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nutritional insufficiency, which nmay al [ e i nmuscl e atrophy,
include inter alia the BASHSGROGNIXINCIHE Ly M ef—~chronic illnesses
i ncluding AIDS, fasting or rhabdonyolysis, and endocrine disorders such as
di sorders of the thyroid gland and di abetes. Muscle atrophy may al so be
due to A& Jgudaut an rAysdle opdys, sy atiophr, BuadsoaiatddietisnmerioB6 Mesiadogical ot oni c,
fasci oscapul ohuneral , Enery-Dreifuss, ocul ophar ngeal , capul ohuneral ,
linmb giandl pathglegicalngjaiest diori§pawleamugel até%pa]i‘%é H)F§§‘FIS§FRFR known as
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neuropathy, e.g. Guillian-Barré syndrome; peripheral neuropathy; or nerve

damage caused by environmental toxins or drugs. Muscle atrophy may also
result from denervation due to a motor neuropathy including, for example,
adult motor neuron disease, such as Amyotrophic Lateral Sclerosis (ALS or Lou

20  Gehrig’s disease); infantile and juvenile spinal muscular atrophies; and
autoimmune motor neuropathy with multifocal conductor block. Muscle
atrophy may also result from chronic disease resulting from, for example,
paralysis due to stroke or spinal cord injury; skeletal immobilization due to
trauma, such as, for example, fracture, ligament or tendon injury, sprain or

25 dislocation; or prolonged bed rest. Metabolic stress or nutritional insufficiency,
which may also result in muscle atrophy, include inter alia the cachexia of cancer
and other chronic illnesses including AIDS, fasting or rhabdomyolysis, and
endocrine disorders such as disorders of the thyroid gland and diabetes. Muscle
atrophy may also be due to a muscular dystrophy syndrome such as Duchenne,

30 Becker, myotonic, fascioscapulohumeral, Emery-Dreifuss, oculopharyngeal,
scapulohumeral, limb girdle, and congenital types, as well as the dystrophy
known as Hereditary Distal Myopathy. Muscle atrophy may also be due to a

congerﬁtal myopathy, such as benign congenital hypotonia, central core disease,
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activated jin,.r onse to the sane 30 growh factors and hornones as the
Héaf f%eﬁ?f’ifﬂ%ségat hway is the P13 kinase (phosphatidylinositol

3-ki nase)/ Akt pat hway (Pl 3K/ Akt). (Vanhaesebroeck, et al.

Ras is a signaling molecule found in every cell in the body. It is activated by a
variety of growth factors, including growth factors which signal tyrosine kinase
receptors. Ras activation results in activation of several downstream signaling

20  pathways, including the Raf/Mek/Erk pathway. Other potential downstream
substrates of Ras include the following signaling molecules: PKC, Ral-GDS, KSR,
and Rin-1 (Trends Genet 1999 Apr; 15(4):145). Ras, Raf, Mek and Erk genes are
well-conserved through evolution, and homologs can be found in eukaryotes
from yeast to humans. (Ras: Taparowsky E, et al. (1982) Nature 300:762; Raf:

25 Heidecker, et al. (1990) Mol. Cell. Biol. 10:2503; Samuels, et al. (1993) Mol. Cell.
Biol. 13:6241; Morrison, et al. (1997) Curr. Opin. Cell Biol. 9:174; Mek: Crews CM,
et al. (1992) Science 258:478; Erks: Boulton TG, et al. (1991) Cell 65 :663).

Another pathway that is often simultaneously activated in response to the same
30 growth factors and hormones as the Ras/Raf/Mek/Erk pathway is the PI3 kinase
(phosphatidylinositol 3-kinase)/Akt pathway (PI3K/Akt). (Vanhaesebroeck, et al.
(1997) TIBS 22:267; Toker and Cantley (1997) Nature 387:673; Rameh and Cantley
(1999) J. Biol. Chem. 274:8347). In some systems, the small guanine nucleotide
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Sci ence Rev. 25: 301-320 (19;;7%). However, the  si gnal i_ng. pat hways
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Studies have shown that in response to increases in external load, skeletal

20 muscle adapts by increasing muscle mass and protein content primarily through
an increase in muscle fiber size which translates into greater tension output
(Carson, J.A. Exercise Sport Science Rev. 25: 301-320 (1997)). However, the
signaling pathways responsible for the regulation of muscle fiber size and muscle
mass are unknown. Initial studies in cardiac hypertrophy (Molkentin, ].D. et al.

25 Cell 93:215-228 (1998)) as well as early studies with skeletal muscle cells in vitro
(Molkentin, J.D. et al. Cell 93:215-228 (1998); (Semarian, C. et al. Nature 400: 576-
581 (1999) pointed toward a key role for the cyclosporin-inhibitable phosphatase
known as calcineurin. However, recent attempts to determine the effects of
calcineurin manipulation on skeletal muscle hypertrophy in vivo have been

30 inconclusive (Semarian, C. et al. Nature 400: 576-581 (1999); Musaro, A. et al
Nature 400: 581-585 (1999)). Recently, Baar and Esser (Baar, K. & Esser, K. Am. ]J.
Physiol. Cell 45: C120-C127 (1999)) showed that phosphorylation of the 70-kD 56

protein kinase (p70°%) increases in muscles with hypertrophy following a high-



known as cal ci neurin. However, recent attenpts to determi ne the effects of
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pat hway and inhibited by rapamycin. 20 Therefore, in accordatnce with the
pr esentdwsrwmrttthpm el4EallnswingielEdBvterinditndhe S5eppP waUCEA Pt e PI 3K/ Akt

gﬁté?\g? ul té ]]5‘3’1 %tgctrt@ﬁed hgxgerérﬂ]fo%g\%naﬁ gckipg of atrophy of

phosphorylation/activation of p70** and PHAS- is regulated, in part, by a
protein kinase, mTOR which is activated by the PI3K/Akt pathway and inhibited

by rapamycin.

20 Therefore, in accordance with the present invention, it has been discovered that
activation of the PI3K/Akt pathway results in increased hypertrophy and
blocking of atrophy of skeletal muscle cells.

SUMMARY OF THE INVENTION

25

The present invention provides a method of inhibiting skeletal muscle atrophy
or increasing skeletal muscle hypertrophy, by inhibiting signaling pathways that
lead to skeletal muscle atrophy and activating pathways that lead to skeletal
muscle hypertrophy. Agents that activate the PI3K/Akt pathway, which in turn
30  block Raf activity, and thereby inhibit the Raf/Mek/Erk pathway, are useful for
preventing or reducing atrophy and/or causing hypertrophy in skeletal muscle

cells.



25 The present invention provides a nethod of inhibiting skeletal nuscle

atrophy _or increasing skeletal nuscle hypertrophy, by injhidti i gnaling
pat hvvayQV‘?H]a{WsS% ead to skeletal nuscle atrophy and acti vgtqlﬁ%gﬂiﬁ/gﬁﬂ%ays t hat
| ead to skel etal muscle hypertrophy. Agents that activate the Pl 3K/ Akt

pat hwayningBdimehtof thbliscéntRad i@atmeitod ofidhibitergbyrophlyi iri skeletl
Raf / Mek/ Erk pat hway, are useful for .30 preventing or reducin h

and/ or muaeld eejlshgqraptistihirepng Kae sels ‘“ﬁﬁ%éls@ea@élq@." ator V%}W%?g%ty

PCTI USQQ/,31845 One enbodi nent of the invention is a nethod of inhibiting
atrophFa}HN§¥eletal nmuscle cells conprising treating the cells with a
specific activator of the PI3K/ Akt pathway. 5 Another enbodinent is a

met hod of inhibiting atrophy in sk I.et%l_ .muscle_cells conpri silgrg:ﬁhreati ng
t hes celAnpther Amboshigent is ag@etved of BRibiRaraRhaHbEkeletal FBYaT Sis a
met hod of inhibiting atro IS - ; fGRITtbOR conprising treating
the celPERMTHe élle E)%é% #}{ecgez%t‘%vggt%rgﬂ)ﬁfg{: aggﬁ%gg 15 phosphoryl ati on of
PHAS-1. A further enmbodinent is a nmethod of inhibiting atrophy in skeletal

nmuscle cells conprising treating the cel]l]s with a sp_ecqi%c Ectiv tor of
p70s6x YES anophest embedinanbis asnethod ehinhibiiiag a5APhY 18 shelelgh mHSClahi bi ti ng

t h kel et al | p |.SJ i t |1 ith
apect 1 elf il e THEE e L R A Rl R B QARES et on s a
mstlbodrgjglfotshﬂbf}hhﬁbﬂggfaIPH@mﬂy in 20 skeletal muscle cells conprising

treati e Cells with a nuscle tissue-specific activator of the Pl 3K/ Akt
pat hway. Anot her preferred enbodi nent of the invention is a nmethod wherein

the m%S(f\xler{htef‘ 3 SARES: ik & AEhlAbe ﬁnﬂiﬁitﬁ% ﬁ%ip}‘@ftﬂ{ siefie B FRusd® cells

comprising treating the cells with a specific activator of p70**.

15 A preferred embodiment of the invention is a method of inhibiting atrophy in
skeletal muscle cells comprising treating the cells with a specific inhibitor of

GSKa.

A preferred embodiment of the invention is a method of inhibiting atrophy in
20  skeletal muscle cells comprising treating the cells with a muscle tissue-specific

activator of the PI3K/Akt pathway.

Another preferred embodiment of the invention is a method wherein the
muscle tissue-specific activator is an activator of mTOR.

25
Another preferred embodiment of the invention is a method wherein the

muscle tissue-specific activator causes phosphorylation of PHAS-I.

A further preferred embodiment of the invention is a method wherein the

- e . - . SGK
30 muscle tissue-specific activator is an activator of p70™".



Anot her preferred enbodi nent of the invention is a nmethod wherein the

nmuscl e tissu ecific activator causes phosphorylation
further %981‘/g7t8§22d enbodi ment of the invention is a mnet hog’fcv\/{ew;éﬂs"? he 30
muscl e tissue-specific activator is an activator of p70s6x -5 WD 01/ 37852
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nmet hod of i nhi bltlng atrophy _in skel etal nuscl cehls conprisipg treating
t he celatzophiyt in sketgtd musdle §§]L1|%C§1i§’é’élsﬂ1il& tieaHPBi 3"1 MBISCE preferred
enbodi nts of h‘lﬁh ﬁ%gbp@; muscle cells are in a vertebrate aninal
havi ng ﬁu%FP88’§ inducing con |t|on wherein the vertebrate animal is a
chi cken, rodent, rabbit, dog, cat, cow, horse, pig, sheep, prinate, or

human. A further enbodi rrent is one in which the vertebrate ani
tr eat ednprieberred enl@@ﬂpﬁﬁﬁnoé the ipyenfi@p themygete seliHpFR/ 14 AR &’rﬂ?gﬁa"e

condi tion. ﬁ‘lhav egtrgﬁhgﬁrﬁg gjgcg{d’iﬁgh Wr@irptﬁ@@e?tteb%gyadlﬂ{%‘l'% ng

condi t iFOHTR 7a 1on, ' starvation, nutritional

defi ci %nélﬁckéﬁ?tr@ﬁ@ht Gabbitedsg, cal) ahet l@@nseagiglgheemqmldmte dydturophy, or
myopat hy. 15 One enbodinent is a method of identi fying a test agent that
i nhibits nuscle at rophy conprising: (a) obtaining cells that express the

measur hguaie SRR it eI hid g L ERAEE ARRRAL L Gl RRPBRLE )"

repgrt &xpeoiisd fdJéié o28pebl theohtropagundngnBaforslitiehr ate activation; (b)
subjecting the cells to a test agent; (c) measuring the amount of Akt
substrate activation in (a)(2); (d) nmeasuring the am)unt of Raf substrate

act i varh O iRl i n 1RG5 re o RBLAN s e W AthgaiRAEE 3o PP
i nhi bi tigAbbARAYioNN dm&wamcﬁﬁl dtsrvaltionprrafteitiosdl eiéﬁmcbrmyntrﬁetabohhestmx; hod
the cells are fibroblasts, nuscle cells,
diabetes, aging, muscular dystrophy, or myopathy.
15
One embodiment is a method of identifying a test agent that inhibits muscle
atrophy comprising;:
(a) obtaining cells that express the following: 1) Akt; 2) an Akt
substrate/reporter construct capable of measuring Akt substrate activation; 3) Raf;
20  4) a Raf substrate/reporter construct capable of measuring Raf substrate
activation;
(b) subjecting the cells to a test agent;
(c) measuring the amount of Akt substrate activation in (a)(2);
(d) measuring the amount of Raf substrate activation in (a)(4), wherein

55 activation of the Akt substrate absent activation of the Raf substrate is used to

identify a test agent that inhibits atrophy in muscle cells.

In preferred embodiments of the method the cells are fibroblasts, muscle cells,

myoblasts, or C2C12 cells.

One embodiment of the invention is a method of inducing muscle hypertrophy
in skeletal muscle cells comprising treating the cells with a specific activator of

the PI3K/Akt pathway.



nyoblasts or C2C12 cells. 30 One enbodi ment of the invention is a nethod
|ndu | e hypertrophy in skeletal nuscle cells I SJ

treatlng ?ﬂ% ce?ls with a specific activator of the PISKﬁgﬁBE%%#E&ay. -6
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nuscl e hypertrophy in skeletal nuscle cells conprising treating the cells
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ucli n
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treating the ceIIs wth a specific activator of p7056x 10 StlII anot her

enbodi nent is_a rret hod i ndu0| h.ypertr el et cle
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A prefepled.g Fﬁﬁﬁ Qﬁcp scle
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nmuscle tissue-specific activator of the PlI3K/ Akt pat hway. Anot her

preferred enbodi nent. of the invention is a metho erei 0 scle
ti ssue-Apleeiharcembodimaent 15 X TR AC RS nS TR Epﬁlrtromt%éﬁelﬁn%f erred

enbodi ngnk @f . §18¢.0} ) .ﬂBLP’QPattﬁ\ tl{)@?&%ﬁigwﬁei g%&ﬁpﬁc?glrﬂ?)g éﬁ 6}5705%9 specific

activator causes p I pre mbodi nent of
t helg nvention is a nethod wherein the nmuscle tissue-specific activator is

an actlvator of p70 An addi ti onal red enb di.ment of _the invention
is a netHb@ngth ernﬁagpﬁgneﬂhwén élr&; Hﬁ%ﬁl% TaReq %t}afipeﬁﬁgehé( el |'s
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of GSK3 s a ce conpri si ng:
GSKa3.

15 A preferred embodiment of the invention is a method of inducing muscle
hypertrophy in skeletal muscle cells comprising treating the cells with a muscle

tissue-specific activator of the PI3K/Akt pathway.

Another preferred embodiment of the invention is a method wherein the

20  muscle tissue-specific activator is an activator of mTOR.

Still another preferred embodiment of the invention is a method wherein the

muscle tissue-specific activator causes phosphorylation of PHAS-I.

25 A preferred embodiment of the invention is a method wherein the muscle

tissue-specific activator is an activator of p70°*.

An additional preferred embodiment of the invention is a method of inducing
muscle hypertrophy in skeletal muscle cells comprising treating the cells with a

30  muscle tissue-specific inhibitor of GSK3.

Another embodiment is a cell comprising:

1) Akt;



1) Akt; -7 WD 01/37852 PCT/USO0/ 31845 2) an Akt substrate/ reporter
construct ¢ e of neasuring Akt substrate activation; f:- 4) a Raf
substratélp(ﬁg’g%?ter construct capabl e of neasuring Raf 5"3%185?’/%\?%
activation. BRI EF DESCRI PTI ON OF THE FI GURES Fi gure 1A-1F. Miscle
hypertrophy is nob)ahotkesibayragy tlepspier icondtrufli gyablel & mehouibigghkt of the
rat heart, expressed as a percent change fromcontrol, followng daily

t r eat nefbsiate adhea®nadr ener gi ¢ agoni st cl enbuterol (3 ng/kg, s.c.) for 14
days (CLEN) or da?g%ay eatnment with clenbuterol and cyclosporin for 14 days
(CLEN+CsA) (10 rat's/group). Figure 1B: Calcineurin phosphatase activity
measured in plant aj hRafusbbBateysapesef camtnantcaphbleadfsmefding Raftrol rats
treated 15 with cyclosporin for 4 days (Con+CsA), 4 day conpensatory

hypef t r oglpsiratgtactivabidn, and 4 day CH rats treated with cycl osporin
(CH+CsA). Total anmount of calcineurin was simlar between groups as
nmeasured by Western blot. Figure 1C. Cross-sections of the rat plantaris

muscl e were stai ned w t BREFF BESCIMHTON @F THER FIGURESG oups were control
(CON), 14d conpensatory hypertrophy (CH) and 20 14d CH treated daily with
cyclosporin (CH+CsA). Figure 1D. Wight of the rat plantaris mnuscle,

conponaEltaly Ly MBkcIE BIPRFrbBRY LT REL bfictcsh by B Bthdn o, Harflige ©
( CHT@SAW&%H‘[ bAted gatohirt, dxipgessed s a Peasht shahge fidm avedarodf follesdhng fi bers
in the rat plantaris nuscle of control (CQN), 14 dgé ensat

hyper t r 6piy treatnes; with the Bagdiesepsis EoBIS GRIpurer) );‘g/ e %%%r in
t t t . ) i i A ] |
et e (S By k0Bl Ml U el 5 e, o o1 o

Per cent gUEERE-A849Q(10 rhidgisu) pFigase 18: Gdloenyidsphodpdanysechaivityi n t he

| antari s nmuscl e of control CON), 14 day conpensatory hypertroph or
24 day m@f@aﬁbpyarﬁ?ﬁémmqyéfhyysm%ﬁom Lontrol rats (COI\)f), ehhtrol rafs t¥ez£tgg|)

15 with cyclosporin for 4 days (Con+CsA), 4 day compensatory hypertrophy rats
(CH), and 4 day CH rats treated with cyclosporin (CH+CsA). Total amount of

calcineurin was similar between groups as measured by Western blot. Figure 1C:
Cross-sections of the rat plantaris muscle were stained with an anti-MyHC slow
antibody. Groups were control (CON), 14d compensatory hypertrophy (CH) and

20 14d CH treated daily with cyclosporin (CH+CsA). Figure 1D: Weight of the rat
plantaris muscle, expressed as a percent change from control, following 14 or 30
days of compensatory hypertrophy with vehicle (CH) or cyclosporin treatment
(CH+CsA) (10 rats/group). Figure 1E: Cross-sectional area of muscle fibers in the
rat plantaris muscle of control (CON), 14 day compensatory hypertrophy (CH) or

25 14 day compensatory hypertrophy plus cyclosporin treatment (CH+CsA) (5
rats/group). Muscle fibers were classified as slow or fast based on staining with
an anti-MyHC-slow antibody. Figure 1F: Percentage of muscle fibers expressing
slow myosin heavy chain in the plantaris muscle of control (CON), 14 day
compensatory hypertrophy (CH) or 14 day compensatory hypertrophy plus

30 cyclosporin treatment (CH+CsA) (5 rats/group).

Figure 2A-2G: Muscle hypertrophy is associated with increased phosphorylation
of p70** and is blocked by rapamycin. Figure 2A: Weight of the rat plantaris



30 cycl osporin treatnment (CH+CsA) (5 rats/group). Figure 2A-2G Miscle
hypertro i ssociated with increased phosphoryl ation and is
bl ocked %{;Y?lé%%%yci n. Figure 2A: Wight of the rat plant a??gn’gég{?@%l/ 37852
PCT/ US00/ 31845 nuscl e, expressed as a percent change fromcontrol,

f ol | owi Agisélepexpressed as afpercampansgedrymhoperdly faplopvinigthov dhidelys of CH) or
rapanycin treatnent (CH +  Rap r at Asterisk ind es
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rapalrryc(ﬁk(lgaaaszr%ﬂte PBH€Rapy-sé¢Gioral ater ofimuscleMilsexis énfthbenat plantaris| assi fi ed
as slow or fas

ased on their staining with an anti - C- sl ow anti body.
Ast eF i SRIUSR Q,fainé\ér@i(gﬁ?N}/éérfiaYdmmBF%%é%rﬁ W@Q@Yo% Pﬁjé. . Fi gu?/e
2C. Wes ' | ' | of
07056k T PRR D B P B e SR B o encea
by not aM&ciefibsehiwes clkssified ansloweprdasnbased omthaf stadhialg withtai anti-
extracted froma pogl of 3 %ant arj s nmuscles after. control ( , lanes 1),

ﬁd CH hM}é{ﬂGSSliZW,ar‘ﬁHDQ%f-(ﬁé iskandiggtes sgrizigant drderenre QMG HSHPndi cat es
yper phgs y 0 heS. sagh | gate | anes
represeﬁqﬂg@g)dilfﬂfgggeeg?' B@%ﬁ@ﬁ]ﬁﬂg a(%l(%:rg{r)rlls nuggr{e)g&T%%géﬁrhe&%D: Western bl ots
?}‘ Y Okaoép&hdlrIZﬁatlf(&t of ?Vaﬁg’t af ttee plEnearpy dsbinggedmphnsatonp bgpesdopliy ¢CH)

ane an| ane ays.o o] nsatory h tr -).
i nhi bih t agiepidense Pymﬂté%keigﬁsshbf}&rﬁﬁ eﬁepféqpﬁg méﬁ%otgpévﬁ%‘)es}ws Fi gure
2E: The Lfi t Lyt ) 3 ' ti
it o 408 e R B Bl e A O e T ey T
rr]\ceasur(igghé}s I)DEd(rjliIIaI_r(léhﬁdsSB),acf)xt btd (D(Hil (lahes dnpansatioead irtdipstes r ophy (CH) and
after treated with rapanyci n (CH+Ra Figure 2F. PHAS-1 b dt
el FAE ahyeerphogpberpateshp (PS%/W RASEBL rF@ﬁrf’f?)C%‘(ﬁrﬁ’gBr SEBQC lfﬂlﬁﬁsreﬂrg%&ﬁyc?n

(b b S i A, AR S0Py LEAE I aCEYg 00 ol
means  phetanageheip70Rbgeliafiiotsateed dfter e dand 2phndidofiyhab) dayobf PHAS- |
compensatory hypertrophy (CH/-) was inhibited by daily injections of rapamycin
(CH/RAP; lanes 3 and 6). Figure 2E: The specific activity of p70°* was
determined by *P incorporation into 40s ribosomes in the immune complex.
20  The p70°* activity was measured in the plantaris after 14d of compensatory
hypertrophy (CH) and after 14d treated with rapamycin (CH+Rap). Figure 2F:
PHAS-I bound to eIF4E after 14d compensatory hypertrophy (CH) or 14d CH plus
rapamycin (CH+Rap). After correction for the amounts of eIF4E recovery, the
results were expressed as a percentage of the respective controls and are the
25 means * the range of two experiments. Increased phosphorylation of PHAS-I
leads to its disassociation from the initiation factor eIlF4E. The percentage of
PHAS-I bound to elF4E was significantly lower than control following CH.
Treatment of CH rats with rapamycin inhibited the phosphorylation of PHAS-I
and prevented the disassociation of PHAS-I from eIF4E. Figure 2G: eIF4G bound
30 to elF4E after 14d compensatory hypertrophy (CH) or 14d CH plus rapamycin
(CH+Rap). After correction for the amounts of eIF4E recovery, the results were

expressed as a percentages of the respective controls and are the means + the

range of two experiments. The percentage of elFAE bound to elF4AG was
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| eads to its disassociation fromthe initiation factor el F4E. The
percentage of  PHAS-1 bound to el F4AE was significantly | ower than control
fol I owi nNYO&Y3785Fr eat ment of CH rats with rapanyci n i nhi bi PEHUSHE 1845
phosphoryl ation of PHAS-1 and prevented the disassociation of PHAS-1 from
el FAE. 4, 'lﬁrcﬁréﬁr%‘in@ﬂeﬁé@ BRIN Goderdl Forbvi: & e Tré4eneMNPRASREAS Yith
hypertrophy ( or 14d CH plus rapanmycin (CH+Rap). After correction for

t he amapamyein sighificargbpdesrgasachthe pergbningrenfelFél hossslel® el§4e. per cent ages
of the respective controls and are the neans the range of two
experinments. The percentage of el F4E bound to el FAG was -9 WD 01/ 37852

PCT/ US00/ 31845  si gmHT AR PESCR BESINOPTHRINVENTIONOW ng CH.
Treatment of CHrats with rapanmycin significantly decreased the percentage
of el FAE bound to el FAG DETAI LED DESCRI PTI ON OF THE I NVENTION 5 Muscl e

atrophy, can be cagused t he hanced. prot eol ysi s of scl [ Qt eins,

resul ti S&ﬁ agr(?ﬁjp? 8%%%i%uﬁ?fggp’z[ﬂﬁe?gg.gnf%g%%?eﬁ%s >0 %ﬁcge gf& bRy can be
caused JyyRird i HideRehse YALNESIS n@dssPTAtRidision! 8acld #GopRyaadass ease in
muscle mass.” 10 It has been discovered in accordance with the present

i nvent i @useddly adéminishedl syathesissel prajeinss resshting nn ande@rpsesmusclect i vat ed
mut ant form of the Akt transgene, the resultant cells appear hypertrophic
in compaffEon to control skeletal nuscle cells. 15 It has al so been

di sgovered in accordance with the present invention that activation of the
Pl 3K/ Akt pat hway inhibits the Raf/Mk/Erk pathway in differentiated

nmyot ubds ha¥theen diseoydreddnyansordmrwevwithubierpresemisiniventiopethat valeen ve Akt is

imlar, although d. than that gb d 2 i nant
neoat | iR R R SRRt ot ¢S et S O Tl Ry B A Ll RKE G oy
Appl i caphssdeRal thihessudteak @bRS afPes! RypetttSpltiethaldinpads@x s @6Atral * doni nant

skeletal muscle cells.

15
It has also been discovered in accordance with the present invention that
activation of the PI3K/Akt pathway inhibits the Raf/Mek/Erk pathway in
differentiated myotubes. Thus, the phenotype observed using constitutively
active Akt is similar, although more pronounced, than that observed when the

20 dominant negative form of Raf is expressed. It has been previously discovered by
Applicants that when skeletal muscle cells contain and express a “dominant
negative” mutant form of the Raf transgene, the resultant cells appear
hypertrophic in comparison to control cells. A “dominant negative” mutant
form of a signaling molecule is a mutant which is capable of inhibiting normal

25 signaling of that molecule.

Accordingly, Applicants have discovered that specific activators of the PI3K/Akt
pathway are useful for reducing or preventing atrophy or causing hypertrophy in
skeletal muscle cells. As used here, “specific activators” of the PI3K/Akt pathway
30 are those which result in activation of a substrate within the PI3K/Akt pathway,
but which do not activate the Ras/Raf/Mek/Erk pathway. For example, IGF
would not be considered a specific activator of the PI3K/Akt pathway, as defined
herein, since it also activates the Ras/Raf/Mek/Erk pathway. In a preferred

-10-



negative" mutant formof the Raf transgene, the resultant cells appear
hypertrophic in conparison to control cells. A "dom nant negative" mutant
f or m of ‘&@V@Wﬁ?i ng molecule is a mutant which is capabl &JFUSNRIYPtI ng
normal 25 signaling of that nol ecule. Accordingly, Applicants have

di SCOygﬁl%gdﬁrggﬁt,%H@%Efekﬁica&ttfv‘é%rofssarpﬁcﬁm&’ LB1AKtIn ddineay] prefetief ul for

reduci ng or preventing atrophy or causing hypertrophy in_ skeletal mnuscle
cel | s. ebodteentsetbe spegificiactivattis vat artsraterf of ﬁeTCBRBRm% pat eyl 30 are
those which result in activation of a substrate within the PI3K/ Akt

pat hway, but which do not activate the Ras/Raf/Mek/Erk pathway. For

exanpl g, Yhd iReEniash, GHesiftes @ aomnacidgeatagiat vas pibeaisedhe Pl 3K/ Akt
pat hm%,ccglggg}qﬁnedl heIF el n%@si nce it also actg: vat es thepRas/ Raf / Mek/ Er k

pat hwagecreasaapdébe predentOraEhy in 378smashavse) A FDedEtiornyedl A HOSet he

specific agtivator is an.activator of ., Akf. |n.addit]i | Apr

cnbodi Herred fieeipda Phictoehe Oaf el bl SR b B RS B9, or
PHAS- | ihis AGRO5 M trobybily aRLIeN. meBee! dels, o temebalte dimaghabing hat
may be used to 5 decrease”and/or prevent atroEPy in mamal s having a

condi t h @dndstiteh asslestrised abese i bddchenesale celis aute atropRkeing: are Featade
atrophy .i.s occurring. Accordi to hi s, enbaodi nent,, atrophyi el et al
muscl eWdl) p SPeeficas %Vémraﬁoeasaﬁ?%que a?\yidr?ﬁreaé?ecg{}ﬁ%ﬁl? i 1];11 aglgo%‘é;s] g?‘lﬂgqed above
I noyhi - bBRPMCRLall PRidr tBahe bnset bh nausdkeairbph
ac%?Ca?%?ﬂggﬁg§u§§$%?g%%§?%grpdgcfea%éﬁgﬁggle calﬁiurqph . Suc:rhplz;or

t r eat mefter magh kendttidr hes nuardfdsyediiseléal Vertehrats anignalidn af nuscl e

atrophy or after .such diti ha nifested it ate aninal s
i ncl udePeigs CapaEing skelatal musclepud & aﬁ‘-'kﬁﬂ’s‘%l aen%%ﬂéé%%g%ﬁéﬁﬁé and

i ncl udesy&hk ckeBss, dbQ9eAtsS cowdPRbises, H1@gSsheed! Printws, artPhEAtnspi gs,

sheep, prinmates, and humans, preferably humans. 15 In anot her enbodi nent,
speci f peefacdblydtwmansef t he Pl 3K/ Akt pat hway are agents that nmay be used to
cause hypertrophy in skeletal nuscle cells. Further, such specific
activators may be used to cause nuscle hypertrophy in vertebrate

In another embodiment, specific activators of the PI3K/Akt pathway are agents
that may be used to cause hypertrophy in skeletal muscle cells. Further, such
specific activators may be used to cause muscle hypertrophy in vertebrate
animals having conditions, such as those described herein, in which skeletal
20 muscle atrophy is anticipated. In some settings, such as in animals farmed for

meat production, such agents might be used to increase meat production.

The invention further provides for therapeutic compositions, including
therapeutic compositions, comprising a specific activator of the PI3K/Akt

25 pathway in a carrier which may include excipients, diluents or other compounds.
Such compositions may be administered systemically or locally. Any appropriate
mode of administration known in the art may be used including, but not limited
to, intravenous, intrathecal, intraarterial, intranasal, oral, subcutaneous,
intraperitoneal, or by local injection or surgical implantation. Sustained release

30 formulations are also provided for.

The activity of the compositions of the invention in vertebrate animals may be

assessed using experimental animal models of disorders in which muscle
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aEiraIs havi ng condi ti ons, such as those described herein, in which
skeletal 20 nuscle atrophy is anticipated. In sonme settings, such as in
ani mal s ‘VQr”ll/éEPs or meat production, such agents m ght be’g(fjrs[g%”of%s“lsncrease
meat production. The invention further provides for therapeutic

CONPOSi i} sy id Prlsei. NBor LhahBREWhE GcGOITPOSithe @OMpasHmId Siaytbatespeti fi ¢
activator of thlg Pl 3K/ Akt 25 gat_ hway 'i_nm}a? carrier p\/\/ni ch ya'y??]cl utrﬁb
exci pi dot sheididffeantis the lindimly omperhitizatiosgppadelodeusinedohere@ynpe

adm ni st ered system ly _or J|ogally. -An r '

dm ni SoraRPsn? B ARt iReg LR SO o TS B aresstha 1o,
I ntrav e&!c,_‘?H% ex?@ﬁh@ér{'tﬁp@himél@tifxa_@hicﬂ_r hbertidpHyaeas bk, moadireds Ubmut aneous,
intraperitoneal, or by local injection or surgical i rrgl antation. Sustained

r el saseexadipleothrubetivibnef e camposisiansi may beotesterhor dReingisrt on + he

conpositions of the invention.in ve r i nal d i

exper | Toiedes SindrrotBercBr-hRutFl BT OpRP, P sBulfthsaGondaRERaET 15! N0
hyise® FAmSle ¥ t Ale&haeixaiple nililaatidwbe ysafssédé

corrposi(}%%énrg[a%af%e t est e%e fﬁ?ﬁ?hei r efaf ec{wi net he hi ndl}?/nb)a'smils)bi ﬁlzati on

model desdroladntds e rompareddepininmls greaged pyith theexperpnentab activity of

t he conpositi.ons be assessgd I ) i ot -al i L which
hypert r'j] Qoﬁglﬂnﬁ’?%gﬁgeﬁi@éﬁ? nf:g}}e gggiear&gn%ﬁ@ﬁ% héexﬁg%’? is\li?{yf/ o% tshlg

conposi }tgz}?é Yer be, restieds fiasir tRatmesf f Pata obtaimets €loes culldeiligoe Rgsays
exerci se-i nduced hypertrophy, or conpensation-induced hypertrophy (see

Exanpl ear8l animal) studieseearabe veeq in formpladingea repshel 4osagesd@riuse iont r ol

animal s as .conpared to.aninmals treate i e ' c itions,

to det eYShisRIa a?ﬁ_ﬁa]tsf %%@%b%@%%ﬁ% S%}ef’gﬁgﬁeaﬁmgctﬁ gkof So8 yper t r ophy

as a regdkhtioh JHRIlA 1id @atHRM raddd af ebtihn@ela ong cenkcentthtione vaislsays  and

ani mal studies can be used in fornulating a range of dosages for tuse in
ﬁws@m

ver t ebrlittle emnerbxicityncTheddpgpgeumanisvary eithis Hye range HEPED B%s of the
w1 o e okt ed e 3085 BRI, T 10 RS Tange
dependi ng on the 15 dosage form enpl oyed and the route of adm nistration.
To screen for specific activators of the PI3K/Akt pathway in a cell-based assay, a
cell which expresses, for example, Akt, such as a myoblast or myotube, but also
any other cell which expresses Akt, including a fibroblast, may be used to
20  determine if a reporter construct containing an Akt phosphorylation site or
downstream component (“Akt substrate/reporter construct”) becomes
phosphorylated when contacted with a test agent. One skilled in the art will
recognize that other components in the PI3K/Akt pathway may also be used in
place of Akt, provided the appropriate substrate/reporter construct is present.
25 For example, the assay may comprise PI3K and a substrate/reporter construct that
comprises Akt. Examples of substrates that are phosphorylated by Akt include
GSK3 (glycogen synthase kinase 3) (Cross, et al. (1995) Nature 378: 785, BAD;
Datta, et al. (1997) Cell 91, 231-41; del Peso, et al. (1997) Science 278: 687), the
transcription factor "forkhead" (Brunet, (1999) Cell 96: 857; Kops, et al. (1999)
30  Nature 398: 630); and mTOR.

To assess Akt-specificity, other substrate reporter constructs, comprising a

substrate that is activated, for example, by a component of the Ras/Raf/Mek/Erk
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To screen for specific activators of the PlI3K/ Akt pathway in a cell-based

assay, a._ cell which expresses, for exanple, Akt, such a t or
nyotube,wﬁﬂf/3%§|5§o any other cell which expresses Akt, iﬁ%(?{]/@%ﬁgk%§

fibroblast, may be used to 20 determine if a reporter construct containing

an Akt DIRGRKOBY iaki@iredint endleculdowhst sreativarqbbethis( Batkiwaubddir at e
[ reporter cohstruct") becones phos?hor%l ated when contacted with a test
Qe

g?gnK/t Aksobetrsﬁa' /repartenconmriagts), wie fol daassuerhat HURPRRYWRFIAGM s in the

t pa al so . i . . j
approp I’ch'[%é Eeg\ﬁﬁi ttH‘g%/ig e? el Sgﬁtlglgg %Cs) ns slgﬁi(::)?& I%Se 9%)1}’13?1216:%’@5(2}5 aﬂ% (I’Eih% )t(} 2.3”1?){ %}(t t he
assay hRARDIE&en k3 I6f 28pbores ehimsiaite thatanay berusedrtstasseds ddmdiact conpri ses

Akt . anpl es of substrates that are phospharyl at by Akt include GSK3
(gl yicodmiweynthlsisand p sabstrate inchustesthase uged 1{151%@63556-%&%%?%5@?8: 785, BAD;

Datta, et.al. (1997) Cell . : : .
oa7) - cRe ot vl B eidowsfd P ria @i TR arfou® 18857 R0, as7:
Kops, &forhall d99@ksedbbMahelicell 398he Briceasfdhalt@Rnt. TA gsséseview of the

Akt - speci fici'ty,” other Substrate reporter  construc conprising a
subst r atignaling compgoentsavhich aus past sihe R%%Ra}/dﬂﬁ%%élﬁpa W?}ﬁegs well

ot ecul SLOPHAP 5PE SPORr R it By pRnRA i S RoERYedh IR S

mol ecul &s substrate /reporter

CONg I Ugri Haféh €1998) CamedOpin. aSaneteDebelt 8i412s pat hway is not activated by
the agents identified as described herein which activate the Pl 3K/ Akt
pat hway. Exanples of reporter constructs that nay be used to assess contact

5 bet Akt d - [ ' 5
ct | vatFon P He DL ARBRRER! G UG AR RENN 380 Lo O LR oy

nor nel | 3 iRsepsedtdYephecedistiutt icapablessneeaairithalagemistrae good revi ew
of the signaling conponents which are part of the I% /ﬁf/I\/EKIEr at hway,
as wel | actvatigowRef,r dtsobetiate/aepeder BORridHi @GP feh meaﬁgrlesﬁ%agi ned in

e
subst r ah @t £fiBRBAteeictiSaAdhrdied tisapathint off Rafasibistrage Aktivstidss tareteeasured
using the respective reporter constructs. Test agents that may be utilized to
inhibit atrophy or cause hypertrophy are identified as those that cause Akt
substrate activation without causing Raf substrate activation. The present
20 invention also contemplates cells that express Akt as well as Raf/Mek/Erk
signaling components and the respective reporter constructs that may be used to

determine activation of Akt and Raf/Mek/Erk in the cells.

Cells useful for expressing Akt and Raf and their associated substrate/reporter

25  constructs include non muscle cells, as well as any and all muscle cells that can be
maintained in culture and that can be engineered to express a heterologous
nucleic acid. The cells may be primary cultures or established cell lines. Suitable
muscle cells include myoblasts, for example the C2C12 cell line as described in
Bains, et al. (1984) Mol. Cell. Biol. 4:1449, the disclosure of which is incorporated

30 herein by reference. Other suitable muscle cells include Sol8 cells, described by
Glass et al. (1997) Proc. Natl. Acad. Sci. USA 16:8848, and L6 cells, described by
Ringentz et al. (1978) Exp. Cell Res. 113:233, the disclosures of which are

incorporated herein by reference.



activation, Raf, and a Raf substrate/ reporter construct capable of
measuring Raf 15 substrate activation. Such cells are suﬁj erm& {9 a test
agent, 0¥}&%nount of Akt substrate activation and tR& A4df  Raf
substrate activation are neasured wusing the respective reporter
constructs. Test agents that may be utilized to inhi bit atrophy or cause

hypertrophy are identified as those that C. u substrate activation
Wi t houffhea‘brlsi, e RAYd ERPRATERTaEQRNSHMCE VCledn act eés%‘ﬁtc%rqerfeﬁW aé:l.p al so

cont enpl at e:m 8{1%1%11@ Hari: ﬁr&?aﬁe{b‘gh a@ér}y\@e ue?r%e&gﬂ Iﬂ%k{ngféﬁuc%ﬁgﬂ% 'tHQ

conpon e respec ive r er constructs that may be used

det er Mg RCEIeVRE A O RnBIvrAki tmdrtRarﬂd\ehthfdt exarhpke, teirsforneetiors, usef uI for
expressing Akt and Raf and their associated su%igrate /reporter 25
const r tewsfactionudefestanmiraaisducion andainjogiqn }PEREFIAN I VeHR¥cl e cel | 's

that can %ﬁgmgn%\g# efaf § bcs'll‘ﬂnattw % Ptg:r cBﬁ%trﬁ@PnQ@le?dqQélpg‘?frﬁﬁrttHe express a

het er ol6Y at & ceP rimary cultfures or

est abl i.;shadl 6¢ lshlthbnellgrorﬁuterrek;d mtrdﬂlmeldelmelcleﬁs bryc]kmmkenrtyleﬂimist $or f or
exanpl e the C2Cl12 cell |ine as described in et al {1 84) Mol .

Cel | . Brample lippsome-medipied) Bansiecdprmpl ewmsp %%%%F%%‘é‘a erein by
aegggegf?g her%’AEa(ﬁ)ex%rﬁfr%hgf&%ﬁéhsghpgd wAsg%ﬁgfé%hbﬁ descri bed by 30

48, "ahd L6 cell s,

desgri l?ﬁfér@rh jeddotgenéarepomition| Jr%ﬁ&)vu’é*—pnecﬁeltéd Rﬂ&zctlbh;% aZIBa&pvil’rad}
di scl osures of whi ch are incorporated her ei a er ence WD 01/ 37852
PCT/ USeo¢Basebinfepidonker, ageno-apwdalpdriier w6 s%t?@dﬂ §5HO ei Eh%EFH%rt%der t he

trol_ of | I t
can be PREFBAEI-TAGaF RS beghh O d ik RO or BRI i na, T or

exanpl e/efhoddshe ﬁﬁﬁrbdgamg5héﬂeﬁ51$)§6ﬁ§ in@klei¢ atielstinom euknaystiucdllsoareand
i njection. The expression vector containi g Akt nd Raf suﬁ%ate
/reportd@ﬁcmbﬁfémmmﬁmselra OFRPES MATEALS pdU H&ﬁrt 5|ex5;nglg1 e pronoters

is intrqduced i nto pedi at ed

7t Saotone ARFER At P gl R Sy REIRe R O

t r ansf eotfopd, artRReehbPDYK et ang1e89)iMolecular Cloning: A Laboratory Manual, 2™
edition, Cold Spring Harbor, NY.

In a preferred embodiment, the nucleic acid is inserted into a retroviral vector,

20 for example, as described by Pear et al. (1993) Proc. Natl. Acad. Sci. USA 90:8392,
incorporated herein by reference. In this embodiment, the viral LTR promoter
controls the transcription of the nucleic acid. The vector is transiently transfected
into a retroviral packaging line, and the resulting recombinant virus which
contains the nucleic acid is harvested, as described by Pear et al., id. The

25  recombinant virus is then used to infect myoblasts as described by Hoffman et al.
(1996) Proc. Natl. Acad. Sci. USA 93:5185, incorporated herein by reference. C2C12
cells, as an example of skeletal muscle cells expressing Akt, can be maintained in
the undifferentiated state by growing them in tissue culture media containing at
least 10% fetal calf serum, or they can be differentiated into skeletal muscle

30 myotubes by growing them in media containing 2% horse serum. The necessary
tissue culture methods are known to those of ordinary skill in the art. C2C12
cells are described in Bains et al. (1984) Mol. Cell Biol. 4:1449, incorporated herein

by reference.
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1o microinjection, electroporation, retroviral-nmediated infection,

adenoviral - gizat ed infection, or adeno-associated viral ; /qlg g
¢ X E&‘? ' ) ) . P{f? 45,
i nfecti oﬁll.onl1 e feporter construct nucleic acids can be infro ﬁ‘%ﬁ 5| nto the

cell stably or transiently. Methods for introducing heterol ogous nucleic
acids into eukaryotic cells are described in nunerous |aboratory manual s

including, for exanple, DNA 15 Coning: A Practi.cal oach, vols. I-111
(1985) Imlaeﬁmdsefé{f %Fméelgil’\@%@q_f} FHP ?Bda,ge“&ﬁ%tr’(ﬂ ﬂgﬂr’iﬂ f@%{h@r 8%@ attoPlYY; OF 1089)
Mol ecul i ng: I I {4 SR foor,
v, 1 B R 8o B0 oL Ml B R (el S By R

r et r ovianal theettsitrate 2@pboter erasipliets tasmagkods kadwinyirPdwr amst Fair.ce{ls 993)
Proc. I\!rrg]gl. Acad %@l . ngf 90: 8392, .incor oratei\(sje heﬁ{eei nby re efe ce. In
thi s erfbbaraontcells pbtyined) romegTpnsgrtic PTEFERT ol ¢ “Prya?las/{}?? Sh of the
nucl ei [ [of MY RN S| iakidpst IR melimd bal
packagmgﬁltﬂ%g:gggtngﬂﬁg erX g?ﬁlté,?%géﬁgﬁéj&ﬂn%faﬁgﬂt %ﬁﬁ%nvfhi gg b%coggai ns the
nucl ei xoatiided snadeketrgdyvelacledodacilibae dyirPaaio die cell. , Thel agFhenry be
reconbinant virys is. then used to infect nyoblasts as descri bed by Hof f man
et al . 59 8trskInepatliaaiar it REYGDS BEFSCREEA ABRRLT (HBBPREOR Ccbher ein by
ref er encgiectadds tfuﬁﬁlef %olﬁ?oﬁﬁnﬁﬁ%ﬁ?ﬁ@at%n SEBs&hudint T ICHBsitive! BseiRhESSI NG

Akt , can be maintained in  the u ferentiated state by growing themin
ti sisue thulprasentmadited: oftméximpleathe hgerst mb§dbhd eorthireal n seelidysaje, t hey can

be differentiated intp skel efal nuscle 30 ot ubes b rgm ng themin nedi a
cont ai rﬁoﬁﬁht@/@%ﬁfz@l CE&PUH“ & %@i}i}gamof g}’/ %é\fgcc%l %ﬂﬁéﬁ&f’ﬂ‘%@n}% e known
to tho in i i 2k 1 iye Bai ns
et al. Ség)fgé%?d%ol P&}C/Jenf"}gdBél %‘111.% }Zﬁ%i%fn ?ncor Srrl{a\cféeﬂ? ﬂgﬁ’i ﬂﬁsﬁl/h?gfg grﬁgnce.

- 14 WO oht8T85 2viBCThe)sgen3ip 4eliveringghhegent by mhathddddmawndatthermrbffoan
or ses hypertro t he agent

agent that inhibjts nuscle cell atraophy, ca phy..

may be %mﬁéﬁﬁ’dmﬁeﬁﬂo’clh%a@é‘lt?rakSﬁﬁlgbﬁf{%loﬂkﬂr gct aﬁﬁm@ é’nstt(l%té?sruﬁt el
repqrt t NAMILb& ti i g b4 ture or
celol?s gsrlgltr galggi’dé ﬁ%%ﬂ%ﬁg%%%?zngr ganPgélntle)ch r?gﬁ%%flﬁ%rnaasﬂggéc%ﬁn(tiag?gd W th

t he agemgerity thhibmegxbenpésted din the methpti efathieopresFhieiragationnaelide, fodi f i ed or

example, organic and inorganic molecules such as proteins, peptides, lipids,

carbohydrates, nucleic acids, including antisense, metals, salts, and so on.

20  Test agents identified above may be assessed for their ability to cause hypertrophy
or reduce atrophy in cultured muscle cells. The amount of atrophy in cells may
be measured by quantitation of cell diameter, protein amount, or by activation of
the PHAS-I protein or p70** which stimulate protein synthesis. In vertebrate
animals, muscle atrophy may be measured as described in Example 2 herein.

25
In yet another preferred embodiment, components of the PI3K/Akt and
Raf/Mek/Erk pathways are expressed in an in vitro assay, such that agents can be

screened to determine their capability of activating these signaling molecules.

30  The presence of activated PI3K/Akt and Raf/Mek/Erk pathway substrates can

also be assessed using antibodies specific for these proteins.

-15-



contained in a delivery vehicle to facilitate entry into the cell. The

agent mm i solated and purified, or it may be presentl | e or
conposi tV|¥8?ﬁ/€'Z)é5ge subj ected to further isolation and puri}%(jl:fgg |0§2§EQ

subsequent to a positive result in 1 o the present nethod. For exanple,
t he ag@ptarmiebentwdigienedtienpeeseat invergaire prociciediat irmtkdd ol idevtifyinge
nmedia, or a library of synthetic or naturally. occurri ri%sce onpound.s. For

muscl e adedgentghat Mibith 2Ar QRS EMIES SHEMAIORY ReME 8 F < ey “HEPTE8Ht act ed
Wth the Sé‘gﬁrﬁg atf{ inngt;’O\/ggSEiEQOf %@(tg%?nﬂﬁcm$ Rl AQYSv R QMaddhtitB& edfebted OF

exanpl &’ estion, parenter nistration, or direct application to
tissue ghal ﬁéé%ﬂﬁgsmraag@nfmwhﬁ)ﬂ\ peibsaatthe Ald potpiosi Acardingnpe ithisng a
carrier or diluent. gents that y be tested.in the had .0 pr esent
i nvént ieorbodignerdean agsay %ﬁlﬂ?f’esieg&aaﬁsg do dale Pﬂ%%@ﬁ?@%? dash %@E gﬁ%ﬁs as
pr ot ei ns, . t] | RI : i L88ind 8% sBabif
Bt serbiEe 4fE Wher BLfPacq STEREIREEAGES SPHELRIE! AfeRRind O80T my be
assessefbbahtdshelliuabilti protéia @ald dehppeadtedphiyh aorapdpcatasubghtei n
cul tured nuscle cells. The amount of atr(%gay in ellf rraHY ‘?\e ﬁasured by
quant i taxd dessfageBEIINARIEYE0 Kinase assiYaaBarhe SHPSHRtREY e8P Df  t he
PHAS- | pr N Or SRRV o i J hexd I ifieiyat e
ani mal Sa’%a? S¢ feo(%avffff%tgﬁfl mrrﬁil/&l%gé%a ﬁghggqggégg?fkgl}& ?1? §E§<S<'}11r$18)lsie66£2 he?ei n.
25 on yRheapatfer threeafierrpotantiddassnsyuctt esfRafewosi dfaliche RESHedkwithnd
Raf / Mek/ Er k pat hways are expreﬁse inan in vitrp assa th‘igch t. atlagents
can be thesprewntegt egenfete ppitie thakihe R3RTHIAPFES A Aon 5/% Khperbsally-
signaling nol ecules. 30 The presence of activated Pl 3K/ Akt and Raf/ Mek/ Erk
pat hway substrates can also be assessed using antibodies specific for
t hese prd gidihods b5 tMO 243 ah2ePETN WBODsBB 4o Ithe ddentifratéobodiagents, t he
present invention prqvides a nﬁat hod of identifyin an a hat inhibits
|

ent
at r ophythat DEQHESE QLFIST OF 6MHSF MAPSHTORNY emuscle gsis byss lg‘barl paring an in
Vi 170 3553y f.0r h{tdyt b & e AU BY th priagertiabafbds and
scr%en%ﬁgl%%g%%a%éﬁ%wm%q%ﬁ%?’iqya?%ﬁ%e%t %r otlei n.s} According to tr?i S
are useful for the treatment and prevention of muscle atrophy and for causing

muscle hypertrophy.

In addition to the embodiments described supra, a tissue-specific mechanism of

20  activating the PI3K/Akt pathway would also be very valuable. Applicants have
demonstrated that activation of PI3K can lead to an increase in protein synthesis,
and can block muscle atrophy. Current agents such as IGF-1 activate the
PI3K/ Akt pathway in skeletal muscle, but also in many other tissues, since the
receptor for IGF-1 is ubiquitous. Therefore, an agent whose receptor is tissue-

25 specific, or which can be engineered to act in a tissue-specific fashion, such as by
specific introduction of the agent into muscle, or by joining the agent to a second
moiety which confers tissue specificity, would be useful in blocking muscle
atrophy, or in inducing muscle hypertrophy. A tissue-specific activator of the
PI3K/Akt pathway would have the additional benefit of avoiding side-effects

30  caused by lack of specificity, such as cardiac muscle hypertrophy, for example. A
tissue-specific mechanism of activating the PI3K/Akt pathway would not need to
be absolutely specific for the PI3K/Akt pathway. It has been shown that IGF-1,
which activates the PI3K/Akt pathway, also simultaneously activates the Ras/Raf
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5 enbodi nent, an assay could be devel oped to take advantage of the fact

t hat Akt i nase, and when activated it phosphoryl at i nd
threoningkggﬁgggcific substrates. Thus, Akt protein coulgégégg%%?ggted
with an appropriate substrate and a test agent, in an in vitro ki nase
assay, pathwade Sldsevern e sbelethltthesclbeAkamaiipite Rafops ghewmein the had becone
phosphoryl at ed_ by . Akt. To assure specificit 1 t.h serines.threonine

pr ot ei nﬁg?lﬁagee%,leg Gch‘eégg)ﬁ%’f %Wﬁvg‘?m%f%’@y%?sa{fgcp PEY VR Z0E Tt est
agent, {ReasgtH ARl nikRaABANbS GalkeRSaPAISKRLSIIRE abkbatdPRFIFIBRAIARE.  The
met hods of the present invention are useful for the identification of
agents that prevent atrophy or cause hypertrophy in nuscle cells by
speci figcall.y, 15 .activat.ing the Pl 3K/ Akt t . The agents identified by

t he Jr eigﬁtfxp@‘f"ﬁ%@(méﬁglﬁggf%am Stsﬁﬁvqof%%ﬁéﬁ{ ﬂi%‘cé}rplee%lgn? ri%ﬁnéof nuscl e
at rophy;andhi@h. causing nuscle hypertrophy. In addition to the enbodi nents
descri bed supra, a tissue-specific nechanismof 20 activating the Pl 3K/ Akt
pat hway woul d al so be very val uable. Applicants have denonstrated that
activation of P13K can lead to annkggéagﬂﬁgin protein synthesis, and can
bl ock nmuscl e atrophy. Current age s IGF-1 activate the PI3K/ Akt
pathway in skeletal nuscle, but also in nany other tissues, since the
receptor for G- 1 is ubiquitous. Therefore, an agent whose receptor is

ti ssue- Egdmppeti The effect\ofiiactivation o AKdiinampeseletcellsct in a ti ssue- specific
fashi on, such as by specific introduction of the agent into nuscle, or by
joining the agent to a second noiety which confers tissue specificity,

woul d behysefeldf the MBRYWKIDAIHRGYEN @COPRYoblasts Bntnilterddtidreac! e
hypertrophy. A tissue-specific activator of the PI3K Akt pathway woul d
have t hmyaddbes vralexbsnsedtbyogenetti diangpslationef Gepetic doaipudativby! | ack of

speci fi ¢j sgch as cardia scle h rtroph for example, A .

P ssue- Cbup Pl RabrsirEmlioned B0 CR Tt ErSIIIRE Ghemes! GOUCE NG need
to ;e é‘\%ﬁﬁb@f%ﬁéré&%i\béﬂ afs%e%?@erf’h%&é&ebnppm@@wgrp) fa@rb@e%@hom t hat
| G- 1, ich activates the PlI3K/ Akt pathway, al so sinultaneously activates
t he RasTRafenabled\Boddii@y 86 rareGipnspof usafectashedllgagxpriessingeatesited lekelset al

nuscl e, ofA }cﬁe :genrpé ct% }nster%%t,’us?rslg %pa%vc\fe'lrarh&ohr%scence activated cell sorter (FACS)

technology. Expression of the transgenes was confirmed by standard immuno-

blotting. HA-epitope tagged constitutively active Akt (Franke, et al. (1995) Cell.,

20 81:2143) and constitutively active PI3K (Khwaja, et al. (1998) J. Biol. Chem.
273:18793) were subcloned into a bi-cistronic vector consisting of the MCK
promoter (Jaynes, et al. (1988) Mol. Cell. Biol. 8:62 and an IRES-EGFP cassette
(Clontech). Subconfluent C2C12 myoblasts were transfected by calcium
phosphate-mediated co-transfection (Specialty Media, Inc.). Transfection was

25  performed as described previously (Glass, et al. (1996) Cell 85:513). Flow
cytometry and cell sorting were carried out on a Cytomation MoFlo (Fort Collins,
CO) high speed cell sorter. Laser excitation was 130 mw at 488 nm. Fluorescence
emission was collected through a 530/540 nm band pass filter for GFP. For
sorting, cells were collected at a sort rate of 25,000 cells/second. The collected

30 myoblasts were then grown to confluence, and differentiated by standard
techniques into “myotubes”, which are multi-nucleated muscle cells, similar to

actual muscle fibers.
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Exanple 1 infra; therefore, the activation of the Ras/Raf pathway woul d not

interfer ] he nechani sm of a skel etal nuscl e-specifi ' r of
Pl 3K/ Akt%ogfl}liﬂgesaf ol lowing non-limting exanples serve to ?%ﬁp%@\r/ﬁﬁgl ustrate

the present invention. EXAMPLES 10 Exanple 1: The effect of activation of
AKT i n BysebsonelfIGFP Bhene didenof altérethel GRCEK differtehivayionrproz€ds? Wydbi-ast s

d differentiated t ubes . i b ' i pul at i Genet i
TN pul ST PTeCRETS! ¢ PSR oK oY FaRb e gyt He Prasb e a Gobr
vect or g 6ahabisy . iy RUNESS br!qﬁé%gq. BRI1eCREM. DY EBETD: 51§/e‘_§’,eét: alapldoRpMBIEEN

fluorescent protein (G-P) reportéer gene. This enabled isolation of rare
cl ones ©¢ll.tBiahslf8e2148) canbdd adwpreeophiy plesiotype) msalting af thitkegehbudf

i nterest, using standard f|uorescence, activated cell sorter (FACS
tecﬁnol%’@ﬁe@pﬁ"’éggpﬂgleéfe RYQtHERS g H@sef\bﬁ'% W?Y?Wf&%@ﬁ%‘&?@ i muno-

bl ot ti n%gpﬁﬁ?mgg&g%gtﬁ%g?&uﬁgn@é ’.cﬁéjhitpgﬁ!cﬂnt%ﬁﬂ Vehitkta &Eﬁﬁﬂﬁﬁt né e?t?sl’e

(1995) an nstitutively active P13K ( Khwaj et al.
(1998) fhrmBbORaf Shemresses: BB T2E) 2veetle. Jives) gemetid ntamijpulsitioni ef theni ¢ vect or

5 62 anteneirEsieerb b LR Bk balFrGurey e Geitnr ok A cEoBEs® RSt ast s
were t r@&ﬁﬁg%g%&@& @'iﬁéfémﬁaﬁ%é%%@s; AR %@@a@%e’l@ﬁ?k?%&h%g( Speci al ty
nc.y. p r

Medi a, ransfection was 2 erfornmed as descri bed evi otusly (d ass,
et al . inhA6ngGhlel hBreri}hic Phenotype wintterthedNdKoelkt pathwayg premetiogr ri ed

t t tior Fl F Col li , . CO i gh d |1 .
exci ¢ at PETRR OB AR OWFS. nh s e Fobre s P e HearBef Pt ed
throughe%ngigx%agéQ A RANGE efqg{ Eﬁ&lﬂlﬂtlﬁzpwo RRAIGRS b:f Pﬁyo&ﬁéﬂ s were

coll ecte sort rate of “25, 000 cel'l s/second. The collected 30
myobl asdi$ferettdatidre (Cossmmet tab (3996)! Ju€ietle Bialnd8Ail£3)er Whileatenstiytivelndar d

t echni s ipto " t ubes”, which | ti- | eat ed I | |. i m |
o acttverRacetERrEy Geit SYEOT SPRIDARCTFORIY Sr6A5T ERHTLUETEN of Grp
al ope dj 4;20k kAl @baddierie?Si e libh O olth ¥ itRBsPHRERES: Vect or -

Biochemical evaluation of the Raf/Mek/Erk and PI3K/Akt pathways in the
genetically manipulated myotubes revealed cross-regulation between the two
pathways. Erk phosphorylation was used as a downstream marker of the

20 Raf/Mek/Erk pathway activation. Erk phosphorylation was induced in C2C12
myotubes by serum and an unrelated factor, heregulin-f. In addition, Erk was
constitﬁtively phosphorylated in myotubes expressing constitutively active Raf.
In contrast, Erk phosphorylation induced by serum and heregulin-f was
significantly inhibited in myotubes in which the PI3K/Akt pathway was

25  constitutively activated by expressing constitutively active Akt. To confirm these
findings, a constitutively active form of PI3K (Klippel, et al. (1996) Mol. Cell. Biol.
16:4117; Khwaja, et al. (1998) J. Biol. Chem. 273:18793) was expressed, to activate
endogenous Akt in differentiated C2C12 myotubes (as verified by increased levels
of endogenous Akt phosphorylation). As observed in myotubes expressing

30  constitutively active Akt, the level of phosphorylation of Erk was similarly
inhibited. Thus, activation of the PI3K/Akt pathway inhibited activation of Erk.
Although almost complete ablation of serum-induced activation of Erk in

differentiated C2C12 myotubes expressing constitutively active Akt was observed,
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driven expression of a constitutively active formof Akt (Bellacosa, et al.
(1991) Science 254:274; Kohn, et al. (1996) J. Biol. Chem 271:31372;
Eves, et WA 01/3783298) Mbl. Cell. Biol. 18:2143) caused a hyp&UusSpEplisiT
phenotype, resulting in thickened but 5 shortened nultinucleated nyot ubes.
The effect. u b i y the
Appl i caﬁ?tﬁ,mﬁﬁhv%%ghﬁ%g %t%hgg%t B{riegzrff‘({1 ve #%@%S%f A |§Rg§é{llr gi?tha%ogy C2C12
cel I's. d&pressiganstihe comsiiputiadly ortiok Akie TRas,/ tﬂv(bkn’egukataryd efflaet & BKt Akt

pat hways reveal ed opposi ng. phenotypi c effects during the nuscle

di f f er efie Bik BATPpYay dsapeciis aﬁgﬁﬁpf‘?@kmsﬁle way 1o inhibiting the
hypertrophi c phenotype while the PI3K/ Akt pathway pronoting the
hypertrophi c phenotype. This phenotypic correlation was confirmed by

exani ni The exgrtassimfosftheygogeripecdidinh2di€oR, oft the Raf/Rdels/Tofk pyibiwasby

dlfferentlatlon Cos et al Wi | e

const i t &t vesyad bﬁﬁxaﬁéﬁr&gég 4%%?9m8l@6r§§§}%wn d%%ﬁ#éﬂfmrﬂfgat ive
Raf and g Pﬂgarr K SBER! f,eRoOt h of

t hese nar(%se?ér{&dél oc lg#s(j:cg h?‘%alt%ﬁ%\ o S%ﬁgﬁg ?ﬁ/ték/ Er ?‘?‘ PIBB%/ Akt

pat hwaysctive nhe cogldadhéiei @ﬁirhmumprpupath&di mitt Raé Srommvdiffeeentcmyssubesgul at i on
bet ween  t he two y rk phosphor l.ati o s .used as a. downstream
mar Kor | BRE BAb0R RAY9 RtﬁEr“E FaBCHEE QDU eI BAbABIGIATF AL TBRAlas

| ndypedid alf%gagxatéa/%}&ﬁﬁe?yﬁ%{ At ¢eabALRM: hasther allier equl i n- (3.
In addition constitutively phosphorylated i n myot ubes expressing
const i t attiwetion actmerabRate lochhzaibon meesst rediike dofrosithessdcattiam withd Raédn by
serum and he{)egul in-13 was significantly inhibited in nyotubes in which

t he Pl 3RYRHOPAt hway was 25 constitutively activated by expressing
constitutively active Akt. To confirmthese findings, a constitutively
active formof P13K (Klippel, et al. (1996) Mol. Cell. Biol. 16:4117,
Khwaj a, Akt cah.pHdsp@dyylhte Riablin vCnenbul il dRE93pgukdorx prechanibm t o activate

ovels s ”ﬁgtéiéui%”%%%ibﬁes PLERGHDY SEIEHERIRIE R AROIIIET,
eXpreSSdeH;v?’?% W”&R’f hﬁgm ﬁlaﬂ%} MPRAl‘tsmEé‘Soi}PMFr{dﬁ al?l'éloérl%@ Jrd, @ﬁah%H of

Erk was sim activation of th P3K/A at hway
i nhi bi ted:umhlmybtud;tsdjutﬁtdt.myébllabtsug"[hwd st arob Raf dbencatlxb‘tdtgacbeiyof
serum i nduced acti \{atl on Frﬁ in ) ) .
interact. Regulation of af Akt interactions may involve stage-specific
modifications of these proteins, or stage-specific proteins that regulate formation

20  of Raf/Akt complexes.

Example 2: Animal model for atrophy.

To test for muscle atrophy, the ankle joint of rodents (mice or rats) are

25  immobilized at 90 degrees of flexion. This procedure induces atrophy of the
muscles with action at the ankle joint (e.g. soleus, medial and lateral
gastrocnemius, tibilias anterior) to varying degrees. A reproducible amount of

atrophy can be measured in hindlimb muscles over a 14-day period.

30 The immobilization procedure may involve either casting (mice) or pinning the
ankle joint (rats). Rodents are anesthetized with ketamine/xylazine and the
right ankle joint is immobilized. In rats, a 0.5 cm incision is made along the axis

of the foot, over the heel region. A threaded screw (1.2 x 8mm) is then inserted
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differentiated C2Cl2 nyotubes expressing constitutively active Akt was
observed, -18 WO 01/37852 PCT/US00/ 31845 no inhibition of Erk activation
occur r edWOPIFEB| asts, despite simlar |levels of expressPERUSPI/FIRES
con?‘titutively active Akt. Thus, the regulatory effect of Akt on the Erk
pat hwa i ed.usg 5 or the
st age- gp%a(zlilgip ?%I %ﬂg%%%%nmfl@ elﬁR{gf ﬁ\/ék/ E{r Ef ggét h&gy gg%ﬁ?& %\ggbgjgg(?essed
by examvnhngiRgiud. Akt mdogpthesanide juint onlixdkpt 88 silegmasfwﬂhmjhgbhmglﬂaf was
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di ffere consistent wt e notion that neither Al

act isvatinonei@htimenbr ane | ocal i zation was required for its association with
Raf in myotubes. Akt can phosphorylate Raf in vitro, but the

cross-regul atory nechanism 15 identified herein cannot sinply be expl ai ned

by obl .
y o '&fﬁ&bel?fngﬁdri] gqac‘g%yMlanga’fl"e irhRlobedidy at?\‘fﬁma@é"ﬁ?@ﬁﬁééfh@ﬁk&{‘ of Raf,

since bo cross-régul ation occur in nmyotubes but not

nyobl asiral killedshy AktviealddiBaicationndtheotibiadiatagityrior (ITAD avedidegul ation of

Raf / Akt |nteract|os y i,nvol ve qﬁa e-specific }lcat ons .of these

pr ot ei rgastr@pngrtna@% e ARAS ?‘Eﬁ@s E%f esr%r&ﬁeggcév bﬁ Y of Raf/ Akt

conpl e ' ot %ﬁ@@y forrhesi at Qr fixas tdrfytRt r ophy,

th(rarraan)li(ﬁ’(f:l ] ol nt (!Qf d&gt(lsﬁ% ce %lrl :Bgts re 2;1%1 I r¥Tmb| |al zeél at Qr% degr ees

of fl enndrrqulahmrq@encmlﬂe@ isopsunt@se. atAr oo]m)rtcﬁf domérol rarg ulads wiiith aa{etthem at
medi al d | ateral |I|as

h
anter | R B eUahY Y B G B8 xR ALETIIES S D BICLETS shy s
measur ed | iy oallj! ﬁ%e i fﬂﬁ@ferpv?heaanjr&ﬁ@af &?6 R? is A6kebB&] byTERRhbar% ' on

procedure may i nv er casting (mce) nni ng the “ankl'e jofnt
(rats) .thRodeighs odithe anesdlée frione dheviim ddei ized dfmlszywahlthe weightod thei ght

ankl e joint i i bilize n rat 0.5 cminci sion
axi ¥ Jmuscles ?rommTRe contro an}ma S. ﬁurtﬁer assessment o atrophy rrelfl%eac{one the

measuring muscle fiber size and muscle tension output.

Example 3: Muscle hypertrophy is associated with increased phosphorylation of

p70°* and PHAS-I and is blocked by rapamycin.

20
The roles of the calcineurin and mTOR pathways in producing muscle
hypertrophy were examined in the compensatory muscle hypertrophy model.
When a fast-twitch skeletal muscle is subjected to a chronic workload increase by
removing functionally synergistic muscles, the muscle compensates by

25  increasing fiber size and muscle mass, as well as by switching fibers to a slow-
twitch phenotype (Adams, G.R. & Haddad, G.R. ]. Appl. Physiol. 81: 2509-2516
(1996).; Roy, R.R. et al. ]. Appl. Physiol. 83: 280-290 (1997)). Applicants induced
functional overload of the rat plantaris muscle by surgically removing the soleus
and gastrocnemius muscles. Cyclosporin A (CsA) was given at a dosage (15

30 mg/kg, s.c.) that was sufficient to block pharmacologically-induced cardiac
hypertrophy using the B,- adrenergic agonist, clenbuterol (Figure 1A) and

inhibited calcineurin activity in control skeletal muscle (Figure 1B). Treatment

with CsA was unable to prevent compensatory hypertrophy of the plantaris at 7,
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of the foot, over the heel region. A threaded screw (1.2 x 8nm is then

I nserteq_, - 01/ 37852 PCT/ US00/ 31845 through the cal talis,
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into the f the tibia. The wound is closed wth skin'g n mce,
the ankle joint is fixed at 90 degrees with a light weight casting
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hypertrophy nodel . en a fast-tw,tch skeletal nuscle i subjsacted to a
cEr oni EOBERFJRAY irﬂﬁgg%g@ PEYTOPRYIPWGSHEARD: 2088k §f ?‘3@?@1 Igqu%c?ﬁfg cles,
the nu GO : ' ' f | as well
e by R e B e e b (R B e Gad,
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ho 1 ap7RTSRigHFS 23t an 6yen Ohrelsnss Of BRGT g o ourega ety ot

gaskr Ogﬂelghﬂﬁtdpffsc%rﬁﬁlex%%oﬁlgofrgﬂslé‘ti&ﬁﬁ‘)tia% BloYSN Bl FiOSROEE,( 15
thereby allowing binding of eIF4E to eIF4G, Figure 2G) immediately upon the
initiation, as well as during the entire duration of the hypertrophic response. In
contrast, calcineurin activity was not increased in hypertrophying muscle, and in
fact was decreased (Figure 1B). Moreover, just as rapamycin treatment

20  completely blocked the hypertrophic response, it also completely blocked the
accompanying binding and activation of p70°* (Figure 2D & Figure 2E) and
PHAS-I (Figure 2F & Figure 2G) in hypertrophying muscle.

Applicants’ findings demonstrate that adaptive hypertrophy of adult skeletal

25 muscle is not dependent on a calcineurin signaling pathway, but rather appears
to be critically regulated by the activation of the PI3K/Akt/mTOR pathway and its
downstream targets, p70** and PHAS-I. While Applicants’ data reveal that
maintenance of muscle mass in mature animals is not dependent on the mTOR
pathway (since rapamycin did not produce a loss of muscle mass in adult

30 rodents), this pathway appears critical in load-induced hypertrophy of adult

muscle and recovery of mass following atrophy.
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mass (Figure 2A) and fiber size (Figure 2B) in both rats and mce at 7 and
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conpl o809, BilSLkeHIr meﬁgm%c? Ao e YEE R dorsis e BBk
Fi F [

(Figur %9? ﬁ‘r(!:ﬂ‘lgférr %@ez;@tldal Qnt g i\/}él QU" BiciF8:62 Rndus:e IR[B-ECFP

hypertro ng rrusc ngs denonstrate that adaptive
hyper t rapdutteoiClasitech). sRabadrdlueti GAEIA myioblasts wibep errghsfrcted by aaddivimeuri n
si gnal i ng pat hway,_ but rather. ap

phosphate-miediated co- Stransfection ?§pec1alty Media, Inc.). Transfection was
performed as described previously (Glass, et al. (1996) Cell 85:513). Flow

cytometry and cell sorting were carried out on a Cytomation MoFlo (Fort Collins,

20 CO) high speed cell sorter. Laser excitation was 130 mw at 488 nm. Fluorescence
emission was collected through a 530/540 nm band pass filter for GFP. For
sorting, cells were collected at a sort rate of 25,000 cells/second. The collected
myoblasts were then grown to confluence, and differentiated by standard
techniques into “myotubes”, which are multi-nucleated muscle cells, similar to

25  actual muscle fibers.

Expression of GFP alone did not alter the C2C12 differentiation process. Vector-
driven expression of the kinase-inactive GSK3 caused a hypertrophic phenotype,
resulting in thickened but shortened multinucleated myotubes. Thus, genetic

30 manipulation of the PI3K/Akt/GSK3 pathway reveals that inhibition of GSK3
activity, mimicking the effect of activated Akt, is sufficient to cause a

hypertrophic phenotype
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to be critically regulated by the activation of the PI3K/ Akt/nTOR pat hway
and its eamtargets, p70S6K and PHAS-1. Wil e Appl.i ts' data
reveal Pﬁgﬁmgﬁégntenance of nuscle nmass in mature aninalgh#§8ﬂ8§lﬁgpendent
on the mMfOR pathway (since rapanycin did not produce a |oss of nuscle nass
i n adulBijodfemiedeat slatibhic thatHBKy AAIPESKS pathiwaal wias pefdmieaddby ed
hypertrophy of adult nuscle and recovery of mass follow ng atrophy. -21 WO
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wel b a&hdagieldy: f| uorescent protein (GFP) reporter gene. This enabl ed
isolation of rare clones of transfected cells expressing desired | evels of
the gene of interest, using standard fl uorescence activated cell sorter
(FACS) Alltieouigic ko Fa@yoirfginessionrhaf bédredesaiisgeiresonmasdataih biyr wag dfy
standard i mmuno- bl otting. Akt phosphorylation of GSK3 results in. .

i nhi bi dilesiratiorserd ex@mmple: it willrhe resdil e apparepidel thoge ofrordmargiskabiey
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suhgo! onkel invératien bitlodst depurcingefedor theosysirstorngope dfhideldippdiid epr dainher
(Jaynes, et al. (1988) Mdl. Cell. Biol. 8:62 and an | RES-EGFP cassette
(G ontech). Subconfluent C2Cl2 nyobl asts were transfected by cal ci um
phosphat e- medi at ed co-transfection (Specialty Media, Inc.). Transfection
was perforned as described previously (dass, et al. (1996) Cell 85:513).
Flow cytonetry and cell sorting were carried out on a Cytomati on MFI o
(Fort Collins, 20 CO high speed cell sorter. Laser excitation was 130 nw
at 488 nm Fluorescence em ssion was collected through a 530/540 nm band
pass filter for GFP. For sorting, cells were collected at a sort rate of
25,000 cells/second. The collected nyoblasts were then growmn to
confluence, and differentiated by standard
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techni gues into "myotubes", which are nulti-nucleated nuscle cells, simlar

to scle fibers. Expression of G-P alone did t he
C2C12 dﬁ%)eren ation process. Vector- driven expression g&@ﬁéeol}ﬁg"s

ki nase-inactive GSK3 caused a hypertrophi c phenotype, resulting in

t hi ckened but shortened nul tinucl e&flcAlMPot ubes. Thus, genetic

mani pul ati on of the Pl 3K/ Akt/ GSK3 pat hway reveals that inhibition of GSK3
30 activity, mmcking the effect of activated Akt, is sufficient to cause
a hypgyt @ILOQIM phenot ype -22 WD 01/ 37852 PCT/ USOO’ 31845 Bi ochem cal

eval uati on t he Pl 3K/ Akt / GSK3 pat hways was performed by evaluating a
substrate of GSK3 beta-catenin. In nyotubes expressing the dom nant

negative, kinase active form GSK3, a decr S hospho .on of

bet &- cat eftihe H@Hk’ﬁ% @Hopg‘é’n‘ elotpl FYsele ﬁegpsb g’j *reé ngenous 5
CSK3. aght ‘ééltlemt‘H5@?é‘&hcta@ﬁvéf?{r‘%ﬁQth’IBK?’ﬁ'ktt!p%'%'mhﬁ? been described in sone
detail by way of lustration and exanple, it be readily apparent to

those of ordinary skill in the art that certain changes and nodifications

pr it Zor 5% GG o R B RSE LIS HRCCI 330RTr SPES SRR S5
CLAI V5 y\éI@LAI M 5 1. A nethod of inhibiting atrophy in skeletal nuscle

cells conprising treating the cells with a specific activator of the
Pl 3K/ Akt pat hway. 2. The net hod of claim1l wherein the specific activator

is a specific activator. of he net hod of ein the
speci f I% t}a f‘BFl %a‘ii%’é% 1pW §fﬁ18r £ é&)eSl;g 1C actlvator causes pehospi’mo\mlaglon
of PHAS-L

4. The method claim 1 wherein the specific activator is a specific activator of

15 p70°*.
5. A method of inhibiting atrophy in skeletal muscle cells comprising treating

the cells with a specific inhibitor of GSK3.

20 6. A method of inhibiting atrophy in skeletal muscle cells comprising treating

the cells with a muscle tissue-specific activator of the PI3K/Akt pathway.

7. The method of claim 6 wherein the muscle tissue-specific activator is an
activator of mTOR.

25
8. The method of claim 6 wherein the muscle tissue-specific activator causes

phosphorylation of PHAS-I.

9. The method claim 6 wherein the muscle tissue-specific activator is an

30  activator of p70°<.

10. A method of inhibiting atrophy in skeletal muscle cells comprising treating

the cells with a muscle tissue-specific inhibitor of GSK3.
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of PHAS-1. 4. The method claim 1l wherein the specific activator is a

speci fi (‘wﬁlc?i}g?/sg&or of 15 p70S6x 5. A nethod of inhibiti Elg%ﬂé%@@?%sl(;n

skel et al cells conprising treating the cells wit

i nhi bitor of GSK3. 20 6. A nethod of inhibiting atrophy in skeletal mnuscle
cells conprising treating the cells with a nmuscle tissue-specific
activator of the Pl3K/ Akt pathway. 7. The metho f cJaim6 wherein the
nuscl elti Jhgenepwd of annenewackimssl, 2n 3, ‘ézc?fifvgt gfrgd%r iﬁr@iger%lgt € The net hod
of claim ' | Byt SRRALT heviRg! Y AbYpHiAHRAR

phosph(s_)l?%/1 %a}i‘?ﬁ%l?%? C%’p&é%l ?ﬁga V%fﬁ‘g%ﬁge‘[ aggﬁéll afgvrﬁ g wher eipr%{?ytal he mljg%l e

ti ssuecspéfridn.c activator is an 3o activator of p70S6x 10. A nethod of
inhibiting atrophy in skeletal nuscle cells conmprising treating the cells
with a nuscle tissue-specific inhibitor of GSK3. -24 WD 01/ 37852

PCT/ US?g/ ﬁgellémetﬂ‘(%% é)-ﬂ}g igfté?gf’ihanjﬁgﬁpﬁe ggﬁqu&fatg L8] s a %hicgqen4 rodent®: 7. 8,

9, or rern S are in a vertebrafe ani mal

havi ngrasbigtdopp eyt icosydiorge, gignshdepoprirhatb2or hlaenaret hod of claim 11 wherein
the vertebrate animal is a chicken, rodent, rabbit, dog, cat, cow, horse,
pi g, sheep, primate, or human. 13. The nethod of claim 11l wherein the

vert ebrat i ! i : t he
e R B e L S e
at nephgxpasiirei togorconstittofathei sropyririd dizgtdonditidss 15. The method of claim
11 wherein the atrophy-inducing condition is denervation, starvation,
nutritional deficiency, netabolic stress, diabetes, aging,

14. The method of claim 11 wherein the atrophy-inducing condition is

immobilization.

15 15. The method of claim 11 wherein the atrophy-inducing condition is
denervation, starvation, nutritional deficiency, metabolic stress, diabetes, aging,

muscular dystrophy, or myopathy.

16. A method of identifying a test agent that inhibits muscle atrophy comprising:
20 (a) obtaining cells that express the following:
1) Akt;
2) an Akt substrate/reporter construct capable of measuring Akt
substrate activation;
3) Raf;
25 4) a Raf substrate/reporter construct capable of measuring Raf
substrate activation;
(b) subjecting the cells to a test agent;
(c) measuring the amount of Akt substrate activation in (a)(2);
(d) measuring the amount of Raf substrate activation in (a)(4), wherein
30 activation of the Akt substrate absent activation of the Raf substrate is used to

identify a test agent that inhibits muscle atrophy.
17. The method of claim 16 wherein the cells are fibroblasts.

25



muscul ar dystrophy, or nyopathy. 16. A nmethod of identifying a test agent

that inh scle atrophy conprising: 20 (a) obtainin I hat
expr ess tkyﬁi ]? ?%iOWI ng: 1) Akt; 2) an Akt substrate /repor?g&ﬁ}csg@%]ﬁg?%ct
capabl e of neasuring Akt substrate activation; 3) Raf; 25 4) a Raf
substrate /reporter construct capabl e of neasuring Raf substrate

activation; (b) the cells to test a (c) nmeasuring the
amount 1§ 1§ 598 cé Egtlp\)’&}f‘?’i?ﬁ‘lﬂﬁe E%ﬁs( 9Ne ML$ ? eelSuri ng the anount of
Raf substrate activation in (a)(4), wherein 30 activation of the Akt
substrate absent activation of the Raf substrate is used to identify a
test agentTheatethodidiidsinmi8ohkemim diphynustle cdllearremyoblasts.cl ai m 16 wherein
the cells are fibroblasts. -25 WO 01/37852 PCT/US00/ 31845 18. The net hod
of élain116 wherein the cells are nuscle cells. 19. The nethod of claim 18

wher ei ny %+8d fldAnP i€ Wb rﬁﬁ{esmé/oﬁla%gs ard€20%b hafds of claim 19

wher ei n the asts are C2Cl12 cel A nmet hod of 1 nducing nuscle
hypertrophy in skeletal nuscle cells conprising treating the cells with a

peC|f|cat f the PI3K/ Ak .1 2 Therret d of claim 21
Wher i Pk H6 TBSRGY PEIAHTVRIBRSAS TaPEEEPRT dn Ul BESGE CHFCR 29, The
met hod o 1 lisREitERES dd Q&N 8F OF 1RAPEAS/ ALP patly
phosphorg;ll‘l t1|§g t?%at%{ . 24. ' Thegﬁmact hCo . laim 21 vvh/erel ﬁat h‘gaspem fic
actiovator is a specific actl vat or of p7086K.

22. The method of claim 21 wherein the specific activator is a specific activator of

mTOR.

23. The method of claim 21 wherein the specific activator causes

15 phosphorylation of PHAS-L.

24. The method of claim 21 wherein the specific activator is a specific activator of

p7

OSéK

20  25. A method of inducing muscle hypertrophy in skeletal muscle cells

comprising treating the cells with a specific inhibitor of GSK3.

26. A method of inducing muscle hypertrophy in skeletal muscle cells
comprising treating the cells with a muscle tissue-specific activator of the

25 PI3K/Akt pathway.

27. The method of claim 26 wherein the muscle tissue-specific activator is an

activator of mTOR.

30 28. The method of claim 26 wherein the muscle tissue-specific activator causes

phosphorylation of PHAS-I.



20 25. A nethod of inducing nuscle hypertrophy in skeletal nuscle cells

conprising, t ting the cells with a specific inhibitor

met hod 8*8 lr‘r{fg% ng nuscl e hypertrophy in skeletal nuscl e%gg@(&”@%%prl si ng
treating the cells with a nuscle tissue-specific activator of the

Pl 3K/ Ak, pakhwethoRéf clthe PRitadeinf thel miustl26issherspieni ftchactinmot & an

ti ssue-specific ac{] jvator is an activator of nTOR 30 28. The nethod of
cl ai m agivgier ef p70he nuscle tissue-specific activator causes

phosphoryl ati on of PHAS-1. -26 WD 01/37852 PCT/US00/ 31845 29. The net hod
of claim 26 wherein the nuscle tissue-specific activator is an activator

of p7086x Bthethodrifindueing nduclalgypersphyhirpekdlepyusde skBs et al nuscl e

ceIIsScorrprlsmgtreatln the cells with a nuscle, sue iC

i nhi bi eempsisingskeatipg. the %ﬁét”(‘i B BYussleytigse- Scﬂ’ectftfat’}tr*églﬂr Oggfs(kz% 24, 25,
26, 27, 28, 29, or 30 V\/nerern the skeletal nuscle cells are within a
vertebrate animal. 10 32. The nethod of claim 31 wherein the vertebrate

ani mal 31 s The Ghétblelnof mdené of clatddbi2tl, 2213, 24,3&5 A60R7, W29eor PO gvheshizep,
primate, or human. 33. 'A cell conprisin 15 2) an Akt substrate
I r epor the skaletad myascle sgHppee éi‘flt}HfE% MF?tﬁgr%ﬁtam% strate activation; 3) Raf;
4) a Raf substrate /reporter construct capable of neasuring Raf substrate
activation. -27

10 32. The method of claim 31 wherein the vertebrate animal is a chicken, rodent,

rabbit, dog, cat, cow, horse, pig, sheep, primate, or human.

33. A cell comprising:
1) Akt;
15 2) an Akt substrate/reporter construct capable of measuring Akt

substrate activation;
3) Raf;
4) a Raf substrate/reporter construct capable of measuring Raf

substrate activation.
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