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ABSTRACT Phase | clinical trials in cancer patients in the United States and
Europe.

The molecular pharmacology underlying the cellular effects of
rapamycin is now understood in considerable detail. The principal
leukin-3 stimulation induces a wortmannin-sensitive increase in mTOR aPamycin ‘receptor” is a W'd6|y expres.sed lntracellular prote?ln
kinase activity in a myeloid progenitor cell line. The involvement of termed FKBP-12. In mammalian cells, the interaction of rapamycin
phosphoinositide 3’-kinase (PI3K) in the regulation of mTOR activity was With FKBP12 generates a pharmacologically active complex that
further suggested by findings that mTOR was phosphorylatedn vitro and ~ binds with high affinity to the mTOR [Ref. 4; also named FRAP (5),
in vivo by the PI3K-regulated protein kinase, AKT/PKB. Although AKT ~ RAFT1 (6), or RAPTL1 (7) by others]. This rapamycin target protein is
phosphorylated mTOR at two COOH-terminal sites (Thr***®and Se”**9  a member of a recently described family of protein kinases, termed
in vitro, Ser***®was the major phosphorylation site in insulin-stimulated ~ p|KKs. The PIKK family members share a COOH-terminal catalytic
or ‘a?ti""?‘ted AKT‘EXP’_esSing human embryonic kidnley cells. Transient  gomain that bears significant sequence homology to the lipid kinase
tsrzrr';lg‘;t&r;ofiﬁﬁ,g‘i'r': dithzgtRhaT/lj\E'?-t(sjegiigggt g _T_;;?Egggﬁg?yft domains of PI3Ks (8). Other members of the PIKK family include

TOR1p and TOR2p, the budding yeast orthologues of mTOR. The

ation was not essential for either PHAS-I phosphorylation or p7§%¢ =" L : .
activation in HEK cells. However, a deletion of amino acids 2430-2450 in finding that rapamycin interacts with FPR1p, the budding yeast or-

mTOR, which includes the potential AKT phosphorylation sites, signifi- thologue of FKBP12, to arrest yeast cell growth in @hase (9)
cantly increased both the basal protein kinase activity andn vivo signal- ~ suggests that the TOR signaling pathway has been at least partially
ing functions of mTOR. These results demonstrate that mTOR is a direct conserved during eukaryotic evolution.
target of the PI3K-AKT signaling pathway in mitogen-stimulated cells, The specificity of rapamycin as an inhibitor of mMTOR function
and that the identified AKT phosphorylation sites are nested within a  facilitated the identification of the downstream signaling events gov-
‘repressor domain” that negatively regulates the catalytic activity of erned by mTOR in mitogen-stimulated cells. To date, the rapamycin-
mTOR. Furthermore, the activation status of the PISK-AKT pathway i gensitive signaling activities ascribed to mTOR impinge primarily on
cancer c_:eIIs may be an |mp9rtant determinant of cellular sensitivity to the the translational machinery. Rapamycin treatment triggers the rapid
cytostatic effect of rapamycin. dephosphorylation and inactivation of P in mitogen-stimulated
cells (10-14). The overall effect of p78 activation is to stimulate
INTRODUCTION ribosome biogenesis, and, in turn, to increase the capacity of the

trg]nslational machinery, which allows cells to meet the increased

Rapamycin is a potent immunosuppressive drug and investigatio : o :
) . ) . L emand for protein synthesis imposed by cell cycle progression (15—
anticancer agent, the major mechanism of action of which involves t BK e .

. Although p78°¥ activation involves a complex series of phos-

g]nhclzltlvc\)/ir;hc’fahln;szcr)]lt?s;)rr;uTﬁ;giirpgl_fgratLO;S’ethrfgngSIZ:g:ﬁ: phorylation events catalyzed by multiple protein kinases (18-21), the
q L P prog prompt reversal of pF* activation by rapamycin (11, 14) suggests

fril;girrlgozillljsr.s -gr]i?)rbtlgCtI;etq‘rge;sﬁ:zzinp[)%?r:ffst;(;geldm%zstehde %yb;Zf\?tbat this protein kinase requires continuous signaling through mTOR

. ST o . %6 both achieve and maintain the activated state. The exact nature of
tions that rapamycin inhibits the phosphorylation of the retlnoblaﬁa input supplied by MTOR remains unclear: however, recent find-
toma protein and that rapamycin-treated cells are not fully committeet t that mTOR phosphorviat d ’ ' th tivity of
to enter S-phase of the cell cycle after release from drug-induged ig9s suggest thatm phosphorylates and suppresses the activity o

arrest (1-3). The sensitivity of certain tumor cell lines to the cytostat'Tlcty'Oe ZA protein phosphat_ase pound directly to% _[(22). Hence,
rapamycin treatment may inactivate 578 by removing a mTOR-

effects of rapamycin has prompted considerable interest in the posds pendent inhibitory constraint on the activity of a F¥Stargeted

bility that this drug might be a useful cancer chemotherapeutic agen? .
. 70 ) . type 2A protein phosphatase PP2A.
Indeed, a rapamycin analogue (CCI-779; Wyeth-Ayerst) is now IP{A second downstream protein targeted by mTOR is the transla-
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The microbially derived antiproliferative agent rapamycin inhibits cell
growth by interfering with the signaling functions of the mammalian
target of rapamycin (mTOR). In this study, we demonstrate that inter-
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mTOR REGULATION BY THE PI3K-AKT PATHWAY

causes the phosphorylation of PHAS-I at five sites, which leads to theggest that deregulated signaling through mTOR may contribute to
release of elF-4E, and, in turn, an increase in elF-4F-dependém transformed phenotype of PTEN-deficient cancer cells.
translation initiation (24—29). The phosphorylation of PHAS-I in-

duced by hormonal stimuli is strongly inhibited by rapamycin (27, 3SMATERIALS AND METHODS

31). Earlier results suggested that mTOR is directly responsible for the

phosphorylation of PHAS-I in intact cells (32, 33), although addi- Plasmids, Reagents, and AntibodiesThe expre'ssion'vect.ors eqcoding
tional proline-directed kinases appear to be required for full phospHp1-tagged wild-type mTOR (AmTOR) and catalytically inactive (*kinase-
rylation of PHAS-I in insulin-stimulated cells (34). ead”) mTOR (AmTORY) were described previously (32). The rapamycin-

The si i th that | th fact t resistant versions of mTOR contain an additional Ser (203%)-mutation
€ signaling pathway that coupies growth factor receptor 0CCLsy ;¢ usually designated with the suffix “SI” (e AmTOR-SI). PCR-based

pancy to mTOR activation is only partially understood. Howeveg, iagenesis was used to construct single and double mTOR point mutants in
accumulating evidence places mTOR downstream of both PI3K aRflich Thir44¢ and Se#*“®were changed to alanine (A) residues. The internal
the PI3K-regulated protein kinase, AKT (also termed PKB), in growtfleletion mutant, AmMTORA, which lacks amino acids 2430—2450, was pre-
factor-stimulated cells. This model is based in part on genetic apared by the PCR-based SOEing technique (40). The expression vectors for
pharmacological evidence that links activation of PI3K and/or AKT tblA-tagged wild-type AKT (CAKT), catalytically inactive AKT (AKT-kd) and

the two intracellular events known to be governed by mTOR, ttie constitutively active myristylated form of AKT (myrAKT), were kind gifts
activation of p7§6K and the phosphorylation of PHAS-I (35). Thefrom P N. TsigEIis_(Fox-Cha_se Cancer Center,. Philadelphia, EA). The CPNA
notion that mTOR participates in signaling downstream from PI3R"c0ding P78 (kindly provided by Dr. Naohiro Terada, National Jewish
may be particularly relevant to the antitumor activity of l,(,:lpamycir{VIedn:aI and Research Center, Denver, CO) was appended with nucleotides

. . e . ._encoding an NBtterminal FLAG epitope tag and was cloned into pcDNA3
Recent studies have identified a negative regulator of PI3K-media gEcoRI andXbal restriction sites. All PCR products were subcloned and

signaling, PTEN, as a tumor suppressor gene product (36). The tupR, sequenced to ensure the fidelity of the amplification step.

suppressor function of PTEN is attributed to its activity as a phos- recombinant murine IL-3 was purchased from R&D Systems, Inc. (Min-
phoinositide 3-phosphatase, which effectively terminates PI3lgeapolis, MN). Recombinant human insulin (Recombulin) and G418 (Geneti-
mediated signaling via dephosphorylation of the second messengeiry, were obtained from Life Technologies, Inc. (Gaithersburg, MD), and
phosphatidylinositol-3,4,5-trisphosphate and phosphatidylinositéluGene transfection reagent was purchased from Boehringer Mannheim (In-
3,4-bisphosphate. Thus, loss of PTEN function leads to hyperactigignapolis, IN). Wortmannin (Sigma) was dissolved in DMSO {Bl@) to

tion of the PI3K signaling cascade, which promotes abnormal c¥jeld a 1.2 nu stock solution. The wortmannin stock solution was aliquoted
growth, survival, and migration. and stored at-70°C. Rapamycin (Sigma) was prepared as aud0stock

. . . - . - olution in ethanol and aliquoted and stored as described above.
The importance of PI3K signaling during tumorigenesis is unde? The a-AU1 and 12CAS ¢-HA) mAbs were purchased from Babco (Rich-

scored bylobservz.;\tlons that mutations 'n, ﬁH§EN gene occurs mond, CA), and the-mTOR monoclonal antibody, 26E3, was a generous gift
freque_ntly in a variety of human cancers, including prostate canGgfi pr. peter Houghton (St. Jude Children’s Research Hospital, Memphis,
and glioblastoma (37). If mTOR also resides downstream of PI3Ky). peptides corresponding to amino acid residues 2433-2450 in mTOR were
and/or AKT, then mTOR activity should also be deregulated igynthesized (Research Genetics, Huntsville, AL) with or without phosphate at
PTEN-deficient tumor cells, and consequently, PTEN status might bigner or both of the underlined residues in the sequence CDTNAKGNKRSR-
an important predictor of cancer cell sensitivity to the mTOR inhibFRTDSYS. Polyclonal antibodies directed against the nonphosphorylated pep-
itor, rapamycin. Given these speculative arguments, it becomes tile were raised by immunizing rabbits with the peptide coupled to keyhole
creasingly important to define the interactions among PI3K, AKT, arftPet hemocyanin. The antiserum (designatechTOR 367) was affinity-
mTOR as the rapamycin analogue, CCI-779, moves into clinical trieﬂ%”f'eOI over a peptide-coupled Sulfolink bead column according to the man-
in patients with different types of cancer. ufacturer’s procedure (Pierce, Rockford, IL). Phosphospecific antibodies were

. . . . . . repared in a similar fashion, except that a keyhole limpet hemocyanin-
At the inception of this study, the most direct evidence for epIStatE%upled, dually phosphorylated peptide (containing phosphate at bt hr

relat?onship.s among PI3K, AKT' and mTOR stems f“?m resultgq set**sserved as the immunogen. The resulting antiserum was first passed
O_btamed with a p0|)_’C|0na| a_m'bOdY- terme_d mTAD1, Wh_|Ch recoGver a column consisting of nonphosphorylated peptide immobilized on Sul-
nizes a COOH-terminal peptide sequence in mTOR (residues 243gnk beads, and the flow-through fraction was then passed through a second
2450; Ref. 38). The authors noted that cellular stimulation wittolumn containing the immobilized, dually phosphorylated peptide. The bound
insulin, or expression of mutationally activated AKT, caused a destibodies (designateg-mTORp2) were eluted at low pH and were stored in
crease in the immunoreactivity of mTOR in anti-mTAb1 immunoblofBS containing 0.05% azide.
analyses (39). The loss of mTAb1 binding activity was reversed byCeII Culture and Transfections. The murine IL-3-dependent myelomono-
treatment of the immunoprecipitated mTOR with a protein phOSph%}{tiC progenitor cell line, FDC-P1, was cultured in standard growth medium
T 0,

tase prior to immunoblot analysis. Collectively, these results su@gpwII 1640 supplemented with 10% (v/v) FBS (Hyclone, Logan, UT),2 m

. . . . . C-glutamine, 50um 2-mercaptoethanol, 10 mHEPES (pH 7.2), and 10%
gested that insulin or AKT stimulation caused the phosphorylation

. . . 2 /Iv) WEHI-3 cell-conditioned medium as a source of IL-3]. Stably transfected
mTOR at a site(s) that resulted in a decrease in the recognition of thjsc_p1 cells expressing AmTORwere prepared by suspendingxd 107

protein by the mTAb1 antibody. exponentially growing cells in 350l of standard growth medium at 4°C. The
The goal of the present study was to further understand the rolecefls were mixed with a total of 46g of plasmid DNA suspended in the same
the PI3K-AKT signaling pathway in the regulation of mMTOR functiormedium. Mock transfectants received 4§ of pcDNA3 only, whereas mTOR
by extracellular stimuli. We demonstrate that stimulation of myeloitiansfectants were electroporated with&%of mTOR-encoding plasmid plus
progenitor cells with IL-3 triggers a rapid increase in the proteiao ng of pcDNAS3 as filler. Prior to electroporation, the cell-DNA mixtures

kinase activity of mTOR. The IL-3-dependent increase in mTORere incubated for 10 min at room temperature. The cells were electroporated
with a BTX model T820 square-wave electroporator (San Diego, CA) at a

activity is blocked by low concentrations of the PI3K inhibitor, " ! ’
wortmannin. Eurthermore. we provide vitro andin vivo evidence setting of 350 V (10-ms pulse duration). The electroporated cells were mixed
’ ’ P ntly and then allowed to stand at room temperature for an additional 10 min.

that AKT phosphorylgtes mTOR at a site(s) Ipcated ina _reglon th%ﬁe cells were then diluted into 20 ml of standard growth medium and cultured
represses the catalytic activity of the mTOR kinase domain. De|6t'%?_ 24 h, at which time the cells were transferred into fresh growth medium

of Fhis repressor domain generates a mTOR mutant bea.lrin.g a CONhtaining 800ug of G418/ml. Stable clones that expressed AmTO&nd
tutively elevated level of protein kinase activity. These findings ouskmTOR were isolated by limiting dilution, and expression levels of the
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mTOR REGULATION BY THE PI3K-AKT PATHWAY

For experiments, exponentially growing FDC-P1 cells X210" cells/ transfected cells were transferred into serum-free DMEM and cultured for
sample were washed twice in PBS. The cells were resuspended in 20 mR4fh. Cellular extracts were prepared by removal of the culture medium,
starvation medium [RPMI 1640 containing 1@@/ml BSA, 2 mv L-gluta- followed by addition of 40Qul of buffer P per dish [50 m Tris-HCI, 100 nm
mine, and 5Qum 2-mercaptoethanol, buffered to pH 7.2 with 1@ EPES]. NaCl, 50 nm B-glycerophosphate (pH 7.4), containing 10% (w/v) glycerol, 1%
After 4—6 h in culture, the factor-deprived cells were treated for 30 min witfiriton X-100, 1 nmu DTT, 50 v microcystin, 1 nw PMSF, and protease
the indicated pharmacological inhibitors and then were restimulated with eithenibitor cocktail]. The detached cells were disrupted by sonication, and
30 ng/ml IL-3 or 20% FBS. cleared extracts from the HA-tagged AKT-expressing cells and the AnfFOR

HEK 293 and 293T cells were maintained in monolayer cultures in DMEMxpressing cells were mixed at a total protein ratio of 1:9. The epitope-tagged
(Life Technologies, Inc.) supplemented with 10% FBS or 5% FBS, respettTOR and AKT proteins were coimmunoprecipitated witpllof AU1 mAb
tively. Prior to transfection, 6< 10° cells were seeded into a 60-mm tissueand 5ug of 12CA5 mAb bound to protein A-Sepharose beads that had been
culture dish. The cells were cultured for 24 h under standard conditions gmecoupled to rabbit antimouse immunoglobulin antibodies. The immunopre-
then were transfected with a total ofufg) of plasmid DNA mixed with 8l of  cipitates were washed three times in buffer N [2& HEPES (pH 7.6), 0.
FuGene transfection reagent/dish. The standard amounts of plasmid DNy&CI, 10% glycerol, 1 m Na;VO,, and 0.2% Tween 20] and two times in
used for each transfection were: AKT, 0.25; mTOR, 3ug; and p76°<, 2 kinase buffer F [50 m Tris (pH 7.5), 10 nv MgCl,, 50 nv Na;VO,, and 1
ng. When necessary, the total amount of plasmid DNA was broughtitg 5 mm DTT]. The coimmunoprecipitated proteins were incubated for 50 min at
by addition of the empty pcDNA3 expression vector. The transfected ceB8°C in 20ul of kinase buffer F supplemented with 10« ATP and 20uCi
were cultured for 16 h, washed one time in PBS, and arrested for 24 hdh[y->2P]JATP (specific activity, 4500 Ci/mmol). The reaction products were
serum-free DMEM. The serum-deprived cells were pretreated for 30 min wiskeparated by SDS-PAGE and transferred to an Immobilon-P membrane. The
wortmannin or rapamycin and then stimulated with insulin for the indicatédcorporation of?P into wild-type or mutated forms of AmTOR was detected
times. The procedures for transfection of HEK 293T cells were similar, excepy autoradiography and quantitated by phosphorimager analysis as described
that the cells were deprived of serum for 2 h prior to drug treatment. above.

DU 145 and PC-3 prostate cancer cells were maintained in monolayerTo measure the activity of transiently transfected FLAG570 serum-
cultures in RPMI 1640 supplemented with 10% FBS. Prior to assay,1®° deprived HEK 293 cells were prepared as described above. The cells were
cells were seeded in 60-mm tissue culture dishes. After 24 h, the cells wetinulated with 1um insulin and then lysed in TNEE buffer [SOmmTris-HCI,
transferred into serum-free RPMI 1640 and were cultured for an additiori#0 nm NaCl, 2.5 nu EDTA, 2 mm EGTA, 25 nm B-glycerophosphate, 25
20 h. The cells were washed in PBS and lysed in LB buffer [26Tnis-HCI, mm NaF (pH 7.5), containing, 0.5% Triton X-100, 1@ sodium orthovana-
pH 7.4, 50 nm NaCl, 10% (w/v) glycerol, 1% Triton X-100, 50 mp-glyc- date, 2 m DTT, and protease inhibitor cocktail]. The epitope-taggedp70
erophosphate, 20vmicrocystin- LR, 100ug/ml PMSF, and protease inhib- was immunoprecipitated from cellular extracts with anti-FLAG M2 affinity
itor cocktail (5ug/ml aprotinin, 5ug/ml pepstatin, and 1Qg/ml leupeptin)].  resin (Sigma Chemical CoSt. Louis, MO), and protein kinase activity
The lysates were cleared of insoluble material, and the cleared extracts wias determined with a p?8 assay kit (Upstate Biotechnology, Inc., Lake
assayed for total protein to equalize sample loading prior to SDS-PAGE. Placid, NY).

Immunoprecipitations. Mock-transfected or AMTOR-transfected FDC-P1
cells (2 x 107 cells/sample) were growth factor deprived and restimulated FSESULTS
described above. The cells were washed in PBS and lysed by sonication in 1
ml of buffer L [50 mv Tris-HCI, 50 mu g-glycerophosphate, 100nmNacCl Stimulation of MTOR Catalytic Activity by Serum or IL-3.  Our
(pH 7.4), containing 10% glycerol, 0.2% Tween 20, MmMTT, 1 mv initial objective was to determine whether mTOR activity was regu-
Na;VO,, 1 mm MgCl,, 50 nv microcystin-LR, 1 nv PMSF, and protease |ated in a PI3K-dependent fashion by IL-3, a cytokine that promotes
|nh|b_|tor cocktail]. The lysates v_vere cleared_o_f insolut_JIe material by centrifhe proliferation and survival of myeloid lineage progenitor cells. To
ugation, and the extracts were immunoprecipitated wifhl 8f a-AU1 mAb g4 cijitate the analyses of mTOR kinase activity, we stably expressed
for 2 h at 4°C. The immunoprecipitates were washed three times in buffer 1-tagged wild-type or catalytically inactive (“kinase-dead”) ver-

[50 mm Tris-HCI, 50 mv B-glycerophosphate, 100nmNaCl (pH 7.4), con- . t d . .
taining 10% glycerol, 0.2% Tween 20, and MrdTT] and twice in buffer K sions of mTOR (AmTOR" and AmTOR®, respectively) in IL-3-

[10 mv HEPES, 50 m NaCl, 50 ma g-glycerophosphate (pH 7.4), 5ain d€pendent FDC-P1 cells. Importantly, the stable cell lines selected for
microcystin-LR, and the protease inhibitor cocktail]. these studies were not overexpressing the recombinant protein, as

Immunoblot Analyses. For immunoblot analyses with-mTOR 367 or indicated by immunoblot analyses of the transfected clones for total
a-mTORp2 antibodies, recombinant AmTOR was immunoprecipitated withTOR protein levels with antibodies that recognize both the endog-
the tag-specifica-AU1 mAb from transfected FDC-P1, HEK 293, or HEK enous and transfected proteins (results not shown). The tagged Am-
293T cells. The immunoprecipitated proteins were separated by SDS-PAGBR proteins therefore serve as a “tracer” subpopulation, the behavior

through 6% polyacrylamide gels. After transfer to Immobilon-P, the menyf which in response to physiological stimuli should reflect that of the
branes were blocked and probed wittug per ml affinity-purified antibodies endogenous mTOR.

in Tris-buffered saline-0.2% Tween 20 (TBST) containing 2% (w/v) BSA (for In the initial studies AmTORt-expressing cells were deprived of

-mTORp2 antibodi % mi - ibodies). - : o
a-mTORp2 antibodies) or 5% milk (for-mTOR 367 antibodies). Immuno FEhum and IL-3 for 6 h and then were restimulated for 10 min with

reactive proteins were detected with horseradish peroxidase-conjugate 2 o h . f cellul h
protein A and the Renaissance reagent (New England Nuclear, Boston, M!/!r)'. prior to the preparation of cellular extracts. The extracts were

The blots were then stripped and reprobed withdh&U1 mAb in TBST-milk  Immunoprecipitated withe-AUL1 mAb, and mTOR kinase activities

solution. The phosphorylation state of endogenous mTOR in DU 145 or pougre determined with PHAS-I as the substrate. Parallel samples were

prostate cancer cells was analyzed by immunoblotting withTORp2 as prepared from identically treated cells that expressed the AnffOR

described above, followed by reblotting of the same membrane with theutant. Stimulation of AmTOR-expressing FDC-P1 cells with IL-3

a-mTOR mAb, 26E3, in TBST-milk solution. significantly increased thim vitro kinase activity of the immunopre-
Kinase Assays.The protein kinase activity of immunoprecipitated mMTORjpitated AmTOR" but did not change the amount of AmT®Rn

was assayed with recombinant PHAS-I as the substrate (Stratagene, La Jglage immunoprecipitates (Fig. 1Aeft panel). The activation of

CA; Ref. 32). The samples were separated by SDS".DA?E’_ and radiolabgieg o by IL-3 was maximal at 5-10 min after cytokine stimulation

PHAS-I was detected by autoradiography. Incorporatiofi®Bfinto PHAS:| and then dropped to a lower, but still elevated, plateau level of activity

was quantitated with a Molecular Dynamics Storm 840 Phosphorimager . . . .

(Sunnyvale, CA) and ImageQuant software. $Rat was sustained for at least 4 h aﬁer cytokine alld.dmon (F|g3r1d§
Phosphorylation of mTOR by AK'h vitro was performed by transfection data not shown). In contrast, AU1 'mmunOpreC'p't.ates from either

of AmTOR™ and HA-tagged myrAKT, c-AKT, or catalytically inactive AKT Mock-transfected or AmTOR-expressing cells contained low levels

into separate populations of HEK 293 cells. The cells were plated in 60-n® background protein kinase activity that was not substantially in-
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mTOR REGULATION BY THE PI3K-AKT PATHWAY

A

mTOR - -
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noreactivity of AUl-tagged mTOR isolated from IL-3-stimulated
FDC-P1 cells (Fig. 3upper panel). Interestingly, the time course of
the alteration in anti-mTOR antibody reactivity corresponded closely
to the changes in mTOR kinase activity induced by IL-3 (FiB).1

The IL-3-dependent decrease in mTOR immunoreactivity was abro-
gated by pretreatment of the cells with 100 wortmannin, suggest-
ing that this alteration was mediated through the activation of PI3K.
As will be described below, parallel immunoblot analyses with a
phospho-mTOR-specific antibodyx{mTORp?2) indicated that the
decrease ire-mTOR 367 reactivity induced by IL-3 stimulation is
attributable to the phosphorylation of at least one amino acid{&gr
located within thea-mTOR 367 epitope (Fig. 3niddle panel; see

51 below for description).

Examination of the peptide sequence recognized-mgTOR 367

41 antibodies revealed that this region contained two consensus phos-
phorylation sites (TH**®and Set**9) for AKT (Fig. 4). To determine
whether mTOR was ain vitro substrate for AKT, we expressed
AmMTOR"™, HA-tagged wild-type AKT (CAKT), activated AKT
(myrAKT), or a catalytically inactive AKT (AKTkd) in different
populations of HEK 293 cells. Cellular extracts were then mixed, and

-

L3 - + - + - 4 = FCS I3

s2p-PHAS-I

CPM 68 159 5064 14128 615 914 1599 5046 5145

W

PHAS-I phosphorylation,
fold change

0 T T T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55 60

AUTblot e ewmm s g— o

Time, min

Fig. 1. Stimulation of mMTOR kinase activity by IL-3 or serum. FDC-P1 cells wer¢
stably transfected with wild-type AU1-tagged mTOR or a catalytically inactive version ¢
AmTOR. Transfected clones were cultured for 6 h in medium without serum and IL-3..
left panel factor-deprived FDC-P1 cells were stimulated for 10 min with IL-3 or mediun
only (—). The protein kinase activities of wild-type (wt) AMTOR or the “kinase-dead
(kd) AMTOR were determined in immune complex kinase assays witRHJATP and
recombinant PHAS-| as the substrate (lower panels). IncorporatiGiPpinto PHAS-|
was quantitated with a Molecular Dynamics Storm 840 phosphorimaging system ¢
reported as cpm. The amounts of immunoprecipitated mTOR were assessed by immi
blotting with AU1 mAb (upper panelsRight panel AmMTOR-expressing FDC-P1 cells
were restimulated for 10 min with IL-3 or serum, and AmTORinase activities were
measured as abovd&®, mTORM-expressing FDC-P1 cells were restimulated for the
indicated times with IL-3. The protein kinase activities in AmTORnmunoprecipitates
were determined as describedAn Incorporation of?P, into PHAS-I was normalized to
the basal level of phosphorylation in the immunoprecipitate prepared from unstimula 0
cells.

A O o N ®

32p-PHAS-I, 108 counts
w

IL-3 - + + - + + +
_ _ _ o Wm, nM - - 10 30 100 300 1000

FDC-P1 cell§ also displayed a clear mcre_ase_m AmT’Oﬁtthlty Fig. 2. Inhibition of IL-3 dependent mTOR activation by cellular treatment with
after a 10-min exposure to fresh serum (Fig. fight panel). Thus, wortmannin. AMTOR-transfected FDC-P1 cells were deprived of growth factors as
ligation of receptors for IL-3, as well as undefined serum componersigscribed in Fig. 1. AmTOR-expressing cells were treated for 30 min with the indicated

. . S P . . ncentrations of wortmannin (Wm). After stimulation of the cells for 10 min with IL-3,
(pOS.SIbly insulin-like _growth_famors)' initiates a signaling pathWE&DmTOR"“‘ was immunoprecipitated, and immune complex kinase assays were performed
leading to mTOR activation in FDC-P1 cells. as described in the Fig. 1 legend. The amount of AmTOR each immunoprecipitate

Role of PI3K in IL-3-dependent mTOR Activation. Earlier stud- Was determined by-AUL immunoblotting (upper panel).

ies implicated the PI3K pathway in the activation of mTOR-depend-

ent signaling events in HEK 293 cells and 3T3-L1 preadipocytes (2 Wortmannin - - - - - +
39). Stimulation of the IL-3 receptor also triggers a rapid increase
PI3K activity (41), which suggested that PI3K might be responsib IL-3, min

for the activation of mTOR in IL-3-stimulated FDC-P1 cells. If the
activation of mTOR by IL-3 is dependent on PI3K, then this respon:o-mTOR 367 blot
should be inhibited by pretreatment of the cells with wortmannin i
drug concentrations=100 rv (42). As shown in Fig. 2, the activation
of AMTOR™ by IL-3 was virtually abrogated by pretreatment of the
FDC-P1 cells with 10 m wortmannin. Thus, the sensitivity of IL-3-
dependent mTOR activation to wortmannin strongly suggests that t
response is dependent on the activation of PI3K. P1clone Co AU1-mTOR

Direct Phosphorylation of mTOR by the PI3K-regulated Ki- Fig. 3. IL-3-dependent alterations in the reactivity of AmT®Rvith R domain-
nase, AKT. An earlier report provided evidence that activation of theirected «-mTOR antibodies. AmTOR-expressing FDC-P1 cells were deprived of
PISK-AKT pathway led 1o the phosphorylation of the mTAbL ani2"% ftrs 2 fen Srtes r e cted mes i mesun ooy () or vt
body epitope located in the COOH-terminal region of MTOR (39timulation. The cells were lysed, and AmT®Rvas immunoprecipitated from cleared

Using independently derived polyclonal antibodiesniTOR 367) extracts withe-AU1 mAb. The control lane (Co) represents@AU1 immunoprecipitate
om mock-transfected (empty plasmid only) FDC-P1 cells. The immunoprecipitates were

specific for the same region of mTOR (amino acid residues 2_43ge—so|ved by SDS-PAGE and sequentially immunoblotted winTOR 367 antibodies,

o-mTORp2 blot

AU1 blot

Qdi:KET
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mTOR REGULATION BY THE PI3K-AKT PATHWAY

] AA observed that IL-3 stimulation caused a prompt increase in the reac-
§ DTNAKGNKRSRTR‘?’D;YS tivity of mMTOR with these phosphospecific antibodies (Figniddle
== panel). Notably, the time-dependent increaseimTORp2 immuno-
| \ reactivity mirrored precisely the decreasedarmTOR 367 binding
n-{aT]| IRl Fe provoked by IL-3 stimulation (Fig. 3upper panel). Pretreatment of

Fig. 4. Schematic diagram of mTOR functional domains and mutants used in tﬁgese cells with 100 m wortmannin blocked the increase in

study. The NH-terminal AU1 epitope tag is followed by an extended Nirminal a-mTORPp2 binding stimulated by IL-3, indicating that this alteration

region of unknown function. The FKBP12-rapamycin binding (FRB) domain is labeled, #as dependent on the activation of PI13K.
is the Ser (2035)-He mutation used to generate the rapamycin-resistant AmMTOR-SI . . . .
mutants. The FRB domain is followed by the catalytic region (CAT). Finally, the putative Transient transfection studies in HEK 293 cells revealed that

“repressor” (R) domain (residues 2430-2450) is shown together with the newly identifigisulin - stimulation also provoked a rapid increase in the
AKT phosphorylation sites at Tht*¢and Sef* a-mTORPp2 reactivity of the rapamycin-resistant AmMTOR-SI mutant
(Fig. 6A). AMTOR-SI contains a single amino acid substitution [Ser
(2035)—lle] that renders the hormone-dependent signaling functions
AmTOR™ was coimmunoprecipitated with each form of AKT. Theof this protein kinase resistant to rapamycin in intact cells (see below
mixed immune complexes were then subjectedrtovitro kinase for additional explanation). It should be noted that this upstream “SI”
assays. As shown in Fig. 5A, a relatively low level of phosphorylatianutation did not influence the binding eFmTORp2 to the ectopi-
was observed in immunoprecipitates containing AmTO8ly. This  cally expressed mTOR, because identical results were obtained in
background phosphorylation reflects fhevitro autokinase activity of HEK 293 cells transfected with the AmMTOR-WT-encoding plasmid
mTOR (43, 44). The incorporation of radiolabeled phosphate inteesults not shown). To determine whether 2if or Sef** or both
AmTOR was strongly increased by coimmunoprecipitation with theites, were targeted for phosphorylatiarvivo, cells were transfected
activated form of AKT (myrAKT) and, to a lesser extent, with
wild-type AKT. The increase in mTOR phosphorylation was depend-
ent on the protein kinase activity of AKT, because coimmunoprecip’ A
tation of mTOR with a catalytically inactive form of AKT failed to

enhance the phosphorylation of mTOR in the immune complex kina: Co mTOR

assay. ldentical results were obtained when the different AKT proteir CAKT - myrAKT = cAKT  AKTkd
were coimmunoprecipitated with a catalytically inactive version o 32p-mTOR — ~ —— ..
AmMTOR, indicating that mTOR kinase activity was not required for '

the in vitro phosphorylation of the mTOR polypeptide by AKT AU1 blot T G S an—

(results not shown).
To determine which, if any, of the putative AKT phosphorylation vHABIOL . %
sites within thex-mTOR 367 epitope were modified by AKim vitro,
we coimmunoprecipitated myrAKT with mutated mTOR polypep-
tides containing single or double Ala substitutions at*ffft and

Ser**® The results presented in FigB Slemonstrate that Ala substi- B &

tutions at both TH**® and Sef** (the “AA” mutant) almost com- —— e — e — i |¢——
pletely eliminated thein vitro phosphorylation of AmMTOR by £ 5 AU1 Blot
myrAKT. Single alanine substitutions at Ff® (“TA” mutant) or g

Ser**8(“SA” mutant) each showed an approximate 50% reduction il < 4 ]

phosphorylation by myrAKT (data not shown). Hence, both of the =

identified sites within thee-mTOR 367 binding site were targeted for € 34

modification by myrAKTin vitro. Deletion of the entire-mTOR 367 8

target sequence (residues 2430-2450) decreased the phosphoryle £ 2

of the resulting “mTOR-A" mutant to a level similar to that obtained 5@' 1.

with the AA double mutant. Thus, thie vitro phosphorylation of

mTOR by myrAKT occurs largely, if not entirely, at two closely 0.

spaced residues (THf*® and Set**d located within the peptide

sequence recognized laymTOR 367 and mTAb1 (39) antibodies. myrAkt S A R &

Phosphorylation of mTOR at SeP**®in Intact Cells. The ob-
mTOR -
servation that AKT phosphorylates the COOH terminal region o wT AA A

mTOR prompted efforts to determine whether these residues undgy9 5 Phosphorylation of mTOR by AKIn vitro. A, separate populations of HEK
3 cells were transiently transfected with expression plasmids encoding HA-tagged

. e . 2
went reversible modification in growth factor- or hormone-stlmulate\gjad_type AKT (cAKT), myristylated AKT (myrAKT), catalytically inactive AKT
cells. To examine the phosphorylation states offttand Sef**8in  (AKtkd), or AmMTOR" (MTOR). Extracts from the AMTOR and HA-AKT-expressing

i . _ ; 'Em(T _ cells were mixed, and the tagged proteins were captured on protein A-Sepharose beads
intact cells, we generated phOSphO mTOR speccﬁ ORpZ) an armed with bothe-AU1 anda-HA antibodies. The immunoprecipitates were washed and

tibodies (see “Materials and Methods” for details). These antibodi@Subated in phosphorylation buffer containingPJATP, and the reaction products
specifically recognized phosphopeptides Corresponding to amino #ete separated by SDS-PAGE. Incorporation of radiolabeled phosphate into AfiTOR

. .. . was detected by autoradiography (upper panel). The amounts of immunoprecipitated
ids 24;38_2450 of mTOR and containing phosphate at eithet*Thr AMTOR™ and HA-AKT polypeptides in each sample were determined by immunoblot-
or Se g

as well as the doubly phosphorylated pepfideo deter- ting with a-AU1 or a-HA mAb, respectively (lower panelsp, separate populations of
mine whether physiological stimuli trigger the phosphorylation dfEK 293 cells were transfected with the AMTOR(WT), AMTOR containing Ala

. p y 9 gg P p .y substitutions at THf4®and Sef**8 (AA), or AmTOR with a deletion of residues 2430—
these sites, we first returned to the protein blot shown in Fig. 3. Whegsg (a). Cellular extracts containing the indicated AmTOR proteins were mixed with

this blot was stripped and reprobed withmTORp2 antibodies, we extracts from myrAKT expressing (+) or mock-transfected cells (—). The myrAKT and

AmTOR polypeptides were coimmunoprecipitated and subjected to immune complex

kinase assays as describedAnin the inset, the amount of AMTOR in each sample was
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