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The mammalian target of rapamycin (mTOR) protein kinase
responds to diverse environmental cues to control a plethora of
cellular processes. mTOR forms the catalytic core of at least two
distinct signaling complexes known as mTOR complexes 1 and
2. Differing sensitivities to the mTOR inhibitor rapamycin,
unique partner proteins, distinct substrates, and unique cellular
functions distinguish the complexes. Here, we review recent
progress in our understanding of the regulation and function of
mTOR signaling networks in cellular physiology.

The target of rapamycin (TOR),” an evolutionarily conserved
Ser/Thr protein kinase, forms the catalytic core of at least two
functionally distinct complexes, TOR complex 1 (TORC1) and
TOR complex 2 (TORC2) (1-6). These complexes contain
shared and distinct partner proteins and control a myriad of
cellular processes in response to diverse environmental cues.
Whereas higher eukaryotes (mammals, flies, worms) contain
only one TOR gene (e.g mTOR, dTOR, ceTOR), yeast (Saccha-
romyces cerevisiae, Schizosaccharomyces pombe) contain two
TOR genes, with Tor1 (or Tor2 in its absence) forming TORC1
and Tor2 forming TORC2 in S. cerevisiae (2, 7). The bacterial
macrolide-derived rapamycin (clinically known as sirolimus)
interacts with the cellular protein FKBP12, and this complex
directly binds to the TOR FKBP12-rapamycin-binding (FRB)
domain to allosterically inhibit TOR (8). During acute treat-
ment, rapamycin inhibits assembled mammalian TORC1
(mTORCI1) but not assembled mTORC2 (8, 9). Although the
mechanism by which rapamycin inhibits mTORC1 remains
incompletely defined, rapamycin weakens the interaction
between mTOR and raptor (regulatory associated protein of
mTOR), an mTORCI regulatory partner (10), and reduces
mTORCI intrinsic kinase activity (11, 12). Chronic high-dose
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rapamycin inhibits mTORC2 signaling in certain cell types by
impeding mTORC2 assembly, however (8, 9).

The clinical utility of rapamycin as an immunosuppressive
agent and cardiology drug that reduces coronary artery stent
restenosis underscores the importance of mTOR in organismal
physiology. Additionally, many neoplasms, including tuberous
sclerosis complex (TSC) tumors, exhibit aberrantly high mTOR
signaling (8, 13, 14). Consequently, rapamycin analogs (13, 14)
and novel second generation mTOR catalytic inhibitors (8,
15-18) hold therapeutic promise as anticancer agents.
Although we have learned a great deal about mTORCI signal-
ing over the ~15 years since the identification of TOR, much
important biology remains to be deciphered regarding cellular
mTORCI1 and mTORC?2 signaling networks, their functions in
physiology and disease, and their potential roles as therapeutic
targets. This minireview will focus on mTOR signaling net-
works (for more information on invertebrate TOR biology, see
Ref. 7).

mTORC1 and mTORC2: Composition, Substrates, and
Functions

mTORC Composition—mTORC1 and mTORC2 contain
shared and unique partners, the molecular functions of which
remain poorly understood. Each complex contains mTOR,
mLST8/GPL, and deptor (Fig. 1) (1-6). mLST8/GpL binds the
mTOR kinase domain in both complexes but appears more
critical for mTORC2 assembly and signaling (19). Deptor func-
tions as an inhibitor of both complexes (4, 20). Other partner
proteins distinguish the two complexes. mTORC1 contains
exclusively raptor (Kogl in budding yeast) and PRAS40. Raptor
functions as a scaffolding protein that links the mTOR kinase
with mTORCI1 substrates to promote mTORCI signaling.
PRAS40 functions in an incompletely defined and controversial
regulatory capacity as an mTORCI inhibitor, competitive sub-
strate, or both (3). Thus, disagreement exists in the field as to
whether PRAS40 represents a core mTORCI1 partner or an
interacting substrate. In contrast, mMTORC2 contains exclu-
sively rictor (rapamycin-insensitive companion of mTOR)
(Avo3in S. cerevisiae), mSinl (Avol in S. cerevisiae), and PRR5/
protor (1-6). Rictor and mSinl promote mTORC2 assembly
and signaling; the function of PRR5/protor remains obscure.

mTORCI Substrates and Functions—mTORC1 senses and
integrates diverse extra- and intracellular signals to promote
anabolic and inhibit catabolic cellular processes. Growth fac-
torsand nutrients (e.g. amino acids, energy) promote mTORC1-
dependent protein synthesis, cell growth (increase in cell mass/
size), cell proliferation, and cell metabolism (3, 21). Conversely,
insufficient levels of these factors, or signals of cell stress, blunt
mTORCI action to maintain cellular biosynthetic rates appro-
priate for suboptimal cellular conditions (3, 21, 22). Reduced
mTORCI1 signaling also promotes macroautophagy, a degrada-
tive process that enhances cell survival in the face of decreased
nutrient availability via the breakdown of cell constituents into
amino acids and other small molecules (23). TORCI in yeast
and mammals also promotes “ribosome biogenesis,” a process
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FIGURE 1. mTORC1 versus mTORC2. Distinct rapamycin sensitivities, partner
proteins, substrates, and cellular functions distinguish the two known mTOR
signaling complexes, mMTORC1 and mTORC2.

whereby mTORCI1 increases the transcription of ribosomal
RNAs and proteins to augment cellular protein biosynthetic
capacity (24).

Raptor binds directly to mTOR signaling (TOS) motifs on
downstream targets, including S6K1 (ribosomal S6 protein
kinase 1) and 4EBP1 (eukaryotic initiation factor (eIF) 4E-bind-
ing protein 1) (as well as PRAS40 and Hifle), thus linking them
to the mTOR kinase (2, 3, 25-27). The TOS motif is required
for mTOR/raptor-mediated phosphorylation of S6K1 on its
hydrophobic motif (HM) site (Thr*®*°) and 4EBP1 on multiple
sites (Thr®”/#¢, Thr”°, Ser®®). Raptor mutation within its raptor
N-terminal conserved domain abrogates 4EBP1 binding and
mTORC1-mediated 4EBP1 phosphorylation in vitro while
retaining mTOR interaction (28), thus underscoring the impor-
tance of the raptor-4EBP1 interaction for mTORCI1 signaling.
As the avidity of the raptor-mTOR interaction increases during
nutrient and growth factor insufficiency (when mTORCI sig-
naling is low) (29 —32), raptor may possess opposing cell condi-
tion-dependent functions in mTORC1 regulation.

Cell growth, cell cycle progression, and cell proliferation rep-
resent evolutionarily conserved TORC1 functions (33). Strik-
ingly, mMTORCI1-dependent control of cell size extends to con-
trol of organ and organismal size (34). mTORCI1-mediated
signaling to S6K1 and 4EBP1 contributes to mTORC1-driven
cell growth and cell cycle progression, as rapamycin-resistant
S6K1 rescues these rapamycin-inhibited processes, whereas
overexpression of a phosphorylation site-defective mutant of
4EBP1 or a TOS motif mutant of 4EBP1 dominantly inhibits
these processes (25, 35, 36). Mechanisms underlying mTORC1-
mediated inhibition of cell growth and proliferation remain
incompletely defined but likely involve reduced protein synthe-
sis. Indeed, the two best established substrates of mTORCI,
S6K1 and 4EBP1, each control unique aspects of translation
(21). Inactive S6K1 associates with the elF3 translation initiation
complex at the 5'-methylguanosine cap of mRNAs. Upon activa-
tion, mTORCI1 is recruited to the elF3 complex, whereby it
directly phosphorylates S6K1 (at Thr**®) to enhance translation
via poorly defined mechanisms (21, 37). Substrates of S6K1
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include other proteins possessing roles in translational control,
including the ribosomal protein S6, elF4B, eEF2K (eukaryotic
elongation factor 2 kinase), PDCD4 (programmed cell death 4),
CBP80 (cap-binding protein of 80 kDa), and SKAR (S6K1 Aly/
REF-like target) (21). Upon activation, mTORCI remains at the
mRNA 5'-cap, where it is well positioned to phosphorylate 4EBP1
(on multiple sites, including Thr*’/*¢, Thr”®, and Ser®®) (21).
When hypophosphorylated, 4EBP1 functions as a translational
repressor that binds and inhibits eIlF4E, an initiation factor
bound to the mRNA 5'-cap. mTORC1-mediated 4EBP1 phos-
phorylation induces 4EBP1 dissociation from eIF4E, allowing
elF4G and elF4A to assemble with eIF4E, a complex known as
elF4F, to initiate cap-dependent translation. mTORCI also
promotes lipogenesis by increasing transcriptional peroxisome
proliferator-activated receptor y and sterol regulatory element-
binding protein activities (38, 39). Thus, mTORCI drives cell
growth by coordinately promoting both protein and lipid
synthesis.

mTORCI-mediated S6K1 phosphorylation and the subse-
quent S6K1-mediated phosphorylation of the 40 S ribosomal
protein S6 were previously assumed to promote translation of
5'-terminal oligopyrimidine mRNAs, which encode ribosomal
proteins and translation elongation factors. Thus, their trans-
lation prepares cells for high rates of protein synthesis. It is
evident, however, that whereas mTOR contributes to 5'-ter-
minal oligopyrimidine translation, the S6 kinases and phos-
phorylation of the 40 S ribosomal protein S6 do not,
although S6 phosphorylation promotes cell, organ, and body
size via unknown mechanisms (34).

mTORC2 Substrates and Functions—The serine/threonine
protein kinase Akt (also known as protein kinase B) represents
the first identified substrate of mTORC2 (40). Akt promotes
cell proliferation, cell survival, and cell migration and controls
various metabolic processes (41). Full activation of Akt in
response to growth factor-mediated phosphatidylinositol 3-ki-
nase (PI3K) signaling requires dual phosphorylation on its acti-
vation loop site (Thr*°®) by PDK1 and HM site (Ser*”?) by
mTORC2 (4, 6,41). mTORC2 also phosphorylates the HM sites
on SGK1 (Ser**?) and protein kinase Ca (PKCa; Ser®®”) (6, 42).
As the mTORCI1 substrate S6K1 and the mTORC2 substrates
Akt, PKCa, and SGK1 represent AGC kinases, an emerging
theme in mTOR signaling is that mTORC1 and mTORC2
phosphorylate members of the AGC kinase family (Fig. 1) (2, 6).
mTORC2-mediated phosphorylation of the turn motif site
(either directly or indirectly) in Akt (Thr**°) as well as several
PKCs appears to stabilize newly synthesized AGC kinases (6,
43, 44).

Control of actin cytoskeleton organization represents the
first noted function of mTORC2 (12, 45). Recently, a role for
mTORC?2 in control of cell size and cell cycle progression was
also reported (46). Recent data suggest that rather than control-
ling all cellular functions of Akt, mTORC2-mediated HM site
phosphorylation may modulate substrate specificity (2, 14):
whereas genetic knock-out of rictor, mSin1, or mLST8/GpBL in
mouse embryonic fibroblasts abrogated Akt Ser*”® but not
Thr3°® phosphorylation, Akt-mediated phosphorylation of
FoxO1/3abut not TSC2 or GSK3 was strongly reduced (19, 47).
Thus, Akt may require phosphorylation of its HM site (Ser®”?)
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FIGURE 2. Regulation of mTORC signaling networks. Growth factors/mito-
gens (insulin, EGF) and nutrients (e.g. amino acids, energy) promote mTORC1
signaling via phosphorylation cascades that converge on TSC and the
mTORCs themselves. Insulin signals via its receptor (Insulin-R) to activate the
PI3K/Akt/TSC/Rheb pathway; EGF signals via its receptor (EGF-R) to activate
the Ras/MEK/MAPK/RSK pathway; amino acid sufficiency signals via hVps34
and the RAG and RalA GTPases; and energy sufficiency suppresses AMPK.
Insulin/PI3K signaling likely promotes mTORC2 signaling via an unknown
pathway. An mTORC1/56K1-mediated negative feedback loop signals via two
pathways to suppress PI3K/mTORC2/Akt signaling. Arrows versus blocked lines
indicate activation or inhibition of protein function, respectively, by an
upstream regulator. Phosphorylation events (denoted by circled yellow P)
known to modulate protein function are shown. The kinases responsible for
phosphorylation events are also indicated, with (+) or (—) denoting activa-
tion or inhibition of protein function, respectively.

to phosphorylate FoxO1/3a but not TSC2 or GSK3. As com-
pensation can occur in the context of chronic knock-out, it will
be important to confirm that another AGC kinase does not
substitute for Akt to mediate the phosphorylation of TSC2 and
GSK3 in this cellular scenario.

Regulation of mTORC Signaling Networks

Diverse environmental cues, including growth factors (e.g.
insulin, insulin-like growth factor 1, epidermal growth factor
(EGF)) and nutrients (e.g. amino acids, energy), promote
mTORCI1 signaling (Fig. 2). Although many regulatory mole-
cules have been defined (at least for mTORC1), many questions
remain, including the direct molecular mechanisms underlying
mTORC regulation.

Growth Factor/Mitogen Sensing by mTORCI—The tumor
suppressor TSC, composed of TSC1 (hamartin) and TSC2
(tuberin), integrates diverse mTORC1 regulatory signals to
suppress mTORCI1 function (48). Genetic inactivation of either
TSC1 or TSC2 thus results in constitutively high mTORCI1 sig-
naling and causes TSC, a pediatric disease characterized by
benign tumors in diverse organ systems (48). TSC2 contains a
GTPase-activating protein domain that converts the mTORC1
activator Rheb from a GTP-bound active state to a GDP-bound
inactive state. Although the mechanism by which Rheb-GTP
activates mTORCI signaling remains poorly defined, Rheb-
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GTP provided in vitro augments mTORC1 kinase activity
toward substrate (S6K1, 4EBP1) and may promote substrate
binding (49, 50).

Growth factor signaling by PI3K and MAPK inhibits TSC
function via distinct pathways to activate mTORCI. Insulin/
insulin-like growth factor-mediated activation of class I PI3K
leads to production of phosphatidylinositol (3,4,5)-trisphos-
phate on the plasma membrane, followed by recruitment and
activation of Akt via cooperative phosphorylation by PDK1
(Thr3°®) and mTORC?2 (Ser*”?) (2, 14, 41). Although current
thinking suggests that activated Akt phosphorylates TSC2 at
several sites (Ser®®® and Thr'*¢?) to inhibit TSC2 GTPase-acti-
vating protein activity, the data supporting such a widely
embraced model remain weak (48). Of concern, mutation of the
Akt phosphorylation sites on Drosophila TSC2 has no effect on
tissue growth or viability (51). EGF-mediated activation of Ras
leads to activation of MEK and thus MAPK and its substrate
RSK. Both MAPK and RSK phosphorylate TSC2, leading to
suppression of TSC function (48). Thus, growth factors activate
mTORCI signaling by suppressing TSC function via parallel
PI3K-dependent and PI3K-independent pathways.

Although somewhat controversial, mitogen-stimulated pro-
duction of the lipid second messenger phosphatidic acid via the
enzyme phospholipase D promotes mTORCI signaling via
poorly defined mechanisms, possibly by binding the mTOR
FRB domain (52). Moreover, phosphatidic acid may aid
mTORC1 and mTORC2 complex assembly and compete with
rapamycin for mTOR binding, providing a potential explana-
tion for why cancer cells, which often possess high phospho-
lipase D activity, display variable resistance to rapamycin (53,
54). Wnt ligand, another mTORC]1-activating mitogen impli-
cated in cancer, may promote mTORCI signaling by inhibiting
GSK3 because GSK3 phosphorylates TSC2 to augment its
inhibitory action (55). Thus, TSC/Rheb integrates signals from
diverse mitogens to coordinate mTORCI1 action.

Energy, Nutrient, and Stress Sensing by mTORCI—Insuffi-
cient cellular energy levels decrease mTORCI1 signaling. Eleva-
tion of the cellular AMP/ATP ratio, together with activation
loop phosphorylation (at Thr'”?) by LKB1, activates AMP-ac-
tivated protein kinase (AMPK), a master regulator of cellular
energy metabolism (56). AMPK in turn phosphorylates TSC2
(at Ser'®** and potentially other sites) to augment TSC function
and suppress mTORC]1 signaling (48, 57). Thus, TSC2 phos-
phorylation either promotes or inhibits TSC function depend-
ing upon the sites of phosphorylation. Various forms of cell
stress, including hypoxia, genotoxic stress, osmotic stress, and
mechanical stress, also reduce mTORCI1 signaling by augment-
ing TSC action (22).

Amino acid sufficiency represents the most ancestral and
earliest identified activator of mMTORC1 but remains the least
understood. Withdrawal of amino acids, particularly the
branched chain amino acids leucine and isoleucine, rapidly
inhibits mTORC1 signaling, even in the face of abundant
growth factors. As mTORCI remains sensitive to amino acid
levels in TSC-deficient cells (48, 58), this amino acid-regulated
signal interacts with mTORC1 downstream of TSC. hVPS34, a
class III PI3K known to function in vacuolar sorting and auto-
phagy, represents the first identified link between amino acid
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sufficiency and mTORCI activation (59, 60). Several GTPases
(e.g. RAGs and RalA) have also been shown to promote
mTORCI1 signaling in response to amino acid sufficiency (61—
63). A recent model posits that GTP-loaded RAG heterodimers
bind raptor and induce the recruitment of mTORCI from an ill
defined cytoplasmic compartment to a Rab7-positive late endo-
somal membrane compartment that contains the mTORC1
activator Rheb (62). Such a model explains why growth factor-
induced mTORC]1 activation absolutely requires amino acids: if
mTORCI is in the wrong place (as during amino acid depriva-
tion), it cannot be activated at the right time (by Rheb). More
recently, RalA was reported to promote amino acid-induced
mTORCI activation downstream of Rheb (63), and amino acids
were reported to activate the kinase MAP4K3 (64). The molec-
ular mechanisms by which amino acid sufficiency translates to
regulation of such signaling intermediates remain unknown,
although the bidirectional transport of glutamine (out of the
cell) and leucine (into the cell) by the permease SLC7A5-
SLC3A2 seems essential (65).

mTORC2 Regulation?—Relative to mTORCI, the regulatory
inputs to mTORC2 remain virtually unknown. As insulin sig-
naling via PI3K promotes mTORC2-mediated Akt Ser*”® phos-
phorylation (2, 14, 41) and as pharmacological inhibition of
PI3K reduces mTORC?2 kinase activity in vitro (66), PI3K pre-
sumably lies upstream of mTORC2. Interestingly, the TSC1-
TSC2 complex may promote mTORC?2 signaling, opposite to
its inhibitory mTORCI1 action (66).

Feedback Inhibition—Feedback loops complicate the study
of mTORC regulation. mTORC1/S6K1 signaling mediates
inhibitory Ser/Thr phosphorylation of insulin receptor sub-
strate proteins, which uncouples insulin receptor substrate
from PI3K and leads to reduced PI3K signaling (67). Thus, TSC-
null cells, which bear constitutive mTORCI signaling, exhibit
attenuated PI3K signaling, which may explain the benign
nature of TSC-null tumors (48, 68). As the mTORC1/S6K1
feedback loop also generates a state of cellular insulin resistance
and as S6K1 knock-out in the mouse increases whole body insu-
lin sensitivity (69), it is possible that constitutive mTORCI sig-
naling promoted by excess nutrients (as in states of obesity)
may contribute to insulin resistance and type II diabetes (67,
70). Additionally, S6K1 phosphorylates rictor (at Thr''??) to
reduce mTORC?2 signaling (71-73). Thus, the mTORC1/S6K1
axis operates in at least two negative feedback loops to suppress
PI3K and mTORC2.

Novel Insights Gained by Second Generation mTOR
Catalytic Inhibitors

Whereas rapamycin completely inhibits mTORC1-mediated
S6K1 phosphorylation, rapamycin reduces 4EBP1 phosphory-
lation, protein synthesis, cell growth, and cell proliferation only
incompletely and variably, depending on cell type (8, 74, 75).
Moreover, whereas rapamycin strongly promotes autophagy in
yeast, it does so only modestly in mammalian cells. In contrast,
novel second generation ATP-competitive mTOR inhibitors
(e.g. Torinl, PP242, Ku-0063794, WAY-600) (8, 15-18), which
inhibit both mTORC1 and mTORC2, profoundly inhibit
4EBP1 phosphorylation, protein synthesis, cell growth, and cell
proliferation and strongly promote autophagy. These data sug-
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gest that mTOR-dependent but rapamycin-insensitive signal-
ing controls these cellular processes. Although mTORC?2 rep-
resents an obvious candidate, it does not appear to mediate
these effects (15, 16). As raptor knockdown phenocopies the
effectof mTOR catalyticinhibitorsbyablating4EBP1 phosphor-
ylation (15), these data unexpectedly reveal that depending on
substrate, rapamycin does not inhibit all nTOR/raptor-depen-
dent functions and can signal in a rapamycin-resistant manner.
Recently, RhoE overexpression was found to suppress 4EBP1
but not S6K1 phosphorylation (31). Perhaps RhoE functions as
an inhibitor of rapamycin-insensitive mTORC1? These find-
ings overturn the long-standing presumption in the field that
rapamycin inhibits all mMTORCI function completely (15, 74,
75).

The therapeutic effects of mTORC1-specific rapamycin ana-
logs on human tumors have proven underwhelming and vari-
able thus far (8), possibly due to rapamycin-resistant mMTORC1
action or inadvertent promotion of PI3K signaling upon sup-
pression of the mTORCI negative feedback loop. Hopefully,
simultaneous inhibition of both mTORC1 and mTORC2 with
mTOR catalytic inhibitors will better battle tumorigenesis.

Direct Molecular Mechanisms of mTORC Regulation

Although many upstream mTORCI1 regulators of have been
identified, the direct mechanisms that modulate mTORC1
have only begun to emerge recently. To date, numerous and
diverse mechanisms of direct mTORC1 regulation have been
reported, consistent with the broad and complex network of
pathways that converge upon and modulate mTORCI1. The
avidity of interactions within mTORC1 has emerged as an
important point of mMTORC1 regulation. mTORCI activation
leads to modest weakening of the mTOR-raptor, mTOR-dep-
tor, and raptor-PRAS40 interactions (20, 29, 30, 32, 76).
Although quite controversial, Rheb-GTP reportedly interacts
with FKBP38, an endogenous mTORCI inhibitor that binds to
the mTOR FRB domain, thereby blunting the inhibitory
FKBP38-mTOR interaction (3, 48, 77). Other groups have
failed, however, to experimentally reproduce much of this work
(50,78,79). Cellular insulin stimulation (80) or Rheb-GTP pro-
vided in vitro (50) increases binding of recombinant 4EBP1 sub-
strate to mTORCI.

As reversible protein phosphorylation regulates many com-
ponents in mTORC signaling networks, recent research has
examined a regulatory role for the direct phosphorylation of
mTORC components (Fig. 2). Insulin-stimulated activation
of PI3K leads to Akt- and mTOR-mediated phosphorylation of
PRAS40 (at Thr**® and Ser'®?/Ser®'?/Ser**!, respectively) (49,
76, 81, 82), which cooperates to reduce PRAS40-mediated sup-
pression of mMTORCI. Activated mTOR also phosphorylates
deptor, leading to its degradation and thus relieving its mTOR
inhibitory action (20). Raptor represents another phosphoryla-
tion target. mTORC1 activation by diverse stimuli (e.g the
PI3K/TSC/Rheb pathway, amino acids, EGF, energy suffi-
ciency) promotes the rapamycin-sensitive and thus mTOR-
mediated phosphorylation of raptor Ser®®3, which promotes
mTORCI activity (32, 83). In addition to raptor Ser®®®, Rheb
overexpression promotes raptor phosphorylation at bat least
five other sites (e.g. Ser®®®, Thr’®, Ser®>®, Ser®*?, and Ser®””);
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strikingly, the phosphorylation of a subset of these sites occurs
in a hierarchical manner (32). Activation of the Ras-regulated
MAPK pathway leads to RSK-mediated raptor phosphorylation
(Ser”?, Ser”*!, and Ser”*?), which promotes mTORCI kinase
activity (84). In response to energy deprivation, AMPK medi-
ates raptor phosphorylation (Ser”>* and Ser’?) to inhibit
mTORCI1 signaling, which activates a metabolic checkpoint to
cause cell cycle arrest (56, 85). Most recently, the mitotic kinase
Cdc2 was reported to phosphorylate raptor Ser®® and Thr”,
with unknown functional significance (86). It is also clear that
rictor experiences extensive phosphorylation at multiple sites,
although the functional significance of almost all sites remains
unknown (71-73). The phosphorylation of raptor and rictor at
multiple sites may suggest that partner protein phosphoryla-
tion functions as a biochemical rheostat that fine-tunes
mTORC1 and mTORC2 signaling in response to diverse envi-
ronmental cues.

To date, four mTOR phosphorylation sites have been char-
acterized in the literature, Ser***®, Ser***' (an autophosphory-
lation site), Thr***®, and Ser'**' (in order of discovery),
although only one (Ser'**!) has been found to regulate mTOR
function (30, 87—-89). Although Akt was believed originally to
mediate mTOR Ser***® phosphorylation (87), more recent
work identifies S6K1 as the mTOR Ser®**® kinase (90, 91). Prior
to the identification of distinct mTOR complexes, mTOR
Ser**®! autophosphorylation was believed to be insensitive to
rapamycin and amino acid withdrawal, leading to the idea that
modulation of mTOR intrinsic kinase activity does not univer-
sally underlie mTOR regulation (88). More recent work indi-
cates, however, that rapamycin and amino acid withdrawal
reduce mTORCI- but not mTORC2-associated mTOR Ser>*8!
autophosphorylation, consistent with the known sensitivities
or lack thereof of mMTORC1 and mTORC?2 to these conditions
(11, 12). Thus, mTORC1- and mTORC2-associated mTOR
Ser**®! autophosphorylation serves as a simple biomarker that
monitors intrinsic mTOR catalytic activity. It is important to
note that mTOR Ser®*®' autophosphorylation was reported by
another group to represent an mTORC2-specific event (due to
undetectable Ser**®' autophosphorylation in mTORC1) (92).
These data may suggest higher stoichiometry of mTOR Ser**®*
autophosphorylation in mTORC2 relative to mTORCI. In
3T3-L1 adipocytes, insulin signaling via PI3K increases both
mTORCI- and mTORC2-associated mTOR Ser*?** phosphor-
ylation. Importantly, mTOR Ser'**' phosphorylation pro-
motes, at least in part, n"TORCI catalytic activity (as monitored
by mTOR Ser***! phosphorylation) and mTORC1-mediated
substrate phosphorylation (e.g. S6K1, 4EBP1) and cell growth
(30). Currently, the identity of the mTOR Ser'?! kinase
remains unknown. Taken together, the data of many groups
indicate that multiple phosphorylation events on mTORC
components cooperate to regulate mTORC signaling, both
positively and negatively, enabling the mTORCs to function as
sensors of diverse physiological cues.

Future Directions
Although the early embryonic lethality of mice lacking

mTOR (E5.5), raptor (E5.5), rictor (E10.5), and mLST8/GBL
(E10.5) underscores the critical importance of mTORC1 and
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mTORC2 in embryonic development, these phenotypes pro-
vide little information regarding the physiological roles for
mTORC:s in vivo (19, 70, 93-95). Recent research utilizing
mouse tissue-specific knock-out reveals critical roles for
mTORCI in adipose tissue and skeletal muscle metabolism and
physiology (70, 96, 97). Future work should reveal the physio-
logical functions for mTORCs in diverse organ systems and
should facilitate the development of novel therapeutics to treat
mTOR-linked pathologies. It will be important to decipher the
molecular pathway by which mTORCI1 senses and responds to
amino acid availability. A good starting point may be the iden-
tification of the guanine nucleotide exchange factors for the
RAG GTPases, which remain unknown. As the yeast protein
Vamé functions as the guanine nucleotide exchange factor for
the yeast RAG homolog, Gtrl (98), the mammalian Vam6
ortholog (mVamé) should be investigated as a regulator of
amino acid-dependent mTORCI activation. Finally, future
work must continue to elucidate the regulation and function of
cellular mTORC1 and mTORC2 signaling, including the iden-
tification of direct mTOR substrates (which remain few) and
the diverse roles for mTORC component phosphorylation
events in mTORC function. As treatment with rapamycin or
knock-out of S6K1 in mice extends life span, similar to caloric
restriction, mMTORC]1 inhibition has potential to serve as an
elusive “fountain of youth” to delay onset and severity of age-
related pathologies (99).
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