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Abstract

The mammalian target of rapamycin (MTOR) has attracted substantial attention because of its
involvement in a variety of diseases, such as cancer, cardiac hypertrophy, diabetes and obesity.
Current knowledge indicates that mTOR functions as two distinct multiprotein complexes, nTORC1
and mTORC2. mTORC1 phosphorylates p70 S6 kinase (S6K1) and eukaryotic initiation factor 4E
(elF4E) binding protein 1 (4E-BP1), and regulates cell growth, proliferation, and survival by
integrating hormones, growth factors, nutrients, stressors and energy signals. In contrast, mMTORC2
is insensitive to nutrients or energy conditions. However, in response to hormones or growth factors,
mTORC2 phosphorylates Akt, and regulates actin cytoskeleton and cell survival. These findings not
only reveal the crucial role of mTOR in physiology and pathology, but also reflect the complexity
of the mTOR signaling network. In this review, we discuss the advances in studies of the mTOR
complexes, including the interacting proteins, the upstream regulators and the downstream effectors
of mTOR complexes, as well as their implication in certain human diseases.
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1. Introduction

Rapamycin, a macrocyclic lactone produced by Streptomyces hygroscopicus, was first isolated
from a soil sample of Easter Island (Rapa Nui) during a discovery program for anti-microbial
agents in the early 1970s, and subsequently discovered to have equally potent
immunosuppressive and anti-tumor properties [1-5]. In the early 1990s, during the yeast genetic
screens for mutations that rescue the growth-inhibitory properties of rapamycin, two rapamycin
target genes named TOR1 (the target of rapamycin 1) and TOR2 were identified [6,7]. Further
studies revealed that rapamycin requires an intracellular receptor, FKBP12 (FK506-binding
protein 12 kDa). Upon entering the cells, rapamycin forms a complex with FKBP12 and then
binds a region in the C terminus of TOR proteins termed FRB (FKB12-rapamycin binding)
domain, thereby exerting its cell growth-inhibitory and cytotoxic effects by inhibiting the
functions of TOR [8,9]. Subsequent biochemical studies extended this model to mammalian
cells, leading to the discovery of the mammalian target of rapamycin (mTOR) [10-13].
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mTOR, also known as FRAP (FKBP12-rapamcyin-associated protein), RAFT1 (rapamycin
and FKBP12 target), RAPT 1 (rapamycin target 1), or SEP (sirolimus effector protein), is a
289 kDa atypical serine/threonine (S/T) kinase [11-14]. mTOR is considered a member of the
phosphatidylinositol 3-kinase (P13K)-kinase-related kinase (PIKK) superfamily since its C-
terminus shares strong homology to the catalytic domain of PI3K [15,16]. A variety of members
in this family, also including MEC1, ATM, ATR, DNA-PKcs, SMG-1 and TRRAP, are
associated with diverse cellular functions, such as control of cell growth, cell cycle and DNA
damage checkpoints, recombination and maintenance of telomere length [Fig. (1)] [17-19].
Cumulative evidence indicates that mTOR acts as a ‘master switch’ of cellular anabolic and
catabolic processes, regulating the rate of cell growth and proliferation by virtue of its ability
to sense mitogen, energy and nutrient levels [20,21]. Deregulation of the mTOR pathway is
frequently observed in various human diseases, such as cancer and diabetes. For example,
activation of the mTOR pathway was noted in squamous cancers [22], adenocarcinomas [23],
bronchioloalveolar carcinomas [24], colorectal cancers [25], astrocytomas [26] and
glioblastomas [27]. A recentimmunohistochemical study performed in tissue arrays containing
124 tumors from 8 common human tumor types showed that approximately 26% of tumors
(32/124) are predicted to be sensitive to mTOR inhibition [28]. These findings indicate a crucial
role of mTOR signaling in tumorigenesis.

mTOR functions as two distinct signaling complexes, mTOR complex 1/2 (MTORC1/2),
which are evolutionarily conserved from yeast to mammals. These two complexes consist of
unique mTOR-interacting proteins which determine their substrate specificity. A rapamycin
and nutrient-sensitive complex, mTORC1, consisting of mTOR, mLST8 (also termed G-
protein B-subunit-like protein, GBL, a yeast homolog of LST8) and raptor (regulatory
associated protein of MTOR) was first reported in 2002 [29,30]. The main function of MTORC1
is to regulate cell growth, proliferation and survival by sensing mitogen, energy and nutrient
signals [31]. In 2004, mTORC?2, containing mTOR, mLST8 and rictor (rapamycin-insensitive
companion of mTOR) was identified [32,33]. mTORC2 was originally thought to be
rapamycin-insensitive [32]. However, further studies demonstrated that prolonged rapamycin
treatment inhibits the assembly and function of mMTORC2 in some cell lines as well [34].
mTORC2 regulates the actin cytoskeleton by mediating phosphorylation state of protein kinase
C a (PKCa) [33], and modulates cell survival in response to growth factors by phosphorylating
its downstream effector Akt (protein kinase B, PKB) at the hydrophobic motif site, S473 [32,
35,36]. These findings expand the role of mTOR in cells, and also reflect the complexity of
the mTOR signaling network. In this review, we focus on the emerging studies of the mTOR
complexes, including the interacting proteins, the upstream regulators and the downstream
effectors of mMTOR complexes, as well as their implication in some human diseases, such as
cancer, cardiac hypertrophy, diabetes and obesity. Because of space limitation, we apologize
for not being able to cite all related published studies. The readers who are particularly
interested in learning more on how mTOR complexes are regulated are referred to the excellent
review articles [37,38].

2. mTORC1

Currently it is known that mMTORC1 consists of mTOR, raptor, mLST8, and two negative
regulators, PRAS40 (proline-rich Akt substrate 40 kDa) and DEPTOR (DEPDC6, DEP
domain-containing protein 6) [Fig (2)] [30,39-41]. mTOR is the core component of mMTORC1/2
[11-14]. mTOR and yeast TOR proteins share >65% identity in their carboxy-terminal catalytic
domains and >40% identity in overall sequence [42]. At the amino-acid level, human, mouse
and rat TOR proteins share a 95% identity [43,44]. Structurally, mTOR contains 2549 amino
acids and the first 1200 amino acids comprise a tandemly repeated HEAT motifs including
Huntingtin, elongation factor 3 (EF3), A subunit of protein phosphatase 2A (PP2A), and TOR
[Fig. (3)] [45]. Tandem HEAT repeats are present in many proteins and may form an extended
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superhelical structure to create multiple large interfaces for protein-protein interaction.
Immediately downstream of the HEAT repeat region lies a FAT (FRAP, ATM, and TRRAP)
domain, an FKPB12-rapamycin binding (FRB) domain, a catalytic kinase domain, an auto-
inhibitory (repressor domain or RD domain), and a FAT carboxy-terminal (FATC) domain,
located at the C-terminus of the protein [Fig. (3)]. The FAT domain is always found in
combination with the FATC region, so it has been hypothesized that the interactions between
FAT and FATC might modulate catalytic kinase activity of mTOR [45,46].

Raptor is an 150 kDa mTORC1 constitutively binding protein, which contains a highly
conserved N-terminal domain followed by three HEAT repeats and seven WD40 repeats [29,
30]. Raptor is necessary for the regulation of mMTORC1 activity in response to insulin, nutrient
and energy level [29]. It has been described that raptor functions as an essential scaffold protein
for mTOR to phosphorylate the downstream effectors, p70 S6 kinase (S6K1) and eukaryotic
initiation factor 4E (elF4E) binding protein 1 (4E-BP1), but whether raptor positively or
negatively regulates mTOR kinase activity remains controversial [30]. It was speculated that
at least two interactions exist between raptor and mTOR under nutrient-rich and -poor
conditions. One mTOR-raptor complex that forms in the absence of nutrients is stable and leads
to a repression of the mTOR catalytic activity. The other complex that forms under nutrients-
rich conditions is unstable, but it is important for in vivo mTOR function [29]. Recent studies
suggested that mTORC1 activity can be regulated by the phosphorylation status of raptor
[47]. Phosphorylation of raptor on S722/792 mediated by AMPK is required for the inhibition
of mMTORC1 and cell cycle arrest induced by energy stress [47], whereas phosphorylation of
raptor on S719/721/722 mediated by the p90 ribosomal S6 kinases (RSKs) is essential for the
activation of mMTORCL1 by mitogen stimulation [47,48]. Most recently, S863 in raptor was
identified as mTOR-mediated phosphorylation site and proposed to be critical for the activation
of mMTORC1 in response to insulin [49].

mLST8, an additional subunit of MTORC1, was speculated to bind to the kinase domain of
mTOR and positively regulate the mTOR Kinase activity when first identified [39]. It was
suggested that mLST8 is essential for a nutrient- and rapamycin-sensitive interaction between
raptor and mTOR [39]. However, recent studies indicated that mLST8 is necessary for
maintaining the rictor-mTOR interaction and the signaling of mMTORC?2, but not for that of
mMTORC1 [50]. Clearly, further studies are needed to elucidate the role of mLST8 in mTOR
signaling.

PRAS40, another subunit of mMTORCZ1, has been identified to be a direct negative regulator of
mTORC1 function [40]. Initially, PRAS40 was identified as a novel substrate of Akt and a
major 14-3-3 binding protein [51]. Akt activated by insulin directly phosphorylates PRAS40
at T246 [51]. Subsequent studies showed that PRAS40 associates with mTORC1 via raptor
and inhibits mTORCL1 activity [40]. Recently, PRAS40 has been implicated as a physiological
substrate of MTORCL1 [52,53]. When binding to raptor, PRAS40 is phosphorylated on S183
by mTORC1 both in vivo and in vitro [52,53]. Most recently, two novel sites in PRAS40
phosphorylated by mTORC1, S212 and S221, have been identified [54]. Rapamycin treatment
reduced the phosphorylation of S183 and S221 but not S212, indicating that besides mTORC1,
other kinases may regulate the phosphorylation of S212 in vivo [54]. The functional
significance of phosphorylation of PRAS40 on S183, S212 and S221 remains to be determined.

2.1. Upstream regulators of mMTORC1

As mentioned above, mTORCL is rapamycin-sensitive and the main function of mMTORCL1 is
to regulate cell growth, proliferation and survival by sensing mitogen, energy and nutrient
signals [31]. The mTOR signaling can be activated by upstream signals, including growth
factors, such as insulin and type I insulin-like growth factor (IGF-1), energy, stress and nutrients
[31].
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2.1.1. Growth factors—In response to ligand binding, the type | insulin-like growth factor
receptor (IGFR), a transmembrane tyrosine kinase, is activated via auto-phosphorylation of
multiple tyrosine residues. Activated IGFR in turn phosphorylates the insulin receptor
substrates 1-4 (IRS1-4) and src- and collagen-homology (SHC) adaptor proteins, which can
trigger multiple downstream signal transduction pathways, such as phosphatidylinositol 3’
kinase (PI3K) pathway [Fig. (4)] [55]. Phosphorylated IRS recruits the p85 subunit of PI3K
and signals to the p110 catalytic subunit of PI3K, resulting in activation of PI3K. Activated
PI3K catalyzes the conversion of phosphatidylinositol (4, 5)-bisphosphate (PIP,) to
phosphatidylinositol-3, 4, 5-trisphosphate (PIP3). This pathway is negatively regulated by
PTEN (phosphatase and tensin homolog on chromosome ten), also known as MMAC1
(mutated in multiple advanced cancers), a dual-specificity protein and lipid phosphatase.
Increased PIP3 binds to the pleckstrin homology (PH) domain of Akt/PKB (protein kinase B)
and, in combination with additional S/T phosphorylation of Akt by phosphoinositide-
dependent kinase 1 (PDK1) and PDK2, results in full activation of Akt. Recent studies revealed
that mTORC?2 directly phosphorylates Akt on S473 and identified mTORC?2 as the long-sought
PDK2 [36]. Activated PI3K or Akt may positively regulate mTOR, leading to increased
phosphorylation of S6K1 and 4E-BP1, the two best-characterized downstream effector
molecules of MTORCL1 [56]. Studies have placed tuberous sclerosis complex (TSC), a
heterodimer that comprises TSC1 and TSC2 subunits, as a modulator between PI3K/Akt and
MTOR [57-59]. The TSC1/2 complex acts as a repressor of mTOR function [57-59]. TSC2
has GTPase-activating protein (GAP) activity towards the Ras family small GTPase Rheb
(Ras homolog enriched in brain), and TSC1/2 antagonizes the mTOR signaling pathway via
stimulation of GTP hydrolysis of Rheb [58-63]. Rheb activates mTOR by antagonizing its
endogenous inhibitor, FKBP38 [64], though this remains controversial [65].

2.1.2. Energy and stress—mTORCI1 responds to cellular energy signals through AMP-
activated protein kinase (AMPK), a highly conserved sensor of cellular energy status. AMPK
functions as a S/T kinase and enhance TSC2 activity by direct phosphorylation of TSC2 [21].
Under conditions of low cellular energy (high AMP/ATP ratio), LKB1 phosphorylates AMPK
on T172, and subsequently, activated AMPK phosphorylates TSC2 at T1227 and S1345,
activating the Rheb-GAP activity of TSC, which catalyzes the conversion of Rheb-GTP to
Rheb-GDP and thus inhibits mTORC1 activity [58-63]. Activation of AMPK by the AMP
mimetic 5-amino-4-imidazolecarboxamide ribose (AICAR) represses mTOR signaling,
leading to dephosphorylation of a number of targets of mMTOR signaling including S6K1, elF4AG
and 4E-BP1 [66]. By contrast, LKB1 deficient mouse-embryo fibroblasts (MEFs) exhibit
hyperactivation of mTOR signaling [67]. In certain cells, such as neurons, endothelial cells,
and lymphocytes, AMPK can also be activated by a Ca2*-dependent and AMP-independent
process which is mediated by a calmodulin-dependent protein kinase kinase (CaMKK) [68,
69].

In addition to the direct phosphorylation of TSC2, Akt activates mTOR also by regulation of
cellular energy [70]. In response to growth factors, Akt phosphorylates TSC2 on T1462 and
inhibits the function of TSC1/2, thereby activating mTOR. However, in response to high level
of ATP, Akt activates mTOR through inhibition of AMPK-mediated phosphorylation of TSC2
on T1227 and S1345 [70]. Thus, it was proposed that Akt lies upstream of two separate
pathways that activate mTOR, the Akt-mediated phosphorylation of TSC2 on T1462 and the
inhibition of AMPK-mediated phosphorylation of TSC2 on T1227 and S1345 [70].

mTOR signaling pathway is also regulated by hypoxia [71,72]. Hypoxia induces rapid and
reversible hypophosphorylation of mTOR at S2481 and its downstream targets 4E-BP1, S6K1,
S6 and elF4G [71]. Several studies identified REDD1 (Regulated in Development and DNA
damage responses) as a gene that is induced at the mRNA level in response to stresses such as
hypoxia or DNA damage [73-76]. In REDD17- MEFs, hypoxia failed to dephosphorylate of
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S6K and S6, indicating that REDDL is required for the hypoxia-induced downregulation of
mTOR signaling [75]. In addition, it was suggested that REDD1 acts upstream of TSC2. The
inhibitory effect of REDD1 on mTOR signaling depends on the presence of the TSC1/2
complex, but independent on the LKB1-AMPK signaling [75]. However, most recent studies
proposed that hypoxia and the LKB1-AMPK signaling are highly interrelated in head and neck
squamous cell carcinoma (HNSCC) [72]. In response to prolonged hypoxia, REDD1
expression was enhanced by AMPK activation, leading to the inhibition of mTOR pathway.
Indeed, it was demonstrated that prolonged hypoxia would induce ATP depletion and
eventually activate AMPK [72]. Taken together, under hypoxic stress, the inhibition of mMTOR
activity by REDD1 activation may through AMPK-independent and -dependent mechanisms.

2.1.3. Amino acids—mTOR activity is also regulated by amino acid levels. Silencing
expression of TSC1/2 confers resistance to amino acid deprivation, indicating that TSC1/2 is
involved in the regulation of mMTOR function by amino acids [57]. Inhibition of Rheb binding
to mTOR is critical for the inhibitory effect of amino acid withdrawal on mTOR signaling
[77]. However, other studies did not support this notion. For example, amino acid withdrawal
still impairs mTOR signaling in TSC27 cells, suggesting that other than TSC2, additional
mechanisms may also be involved in the regulation of mTOR by amino acids [78]. Recently,
the class Il PI3K, hVVps34 (human vacuolar protein sorting 34), was proposed to be activated
by amino acid and be involved in the transduction of signal from amino acids to mTORC1.
However, currently this model remains controversial because similar data were not observed
in Drosophila [79]. Most recent studies in mammalian cells and in Drosophila identified Rag
GTPases as activators of mMTORC1 by sensing amino acid signals [80,81]. The proposal of
these different hypotheses reflects the complexity of the signaling from amino acids to
mTORC1. Therefore, more studies are required to understand how mTORC1 responds to
amino acids.

2.2. Downstream targets of mTORC1

In mammals, S6Ks and 4E-BPs are the best characterized downstream targets of mTOR. In
addition, mTOR is also involved in the regulation of some proteins including CLIP-170
(cytoplasmic linker protein-170) [82], eukaryotic elongation factor 2 (eEF2) kinase [83],
ornithine decarboxylase (ODC) [84], glycogen synthase [85], hypoxia-inducible factor 1o
(HIF-10) [86,87], lipin [88], PKCs and PKCe [89], protein phosphatase 2A (PP2A) [90],
p21CiPl and p27KiPl cyclin-dependent kinase inhibitors [91,92], retinoblastoma protein (Rb)
[93], and signal transducer and activator of transcription 3 (STAT3) [94].

Mammalian cells contain two similar S6 kinase proteins, S6K1 and S6K2 [95,96]. S6K2, which
has 70% overall amino acid identity with S6K1, was discovered much later than S6K1 [97].
Both the activation of S6K1 and S6K2 are regulated by mTOR [98,99]. S6K1 is ubiquitously
expressed and appears to be more critical in the control of cell growth. S6K1 can be activated
by a wide variety of extracellular signals. Among the phosphorylation sites of S6K1, T229,
S371 and T389 appear essential for S6K1 activation [100-102]. T229, which is located in the
activation loop, can be phosphorylated by the “loop kinase” PDK1 [103,104]. Moreover, for
S6K1 activation, mTOR can directly phosphorylate S371 in vitro, and this event modulates
T389 phosphorylation by mTOR [102,105]. S6K1 may also be activated by TOR-insensitive
signaling pathways, such as MAP kinases, which mediate phosphorylation of sites on the C-
terminal autoinhititory domain [106-108]. S6K1 is known as the major ribosomal protein S6
(rpS6) kinase in mammalian cells and is pointed as a key player in the control of cell growth
(cell size) and proliferation [109-111]. Early studies suggested that activated S6K1 regulates
protein synthesis through phosphorylation of the 40S ribosomal protein S6, and this was
thought to increase the translational efficiency of a class of MRNA transcripts with a5’-terminal
oligopolypirymidine (5’-TOP) [112,113]. However, this model has been challenged by the
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recent findings that neither S6K1 activity nor rpS6 phosphorylation is required for the
translational regulation of TOP mRNAs [114,115]. New data indicate that mTOR and S6K1
control on and off the eukaryotic initiation factor 3 (elF3) translation initiation complex in a
growth factor- and rapamycin-sensitive manner [116]. S6K1 associates with the elF3 complex
when inactive, but dissociates from the elF3 complex upon stimulation by insulin or amino
acids. Activated S6K1 then phosphorylates its translational targets, including the 40S
ribosomal protein S6 and elF4B, promoting translation initiation.

4E-BP1 is the other well characterized downstream of mMTORCL1. In mammalian, 4E-BPs, a
family of translational repressor proteins, consist of three low molecular weight proteins, 4E-
BP1, 4E-BP2, and 4E-BP3 [117-119]. 4E-BP1 (also known as PHAS-I), a repressor of the
translation initiation factor elF4E, was first identified as an adipocyte protein that underwent
phosphorylation by MAP kinase in response to insulin treatment [117,118]. In addition, mMTOR
and ATM have also been identified to be involved in phosphorylation of 4E-BP1 [120-123].
It was shown that mTOR phosphorylated 4E-BP1 at serine and threonine residues in insulin-
stimulated human embryonic kidney cells and these phosphorylations are inhibited by
rapamycin [120]. Hypophosphorylated 4E-BP1 binds tightly to elF4E, the mMRNA cap-binding
protein, and represses cap-dependent translation by blocking the binding of elF4E to elF4G.
In response to sufficient growth factors and nutrients stimulation, six sites (T37, T46, S65,
T70, S83 and S112) of 4E-BP1 can be phosphorylated [124]. The phosphorylation of 4E-BP1
at multiple site induce the dissociation of the 4E-BP1 from elF4E, allowing elF4E to engage
elF4G [118,125]. elF4G serves as a scaffold protein for the assembly of other initiation factors
including elF4A, which acts as an ATP-dependent RNA helicase, and further interacts with
elF3, which recruits the 40S ribosome to the 5’ end of the mRNA [126]. Thus, 4E-BP1
phosphorylation allows several important initiation factors, as well as the 40S ribosomal
subunit, to be positioned at the 5’ end of the mRNA to begin the process of scanning.

3. mTORC2

Like mTORC1, mTORC?2 also includes mTOR and mLST8, but instead of raptor, n"”TORC2
contains two special subunits, rictor and mSinl (mammalian stress-activated protein kinase
(SAPK)-interacting protein 1) [32,33,127]. In addition, protor (protein observed with rictor),
DEPTOR, PRRS5 (proline-rich protein 5) and Hsp70 are other novel components of mTORC2
[Fig. (2)] [128-130].

mLST8 is a stable component of both mTOR complexes. mLST8-knockout embryos are
developmentally delayed and die around E10.5 [50]. Knockout of mLST8 only disrupts
mTORC?2 assembly and results in the loss of Akt phosphorylation on S473, indicating that
mLST8 is functionally essential only for mTORC2 in mammalian development, but may not
be important for mMTORC1.

Rictor is a novel mTOR-associated protein that is unique to mTORC?2 [33]. The rictor-
containing mTOR complex is not bound by FKBP12-rapamycin and is insensitive to acute
rapamycin treatment. It was found that the rictor-mTOR complex does not regulate the mTOR
effectors S6K1 and 4E-BP1, but molulates phosphorylation of Akt, PKCa and the focal
adhesion proteins, as well as activities of the small GTPases, which links to cell survival and
migration [33-35,131,132]. The data suggest that mMTORC?2 has different physiological
functions from mTORC1.

mSinl is an essential subunit of mMTORC2 because it is important for mTORC?2 integrity and
mTOR activity toward Akt-S473 phosphorylation [127]. In the absence of mSin1, the
interaction between rictor and mTOR was impaired and the phosphorylation of Akt on S473
was diminished [127,133].
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Protor-1 (protein observed with rictor-1) and protor-2 interact with rictor, but they are not
essential for the assembly of other mTORC?2 subunits into the complex [128]. To date, the
function of protor is unclear. Similar with protor, PRR5 interacts with rictor, but it is not
important for the interaction of mTOR-rictor and mTOR activity toward Akt phosphorylation
at S473. However, PRR5 plays a crucial role in the modulation of PDGF signaling by regulating
PDGFRp expression [129]. Hsp70, a heat shock protein, is required for proper formation and
the kinase activity of mTORC2 under basal conditions and following heat shock [130]. In
addition, a recent study identified DEPTOR as an mTOR-interacting protein [41]. DEPTOR
interact with both mTORC1 and mTORC2, negatively regulating their activities.

As mTORC2 complex was discovered only recently, its functions and regulatory mechanisms
are less well understood than mTORC1 [32]. The first study on the mTOR-rictor complex
revealed that one of the functions of mMTORC2 is to regulate the actin cytoskeleton by mediating
the PKCo phosphorylation state [33]. Susequently, the important finding that mTORC2
directly phosphorylates Akt on S473 adds a new insight into the role of mMTOR in cancer
[36]. mTORC2 was originally thought to be rapamycin-insensitive. However, recent studies
showed that in some cell lines, prolonged rapamycin treatment inhibits the assembly and
function of MTORC?2 to inhibit Akt [34]. Most recently, one striking observation revealed that
in adipose tissue, mMTORC2 negatively controls whole-body growth by controlling an adipose
to pancreas/liver signaling axis [134]. In adipose-specific rictor knockout (rictor®-) mice, the
body size was increased due to an increased size of non-adipose tissue, including heart, kidney,
spleen and bone [134]. However, it remains to be determined how mTORC?2 in adipose
regulates the pancreas and liver.

3.1. Upstream regulators of mTORC2

It was suggested that mMTORC2 lies downstream of PI3K signaling, since growth factors
stimulate mTORC2 activity and low concentrations of wortmannin, a specific PI3K inhibitor,
inhibits Akt S473 phosphorylation [36]. However, the mechanism by which mTORC2 is
activated is not entirely clear. Rheb has been demonstrated as a key upstream activator of
mTORC1. However, Rheb showed negative and indirect effect on the regulation of mMTORC2.
In Drosophila S2 cells, knockdown of Drosophila Rheb (dRheb) decreased dS6K
phosphorylation and elevated dAkt phosphorylation, suggesting that dRheb has opposite
effects on dTORC1 and dTORC2 activity [135]. Moreover, it was proposed that the negative
effect of dRheb on dTORC2 may probably through a negative feedback loop involving dS6K
[135]. In many cell types, activation of mMTORC1 by Rheb activates S6K1, which in turn
suppresses the PI3K-Akt signaling pathway by phosphorylation and inhibition of IRS [136].
Taken together, these data indicate that Rheb activates TORCL1 in a more direct manner,
whereas the inhibition of Rheb toward TORC2 may be indirect.

3.2. Downstream targets of mTORC2

The best-characterized substrate of mMTORC2 is the Akt kinase, since growing evidence showed
that mTORC2 phosphorylates Akt on S473. Akt belongs to the AGC kinase family, which also
includes S6Ks, glucocorticoid-induced protein kinase (SGKSs), p90 ribosomal protein S6 kinase
(RSKs), and PKCs. The members in AGC kinase family have similar structures, which contain
the hydrophobic motif phosphorylation site and an activation loop site near or within the kinase
domain [137,138]. Compare to Akt or other family members, S6K1 possesses an additional
C-terminal inhibitory domain, which may be preferentially be recognized by mTORC1
complex [139]. Because of the difference between the structures, S6K1 and Akt are
phosphorylated by mTORC1 and mTORC2, respectively. Of interest, it has been reported that
S6K1 can be phosphorylated by mTORC2 by deleting the C-terminal domain [140]. Therefore,
it would be interesting to unveil whether other AGC kinases, which are structurally similar to
Akt, are also regulated by mTORC2.
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Akt is one of the most important survival kinases. At the membrane, active PI3K recruits Akt
and PDK1 to the plasma membrane. Akt is subsequently phosphorylated at the activation loop
site T308 and the C-terminal hydrophobic motif site S473 by PDK1 and PDK2, respectively
[141]. Active Akt in turn regulates different cellular processes including cell growth,
proliferation, apoptosis and glucose metabolism [142]. Numerous studies attempted to identify
the crucial kinase(s) (often referred to as PDK2) responsible for the phosphorylation of S473
in Akt. Several enzymes are in the candidate list, including PDKZ1, integrin-linked kinase (ILK),
Akt itself, DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and mTORC2
[143-146]. Since mTORC2 complex fulfills the role of the Akt S473 kinase, mMTORC2 has
been identified as the long-sought PDK2 [36]. In human cancer cells, knockdown of mTOR
or rictor expression using lentiviral short hairpin RNA (shRNA) decreased phosphorylation of
S473 of Akt [36]. In rictor- and mLST8-deficient mice, the mLST8 and rictor were
demonstrated to be necessary for the basal, serum-induced, and insulin-induced
phosphorylation of Akt on S473 [50]. The results from subsequent studies in Drosophila
cultured cells further confirm these observations, substantiating the notion that mMTORC2 is
the principal S473 kinase of Akt [127,133]. Considering the importance of Akt signaling in
disease and the critical role of mMTORC2 in Akt activation, mMTORC2 complex has received
great attention as a novel drug target, especially for treating cancers characterized by
hyperactive Akt.

In addition to Akt/PKB, PKCa, paxillin and Rho GTPases are also involved in the regulation
of the actin cytoskeleton by mTORC2 [Fig. (4)]. Several knockdown and knockout studies
demonstrated that mTORC2 regulates PKCo phosphorylation [32,33,50]. The phosphorylation
of PKCa on S657 is dramatically reduced in rictor null MEFs [50]. In Drosophila, reduction
in rictor by using dsRNAs also decreases the phosphorylation of dPKCa. [33]. Paxillin, which
functions as a docking protein, localizes to the focal adhesions of adherent cells [147]. Jacinto
et al. showed that paxillin was highly phosphorylated at Tyr 118 in control cells, whereas
knockdown of mTORC2 inhibited the phosphorylation of paxillin [32]. Rho, Rac and Cdc42,
three best-characterized members of the Rho family of small GTPases, were demonstrated to
be involved in actin cytoskeleton assembly and disassembly [148]. It was reported that
mTORC2 may function as upstream of Rho GTPases to regulate the actin cytoskeleton [32].
In mTOR, mLST8 or rictor siRNA-transfected cells, expression of constitutively active form
of Rac (Rac1-L61) or Rho (RhoA-L63) restored organization of the actin cytoskeleton,
indicating that mMTORC2 may regulate the actin cytoskeleton through Rho and Rac [32].

Most recently, the serum glucocorticoid-induced protein kinase 1 (SGK1), a member of the
AGC family, was identified as a novel substrate of mMTORC2 [149-151]. In MEFs lacking
rictor, mSinl or mLST8, which are the critical components of mTORC2, both the activity and
hydrophobic motif phosphorylation of SGK1 are abolished [149]. Moreover, S422 can also be
phosphorylated by immunoprecipitated mMTORC?2 in vitro, further confirming that mMTORC2
regulates SGK1 [149]. The SGK family has three members in mammals, SGK1, SGK2 and
SGKa3. The phosphorylation and activity of the SGK isoforms can be stimulated by oxidation,
insulin and IGF-1 through the PI3K-PDK1/2 signaling pathway [152,153]. It was presumed
that SGK isoforms may probably share substrates in common with Akt, but they may also have
distinct targets and specific functions [154]. It was reported that the ubiquitin ligase Nedd4-2
(neuronal precursor cells expressed developmentally downregulated 4-2) is a target of SGK1
[155]. SGK1 phosphorylates Nedd4-2 mainly on S444 via a PY motif-dependent mechanism
and this phosphorylation reduces the binding of Nedd4-2 to the epithelial sodium channel
(ENaC), thus leading to the enhanced cell surface expression of ENaC channel protein [155].
Most recent work showed that SGK1 is an important mediator of TORC2 signaling.
Meanwhile, this study identified new functions of TORCZ2, which are mediated by SGK, in the
regulation of fat accumulation, size and growth in Caenorhabditis elegans (C. elegans)
[150]. Viable loss-of-function mutants in the C. elegans homolog of the TORC2-specific
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component, rictor (Cerictor) showed a developmental delay and reduced body size, but
increased fat accumulation [150]. Thus, the view that Akt is the primary effector of TORC2
function is challenged by these findings. However, in contrast to Akt, most of the substrates
and functions of SGKSs are not well characterized. Particularly the physiological functions of
SGK?2 and SGK3 are presently poorly understood. Therefore, in order to better understand the
roles of these kinases, more studies are needed to identify novel SGK substrates.

4. mTOR and human diseases

Hyperactivation of PI3K/mTORCL1 signaling is proposed to be a common cause of human
cancers and several hamartoma syndromes, including tuberous sclerosis complex (TSC)
syndrome, the PTEN-related hamartoma syndromes and Peutz-Jeghers syndrome (PJS) (Table
1) [156-179]. These hamartoma syndromes are characterized by benign, focal tumors in which
the tumor cells differentiate normally but grow in a disorganized mass [156,180]. Hamartomas
may occur in many different parts of the body, including lung, heart, skin, kidneys,
hypothalamus and other vascular organs. Although hamartomas are benign tumors, they may
progress to certain malignant cancers, or even cause death. During the last 10 years, the
identification of genes mutated in these diseases and the findings of the functions of these genes
revealed that mutational inactivation of the tumor suppressors, TSC, PTEN, and LKB1, three
negative regulators of mMTORC1 signaling, stimulates mTORC1 activity and ultimately results
in the development of TSC syndrome, PTEN associated hamartoma syndromes and PJS,
respectively [181-183]. Therefore, inhibition of mMTORCL1 signaling has been considered to be
a promising therapeutic strategy for treatment of some hamartoma syndromes. Thus,
rapamycin, a specific inhibitor of mMTORCL, attracts great interest and is most well studied. By
forming a complex with its intracellular receptor FKBP12, rapamycin binds to mTORCL1 and
inhibits mMTORC1 signaling. So far, four mTOR inhibitors are currently being evaluated in
clinical trials for cancer treatments: the prototype rapamycin and three rapamycin derivatives,
CCI-779 (temsirolimus), RADOO1 (everolimus) and AP23573. Preliminary data indicate that
mTORC1 inhibitors have potent inhibitory effects against a broad range of malignant tumors
with relatively minor toxicities [184,185]. However, the results from ongoing clinical trials of
these compounds are less than satisfactory. Normally the benign nature of hamartomas is
partially explained by the existence of an auto-regulatory pathway which is defined as S6K1-
dependent negative feedback inhibition [136]. In many cell types, hyperactive mTORC1
signaling caused by genetic mutations activates S6K1. Active S6K1 strongly represses Akt
signaling by directly phosphorylating and inhibiting IRS, which is important for tumor growth
[136]. These findings cast a certain doubt as to the feasibility of long-term treatment with
rapamycin in hamartoma patients, since such treatment may sensitize the PI3K-Akt signaling
through the feedback loop and put the patients under higher risk of malignant development.
Thus, the combinational use of mMTORCL inhibitors with antagonists of other upstream
signaling, such as IGF-1 receptor inhibitors and PI3K inhibitors, would be an alternative
strategy to overcome this feedback effect and for the treatment of hamartoma syndromes
[186].

Besides tumorigenesis, deregulation of mMTORC1 is also involved in many other human
diseases and metabolic disorders, including cardiac hypertrophy, type Il diabetes and obesity
[156]. Cardiac hypertrophy, a consequence of increased cell size and number of
cardiomyocytes, is one of the major risk factors for heart failure [156]. Strong evidence showed
that hyperactivation of PI3K/Akt/mTOR signaling caused enlargement of the heart [187]. In
load-induced cardiac hypertrophy, mTOR is also demonstrated to be involved in [188]. In
mouse models, rapamycin effectively suppresses both PI3K/Akt/mTOR- and load-induced
cardiac hypertrophy, indicating that mTOR plays a key role in the development of cardiac
hypertrophy [187,188].
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It was suggested that both type 11 diabetes and obesity are associated with insulin resistance,
and deregulation of mMTORC1 may contribute to both of the disorders. Nutrients and hormonal
factors mediate tissue or organ cellular metabolism through the mTOR signaling pathway.
Hyperactive mTORC1 which is induced by high level of insulin or amino acid down-regulates
IRS-1 activity through the S6K1-dependent negative feedback inhibition and results in the
development of insulin resistance [189]. Long-term insulin resistance is one of the common
causes of type 11 diabetes [189]. In S6K- mice, the weight accumulation was significantly
reduced compared with wild-type mice [190]. The metabolic rate of in the 4E-BP17~ male mice
is significantly increased [191]. In addition, it was also shown that both S6K and 4E-BP mutant
mice are resistant to diet-induced obesity. These data strongly suggest a potential involvement
of deregulated mTOR signaling pathway in a variety of important human diseases. mTOR
inhibitors may become effective tools for the treatment of heart disease and/or metabolic
disorders, such as type Il diabetes and obesity.

5. mTOR inhibitors

So far, rapamycin and its analogs (termed rapalogs) are the most well studied mTOR inhibitors
(Table 2) [192]. As described early, rapamycin was first isolated from the soil bacterium
Streptomyces hygroscopicus as a fungicide, and subsequently discovered to have equally potent
immunosuppressive and anti-tumor properties [1-5]. As an immunosuppresive drug,
rapamycin (rapamune, sirolimus) was approved by the Food and Drug Administration (FDA)
in USA in 1999 for prevention of renal allograft rejection [193]. Subsequent studies from many
laboratories found that rapamycin can also act as a cytostatic agent, slowing or arresting growth
of cell lines derived from different tumor types such as rhabdomyosarcoma [194,195],
glioblastoma [196], small cell lung cancer [197], osteoscarcoma [198], pancreatic cancer
[199], breast cancer, prostate cancer [200,201] and B-cell lymphoma [202,203]. However, the
poor aqueous solubility and chemical stability of rapamycin restricts its development as an
anticancer agent. Therefore, several derivatives of rapamycin with more favorable
pharmaceutical characteristics have been synthesized, such as CCI-779 (Temsirolimus, Wyeth,
Madison, NJ, USA), RADO001 (Everolimus, Novartis, Novartis, Basel, Switzerland), AP23573
(Deforolimus, ARIAD, Cambridge, MA, USA), 32-deoxorapamycin (SAR943) or zotarolimus
(ABT-578, Abbott Laboratories, Abbott Park, IL, USA). Like rapamycin, these rapamycin
analogs forms a complex with the intracellular receptor FKBP12, resulting in potent inhibition
on mTORCL1 signaling. CCI-779, RAD001 and AP23573, which are currently being tested in
clinical development as anticancer agents, have shown antiproliferative activity against a
diverse range of cancer types in preclinical studies, and clinical evaluations also have
demonstrated promising results in a subset of cancers [204-206]. However, increasing studies
also suggested that the antiproliferative effects of the rapalogs are variable in cancer cells due
to failure to inhibitmTORC2 in some tumor types. O’ Reilly et al. [207] showed that the specific
inhibition of mMTORC1 by RAD001 might induce upstream receptor tyrosine kinase signaling
and Akt upregulation, leading to the attenuation of its therapeutic effects. Thus, the combination
therapy or a dual-specificity agent that targets both of mMTOR function and Akt activation may
have improved antitumor activity.

Recently, a new generation of mTOR inhibitors, which binds to the ATP-binding site of mMTOR
and inhibits the catalytic activity of mTORC1 and mTORC?2, is being developed (Table 2)
[208-223]. Since mTORC2 was demonstrated to be a positive regulator of Akt, inhibition of
mTORC2 would effectively minimize the feedback activation of PI3K and suppress the
activation of Akt, finally preventing malignant progression of tumors. Two active-site
inhibitors of mMTOR, PP242 and PP30, which inhibited insulin-stimulated phosphorylation of
Akt at S473, showed potent inhibitory effects on protein synthesis and cell proliferation
[209]. Torinl, another selective ATP-competitive mTOR inhibitor, which directly inhibited
both mTORC1 and mTORC?2, also inhibited cell growth and proliferation more effectively

Curr Protein Pept Sci. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou and Huang

Page 11

than rapamycin [208]. However, more studies are required to further evaluate the efficacy of
these agents in the treatment of cancers caused by hyperactive PI3K/mTOR pathway as well
as the distinct effects of such broad-spectrum mTOR inhibitors on cellular and organismal

physiology.

Recent preliminary studies showed that some diet-derived chemopreventive agents (e.g.
curcumin, resveratrol, 3, 3-Diindolylmethane, epigallocatechin gallate, or genistein) may
inhibit mTOR signaling through direct or indirect mTOR inhibition (Table 2). For example,
curcumin, a polyphenol natural product isolated from the rhizome of the plant Curcuma
longa, showed effectiveness as a chemopreventive agent in animal models of carcinogenesis
and is undergoing preclinical trial evaluation for anti-cancer drug development [224]. In
numerous cancer cell lines, curcumin inhibited phosphorylation of MTOR and its downstream
effector molecules, S6K1 and 4E-BP1, suggesting that curcumin may execute its anticancer
activity primarily by blocking mTOR mediated signaling pathways [225,226]. Recently, the
mechanism study found that curcumin was able to dissociate raptor from mTOR, leading to
inhibition of MTORC1 activity [217].

6. Conclusions and perspectives

Despite the discovery of mTOR for over 15 years, the complexity of the mTOR network is just
beginning to be understood. Currently it is known that mTOR functions as two distinct
multiprotein complexes: mTORC1 and mTORC2. mTOR is the core component of the two
complexes, each having distinct interacting proteins. With great possibility, more interacting
proteins will be identified in the future. mMTORCL1 regulates physiological functions, including
cell growth, proliferation and survival by integrating hormonal factors, nutrients, stressors and
energy signals. In contrastto mMTORC1, mTORC2 is less well studied and is largely insensitive
to nutrients and energy conditions. mTORC2 has been shown to be involved in the regulation
of actin cytoskeleton and plays an important role in Akt phosphorylation at S473, indicating a
possible role of MTORC?2 in cell migration and survival. In recent years, significant progress
has been achieved in understanding the TOR field, but several important questions remain to
be elucidated. How do cells sense amino acid sufficiency and transmit the signal to mTOR in
order to regulate cell growth? How is mTORC2 activated and regulated? What are the
undiscovered functions of mMTORC1 and mTORC2? Are there additional substrates of
mTORC?2 besides Akt and SGK1? Given the increasing evidence that deregulation of mTOR
occurs in many human diseases, the answers to these questions will not only bring novel
insights into mTOR biology but also help us develop more effective therapeutic strategies for
treating mTOR-related diseases, including cancer, cardiac hypertrophy and metabolic
disorders. Importantly, new evidence that mMTORC1 might have rapamycin-resistant functions
may explain the modest clinical efficacy of rapamycin. The growing appreciation of mTOR’s
central role in cancer opens a new door in the search for promising anti-cancer drugs.
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Fig. (1).
Domain structures of selected PIKKs. mTOR shown is of rat origin, and Mecl and Torl are
S. cerevisiae proteins. Other five proteins shown are of human origin. The number of residues
for each protein is indicated in parentheses.
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mTOR complexes and their known substrates. mTOR functions as two distinct complexes,
mMTORC1 and mTORC2. Besides mTOR, mTORC1 contains a positive regulatory subunit,
raptor, two negative regulators, PRAS40 and DEPTOR, and a protein of unknown function
called mLST8. mTORC?2 also contains mTOR, mLST8 and DEPTOR, as well as other unique

subunits, rictor, mSinl and PROTOR.

Curr Protein Pept Sci. Author manuscript; available in PMC 2011 September 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Zhou and Huang

Page 26

. — — N —
' — L ——

—
FA FRB Kinase Repressor FATC
HEAT Repeats X domain domain

Fig. (3).

Schematic structure of mTOR. N-terminus of mTOR contains two tandemly repeated HEAT
motifs. Following the HEAT repeat region, there exist a FAT domain, an FRB domain, a
catalytic kinase domain, an auto-inhibitory (repressor domain or RD domain), and a FATC
domain that is located at the C-terminus of the protein.
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mTOR signaling network. mTOR regulates multiple cellular processes by sensing energy and
nutrient signals, and growth factors. Arrows represent activation, whereas bars represent

inhibition.
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Disease name Mutated gene which might Functional link to mTOR signaling References
affect mTOR signaling
tuberous sclerosis complex (TSC) TSC1or TSC2 TSC1 and TSC2 function as a heterodimer [158,162]
to negatively regulate mTOR
Lymphangioleiomyomatosis (LAM) TSC2 TSC1 and TSC2 function as a heterodimer [159]
to negatively regulate mTOR
Cowden’s disease PTEN PTEN is a negative regulator of PI3K; [156]
PTEN loss activates AKT signaling,
leading to hyperactive mTOR signaling
through inhibition of TSC2
Lhermitte-Duclos disease PTEN PTEN is a negative regulator of PI3K [160]
Bannayan-Riley-Ruvalcaba syndrome (BRRS) PTEN PTEN is a negative regulator of PI3K [161]
Proteus syndrome PTEN PTEN is a negative regulator of PI3K [163]
Peutz-Jeghers syndrome (PJS) LKB1 (STK11) LKB1 (STK11) phosphorylate and activate ~ [164,165]
AMPK in response to ATP depletion
familial hypertrophic cardiomyopathy (HCM)  AMPK(y2 (encoded by PRKAG2) AMPK can activate TSC2 on ATP [166]
depletion; mutations in PRKAG2 reduce
AMPK catalytic activity
Wolff-Parkinson-White syndrome AMPKy2 (encoded by PRKAG2) AMPK can activate TSC2 on ATP [167]
depletion; Mutations in PRKAG2 reduce
AMPK catalytic activity
Breast cancer PTEN; PIK3CA mutation or PTEN is a negative regulator of PI3K; [168,169]
amplification; Her2 PIK3CA mutation or amplification results
amplification in abnormal activation of mMTOR
Prostate cancer PTEN; PIK3CA mutation or PTEN is a negative regulator of PI3K; [168]
amplification PIK3CA mutation or amplification results
in abnormal activation of mMTOR
Ovarian cancer PTEN; PIK3CA mutation or PTEN is a negative regulator of PI3K; [169]
amplification; Her2 PIK3CA mutation or amplification results
amplification in abnormal activation of mMTOR
Lung cancer PTEN; PIK3CA mutation or PTEN is a negative regulator of PI3K; [170]
amplification; Her2 PIK3CA mutation or amplification results
amplification in abnormal activation of mMTOR
Bladder cancer PTEN PTEN is a negative regulator of PI3K [171,172]
Melanoma PTEN PTEN is a negative regulator of PI3K [173]
Endometrial cancer PTEN PTEN is a negative regulator of PI3K [174]
Thyroid PTEN; PIK3CA mutation or PTEN is a negative regulator of PI3K; [168,175]
amplification; Her2 PIK3CA mutation or amplification results
amplification in abnormal activation of mMTOR
Glioblastoma PTEN; PIK3CA mutation or PTEN is a negative regulator of PI3K; [176,177]
amplification PIK3CA mutation or amplification results
in abnormal activation of mMTOR
Renal carcinomas PTEN PTEN is a negative regulator of PI3K [178,179]
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Table 2
mTOR inhibitors
MTOR inhibitors Structure Mechanism of action References
Rapamycins
Rapamycin and rapamycin analogs Macrolide ester Functions by binding to the immunophilin [192]
Partial mMTORCL inhibitor
Cell-type specific mnTORC?2 inhibitor
Small molecule inhibitors of kinases
Torinl Pyridinonequinoline mTOR kinase inhibitor [208]
PP242 Pyrazolopyrimidines mTOR kinase inhibitor [209]
PP30 Pyrazolopyrimidines mTOR kinase inhibitor [209]
WYE-354 Pyrazolopyrimidine ATP competitive inhibitor of mMTOR [210]
Ku-0063794 pyridopyrimidin specific mMTORC1 and mTORC2 inhibitor [211]
mTOR and PI3K dual-specificity inhibitors
NVP-BEZ235 Imidazoquinazoline ATP-competitive inhibitor of PI3K and mTOR [212]
P1-103 Tricyclic pyridofuropyrimidine  ATP competitive inhibitor of DNA-PK, PI3K  [213-215]
and mTOR
XL765 Not available ATP-competitive inhibitor of DNA-PK, PI3K [216]
and mTOR
Diet-derived chemopreventive agents
Curcumin Diferuloylmethane Disrupts the mTOR-Raptor Complex [217]
Resveratrol epigallocatechin gallate (EGCG)  Trans-3,4’, 5-trihydroxystilbene  Inhibits PI3K/Akt/mTOR signaling pathway [218,219]
Polyphenol Inhibits PI3K/Akt/mTOR signaling pathway [220]
Genistein Isoflavone Inhibits PI3K/Akt/mTOR signaling pathway [221,212]
3,3-Diindolylmethane (DIM) Indole-3-carbinol Inhibits both mTOR and Akt activity [223]
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