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ed; we examined the pl~ospl~orylation of Raf 
and MEK. the lcinases directly upstream of 
ERK. Activated ;Ua inhibited the phosphoiyl- 
ation both of Raf on Ser3j8. which is required 
for Raf activation (16). and of 1IEK (Fig. 3; D 
and E), indicating that the Akt-induced inhibi- 
tion of the Raf-MEK-ERK pathway is mediated 
at the level of (or upstream of )  Raf. 

The mechanism of the stage-specific inhi- 
bition of the Raf-hlEK-ERK pathway by Alct 
was investigated by examining the possible 
foinlation of a Raf-Alct complex. Whereas 
the abulldance of endogenous Raf was similar 
in inyoblasts and myotubes, c.a.-Alct was co- 
iminunoprecipitated with Raf from differen- 
tiated Inyotubes but not from nlyoblasts (Fig 
5A). A kinase-inactive form of Akt (1c.i.-Alct) 
did not associate with Raf in differentiated 
myotubes (Fig. 5B). consistent with the no- 
tion that either activation or ineinbrane local- 
ization of Akt is required for its association 
with Raf in inyohlbes. 

Zirnnleimann et a/, 111 an accoinpanylng 
1epoi-t. shou that Akt can phosphor?late Raf 
in vitro (1 7).  However. the cross-regulatory 
mechanism that nre have identified cannot sim- 
ply be explained by the binding of Akt to Raf 
followed by Akt phosphoi~~lation of Raf. given 
that both binding and cross-regulation occur in 
myoh~bes but not in myoblasts. Thus. Akt and 
Raf do not obligately interact. Regulation of the 
Raf-Alt interaction might be mediated by 
stage-specific modification of these proteins or 
by stage-specific accessory proteins. 

Signaling inolecules ale able to induce dif- 
feient phenotypes mllen expiessed in diffeient 
cell types (2, IS) These plelotlopic effects are 
explained as belng dependent on "cellula~ con- 
text." meanlng that comnon slgllallng mecha- 
nisms are at some point interpreted differently 
by different cell 8.pes. It is possible that the 
cross-regulation between the P I 3 K - a t  and 
Raf-MEK-ERIC pathways may be iillpor-tant in 
other cell lineages; in which such crosstallc may 
similarly depend on differentiation stage. Given 
that rnuscle undergoes atrophy in a vaiiety of 
disease states. the ability to promote muscle 
hypertrophgr would ha1 e unpoitant clinlcal im- 
plications. Understanding the inechanisins by 
which the Raf-hlEK-ERK and PI3K-Akt path- 
ways regulate muscle hypernophy may thus 
contribute to the development of agents that 
could tip the balance away from atrophy in such 
disease states. 
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Phosphorylation and Regulation 
of Raf by Akt (Protein Kinase B) 

Sven Zimmermann and Karin Moelling* 

Activation of the protein kinase Raf can lead t o  opposing cellular responses such 
as proliferation, growth arrest, apoptosis, or differentiation. Akt (protein kinase 
B), a member o f  a different signaling pathway that also regulates these re- 
sponses, interacted wi th  Raf and phosphorylated this protein at a highly con- 
served serine residue in its regulatory domain in vivo. This phosphorylation of 
Raf by Akt inhibited activation of the Raf-MEK-ERK signaling pathway and 
shifted the cellular response in a human breast cancer cell line from cell cycle 
arrest t o  proliferation. These observations provide a molecular basis for cross 
talk between two signaling pathways at the level of Raf and Akt. 

The signaling patllway conlpiising Raf. MEK es. such as proliferation. apoptosis. g o n t h  ar- 
(mitogen-activated protein lcinase. or ERK lei- rest. differentiation. and senescence. depending 
nase). and ERK (extracellular signal-regulated on the duration and strength of the external 
kinase) lies donnstream of the small guanine stimulus and on cell type. .4nother pathway that 
nucleotide binding protein Ras and mediates lies downstream of Ras includes phosphatidyl- 
several apparently conflicting cellular respons- inositol (PI) 3-kinase and Alt  (or protein lcinase 
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Fig. 1. Inhibition of Raf 
activation by Akt (A) 
Comparison of the pu- 
tative Akt phosphoryl- 
ation site in the amino- 
terminal region of Raf 
with the sequences of 
phosphorylation sites 
of known Akt sub- 
strates (78, 79). The 
phosphoyhted resi- 
dues are shown in bold 
and a consensus s e  
quence is denoted be- 
low. (B and C) Flag-Raf, 
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Flag-RafDW, or the npuenm RXRXX S /T  

double mutant Flag- 
Raf"591DW was coexpressed with a codtut ivdy active Akt (m/pHA-Akt) or assayed. The radioactivity incorporated into CST-MEK was quantitated by image 
a kinase-inactive Akt in HEK293 cells. In (B), the cells were analysis (Image-Quant) and is shown as fold activation relatiwe to the basal 
stimulated with ECF (10 nglml) for 5 min, and kinase activity of Raf toward a activity of Flag-Raf. lmmunocomplexes were also subjected to immunoblot 
glutathione S-transferase fusion protein of kinase-inactive MEK (CST-MEK) was analysis with antibodies to the Flag epiiope. 

Fig. 2. Effects of inhibition of Akt 
on phosphorylation of Ser259 of 
Raf and on Raf and ERK activi- 
ties. HEK293 cells were deprived 
of serum, incubated for 20 min 
with the indicated concentra- 
tions of LY294002, and then 
stimulated with ICF (50 ng/ml) 
for 4 min. Cells expressing ki- 
nase-inactive Akt (HA-AktA17') 
were similarly treated with ICF. 
Endogenous Raf protein was im- 
munoprecipitated and in vitro ki- 
nase assays were performed as 
in Fig. 1B. Cell lysates were also 
subjected t o  immunoblot analy- 
sis with antibodies specific for 
Raf phosphorylated on Ser259, 
for activated Akt, or for activat- 
ed ERK, or with antibodies to  the 
corresponding unmodified pro- 
teins (20). 

The kinase activity of Raf (5) is regulated by 
phosphorylation of a highly conserved serine 
residue (SerZ5q in the amino-terminal regula- 
tory domain (RafNT) (6). Phosphorylation of 
SerZs9 mediates binding of the 14-3-3 protein, 
resulting in Raf inactivation. Mutation of 

IQP- + + +  + - + + 

Kinase 
Assay I 

Ser259 to Ala constitutively activates the kinase 
activity of Raf (7). The kinases responsible for 
phosphorylating SerZs9 are unknown but may 
include members of the protein kinase C family 
(8). 

Because the region surrounding SerzS9 in 
Raf conforms to a consensus sequence for phos- 
phorylation by the serine-threonine kinase Akt 
(Fig. 1A) (9, lo), we analyzed the biochemical 
effect and biological hc t ion  of Akt-mediated 
phosphorylation of Raf. Stimulation of human 
embryonic kidney (HEK293) cells expressing 
Flag epitop+tagged Raf (7J with epidermal 

Eiive- 1 -Phospho-Akt 
Akt  

mtl- 
Akt 4 Akt 

- ,Phos~ho- 

ERK -Phospho- 
ERK-2 

growth factor (EGF) resulted in an increase in 
the kinase activity of Raf (Fig. 1B). Coexpres- 
sion of a hemagglutinin epitope (HAktagged 
kinase-inactive mutant of Akt, HA-AktA179 
(II), enhanced the EGF-induced increase in Raf 

Fig. 3. Akt-induced phosphorylation of Raf on 
Ser259 in vivo. HEK293 cells were transfected 
with the indicated constructs, deprived of se- 
rum, and metabolically labeled with [32P]- 
orthophosphate (0.25 mCi/ml) as described 
(77). They were then stimulated with ICF (100 
ng/ml) for 15 min, after which Flag-RafNT 
proteins were immunoprecipitated, resolved by 
SDS-polyacrylamide gel electrophoresis, and 
subjected to  image analysis for detection of 
radioactivity and to  immunoblot analysis with 
antibodies to  Flag. The incorporation of 32P was 
normalized for protein content and is shown as 
fold increase compared with the basal phospho- 
rylation of Flag-Raf NT. Aktwt, wild-type Akt. 

activity. However, coexpression of an activated 
Akt mutant that is constitutively targeted to the 
plasma membrane (dp-HA-Akt) (11) markedly 
inhibited the EGF-induced increase in Raf ac- 
tivity (Fig. 1B). A constitutively activated Raf 
mutant containing the SerzS9+Ala mutation (7) 
was not regulated by these Akt proteins (12), 
suggesting that Akt induces phosphorylation of 
Raf on Ser259. In place of an exogenous 'stimu- 
lus, we expressed another constitutively active 
mutant of Raf, in which Tyr340 is mutated to 
Asp (13), in HEK293 cells. The kinase activity 
of this mutant Raf was also down-regulated by 
Akt-dependent phosphorylation of Ser259 (Fig. 
1C). 

IGF 
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Institute of Medical Virology, University of Zurich, 
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acting either synergistically with (I) or in op- sponse may depend on cell type or the stage of *T, ,horn co,respon~ence should be E- 
position to (2) the Raf pathway. Coordination differentiation (3, 4). mail: moelling@immv.unizh.ch 
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Endogenous Raf in HEK293 cells was 
also phosphorylated on SerZs9 after stimula- 
tion of cells with insulin-like growth factor 
(IGF). The PI 3-kinase inhibitor LY294002 
inhibited IGF-induced phosphorylation of 
Raf on SerZs9 and increased the extent of 
activation of Raf and ERK (Fig. 2). The 
effects of LY294002 were mimicked by ex- 
pression of the kinase-inactive Akt mutant 
(HA-AktA179) in HEK293 cells. 

In vivo 32P-labeling experiments revealed 
that activation of Akt by an oncogenic form of 
Ras (RasvIz) or by IGF resulted in R a m  
phosphorylation (4.7- and 2.2-fold increases, 
respectively) (Fig. 3). However, coexpression 
of the kinase-inactive Akt mutant inhibited the 
increase in RafNT phosphorylation in response 
to either RasVI2 or IGF. Phosphorylation in- 
duced a decrease in the electrophoretic mobility 
of RafNT. Almost all of the 32P-labeled phos- 
phate was incorporated into Raf at Ser259, as 
revealed by the observation that the 
mutant was phosphorylated to a much lesser 
extent than was RafNT (Fig. 3). 

When expressed as a GST fusion protein, 
RafNT was directly phosphorylated by Akt 
on SerZs9 in vitro (Fig. 4A); the GST- 
RafNTA259 mutant was not phosphorylated 
by Akt under these conditions (Fig. 4B). The 
Akt substrate BAD (14) was included in 
these experiments as a positive control (12). 
The carboxyl-terminal domain of Raf 
(RafCT) fused to GST was also not phospho- 
rylated by Akt (12). 

Akt and Raf coimmunoprecipitated from 
HEK293 cells overexpressing these proteins 
(Fig. 5A). Akt associated with both RafNT 
and RafCT. Two Raf mutants that do not bind 
14-3-3 protein, RafNTA259 and RafCTA6" 
(7), also co-immunoprecipitated with Akt, 
indicating that 14-3-3 protein does not serve 
as an adapter between Raf and Akt. In addi- 
tion, Raf proteins in which residues that con- 
stitute putative lipid binding sites are mutated 
(15), RafNTG'43"'44 and RafCTG398"399, 
also associated with Akt (Fig. 5A). 

Exposure of the MCF-7 breast cancer cell 
line to IGF induces cell proliferation as a result 
of activation of the PI 3-kinase-Akt pathway 
and transient activation of the Raf-MEK-ERK 
pathway (3). However, prolonged activation of 
the Raf cascade inhibits growth in these cells 
(3). Thus, regulation of the Raf-MEK-ERK 
pathway in MCF-7 cells determines whether 
the response is proliferation or growth arrest. 
Endogenous Akt and endogenous Raf co-im- 
munoprecipitated from MCF-7 cells that had 
been stimulated with IGF for 5 min (Fig. 5B). 
This interaction was disrupted with a peptide 
that competed with Akt for the irnmunoprecipi- 
tating anti-Akt antibodies (Fig. 5B). Serum de- 
privation of the cells or stimulation with IGF 
for 5 min or 2 hours did not alter the amounts of 
the co-imrnunoprecipitating proteins (12). 

On exposure of MCF-7 cells to IGF, both 

Fig. 4. Phosphorylation 
of Raf on Ser2" by Akt A 

&#$'+p'$ in vitro. HEK293 cells PP!? 
expressing the indicat- 4,v +p A. dQ . - ,  - . - 
ed' HA& proteins IGF - + + - IGF - + + - 
were deprived of se- I 1 r 1 
rum, stimulated for 20 K'".ase-l 
min with IGF (100 ng/ HSSaY I GST- - R ~ ~ N T ~ ~ ~ ~  

ml), lysed, and subject- 
L d B S I ; T  :%- ~ ~ ~ ~ & T A s 9  ed to immunoprecipi- GsT- 

,.a, 8" 8 

tation with antibodies 
to HA The resulting precipitates were then subjected to an in vitro kinase assay with GST-Raf NT (A) 
or GST-Raf NTAZS9 (B) as substrate. Autoradiograms are shown in the upper panels, and immunoblot 
analysis with antibodies to GST is shown in the lower panels (27). The amounts of Akt in the different 
reaction mixtures were similar (72). 

!P, ---- 

="I 'I ,-a 4HA-Aktwt  an'- 
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Fig. 5. Association of Akt and Raf. (A) Lysates prepared from HEK293 cells transfected with the indicated 
constructs were subjected to immunoprecipitation with antibodies to Flag with or without an anti-Flag 
antibody competing peptide (FLAG peptide), and the resulting precipitates were subjected to immu- 
noblot analysis with antibodies to Flag or to HA The amount of HA-Akt in direct lysates (DL) was also 
assessed by immunoblot analysis with antibodies to HA (lower panel) (22). (6) Serum-deprived MCF-7 
cells were stimulated with ICF (100 nglml) for 5 min, after which endogeneous Raf and Akt were 
immunoprecipitated (IP) with their cognate antibodies in the absence or presence of the immunizing 
peptide for the antibodies to Akt (22). The resulting immunoprecipitates were then subjected to 
immunoblot analysis with the same antibodies. IgC, immunoglobulin C. 

Raf and ERK activities peaked after 2 to 3 6C). The growth-inhibitory effect of PMA on 
min and then decreased (Fig. 6A). In contrast, MCF-7 cells was also partially reversed by the 
Akt was activated rapidly and remained fully MEK inhibitor PD98059 (Fig. 6D) (3). 
active for up to 20 min. Inhibition of Akt Our results demonstrate that Akt antagoniz- 
activation by LY294002 increased Raf and es Raf activity by direct phosphorylation of 
ERK activities (Fig. 6A). Ser259. This modification mates a biding site 

Tumor promoters such as phorbol 12-my- 
ristate 13-acetate (PMA) induce sustained acti- 
vation of ERIC as well as the expression of the 
cyclindependent kinase inhibitor p2lcip' in 
MCF-7 cells (3). The MEK inhibitor PD98059 
partially inhibited the PMA-induced increase in 
the amount of p21C'p', whereas LY294002 had 
no such effect, implicating the Raf-MEK-ERIC 
pathway in regulation of p21C'p1 expression 

for 14-3-3 protein, a negative regulator of Raf. 
Similarly, phosphorylation of BAD or the fork- 
head transcription factor FKHRLl by Akt also 
promotes binding of 14-3-3 protein (14, 16). In 
all three instances, phosphorylation by Akt in- 
activates the function of its substrate. Cross talk 
between the Raf-MEK-ERK and the PI 3%- 
nase-Akt pathways, mediated by direct interac- 
tion of Akt with and its phosphorylation of Raf, 

( ~ i ~ .  6B). ~Gression of membrane-targeted, may switch the biological response from 
constitutively active Akt (rnlp-HA-Akt) in growth arrest to proliferation, as shown for 
MCF-7 cells prevented PMA-induced expres- MCF-7 cells, and may also modulate senes- 
sion of p21Cip' in the nucleus; expression of cence or differentiation as shown for myoblast 
membranetargeted kinase-inactive Akt (mlp- differentiation (29, depending on the cellular 
HA-AktAU9) had no such inhibitory effect (Fig. system (Fig. 6E). 
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Transduction Laboratories), or to Akt or ERK (C2O and 
C14. Santa Cruz Biotechnology). Kinase activity of Raf 
was assayed as described (17). 

21. HEK293 cell transfection and lysis as well as assay of 
the kinase activity of Akt were performed as de- 
scribed (1 1, 17). 

22. HEK293 cells were lysed 36 hours after t r a n s f e b  
subjected to immunoprecipitation as described (7, 77). 
For examination of the endogenous Raf-Akt interaction. 
MCF-7 cells were deprived of serum for 24 hours in 
phenol red-free medium. After stimulation with IGF 
(100 nglml 5 min), cells were harvested at 4'C and 
lysed in NP-40 buffer (7, 77). Cleared lysates were 
subjected to immunoprecipitation with antibodies to 
Raf (R19120) or to Akt (CZO), and the resulting precip- 
itates were subjected to immunoblot analysis. Immu- 

noprecipitation from cell-free lysis buffer did not reveal 
any nonspecific bands (12). 

23. MCF-7 Cells were deprived of serum for 24 hours and 
'treated with LY294002 (Calbiochem) for 20 min. 
After stimulation with ICF (100 ng/ml), the cells were 
lysed in RIPA buffer, and Raf was immunoprecipitated 
with 1 pg  of specific antibodies (R19120) for 3 hours 
at 4OC, the final 1 hour of which was in the presence 
of 10 p1 of protein G-Sepharose (Amersham Pharma- 
cia Biotech). The resulting precipitates were subject- 
ed to kinase assays (17). 

24. Cells were stimulated for the indicated times, exten- 
sively washed, and lysed 5 hours after stimulation. 
Samples were subjected to immunoblot analysis with 
antibodies to p21Cip' (F5, Santa Cruz Biotechnology). 
For immunofluorescence studies. MCF-7 cells were cul- 
tured on glass cover slips and transfected with HA-Akt 
expression plasmids. After 24 hours, the cells were 
deprived of serum for 18 hours and treated with PMA 
(100 ng/ml) (Calbiochem) or vehicle (dimethyl sulfox- 
ide) for an additional 4 hours. Proteins were visualized 
with goat antibodies to Akt (C2O) and mouse antibodies 
to p21ciP1 (F5) and subsequent incubation with rho- 
damine-conjugated antibodies to goat immunoglobulin 
or fluorexein-conjugated antibodies to mouse immu- 
noglobulin, respectively (DAKO). Cells were examined 
under a confocal laser microscope (Bio-RadlZeiss-Axio- 
plan) equipped with a Zeiss Neofluar 63X objective. 
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