed by EcoRI digestion and religation of pcDNA3-HA-
ASK1.

Cell Culture and DNA Transfection. HeLLa, COS7, and 1.929 cells
were cultured in DMEM (Mediatech, Washington, DC) with
10% FBS (Atlanta Biologicals, Norcross, GA). Transfection was
performed with FuGENE 6 (Roche Molecular Biochemicals)
according to the manufacturer’s instructions.

Assays for Cell Death. For the nuclear morphology assays (18), 2 X
10° HeLa cells were cultured in 35-mm dishes containing glass
coverslips. Cells were cotransfected with pTJM9 (0.4 ug) en-
coding enhanced green fluorescent protein (eGFP) and test
plasmids (1.6 ug total) or supplemented with pcDNA3. Eighteen
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Fig. 1.

Expression of Raf-1 inhibits ASK1-induced apoptosis. HeLa cells were transfected with the plasmids pcDNA3-HA-ASK1 (1.2 n.g) or pcDNA3-FLAG-Raf-1

(0.4 ng) along with an eGFP expression vector (0.4 ng) as indicated. Eighteen hours posttransfection, cells were placed in serum-free medium for an additional
24 h before staining with DAPI. Nuclear morphology of transfected cells was examined by fluorescence microscopy as described (18), and apoptotic nuclei are
indicated by arrows (A). The fraction of transfected cells with fragmented nuclei was quantified in a blind manner (B Upper). Cell lysates from each sample were
subjected to SDS/PAGE and Western blotting with anti-Raf-1 (SC133; Santa Cruz Biotechnology) or anti-HA (12CA5) antibodies (B Lower). (C) COS7 cells were
transfected with plasmids as in A along with an eGFP-F expression vector. Twenty-four hours after transfection, total cells were harvested, their DNA was stained
with propidium iodide, and eGFP and propidium iodide signals were measured on a FACSort flow cytometer. Transfected cells (eGFP-positive) were placed in
various phases of the cell cycle based on their DNA content. Apoptotic cells with fragmented DNA (subGo) are indicated. (D) Data from C were compiled to show

the amount of apoptosis caused by expression of transfected plasmids.

hours after transfection, the medium was changed to serum-free
DMEM. Twenty-four hours later, cells on the glass coverslips
were washed, fixed (0.5% glutaraldehyde/2% formaldehyde in
PBS), stained with 4’,6-diamidino-2-phenylindole (DAPI) in
Vectashield mounting medium (Vector Laboratories), and vi-
sualized by using a fluorescence microscope as described (18).
Transfected cells with fragmented nuclei were scored for apo-
ptosis in a blind fashion. Cells remaining in the dishes were lysed
and immunoblotted with various antibodies by using the ECL
system (Amersham Pharmacia). For the B-galactosidase (3-gal)-
based cell morphology assay, 2 X 10° HeLa cells were cultured
in 35-mm plates and cotransfected with a lacZ expression vector
(0.4 ug) and test plasmids (1.6 pg total). Twenty-four hours after
transfection, cells were fixed, stained with 5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside, and scored for apoptosis as
described (13). Parallel samples were collected for Western
blotting.

The DNA content-based apoptosis assay was performed with
a fluorescence-activated cell sorter as described (21). Briefly,
COS7 cells (2 X 10°) were cotransfected with pEGFP-F (0.4 ug;
CLONTECH) encoding a farnesylated eGFP and test plasmids
(1.6 ug total). Twenty-four hours after transfection, total cells
were trypsinized, resuspended in PBS, fixed in ice-cold ethanol
followed by overnight incubation, treated with RNase A (Sigma-—
Aldrich), and stained with propidium iodide (Sigma-Aldrich).
Samples were analyzed with a FACSort flow cytometer (Becton
Dickinson). The DNA content of transfected cells was deter-
mined by using WINMDI 2.8 software (J. Trotter, Scripps Research
Institute, La Jolla, CA).
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Immunoprecipitation and Western Blotting. Forty-eight hours after
transfection, 4 X 10° COS7 cells were lysed in 300 wul of lysis
buffer (0.2% Nonidet P-40/10 mM Hepes, pH 7.4/150 mM
NaCl/5 mM NaF/2 mM Na3;VO,/5 mM NasP,07/10 pg/ml
aprotonin/10 ug/ml leupeptin/1 mM phenylmethylsulfonyl flu-
oride). Cell extracts were clarified by centrifugation and used for
immunoprecipitation with various antibodies and protein G-
Sepharose (Amersham Pharmacia). Immunocomplexes were
washed four times with lysis buffer containing 1% Nonidet P-40
or RIPA buffer (1% Nonidet P-40/0.5% sodium deoxycholate/
0.1% SDS/137 mM NaCl/20 mM Tris-HCI, pH 7.5) and resolved
on SDS/PAGE (12.5%) for Western blotting. The enzyme-
linked immunoblotting procedures were performed essentially
as described (18). Corresponding secondary antibodies were
used against each primary antibody: horseradish peroxidase-
conjugated goat anti-mouse IgG for monoclonal antibodies and
horseradish peroxidase-conjugated goat anti-rabbit IgG for poly-
clonal antibodies (Santa Cruz Biotechnology). Cross-reacting
materials were visualized by using the ECL detection reagents
(Amersham Pharmacia).

Results

Overexpression of Raf-1 Inhibits ASK1-Induced Apoptosis. To inves-
tigate the role of the Raf-1 pathway in suppressing apoptotic
signaling, we tested the effect of Raf-1 on ASK1-induced apo-
ptosis. HeLa cells were transiently transfected with HA-tagged
human ASK1 alone or together with FLAG-tagged Raf-1.
Apoptotic cell death was monitored by nuclear morphology.
Cells transfected with the control vector or a vector encoding
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Fig. 2. MEK activity is not required for Raf-1 to inhibit ASK1. (A) Morphology of ASK1 transfected cells. HeLa cells were cotransfected with a B-gal expression
vector and test plasmids as indicated. Twenty-four hours posttransfection, cells were fixed and stained with 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside.
Shrunken apoptotic cells with rounded-up shape were scored as apoptotic (arrows). (B) Effect of MEK inhibition by PD98059 on Raf-1 function. Six hours after
transfection as in A, Hela cells were treated with PD98059 (60 uM) or vehicle (DMSO) for 18 h before being stained with 5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside and scored for apoptosis in a blind fashion. Specific apoptosis is derived by subtracting the level of apoptosis seen in pcDNA3-transfected cells.
At least 500 cells were scored for each sample. Results shown are representative of three independent experiments. (C) Inhibition of ERK1/2 activation by
PD98059. Cell lysates from HelLa cells treated with 60 M PD98059 or vehicle were probed by Western blotting with either an ERK1/2 activation-specific antibody
(Upper; Cell Signaling Technology) or pan-ERK1/2 antibody (Lower; Cell Signaling Technology). (D) Effect of MEK1 overexpression on ASK1-induced apoptosis.
HelLa cells were transfected with a 8-gal reporter together with indicated expression vectors for 12 h, serum-starved for 24 h, and scored for apoptosis as in A.
Data are summary of three independent experiments. (E) Effect of MEK1 expression on ERK1/2 activation. Lysates from Hela cells treated as in D were subjected
to SDS/PAGE and Western blotting with ERK1/2 activation-specific or pan antibodies or anti-MEK antibody (Santa Cruz Biotechnology).

Raf-1 showed homogenous DAPI staining and normal nuclear  sion of MEK19" decreased the basal activation level of ERK1/2
morphology (Fig. 14). In contrast, expression of ASK1 induced  but showed no effect on the inhibition of ASK1-induced apo-
the appearance of condensed chromatin and fragmented nuclei  ptosis by Raf-1 (Fig. 2 D and E). However, the above MEK
characteristic of apoptosis consistent with previously published  inhibitors are unable to completely block MEK-ERK signaling,
data (18). When cells were transfected with Raf-1 together with ~ and the remaining activity may be sufficient to transmit the Raf-1
ASK1, however, the fraction of cells with apoptotic nuclear  survival signal. To test this possibility, we examined whether
morphology was decreased, which was quantified as shown in  activation of the MEK-ERK pathway by overexpression of
Fig. 1B. These results suggest that Raf-1 can inhibit the apoptotic = MEKI, an immediate effector of Raf-1, would be sufficient to
activity of ASK1. This decrease did not appear to result from  mimic the Raf-1 effect and inhibit ASK1. As shown in Fig. 2F,
decreased levels of ASK1 protein (Fig. 1B Lower). Similar results ~ expression of MEKIWT or the constitutively active mutant
were obtained with COS?7 cells by using a DNA content-based ~ MEKI€ activated ERK1/2. However, neither of these MEK1
flow cytometry assay (Fig. 1 C and D). When adherent cells  constructs was capable of attenuating the proapoptotic activity
undergo apoptosis, they often exhibit cell shrinkage and  of ASK1 (Fig. 2D). Thus, MEKI cannot substitute for Raf-1 to
rounded-up morphology. These features form the basis of an  inhibit ASK1 function. Because neither inhibition nor activation
alternative cell morphology-based death assay (13), which uses  of MEK impacted the proapoptotic activity of ASK1, Raf-1 likely
B-gal as a marker (Fig. 24). Consistent with nuclear morphology ~ antagonizes ASKI1 through a mechanism independent of the
and DNA content assays, coexpression of Raf-1 diminished = MEK-ERK pathway.
ASKI1-induced cell death (Fig. 2B). These data demonstrate that
a Raf-1-mediated signaling pathway may play a negative role in ~ Raf-1 Interacts with ASK1 in Cells. One possible mechanism for
controlling ASK1-dependent apoptosis. Raf-1 inhibition of ASK1 apoptotic activity is through direct
interaction between the two proteins. To test this hypothesis, we
The MEK-ERK Pathway Is Not Required for Raf-1 to Block ASK1  performed coimmunoprecipitation experiments in COS7 cells
Function. Raf-1-dependent activation of the MEK-ERK pathway ~ (18). FLAG-Raf-1 was transiently expressed with either HA-
has been shown to promote cell survival by targeting various ~ ASK1 or the negative control HA-CAB1. HA immunocom-
death pathways (6-11). To test the hypothesis that Raf-1 regu-  plexes were isolated and examined. Raf-1 was found in the
lates ASK1-induced apoptosis through the MEK-ERK pathway, = HA-ASK1 immunocomplex but was absent from the HA-CAB1
we used two widely used MEK antagonists, PD98059 and U0126 ~ complex, suggesting that Raf-1 may specifically interact with
(22, 23). Surprisingly, treatment of cells with PD98059 (60 uM)  ASK1 (Fig. 34). To confirm the Raf-1/ASK1 association, we
did not decrease the ability of Raf-1 to inhibit ASK1-induced cell ~ carried out reciprocal experiments by immunoprecipitating
death, although this agent diminished the activation of ERK1/2  Raf-1 from COS7 cell lysates (Fig. 3B). HA-ASK1, but not
(Fig. 2 B and C). Similar results were obtained with U0126 (25 HA-CABI, was detected in the Raf-1 immunocomplex. These
uM; data not shown). To confirm the observations with  data together suggest that Raf-1 is associated with ASKI1 in
PD98059 and U0126, we used a dominant negative mutant of ~ mammalian cells.
MEK1, MEK19", to interfere with MEK signaling (19). Expres- To test whether Raf-1 interacts with ASK1 in the absence of
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Fig.3. Raf-1specifically interacts with ASK1. (4) HA-ASK1immunocomplex contains Raf-1. COS7 cells were transfected with the expression vector for HA-ASK1
or HA-CAB1 together with FLAG-Raf-1 (18). After 48 h, cell lysates were prepared, and ASK1 or CAB1 was immunoprecipitated with anti-HA antibody.
Immunoprecipitates were washed extensively with Nonidet P-40 (1%) lysis buffer before Western blotting with antibodies to Raf-1 and HA (Upper). (Lower)
Expression levels of Raf-1 and HA-ASK1 or HA-CAB1 in the lysates. (B) Raf-1 immunocomplexes contain ASK1. Polyclonal anti-Raf-1 antibody (Santa Cruz
Biotechnology) was used to immunoprecipitate Raf-1 as in A. HA-ASK1 was detected in the Raf-1 immunoprecipitates with anti-HA antibody. (C) Endogenous
Raf-1 and ASK1 form complexes in L929 cells. Immunoprecipitates were prepared from L929 cell lysates (left lane) using either anti-Raf-1 monoclonal antibody
(Transduction Laboratories) or anti-HA antibody as a negative control and probed for ASK1 using the antibody DAV (ref. 14; Upper). Coimmunoprecipitated ASK1
and Raf-1 comigrate, respectively, with overexpressed HA-ASK1 and FLAG-Raf-1 (Marker lane). Antibody light chains (LC) in the immunoprecipitates are
indicated. (D) 14-3-3 binding and Raf-1 kinase activity are not required for the Raf-1-ASK1 interaction. COS7 cells were cotransfected with plasmids encoding
FLAG-Raf-1WT, catalytically inactive FLAG-Rafk37>M (301), or 14-3-3 binding defective FLAG-Raf52>%/621A (2SA) and HA-ASK1WT or 14-3-3 binding defective
HA-ASK159%7A (SA). FLAG-Raf-1 complex was precipitated by using anti-FLAG antibody (Sigma) and probed with anti-ASK 1 antibody (Santa Cruz Biotechnology).
Expression levels of HA-ASK1 were verified by Western blotting (Lower). As a control, FLAG-Raf$259/621A was found to bind HA-ASK1WT (data not shown).

experimental manipulation, we isolated the endogenous Raf-1
protein complex from 1929 cells by using an anti-Raf-1 mono-
clonal antibody and probed for the presence of native ASKI.
Indeed, the Raf-1 antibody coimmunoprecipitated endogenous
ASKI1 (Fig. 3C). As a control, an anti-HA monoclonal antibody
failed to pull down ASK1 under the same conditions, suggesting
a specific interaction of Raf-1 with ASK1. A reciprocal experi-
ment showed the presence of Raf-1 in immunocomplexes iso-
lated with either anti-ASK1 H300 (Santa Cruz Biotechnology)
or anti-ASK1 DAV antibodies (ref. 14 and data not shown).
Endogenous ASK1 was also found in complex with Raf-1 in
Jurkat T cells (data not shown). Thus, Raf-1 and ASK1 associate
in vivo, which supports the model that Raf-1 promotes cell
survival in part by antagonizing the ASK1-mediated apoptotic
signaling.

Both Raf-1 and ASK1 are capable of binding to 14-3-3 proteins
(1, 18). The 14-3-3 proteins exist as dimers and could potentially
bridge two distinct target proteins (24). It has been demonstrated
that 14-3-3 interacts with Raf-1 through phosphorylated Ser-259
and Ser-621 (1) and with ASK1 through phosphorylated Ser-967
(18). Thus, it is possible that the Raf-1/ASK1 association is
mediated by 14-3-3 dimers. To test this notion, we used Raf-1 and
ASK1 mutants that are defective in 14-3-3 binding, Raf$23%/621A
and ASK15%7A (1, 18). As shown in Fig. 3D, mutant Raf-1 and
ASK1 proteins interacted as efficiently as the WT proteins did,
suggesting that the Raf-1-ASK1 interaction does not require
14-3-3 proteins.

The N-Terminal Regulatory Domain of ASK1 Mediates Raf-1 Binding.
If the Raf-1-ASKI interaction mediates the inhibitory effect of
Raf-1 on ASK1-induced death, we reasoned that a mutant form
of ASK1 incapable of Raf-1 binding would be refractory to Raf-1
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inhibition. To test this hypothesis, we mapped the Raf-1 binding
site on ASK1. ASKI has its catalytic domain flanked by N-
terminal and C-terminal regulatory domains (Fig. 44). Various
truncation mutants of ASK1 were expressed as HA-tagged
fusions together with FLAG-Raf-1 in COS7 cells, and their
associations were probed in a coimmunoprecipitation assay.
Although all of the ASKI proteins containing the N-terminal
domain showed binding to Raf-1, no Raf-1 binding was detect-
able for the kinase or C-terminal domains of ASK1 (Fig. 4 B and
C). Importantly, the N-terminal domain alone was sufficient to
bind Raf-1. Raf-1 may inhibit ASK1 by targeting its N-terminal
regulatory domain.

To test whether binding to ASK1 is necessary for the antiapo-
ptotic activity of Raf-1, we investigated the effect of Raf-1
expression on apoptosis induced by ASK-AN. In a nuclear
morphology-based apoptosis assay, the fraction of apoptotic
cells induced by ASKIWT was drastically reduced by coexpres-
sion of Raf-1, whereas cell death induced by ASK-AN was
nonresponsive to the coexpressed Raf-1 (Fig. 4D). These data
strongly support a requirement for the Raf-1-ASKI1 interaction
in the inhibition of ASK1 proapoptotic function.

Raf-1 Catalytic Activity Is Not Required for Inhibition of ASK1-Induced
Apoptosis. Mutations at Lys-375 and Ser-621 inactivate the kinase
activity of Raf-1 (1, 2). The kinase-defective Raf-1 mutants
Raf-1%373M and Raf-159/021A were capable of binding ASK1
(Fig. 3D). We examined whether the catalytic activity of Raf-1
was required for inhibiting ASK1-induced cell death in HeLa
cells. Strikingly, these inactive Raf-1 mutants were as effective as
WT in blocking the proapoptotic function of ASK1 under the
conditions tested (Fig. 5). Similar results were obtained with
COS7 cells in an alternative DNA content-based apoptosis assay

Chen et al.
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Fig. 4. The N-terminal domain of ASK1 mediates the Raf-1 interaction. (A)
Schematic diagram of ASK1 proteins. The shaded portion of the boxes repre-
sents the ASK1 kinase domain. Association of ASK1 mutants with Raf-1 is
summarized. (B) The N-terminal domain of ASK1 is required for Raf-1 binding.
FLAG-Raf-1 was transiently transfected into COS7 cells with HA-ASK1WT or
truncated mutants. HA-ASK1 protein complexes were immunoprecipitated
and subjected to SDS/PAGE and Western blotting with anti-HA (Middle) and
anti-Raf-1 antibodies (Top). Lysates from each sample were probed with
anti-Raf-1 antibodies (Bottom). (C) Raf-1 does not interact with ASK1-AN.
Raf-1 protein complexes were immunoprecipitated from each sample with
anti-Raf-1 antibody and subjected to SDS/PAGE and Western blotting with
anti-ASK1 antibody. Overexposure shows the interaction of endogenous
Raf-1 with overexpressed HA-ASK1, but even overexpressed Raf-1 was inca-
pable of binding to ASK1-AN. (D) Raf-1 cannot block ASK1-AN induced apo-
ptosis. HeLa cells were transfected with plasmids as indicated together with an
eGFP marker vector. The nuclear morphology-based assay described in Fig. 1
was used to score for apoptotic cells.

using flow cytometry (data not shown). Together, these data
suggest a kinase-independent function of Raf-1, strengthening
the notion that the MEK-ERK pathway is not involved.

Discussion

Our findings suggest a mechanism by which Raf-1 promotes cell
survival independently of the MEK-ERK pathway. Through
protein—protein interactions, Raf-1 may directly act on a critical
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Fig. 5. Raf-1inhibits ASK1-induced apoptosis independently of its catalytic
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specific apoptosis. Plasmids used were the same as described in Fig. 3C.

component of the cellular proapoptotic signaling machinery.
The fact that catalytically inactive Raf-1 can replace the WT
kinase to inhibit ASK1 raises the intriguing possibility that Raf-1
may have a kinase-independent function. It is conceivable that
the interaction of Raf-1 with many reported targets may repre-
sent kinase-independent pathways of Raf-1 (2). Thus, Raf-1 may
have dual functions: activating the MEK-ERK cascade through
its enzymatic activity while inhibiting ASK1 through protein—
protein interactions.

Evidence is accumulating that Raf-1 may use multiple
effectors, in addition to its well established target MEK, to
mediate its cellular functions. It was found that activated
Raf-1, but not MEK, can drive the differentiation of hip-
pocampal neuronal cells (25). Mutant Raf-1 that is defective
in MEK activation is still capable of activating NF-«B-
dependent gene expression and other selected pathways (26).
These effects of Raf-1 appear to be kinase dependent, and the
immediate targets of Raf-1 other than MEK remain to be
identified. However, these observations together strongly sup-
port the notion that Raf-1 can transmit signals to multiple
downstream pathways. Consistent with this idea, Raf-1 has
been shown to interact with other critical regulatory proteins
such as the cell-cycle modulators Cdc25 and Rb (27, 28) and
the proapoptotic protein Bad (29). ASK1 was initially de-
scribed as a MAPK kinase kinase that activates the stress-
activated protein kinases SAPK/JNK and p38 (12, 30). Inter-
action of Raf-1 with ASK1 may allow a functional cross-talk
between two antagonistic signaling pathways, which is likely to
be critical for signal integration. Recent demonstration of the
interaction between Raf-1 and MEKKI1 supports an extensive
interplay at the MAPK kinase kinase level of the signaling
network (31). The concerted action of Raf-1 on several aspects
of cell growth control may prevent conflicting signaling activ-
ities and lead to a meaningful biological output.

It has been postulated that apoptotic cell death is the default
program of metazoan cells, which must be suppressed contin-
uously by survival mechanisms (32). Inhibition of the proapo-
ptotic function of ASK1 by Raf-1 may be part of the cellular
machinery that maintains survival. It is conceivable that
activation of ASK1-mediated apoptosis by death stimuli such
as H,O, and tumor necrosis factor @ may involve the dissoci-
ation of Raf-1 from ASK1. Because Raf-1 is a vital component
of a variety of growth factor-induced signaling pathways,
simultaneous stimulation of the MEK-ERK pathway and
inhibition of death signaling through its kinase-dependent and
independent mechanisms may both be necessary to ensure cell
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survival and proliferation. How Raf-1 inhibits ASK1 remains
to be established. It is possible that Raf-1 promotes an inactive
conformation of ASKI1 through the N-terminal domain of
ASKI1, removal of which has been shown to increase both the
kinase activity of ASK1 and its lethality (13). It is also possible
that Raf-1 binding interferes with the interaction of ASK1 with
its effectors such as MKK3 or regulators such as Daxx (12, 13).
Alternatively, it is tempting to speculate that Raf-1 may
function as an adaptor protein to recruit a survival factor to
inhibit ASK1 function. For example, Raf-1 interacts with Akt
(33, 34), a phosphoinositide 3-kinase regulated prosurvival
kinase, and thus Raf-1 may recruit Akt to phosphorylate
ASKI1, allowing a general survival mechanism to intercept a
death-signaling pathway (35).
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