
glomeruli with antibodies to IgG and the in- 
tense staining of tubular casts (Fig. 4D). Thus, 
the perturbed lymphocyte homeostasis pro- 
duced by lack of Bim often culminates in a fatal 
systemic autoimmune disease. 

The findings reported here indicate that, at 
least within the hematopoietic compartment, 
the BH3-only protein Bim is a key trigger of 
apoptosis and a critical physiological regula- 
tor of homeostasis. It influences T cell devel- 
opment and also may play a major role in 
terminating the normal immune response, be- 
cause copious plasma cells accumulated in its 
absence: and renal failure often ensued due to 
a systemic ,autoimmune disease that has sim- 
ilarities to the human disorder systemic lupus 
erythematosus. Many of these effects, includ- 
ing the autoimmune disease (19). are highly 
reminiscent of those produced by overexpres- 
sion of Bcl-2. These marked similarities ar- 
gue that, at least for hematopoietic cells, Bim 
may well be the major physiological antago- 
nist of the prosurvival proteins. 

It might have been expected that a BH3- 
only protein would senre as the sentinel for 
damage to a single cellular component, but 
several disparate cytotoxic signals proved to be 
funneled through Bim. As well as microtubule 
perturbation (taxol) and Ca2+ flux, these in- 
cluded death upon cytokine deprivation. Apo- 
ptosis induced by growth factor withdra~v-a1 has 
been thought to proceed through Bad (5):  but at 
least in B and T lymphocytes Bim must be the 
dominant transducer of this cytotoxic signal. In 
other responses that Bcl-2 can regulate, howev- 
er, Bim apparently has a much smaller (or 
redundant) role, and those signals may well 
prove to be transduced mainly through other 
BH3-only proteins. In hepatocytes, but appar- 
ently not other cell types. Bid appears to play an 
important role in Fas-induced apoptosis (9), a 
response in which Bim appears to play no role. 
It thus appears likely that different BH3-only 
proteins are required to execute particular death 
responses in individual cell types. 

References and Notes 
1. D. L. Vaux and 8. J. Korsmeyer, Cell 96, 245 (1999); 

C. B. Thompson, Science 267, 1456 (1995); A. 
Strasser, D. C. 8. Huang, D. L. Vaux, Biochim. Biophys. 
Acta 1333, F151 (1997). 

2. N. A. Thornberry and Y. Lazebnik, Science 281, 1312 
(1998); C. S. Salvesen and V. M. Dixit, Cell 91, 443 
(1997). 

3. J. C. Reed, Nature 387, 773 (1997); J. M. Adams and 
S. Cory, Science 281, 1322 (1998); A. Gross, J. M. 
McDonnell, 8. J. Korsmeyer, Genes Dev. 13, 1899 
(1999). 

4. H. Li, H. Zhu, C.-J. Xu, J. Yuan, Cell 94, 491 (1998); X. 
Luo, I. Budlhardjo, H. Zou, C. Slaughter, X. Wang, Cell 
94, 481 (1998). 

5. J. Zha, H. Harada, E. Yang, J. Jockel, 8. J. Korsmeyer, 
Cell 87, 619 (1996); J. Downward, Nature Cell Biol. 1, 
E33 (1999). 

6. H. Puthalakath, D. C. 8. Huang; L. A. O'Reilly, 8. M. 
King, A. Strasser, Mol. Cell 3, 287 (1999). 

7. L. O'Connor et al., EMBO J. 17, 384 (1998). 
8. B. Conradt, H. R. Horvitz, Cell 93, 519 (1998). 
9. X.-M. Yin et ai., Nature 400, 886 (1999). 

10. In the targeting vector (see Fig. IA), prepared from 

129SV/J DNA, the 110-base pair (bp) BH3-containing 
exon is replaced by the PGKneo expression cassette, 
flanked by loxP sites (20). Splicing of the remaining bim 
exons will produce a frameshift, which introduces a stop 
codon 12 bp downstream. Linearized targeting vector 
(30 mg) was electroporated into W9.5 ES cells. Hind 
Ill-digested DNA from 133 C418-resistant colonies was 
screened by Southern blotting with a 3-kb external 
probe (1.7 kb + 1.3 kb Bgl II fragments), for the 8-kb 
Hind Ill fragment. Two independent ES clones bearing a 
single targeted copy of the bim locus were microinjected 
into C57BU6 blastocysts. Chimeric agouti-colored off- 
spring were backcrossed to C57BU6 mice or C57BLI6- 
Deleter mice (7 7). 

11. F. Schwenk, U. Baron, K. Rajewsky, Nucleic Acids Res. 
23, 5080 (1 995). 

12. The impact of the truncated Bim polypeptide (BimKO) 
was investigated by stable or transient overexpres- 
sion in four cell lines. BimKO did not bind t o  Bcl-2 or 
Bim and had no effect on apoptosis induced by 
cytokine withdrawal, y-irradiation, or treatment wi th 
dexamethasone or staurosporine. It also did not af- 
fect Bcl-2 prosurvival activity. 

13. Some b i m - '  males mated wi th him+'- females 
routinely produced 50% bim-'- pups, but others 
sired hardly any b i m - '  offspring. Because of the 
incomplete penetrance of the lethality, an inbred 
genetic background and large numbers of fetuses of 
different gestation ages wil l  be required t o  identify 
the developmental defect imposed by Bim deficiency. 

14. T. Jacks e t  al., Curr. Biol. 4, 1 (1994); K. Kuida et al., 
Nature 384, 368 (1996); M. Woo et al., Genes Dev. 
12, 806 (1998); K. Kuida et al., Cell 94, 325 (1998); 
R. Hakem et al., Cell 94, 339 (1998). 

15. A. Strasser, A. W. Harris, D. C. S. Huang, P. H. Kram- 
mer, 8. Cory, EMBO 1. 14, 6136 (1995). 

16. K. Newton, A. W. Harris, M. L. Bath, K. C. C. Smith, A. 
Strasser, EMBO J. 17, 706 (1998). 

17. C. M. Knudson and S. J. Korsmeyer, Nature Genet. 16, 
358 (1997). 

18. A. Strasser, A. W. Harris, 8. Cory, Cell 67, 889 (1991); 
C. L. Sentman, J. R. Shutter, D. Hockenbery, 0. Kana- 
gawa, 8. J. Korsmeyer, Cell 67, 879 (1991). 

19. A. Strasser et al., Proc. Natl. Acad. Sci. U.5.A. 88, 
8661 (1991). 

L. A. O'Reilly et al., BioTechniques 25, 824 (1998). 
Lysates precleared wi th an isotype-matched antibody 
(Ter l l 9 )  were precipitated wi th rat anti-Bim mono- 
clonal antibody 5E5 or 14A8 (27) and protein C- 
Sepharose. The washed immune complexes were 
fractionated electrophoretically on SDS-polyacryl- 
amide gels and proteins transferred onto polyvinyl- 
idene difluoride membranes (Millipore). Bim protein 
was detected wi th 5E5 or 14A8, followed by a mouse 
anti-rat immunoglobulin reagent and ECL reaction 
(Amersham Pharmacia). 
Peripheral blood erythrocytes and leukocytes were enu- 
merated in a hemocytometer or with a ZM model 
Coulter counter and platelets were counted in a Sysmex 
NE8000 counter (TOA, Kobe, Japan). Suspensions of 
cells from thymus, spleen, lymph nodes, bone marrow, 
or blood were stained with cell type-specific monoclo- 
nal antibodies that had been purified on protein 
G-Sepharose and conjugated with fluorescein isothio- 
cyanate (FITC), R-phycoerythrin (PE), or biotin (Molec- 
ular Probes), the latter detected with PE-streptavidin 
(Caltag). Viable [excluding propidium iodide (PI)] 
CD4-8+ thymocytes and B220t/surface (s)lgM-/ 
slgD-/CD43 pre-B cells were purified in a FACStar+ 
or a modified FACS II cell sorter (Becton-Dickinson). 
Supported by fellowships and grants from the ARC 
(P.B.), the Leukemia Society of America (A.S. and 
D.C.S.H.), the Cancer Research Institute, the Nattonal 
Health and Medical Research Council (Reg. Key 
973002), the National Cancer Institute (CA43540 
and CA80188), the Josef Steiner Cancer Foundation, 
and the Anti-Cancer Council of Victoria. We are 
grateful t o  S. Cory and L. Harrison for helpful discus- 
sions, t o  C. Rudy for statistical advice, and t o  J. Birtles 
for the manuscript preparation. We thank A. Harris, S. 
Cory, S. Bath, K. Newton, and L. O'Reilly for gifts of 
transgenic mice and Bim-specific monoclonal anti- 
bodies; A. Naughton, E. Shomali, and T. Cibbs for 
animal husbandry; J. Melny and R. Czajko for per- 
forming serum analyses; F. Battye, D. Kaminaris, V. 
Lapatis, and J. Parker for operating the cell sorters; 
and L. Barnett, L-C. Zhang, 8. Mifsud, L. DiRago, J. 
Beaumont, 8. Novakovic, and A. Light for expert 
technical assistance. 

20. F. Guillemot, A. Nagy, A. Auerbach, J. Rossant, A L. 
Joyner, Nature 371, 333 (1994). 13 September 1999: accepted 19 October 1999 

Differentiation Stage-Specific 
Inhibition of the Raf-MEK-ERK 

Pathway by Akt 
Christian Rommel,' Brian A. Clarke,' Sven zimmermann,' 

Lorna Nutiez,' Roni Rossman,' Kristina Reid,' Karin Moelling,' 
George D. Yancopoulos,'* David J. Glass1* 

Extracellular signals often result in simultaneous activation of both the Raf- 
MEK-ERK and PI3K-Akt pathways (where ERK is extracellular-regulated kinase, 
MEK is mitogen-activated protein kinase or ERK kinase, and P13K is phospha- 
tidylinositol3-kinase). However, these two  signaling pathways were shown t o  
exert opposing effects on muscle cell hypertrophy. Furthermore, the PI3K-Akt 
pathway was shown t o  inhibit the Raf-MEK-ERK pathway; this cross-regulation 
depended on the differentiation state of the cell: Akt activation inhibited the 
Raf-MEK-ERK pathway in differentiated myotubes, but not in their'myoblast 
precursors. The stage-specific inhibitory action of Akt correlated with its stage- 
specific ability t o  form a complex with Raf, suggesting the existence of dif- 
ferentially expressed mediators of an inhibitory Akt-Raf complex. 

The Raf-MEK-ERK and PI3K-Ald signaling binding protein Ras acts as an upstream positive 
pathways are often sinlultaneously activated in effector of both the Raf-MEK-ERK patl~way 
response to grovrth factors and holmones. In and the PI3K-Akt pathway (I, 2). However, it 
some systems, the small guanine nucleotide has also been proposed that these hvo pathways 
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exert opposing effects. Manipulation of these 
pathways during muscle differentiation indi- 
cates that inhibition of the Ras-Raf-MEK-ERK 
pathway promotes differentiation, whereas in- 
hibition of PUK blocks differentiation (3, 4). 
However, the roles of these two pathways in the 
process of skeletal muscle hypertrophy has not 
previously been evaluated. 

C2C12 myoblasts normally proliferate and 
are mononucleated (Fig. 1A). When deprived 
of serum at confluence, they h e  and differen- 
tiate into postmitotic, elongated, and multinu- 
cleated myotubes (Fig. 1B). The hypertrophic 

'Regeneron Pharmaceuticals, 777 Old Saw Mill River 
Road, Tarrytown, NY 10591, USA. %stitute of Med- 
ical Virology, University of Zurich, CH-8028, Zurich. 
Switzerland. 
*To whom correspondence should be addressed. E- 
mail: david.glass@regpha.com 

action of insulin-like growth factor-1 (IGF-1) 
on muscle cells in vivo is mimicked by the 
addition of IGF-1 during the differentiation of 
C2C12 myotubes in vitro, resulting in the gen- 
eration of thicker myotubes (Fig. 1C). In addi- 
tion to inducing hypertrophy of myotubes in 
vivo (3, IGF-1 has been shown to activate both 
the Raf-MEK-ERK pathway and the PI3K-Akt 
pathway (6). 

The roles of these two pathways in the 
differentiation and hypertrophy of C2C12 myo- 
tubes were examined by genetic manipulation, 
which was accomplished by transfection of 
C2C12 cells with expression vectors encoding 
both the protein of interest and green fluores- 
cent protein (GFP). This approach allowed the 
isolation of entire pools of transfected cells that 
express the test protein in sufficient amounts, 
with the use of a fluorescence-activated cell 
sorter (7). Expression of transgenes was con- 

rnvotu bes +IGF-1 

Fig. 1. Effects of IGF-1, various mu- vector control 
tant signaling molecules, and a phar- 
macological inhibitor of MEK on the 
differentiation of C2Cl2 cells. (A) I 
CZC12 myoblasts grown to confiui 
ence in high-serum medium. (B) Dif- 
ferentiated myotubes after 4 days of 
culture of C2Cl2 cells in Low-serum 
medium (20). (C) Myoblasts were cul- 
tured for 3 days in low-serum medium 
and then for 1 day in the additional 
presence of ICF-1 (10 ng/ml) (20). (D A n -Rat 
through G) C2C12 cells stably trans- 
fected with vectors encoding GFP ei- 
ther alone (D) or together with ca.- 
Raf (E), d.n.-Raf (F), or ca.-Akt (G) (7) 
were incubated for 4 days in low- 
serum medium. In (E) through (C), the I 

1 P -*& 

insets show the results of immunoblot 
analysis of lysates of the transfected 
cells (right lank) or control cells (left ~ 
Lanes) performed with antibodies to I 

the corresponding recombinant pro- 
teins (27). Arrowheads in (F) and (C) + PD98059 

indicate that the hypertrophic pheno- 
type induced by c.a.-Akt is more pro- 
nounced than that induced by d.n.- 
Raf. (H and I) One day after induction 
of differentiation with low-serum me- 
dium, C2Cl2 myoblasts were treated 
for 24 hours with the MEK inhibitor 
PD98059 3 pM) in the absence (H) or 
presence I I) of ICF-1 (10 ng/ml). The 
morphology of the resulting myo- 
tubes was examined after an additional 2 days in culture. Arrowheads indicate that the phenotype 
induced by PD98059 (H) is similar to that induced by d.n.-Raf (F), and that the phenotype of cells 
treated with PD98059 and ICF-I (I) is similar to that of cells expressing ca.-Akt (C) [ZOOX 
magnification]. 

firmed by immunoblot analysis (Fig 1, E to G, 
inserts). Expression of GFP alone did not affect 
the differentiation of C2C12 cells (Fig. 1, B and 
D). Expression of a constitutively active form 
of Raf (c.a.-Raf) (8) resulted in the generation 
of smaller and thinner myotubes (Fig. lE), 
whereas expression of a dominant negative 
form of Raf (dm.-Raf) (9) resulted in markedly 
thicker myotubes (Fig. IF). Thus, inhibition of 
the Raf-MEK-ERK pathway induced a hyper- 
trophic phenotype similar to that elicited by 
IGF-1 treatment (Fig. 1, C and F). In contrast, 
activation of the Akt pathway by expression of 
a constitutively active form of Akt (c.a.-Akt) 
(10, 11) resulted in a hypertrophic phenotype 
more pronounced than that observed with dm.- 
Raf and characterized by multinucleated myo- 
tubes that were both thickened and shortened 
(Fig. 1G). Thus, genetic manipulation of the 
Raf-MEK-ERK and PUK-Akt pathways re- 
vealed opposing phenotypic effects of these 
pathways during muscle differentiation, with 
the Raf-MEK-ERK pathway inhibiting devel- 
opment of the hype&ophic phenotypeand the 
PI3K-Akt pathway promoting it. 

The similarity of the phenotypes induced by 
expression of d.n.-Raf and c.a.-Akt was con- 
firmed by examining the abundance of mRNAs 
encoding myogenin and p21CIP, two markers 
of myoblast differentiation (12). Thus, whereas 
c.a.-Raf reduced the abundance of these RNAs, 
d.n.-Rafand c.a.-Akt each increased it (Fig. 2). 
Pharmacological manipulation of these two 

Fig. 2. Effect. of transgenes on the abundance of 
mRNAs encoding myogenin and the cyclin-de- 
pendent kinase inhibitor p21. At confluence, total 
RNA was isolated from C2Cl2 cells transfected 
with the control vector or with vectors encoding 
ca.-Raf, d.n.-Raf, or ca.-Akt. The RNA was then 
subjected to Northem blot analysis with probes 
specific for myogenin, pZlCIP, or glyceraldehyde 
phosphate dehydrogenase (CAPDH) mRNAs (22). 
Quantitative and original data are shown in (A) 
and (B), respectively. 
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pathways yielded results that were consistent cological inhibitor of MEK (13), reproduced 
with those of genetic manipulation. Treatment the hypertrophic phenotype induced by d.n.-Raf 
of C2C12 myotubes with PD98059, a pharma- (Fig. 1H). Exposure of cells to both this inhib- 

itor and IGF-1 resulted in the generation of 
many thickened and shortened multinucleated 
myotubes (Fig. lI), similar to those produced 
by cells expressing c.a.-Akt. Therefore, al- 
though IGF-l simultaneously activates both the 
Raf-MEK-ERK and PI3K-Akt pathways, these 
two pathways exert opposing effects on myo- 
tube hypertrophy. 

Biochemical evaluation of the Raf-MEK- 
ERK and PI3K-Akt pathways in genetically ma- 
nipulated myotubes revealed cross-regulation 
between the two pathways. We examined ERK 

of C2C12 myotubes 
with serum increased .I 

Fi& 3. (A) EfFects of La.- A postdmsrmaonm*otubss 

Raf and ca.-Akt on 

, , ca:M - Aki 

mmml =.a,-Ral =.a,-Aki 

the phosphcqdation of 

awtrci c.a.-PI3K c.n..&I 

E R K ~  and ERKZ (con- 
trol). ExDression of La.- 

phosphorylation of ERK. s m m  1-1 1+11' (-1 (+I 1-1 (+) e.enrW (.) (+I (.) (+I 

lmrnunoblot analysis re- ,@=.a-&I - -@AM BFFzE? --@M e@s.a.-AH 

vealed that stimulation 

phosphorylation as a downstream marker of 
Raf-MEK-ERK pathway activation. Phospho- 
rylation of ERK was induced in C2C12 myo- 
tubes by exposure to serum (Fig. 3, A and B), 
IGF-1 (Fig. 3C), or the unrelated growth factor 
heregulin-P (Fig. 3C). In addition, ERK was 

~ a f '  alsd increased the 
phosphorylation of ERK 
in the absence of serum 
stimulation; ERK phos- 
photylation was further 
increased by addition of 
serum. Expression of 
ca.-Akt markedly inhib- 
ited serum-induced acti- 
vation of ERK (23). (B) 
Activation of endoge- 
nous AM and inhibition 
of serum-induced acti- 
vation of ERK by expres- 
sion of ca.-PI3K in 
C2C12 mvotubes. fC) 

constitutively phosphorylated in myotubes ex- 
pressing c.a.-Raf (Fig. 3A). In contrast, ERK 
phosphorylation induced by serum (Fig. 3, A 
and B), IGF-1 (Fig. 3C), or heregulin-P (Fig. 
3C) was inhibited in myotubes in which the 
PI3K-Akt pathway was constitutively activated 
by expression of c.a.-Akt. To confirm these 
observations, we transfected C2C12 cells with a 
vector encoding a constitutively active form of 
PI3K (14, 15). This c.a.-PI3K mutant induced 
activation of endogenous Akt in differentiated 

- * MEK 

7 2 3 4  

E pan-%Teremnon rnyncbs 

- 3 4  =.a-AM 

MF-1: =I-) 
n - -  . *@Rat.1 

lnhibition 6y ca.-Akt '& ' ? ? a > €  
IPaRaI I  / IB 

ICF-1- or - heregulin-P 
(HRGBknduced activation of ERK. Stimulation of C2Cl2 mvo- ba 

myotubes, as revealed by an increase in the 
extent of phosphorylation of endogenous Akt 
(Fig. 3B). In these myotubes, serum-induced 
phosphorylation of ERK was inhibited to an 
extent similar to that apparent in myotubes ex- 
pressing c.a.-Akt (Fig. 3B). Thus, activation of 
the PI3K-Akt pathway inhibited activation of 
ERK. 

tubes'vhh IGF-1 or heregulin-P (20) for 15 min induced ac tk -  
- 

1 2 3  4 
I8 aRal 

tion of ERK Expression of ca.-Akt markedly inhibited ICF-1- or 
heregulin-pnduced phosphorylation of ERK. (D) Effect of ca.-Akt on activation of MEK Stimulation of 
C2Cl2 rnyotubes with serum for 15 rnin resulted in activation of MEK. Expression of ca.-AM inhibited 
serum-induced phosphotylation of MEK (E) lnhibition by ca.-Akt of IGF-l-induced phosphorylation of Raf-1 
on (23). Raf-I was immunoprecipitated (IP) from cell lysates and subjected to immunoblot analysis (IB) 
first with rnAb specific for Raf-1 phosphorylated on (upper panel) and then with Raf-1 mAb (lower 
panel). 

predifferentiation myoblasts postdifferentiation rnyotubes 
I- 

mmrol c.a.-AM control c.a.-AM 
rII n- 

serum: (-) (+) (-) (+I (4 (+I (-1 (+) 

To determine whether inhibition of the ERK 
Fig. 4. Differentiation stage specific- 
ity of Akt-induced inhibition of ERK 
activity. lnhibition of serum-induced 
ERK activation by Akt was examined 
by irnrnunoblot analysis of subcon- 
fluent rnyoblasts cultured in high- 
serum growth medium (pre-differ- 

pathway by Akt occurred at all stages of muscle 
differentiation, we compared the effect of acti- 
vated Akt in differentiated myotubes with that 
in precursor myoblasts (Fig. 4). Whereas se- 
rum-induced activation of ERK was almost 
completely inhibited by c.a.-Akt in differentiat- 
ed C2C12 myotubes, no such inhibition of ERK 
activation was apparent in myoblasts, despite 
similar levels of expression of c.a.-Akt in the 
two cell types. Thus, the negative regulatory 
effect of Akt on the ERK pathway is specific to 
differentiated muscle cells. 

To determine at what level of the Raf-MEK- 
ERK pathway the inhibition by Akt is mediat- 

entiation rnyoblasts) or of.rnyotubes 
4 davs after induction of differenti- 
ation (post-differentiation myo- 
tubes) (23). Expression of c.a.-Akt 
markedly inhibited serum-induced 
activation of ERK in differentiated 
C2Cl2 cells, but it had no such ef- 
fect in undifferentiated rnyoblasts. 

Fig. 5. (A) Differentiation stage specificity of the association of Akt with 
Raf. Cell lysates were prepared from C2Cl2 rnyoblasts (left panel) or from 
rnyotubes 4 days after induction of differentiation (right panel). Both 
control rnyoblasts or rnyotubes and those expressing c.a.-Akt were ana- 
lyzed. Raf-l was irnrnunoprecipitated with a specific rnAb, and was sub- 
jected to  irnrnunoblot analysis with the same antibody as well as with an 
antibody to  HA in order to  detect coirnrnunoprecipitated HA-tagged 
c.a.-Akt. The extent of expression of c.a.-Akt was also examined by 
irnrnunoblot analysis of cell lysates with the antibody to  HA (21.23). (B) 
Failure of ki.-Akt to  bind to  Raf-1. Raf-1 was irnrnunoprecipitated (27) 
from C2Cl2 rnyotubes expressing either c.a.-Akt or k.i.-Akt (7,. 70, 7 7). The 
immunoprecipitates were then subjected to  irnrnunoblot analysis first 
with the antibody to  HA and then with Raf-1 mAb. Cell lysates were also 

A predifferentlatlon postdifferentiation postdfferentiation 
myoblasls myorubes rnyotubes 

subjected to  irnrnunoblot analysis with the antibody to  HA. 
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ed; we examined the phospho~ylation of Raf 
and MEK. the lcinases directly upstream of 
ERK. Activated ;Ua iid~ibited 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-lnduced ihibi- 
tion of the Raf-MEK-ERK pathway is medlated 
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-Akt complex. Whereas 
the abulldance of endogenous Raf was silnilar 
in inyoblasts and myotubes, c.a -Akt was co- 
iminunoprecipitated with Raf fro111 differen- 
tiated Inyotubes but not from n~yoblasts (Fig 
5A). A kinase-inactive forin of Akt (1c.i.-Akt) 
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 inyoh~bes. 

Zirnmeimann et a/, 111 an accompanying 

1epoi-t. shou that Akt can phosphor?late Raf 
in vitro (17). However. the cross-regulatory 
mechanism that nre have identified cannot sim- 
ply be explained by the binding of Akt to Raf 
followed by Akt phospl~oi~~lation of Raf. given 
that both binding and cross-regulation occur in 
myohlbes 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 "cellular con- 
text." rneanlng that common slgllallilg mecha- 
nisins 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 inlpor-tant in 
other cell lineages; in which such crosstalk may 
similarly depend on differentiation stage. Given 
that nluscle undergoes atrophy in a vaiiety of 
disease states. the ability to promote muscle 
hypertrophgr would ha1 e unpoitant clinlcal im- 
plications. Understanding the mechanisms by 
which the Raf-hlEK-ERK and PI3K-Akt path- 
ways regulate muscle hypernophy inay thus 
contribute to the developinent 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 pathway 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 donnstreain of Ras includes phosphatidyl- 
several apparently conflicting cellular respons- inositol (PI) 3-kinase and Akt (or protein lcinase 
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