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Introduction

mTOR regulates diverse cellular and physiological 
functions that ultimately control cell and body growth 
(Wullschleger et  al., 2006, Polak and Hall, 2009, Zoncu 
et  al., 2011). In whole organisms, mTOR plays a role in 
metabolism, growth, differentiation and aging. At the cel-
lular level, mTOR responds to the changes in nutrient sta-
tus and many other cellular or stress cues that ultimately 
impact cell growth and division. At the molecular level, it 
functions to regulate translation initiation, ribosome bio-
genesis, protein maturation, autophagy, actin cytoskel-
eton reorganization, and transcription. Abnormal mTOR 
signaling has been associated with numerous pathologi-
cal conditions including cancer, immune disorders, dia-
betes, cardiovascular and neurological diseases. mTOR 
integrates multiple intracellular signaling pathways but 
the direct cellular targets of mTOR and exactly how it 
regulates its targets at the molecular level remain to be 
fully elucidated.

Our knowledge about mTOR functions and signaling 
emerged with the use of rapamycin. When rapamycin is 

associated with a conserved cellular protein, FKBP12, 
it binds and allosterically inhibits mTOR (Jacinto and 
Hall, 2003). Rapamycin was originally identified from the 
bacteria, Streptomyces hygroscopicus, isolated from soil 
samples collected from Easter Island, known to locals as 
Rapa nui. Although it has later been revealed that not all 
functions of mTOR are inhibited by rapamycin, this drug 
has remained instrumental in defining the downstream 
targets and functions of mTOR. The new generation of 
mTOR active site inhibitors is now unraveling important 
clues on both the rapamycin sensitive and insensitive 
functions of mTOR (Guertin and Sabatini, 2009).

More recent studies using gene deficient mice that 
impair functions of mTOR and its regulators are expand-
ing our knowledge about how mTORCs function in the 
development and homeostasis of different tissues (Polak 
and Hall, 2009, Alessi et al., 2009). Tissue-specific knock-
outs and mTORC2-disrupted cell lines have further 
advanced our understanding of mTOR in regulation of 
AGC kinases and have also led to the identification of 
new mTOR downstream targets. This review will focus 
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on the recent advances in our understanding of how 
mTOR and its best characterized substrates, the AGC 
kinases, coregulate each other. mTOR is critical for the 
optimal activation of several well known AGC kinases. 
Reciprocally, the AGC kinases not only mediate mTOR 
signals via phosphorylation of downstream intracellular 
targets but also fine tune the mTOR response through 
feedback regulation of mTOR activity, which is accom-
plished by phosphorylating upstream mTOR activators.

mTOR, an atypical protein kinase

Mammalian TOR is a 290 kDa protein and a member of 
a subgroup of the atypical protein kinases termed phos-
phoinositide 3-kinase-related kinases (PIKKs) (Manning 
et al., 2002b). Members of this family share homology with 
lipid kinases but possess Ser/Thr protein kinase activity. 
The kinase (catalytic) domain of mTOR is located near the 
C-terminus and is flanked by the FAT (FRAP, ATM, TRRAP) 
and FATC (FAT C-terminus) domains that are common 
to PIKKs (Bosotti et al., 2000) (Figure 1). The N-terminal 
region consists of HEAT (Huntingtin, Elongation factor 3, 
A subunit of protein phosphatase 2A, TOR1) repeats, most 
likely to mediate protein-protein interactions (Figure 1). 
The N-terminal region also contains the helix turn helix 
(HTH) motif that was shown to bind to the promoter of 
36S rDNA, and an ER and Golgi localization sequence 
(LS) (Liu and Zheng, 2007). An alternatively spliced iso-
form, mTOR-b, that is mostly devoid of the HEAT and 
FAT domains but retains the capacity to phosphorylate its 
substrates has been reported (Panasyuk et al., 2009). 

Most PIKKs phosphorylate Ser/Thr followed by Gln 
residues (Abraham, 2004) but mTOR displays preference 
toward substrates with Pro, hydrophobic (Leu, Val), and 

aromatic residues (Phe, Trp, Tyr) at the +1 position. Some of 
the canonical mTOR target phosphorylation sites are shown 
in Table 1. Recently, a phosphoproteomic screen identified 
hundreds of possible direct targets of mTOR and a posi-
tional scanning peptide library assay validated the motif 
preferences of mTOR (Hsu et al., 2011, Yu et al., 2011).

Mammalian TOR can be directly regulated via 
phosphorylation. Some of these phosphosites, such 
as Thr2446, Ser2448, and Ser2481, have been shown or 
suggested to be modulated by growth signals (Figure 1) 
(Cheng et  al., 2004, Copp et  al., 2009). Thr2446 and 
Ser2448 lie in a repressor domain region of mTOR 
(Sekulic et al., 2000) and whereas the former is linked to 
nutrient stimulation, the latter site responds to growth 
factor stimulation (Cheng et al., 2004). More recent stud-
ies demonstrated that these sites can be phosphorylated 
by S6K (Holz and Blenis, 2005, Chiang and Abraham, 
2005). mTOR becomes autophosphorylated at Ser2481 
and this phosphorylation was earlier shown to be 
insensitive to amino acid or serum-withdrawal but was 
abolished upon wortmannin treatment (Peterson et al., 
2000). More recently, Ser2481 phosphorylation was dem-
onstrated to be induced by insulin in a PI3K-dependent 
manner within both mTORC1 and mTORC2 (Copp et al., 
2009, Soliman et  al., 2010). In addition, the mTORC1-
associated mTOR S2481 autophosphorylation, similar 
to mTORC1 signaling, was regulated not only by serum 
but also by amino acids and energy stress (Soliman et al., 
2010). Phosphorylation of this site, along with Ser2448 
is conserved among vertebrate species but absent in 
invertebrates (Copp et  al., 2009), hence regulation of 
this site may have evolved in vertebrates in response to 
growth factors. Consistent with the earlier finding that 
Ser2481 phosphorylation is insensitive to conditions 

Table 1.  Best characterized mTOR substrates and sequence motifs.
mTORC1 substrates mTORC2 substrates
S6K1 S371PDD (TM) Akt/PKB T450PPD (TM)
 FLGFT389YVAPS (HM)  FPQFS473YSASG (HM)
 EKFS401FEP cPKCα T638PPD (TM)

4E-BP1 IRS411PRRFIGS418PRT421PVS424PVK DYSTT37PGG  FEGFS657YVNPQ (HM)
 FSTT46PGG SGK1 S397IGKS401PD (TM)
 CRNS65PVTKT70PPR  FLGFS422YAPP(HM)

Figure 1.  Schematic structure of human mTOR protein. Human mTOR is a 2549 amino acid protein. It contains multiple HEAT repeats, a 
helix turn helix (HTH) motif, and a Golgi/ER localization signal sequence (LS) at its N-terminus. Its catalytic domain is flanked by a FAT and 
FATC sequences. Immediate upstream to the catalytic domain is the FKBP12-rapamycin binding (FRB) motif. A phosphomimetic residue 
Asp (E2363) at its putative activation loop, three known phosphorylation sites, T2446, S2448, and S2481, and three other less characterized 
phosphorylation sites, S1261, S2159, T2164, are shown. 
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that inhibit mTORC1 activity (Peterson et al., 2000), this 
phosphosite was not sensitive to acute rapamycin treat-
ment in mTORC2 immunoprecipitates (Soliman et  al., 
2010). Furthermore, prolonged rapamycin treatment, 
which can also disrupt mTORC2 (Sarbassov et al., 2006), 
can abolish Ser2481 phosphorylation, suggesting that 
phosphorylation of this site could be a marker for intact 
mTORC2 (Copp et al., 2009). However, Ser2481 phospho-
rylated mTOR was also found in the raptor complex and 
was sensitive to acute rapamycin treatment, indicating it 
may also have mTORC1 associated function under cer-
tain conditions (Soliman et al., 2010). Nevertheless, this 
phosphorylation site can be used as a marker of mTOR 
intrinsic kinase activity, either as part of mTORC1 or 
mTORC2. Together, the mTORC-regulatory signals must 
play a role to control mTORC intrinsic catalytic activity.

Other mTOR phosphorylation sites could regulate how 
mTOR complexes may be formed and how it may interact 
with their respective substrates. Ser1261 is also phospho-
rylated in an insulin/PI3K-dependent manner to promote 
mTORC1-mediated substrate phosphorylation and cell 
growth (Acosta-Jaquez et al., 2009). It is not known if phos-
phorylation of this site can modulate a specific mTORC2 
function. Two sites within the N-terminus of the kinase 
domain, Ser2159 and Thr2164, are also phosphorylated and 
their phosphorylation correlates with increased mTORC1 
signaling, cell growth and cell cycle progression (Ekim 
et al., 2011). Phosphorylation at these sites modulates the 
mTOR-raptor interaction while attenuating raptor-PRAS40 
association. It remains unclear what phosphorylates 
these sites and if they are regulated by growth signals. 
Other mTOR autophosphorylation sites such as Ser2454, 
Thr2473/Thr2474 were identified by mass spectrometry 
but their function remains unknown (Tao et al., 2010).

In addition to phosphorylation regulation, mutations of 
specific amino acid residues in the mTOR kinase domain 
can confer hyperactivity to mTOR (Ohne et al., 2008). Two 
mutations (V2198A and L2216H), located on the αC-helix, 
a domain that plays a role in conformational changes in 
the kinase catalytic core, can enhance mTOR kinase activ-
ity. Other mutations were found in the repressor domain 
of mTOR that spans residues from amino acid 2430–2450. 
Interestingly, whereas these hyperactivating mutations can 
augment mTORC1 signaling, they do not appear to signifi-
cantly enhance the mTORC2-mediated Akt phosphorylation. 
It would be interesting to determine how these mutations 
affect mTORC assembly and localization, which could 
explain their distinct effects on mTOR complex activity. Thus, 
the recent identification of regulatory and localization sites 
and motifs in mTOR would facilitate a more detailed analysis 
of how its activity can be controlled by numerous signals.

mTOR forms distinct multi-protein 
complexes: mTORC1 and mTORC2

Many PIKKs form multi-protein complexes and seem to 
recognize their targets via their binding partners (Lovejoy 
and Cortez, 2009). mTOR forms at least two distinct pro-
tein complexes termed mTOR complex (mTORC) 1 and 
mTORC2 (Figure 2). While there is likely extensive signal 
crosstalk between mTORC1 and mTORC2, these two 
complexes perform distinct functions. The availability 
of pharmacological inhibitors that inhibit both mTORC1 
and mTORC2, along with the generation of animal mod-
els that disrupt mTORCs in specific tissues have allowed 
more detailed characterization of mTORCs.

mTORC1 consists of mTOR, and the evolutionarily 
conserved proteins, regulatory-associated protein of 

Figure 2.  Two mTOR complexes in activation of AGC kinases and cellular functions. In response to amino acids and growth factors, 
mTORC1 and mTORC2 phosphorylate several AGC kinases at conserved motifs in their carboxyl-terminal tail. Phosphorylation at these 
sites, in conjunction with PDK1 phosphorylation of the AGC kinase activation loop, confers optimal activities to these kinases. In turn, the 
activated AGC kinases could serve to positively or negatively regulate mTORC signaling to control various cellular functions as indicated. 
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mTOR (raptor) and mLST8 (also called GβL) (Hara et al., 
2002, Loewith et al., 2002, Kim et al., 2002). Other less-
conserved proteins have also been found associated 
with mTORC1 including PRAS40 and Deptor (Kim et al., 
2003, Sancak et  al., 2007) (Figure 2). Raptor contains 
four internal HEAT repeats and seven C-terminal WD40 
repeats. Raptor association with mTOR is sensitive to the 
presence of rapamycin and nutrient status (Kim et  al., 
2002). It serves as a scaffold to bring substrates to mTOR 
without affecting the intrinsic catalytic activity of mTOR 
(Hara et al., 2002). Similar to the mTOR knockout (KO) 
mice, raptor KO mice die in the uterus, indicating that 
raptor is an essential gene (Guertin et al., 2006). Raptor 
is phosphorylated at multiple sites. It is phosphorylated 
by Rsk1/2 both in vivo and in vitro (Carriere et al., 2008). 
In response to mitogens, Rsk phosphorylates raptor 
at three sites, Ser719, Ser721, and Ser722, within a Rsk 
consensus motif upon activation of the Ras/MAPK path-
way (Carriere et al., 2008). Mutation of these sites to Ala 
significantly reduced mTORC1 activity without affecting 
the interaction of raptor with mTOR or mTORC1 sub-
strates. Thus, in addition to the Ras/MAPK/Rsk regula-
tion of TSC2 (Roux et al., 2004), Ras can directly signal to 
mTORC1 via the Rsk-mediated phosphorylation of rap-
tor although how these raptor phosphorylations modify 
mTORC1 activity is unclear at the moment. Raptor is also 
phosphorylated at Ser859 and Ser863 by mTOR, and the 
Ser863 phosphorylation can modulate mTORC1 activ-
ity (Wang et  al., 2009, Foster et  al., 2010). In addition, 
ERK1/2 was shown to directly phosphorylate raptor at 
Ser863 upon activation of the Ras/MAPK pathway sug-
gesting that the insulin/PI3K/Akt and Ras/MAPK path-
ways converge on raptor to control mTORC1 signaling 
via this phosphorylation (Carriere et  al., 2011). Other 
raptor phosphosites, such as Ser696, that positively regu-
late mTORC1 activity have also been identified includ-
ing sites that are mediated by the ERK1/2 MAPK (Foster 
et  al., 2010, Langlais et  al., 2011, Carriere et  al., 2011). 
During mitosis, raptor becomes hyperphosphorylated 
at sites including Ser696, Thr706, Ser722, Ser855, Ser859, 
Ser863, and Ser877 (Ramirez-Valle et  al., 2010). Mitotic 
raptor promotes mRNA translation by internal ribosome 
entry sites (IRES). Inhibitors of cdc2 and GSK3 pathways 
can block the mitosis-specific phosphorylation of rap-
tor, suggesting possible involvement of these kinases. 
mTORC1 can also be negatively regulated by phospho-
rylation of raptor by AMPK (Gwinn et al., 2008) and the 
autophagy regulator ULK1 (Dunlop et  al., 2011). Thus, 
several pathways can converge on mTORC1 to regulate 
its activity temporally and most likely spatially as well via 
phosphorylation of raptor.

mLST8 is also an essential protein made up entirely 
of seven WD40 repeats. Unlike raptor, it is found in both 
mTORC1 and mTORC2, and binds to the kinase domain 
of mTOR to stimulate mTOR catalytic activity although 
how it can do so is still unclear. It has been speculated 
that mLST8 may contribute to the stability and fold-
ing of the mTOR kinase domain (Guertin et  al., 2006). 

Alternatively, it may play a role in the recognition and 
recruitment of substrates to mTOR. The association 
of mLST8 with mTOR is insensitive to nutrients, but is 
required for the nutrient-sensitive interaction of raptor 
with mTOR. Whereas mLST8 is not essential for S6K1 
and 4E-BP1 phosphorylation, its ablation in mice abol-
ishes mTORC2 functions (Guertin et al., 2006). mTORC1 
additionally interacts with PRAS40, FKBP38 and Deptor 
to control the activity of mTORC1 under different 
growth conditions (Dunlop and Tee, 2009, Laplante and 
Sabatini, 2009).

mTORC1 activity is regulated by diverse stimuli such 
as amino acid availability, oxygen, energy and redox 
status, growth factors, mitogens and is acutely inhibited 
by rapamycin. In the presence of amino acids, small 
GTPases Rag (heterodimers of either RagA or RagB with 
either RagC or RagD) become active, bind to raptor and 
anchors mTORC1 at the surface of late endosomes and 
lysosomes (Sancak et  al., 2008). A protein complex, 
termed the Ragulator consisting of MAPK scaffold pro-
tein 1, p14, and p18, localizes Rag to these membrane 
compartments and subsequently promote the interaction 
between mTORC1 and Rheb, a small GTPase that posi-
tively regulates mTORC1 (Saucedo et  al., 2003, Sancak 
et al., 2008, Sancak et al., 2010). In contrast, growth fac-
tors induce mTORC1 activation via the PI3K-Akt signaling 
pathway. PI3K activation leads to PDK1 phosphorylation 
of Akt at Thr308 in the catalytic T-loop. Activated Akt then 
inactivates the tuberous sclerosis complex (TSC1/TSC2) 
proteins by phosphorylation of TSC2, which functions 
as a GTPase-activating protein (GAP) for Rheb. Precisely 
how TSC2 phosphorylation by Akt inhibits TSC function 
remains controversial and several models have been 
proposed including altered TSC2 subcellular localiza-
tion and protein stability (Huang and Manning, 2008). 
Inhibition of TSC allows the active, GTP-bound form of 
Rheb to interact with mTORC1 to stimulate its activity 
(Manning and Cantley, 2003). The cellular energy level, as 
determined by intracellular ATP/ADP ratio, also controls 
mTORC1 activity via modulation of TSC. A reduction in 
ATP intracellular concentration activates AMPK, which 
also phosphorylates TSC2 but in contrast to the Akt 
mediated TSC2 phosphorylation, the AMPK mediated 
phosphorylation reduces the GTP-bound form of Rheb, 
leading to the inhibition of mTORC1 activity (Inoki et al., 
2003b, Shaw et al., 2004). Similarly, oxygen availability can 
also regulate mTOR function. Under hypoxic conditions, 
a concomitant decrease in ATP leads to AMPK activa-
tion. Alternatively, hypoxia can inhibit mTORC1 activity 
by enhancing the expression of DNA damage response 
1 (REDD1). REDD1 inhibits mTORC1 by causing TSC2 
to dissociate from 14 to 3-3 proteins and enhancing its 
ability to block Rheb (Brugarolas et  al., 2004, DeYoung 
et al., 2008). Cellular redox status also regulates mTORC1 
activity. Cysteine oxidants can enhance mTORC1 signal-
ing despite the absence of amino acids (Sarbassov and 
Sabatini, 2005). It has been postulated that mTOR or an 
mTORC1 component can sense redox potential (Dames 
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et  al., 2005, Sarbassov and Sabatini, 2005). GRp58/
ERp57, an mTORC1 interactor and a disulfide isomerase, 
may also sense redox status to regulate mTORC1 signal-
ing (Ramirez-Rangel et al., 2011). The TSC complex and 
Rheb appear to mediate the redox-sensitive mTORC1 sig-
naling (Yoshida et al., 2011). Mitogens can also increase 
mTORC1 activity via phospholipase D1 (PLD1) (Sun and 
Chen, 2008). PLD can promote the hydrolysis of phos-
phatidylcholine to generate phosphatidic acid (PA). PA 
can associate with the FRB domain of mTOR, compete 
with binding of FKBP12-rapamycin to this region, and 
enhances mTORC1 signaling. How PA activates mTOR 
remains obscure but recent studies demonstrate that 
TSC, via Rheb, is an upstream regulator of PLD (Sun 
et al., 2008). Thus in mammals, several pathways convey 
the growth and nutritional signals to mTORC1 via regula-
tion of TSC1/TSC2.

Mammalian TORC2 contains the conserved core 
components rictor, Sin1 and mLST8 and also the less-
conserved proteins PRR5/Protor, PRR5L (Pearce et  al., 
2007, Woo et al., 2007, Thedieck et al., 2007) and Deptor 
(Peterson et  al., 2009). Rictor lacks known common 
motifs but contains a C-terminus that is conserved 
among vertebrates. Sin1 is another conserved adaptor 
protein with at least five isoforms due to alternative splic-
ing of a single gene (Cheng et al., 2005, Frias et al., 2006). 
The two longest isoforms contain a pleckstrin homology 
(PH) like domain that has been shown to bind lipids and 
membranes, and a Ras binding domain (RBD) that can 
bind activated Ras (Schroder et al., 2007). At least three 
distinct mTORC2 complexes could be formed indepen-
dently by three of these isoforms, but unique functions 
for each of the isoforms in mTOR signaling in vivo remain 
to be fully characterized.

Protor/PRR5 associates with rictor even under 
mTORC2-disrupted conditions. The expression of PRR5 
is also regulated by rictor. In some cancers such as col-
orectal and breast carcinomas, protor mRNA levels were 
found elevated (Johnstone et  al., 2005). Deptor con-
tains two DEP (disheveled, egl-10, pleckstrin) domains 
and a PDZ (postsynaptic density 95, discs large, zonula 
occludens-1) domain (Peterson et al., 2009). It interacts 
at the vicinity of the N-terminal portion of the mTOR 
kinase domain and is associated with either mTORC1 
or mTORC2. Deptor expression is regulated by both 
mTORCs at the transcriptional and post-translational 
level. Loss of Deptor activates mTORC kinase activities, 
indicating that it negatively regulates both mTORCs. 
However, Deptor is found to be highly overexpressed in 
a subset of multiple myelomas and that this overexpres-
sion maintains PI3K and Akt activation, suggesting that 
in these cancers, the overexpressed Deptor can activate 
mTORC2 signaling.

The stability and integrity of mTORC2 depends on both 
rictor and Sin1. Deficiency in rictor attenuates Sin1 levels 
and vice versa, whereas the level of mTOR is unaffected 
(Jacinto et al., 2006, Guertin et al., 2006, Yang et al., 2006, 
Frias et al., 2006). The tight interaction of rictor and Sin1 

suggests they require each other for stability (Yang et al., 
2006). However in established cell lines, such regulation 
appears lost since abundant rictor levels are observed in 
immortalized Sin1 deficient MEFs (Jacinto et  al., 2006, 
Facchinetti et al., 2008). Deficiency in mLST8 impairs the 
association of rictor with mTOR but does not affect rap-
tor and mTOR (Guertin et al., 2006) nor rictor and Sin1 
association (Garcia-Martinez and Alessi, 2008). Thus, 
mLST8 may not be required for protein stability of rictor 
and Sin1. The rictor and Sin1 that associates with mTOR 
appears phosphorylated suggesting that their interaction 
with mTOR could be regulated and mTOR itself or yet to 
be determined kinases may phosphorylate them (Yang 
et al., 2006, Akcakanat et al., 2007).

Rictor is also a phosphoprotein and up to 37 potential 
phosphosites that mostly reside in the C-terminal half 
of rictor were identified (Dibble et al., 2009, Julien et al., 
2010, Treins et al., 2009). One of these sites, Thr1135, that 
lies within an AGC kinase recognition motif, is phospho-
rylated by S6K1 and binds 14-3-3 proteins when phos-
phorylated (Dibble et al., 2009, Julien et al., 2010, Treins 
et al., 2009). Phosphorylation of Thr1135 is amino acid-, 
and growth factor-regulated, and is acutely sensitive to 
rapamycin but does not affect mTORC2 assembly nor 
in vitro kinase activity. Expression of a Thr1135 to Ala 
mutant does not significantly alter the growth factor-
dependent phosphorylation of Akt at Ser473, nor does it 
affect other mTORC2 targets such as SGK1, conventional 
(c) PKCα, and Akt-Thr450 phosphorylation (Dibble et al., 
2009, Julien et al., 2010, Treins et al., 2009, Boulbes et al., 
2010). Since rictor Thr1135 phosphorylation is not abol-
ished in Sin1-null murine embryonic fibroblasts (MEFs), 
this suggests that it may involve an mTORC2-indepen-
dent function of rictor (Boulbes et  al., 2010). Indeed, 
Thr1135 was recently shown to be likewise phosphory-
lated by AGC kinases Akt and SGK1 in addition to S6K, 
and such phosphorylation disrupted the interaction of 
rictor with cullin-1 and reduced the ability of the rictor/
cullin complex to ubiquitinate and degrade SGK1 (Gao 
et al., 2010). This rictor/cullin E3 ligase activity appeared 
to be independent of mTORC activity. Rictor may also 
be phosphorylated and regulated by non-AGC kinases 
as it was found to associate with integrin-linked kinase 
(ILK) (McDonald et al., 2008), and was phosphorylated 
at Ser1235 by GSK3β during endoplasmic reticulum (ER) 
stress (Chen et  al., 2011). The Ser1235 phosphorylation 
interfered with Akt-mTORC2 binding and mTORC2 
downstream signaling. Thus, numerous cellular inputs 
can converge on rictor to regulate mTORC2 activity.

Sin1 is also likely phosphorylated but the identity 
of the phosphosites remains to be determined. Whether 
AGC kinases are involved in phosphorylating Sin1 is also 
unclear. Based on mobility shift on SDS-PAGE gels, it 
was suggested that hypophosphorylated Sin1 may have 
low affinity for mTOR (Yang et  al., 2006) but could still 
bind rictor (Rosner and Hengstschlager, 2008). Sin1 also 
associates with other proteins independently of mTOR 
and rictor. Remarkably, these proteins are involved 
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in stress responses including ras, MEKK2, JNK, p38, 
ATF2, and the stress-related cytokine receptors IFNAR2, 
TNFR1 and TNFR2 (Schroder et  al., 2007, Cheng et  al., 
2005, Makino et  al., 2006, Schroder et  al., 2005, Ghosh 
et al., 2008). Whether such interactions could impact the 
mTORC2-dependent functions and regulation remains 
to be investigated.

TOR complexes can also undergo further oligomeriza-
tion. Cryo-electron microscopy confirmed that mTORC1 
forms a dimer (Yip et  al., 2010). The dimerization state 
is sensitive to nutrients, but insensitive to growth fac-
tors (Zhang et al., 2006b, Takahara et al., 2006). In yeast, 
TORC2 is oligomeric and likely forms TORC2-TORC2 
dimers (Wullschleger et al., 2005) but there are conflicting 
reports as to whether mTORC2 can form dimers/multim-
ers (Takahara et al., 2006, Frias et al., 2006). Dimerization 
may facilitate inter- and intramolecular phosphorylation 
of other complex components or substrates.

In addition, other factors that are not unique to mTOR 
complexes have been reported to affect mTORC activity 
or assembly. For instance, Hsp70 interacts with rictor 
and its knockdown reduces rictor level as well as mTOR-
rictor interaction, resulting in impaired mTORC2 forma-
tion and activity (Martin et al., 2008). The maturation and 
assembly of mTORCs was also shown to be dependent on 
Tel2 and Tti (Takai et al., 2007, Kaizuka et al., 2010). Hsp90 
was shown to mediate the formation of both TORCs, 
as well as other PIKKs (Horejsi et  al., 2010, Takai et  al., 
2010). Whether mTORC signaling can be modulated by 
these interactors remains to be examined.

Chronic exposure to rapamycin, which binds to mTOR 
as part of mTORC1, also reduces mTORC2 levels in many 
cell lines resulting in attenuation of phosphorylation of 
Akt, possibly by preventing de novo assembly of mTORC2 
(Sarbassov et al., 2006). Under this condition, rictor and 
Sin1 levels are not perturbed, perhaps due to undis-
rupted interaction between rictor and Sin1. The mTOR 
inhibitors that target the active site, such as Torin1, have 
no effect on the stability of either mTORC1 or mTORC2 
(Thoreen et al., 2009).

The prototypical AGC kinases

The AGC kinase family, whose 63 members in the human 
genome share high homology (roughly 40% sequence 
identity) in their kinase domain, belongs to the con-
ventional eukaryotic protein kinases (ePKs) (Gold et al., 
2006). AGC kinases are Ser/Thr kinases and are known to 
play key roles in multiple important intracellular signal-
ing pathways. The prototypical kinase structure was first 
resolved using an AGC kinase, the cAMP-dependent pro-
tein kinase (PKA) (Taylor et al., 2008). The X-ray structure 
of PKA revealed a bilobal architecture (N and C lobes) 
that is common to all protein kinases. Activation of AGC 
kinases, like other protein kinases, involves conforma-
tional changes in the key regulatory C-helix in the N-lobe 
(Biondi and Nebreda, 2003). Phosphorylation of an AGC 
kinase at the activation loop (T-loop) either by itself or by 

another AGC kinase, PDK1, confers optimal conforma-
tion for substrate binding. The C-terminal tail (C-tail) of 
AGC kinases, a hallmark of this kinase family, repositions 
the C-helix via phosphorylation regulation (Kannan 
et al., 2007). The C-tail consists of three segments: N-lobe 
tether (NLT) that includes the hydrophobic motif (HM), 
C-lobe tether (CLT) that interacts with the C-lobe and 
the interlobe linker connecting the N and C lobes, and 
the active-site tether (AST) that interacts with the ATP 
binding pocket (Kannan et al., 2007). The C-tail serves as 
a docking site for trans-acting factors, in addition to its 
cis-acting function, and is thereby essential for acquiring 
optimal conformation and activity.

The HM plays a pivotal role in regulating AGC kinase 
activity. Based on the PKA structure, the HM folds back 
into a hydrophobic pocket in the N-lobe. The HM is 
present in most AGC kinases (with the notable excep-
tion of PDK1) and contains a Ser/Thr residue that may 
or may not be phosphorylated. Phosphorylation of this 
conserved residue is important in regulating some AGC 
members whereas a phosphomimetic residue is found in 
other AGC kinases. In the absence of a phosphorylatable 
residue or if the HM is truncated, the AGC kinase adopts 
other mechanisms for additional regulation (Gold et al., 
2006). When phosphorylated, the HM serves as the dock-
ing site for PDK1, which phosphorylates the T-loop and 
consequently activates the AGC kinase.

Another highly conserved motif in the C-tail of AGC 
kinases that precedes the HM is the turn motif (TM). One 
or more phosphorylated or phosphomimetic residues are 
nestled in this motif in most of the AGC kinases (Newton, 
2003). The phosphorylated residue sits at the apex of a 
tight turn in PKA, hence the name. The structures of 
PKA and PKCɩ hint that the TM phosphorylation can 
stabilize the active conformation of the kinase domain 
by anchoring the C-terminus on top of this domain 
(Messerschmidt et  al., 2005). Molecular remodeling, 
genetic and biochemical studies of the AGC kinases Akt 
and conventional PKCs reveal that the TM phosphoryla-
tion promotes the association between the C-tail and the 
kinase domain, which stabilizes the newly synthesized 
Akt and cPKC. This mode of regulation is likely shared 
by a number of other AGC kinases (Hauge et  al., 2007, 
Facchinetti et al., 2008).

A conserved sequence motif (PXXP; where P is Pro 
and X is any amino acid) that is not phosphorylated lies 
within the CLT (Kannan et al., 2007). Initial studies show 
that this motif acts as an SH3 binding site in Akt (Jiang 
and Qiu, 2003). In PKC, sequences adjacent to this motif 
are important for binding Hsp90, which plays a role in 
the maturation of the protein kinase (Gould et al., 2009). 
Given the high conservation of this motif and Hsp90 
binding to several AGC kinases, this motif along with 
Hsp90 could play a role in kinase maturation and/or sus-
taining kinase activity.

The AGC kinase domain displays high homology 
between members of this family. Not surprisingly, there 
is significant overlapping substrate specificity among 
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these kinases. For instance, the minimal substrate rec-
ognition sequence for Akt was determined as RXRXXS/
TB where X is any amino acid and B is a bulky hydropho-
bic residue (Alessi et al., 1996b). However, this sequence 
is also recognized by SGK, S6K and Rsk. As these AGC 
kinases also have their preferred substrates, the com-
mon minimal recognition sequence suggests that 
additional substrate determination factors are utilized 
by different AGC kinases. In PKC, the consensus motif 
was determined earlier to be RXXS/TXRX but a more 
detailed analysis has revealed further specific sequence 
preference among different PKC isozymes (Nishikawa 
et al., 1997).

The AGC kinases contain divergent sequences outside 
the catalytic domain and C-tail, hence adding another 
layer of specificity in their regulation and function. 
They could be regulated at different levels such as by 
transcription, post-translational modification, subcel-
lular localization, protein stability, and protein–protein 
interaction.

Phosphorylation of AGC kinases by mTOR

S6K
S6 kinase (S6K) was the first rapamycin-sensitive target 
of mTOR to be identified (Pearson et  al., 1995, Burnett 
et al., 1998). S6K is phosphorylated by mTORC1 and its 
activity is potently inhibited by rapamycin (Kim et  al., 
2002, Choo et al., 2008). There are two S6K homologues 
in mammals, S6K1 and S6K2, with divergent N- and 
C-terminal regulatory sequences (Fenton and Gout, 
2011). S6K contains a TOR signaling (TOS) motif in 
the N-terminus, a conserved five amino acid sequence 
(FDIDL) that is essential for S6K activation by mTOR 
(Schalm and Blenis, 2002). Truncation of the N-terminus 
including the TOS motif prevents S6K1 activation by 
mTOR. The kinase domain is followed by a linker domain 
that includes the TM and HM. At the end of the C-tail 
is an autoinhibitory pseudosubstrate domain that is 
unique to S6K among AGC kinases. Like most other AGC 
kinases, the T-loop of S6K is phosphorylated by PDK1. 
However, T-loop phosphorylation occurs only when a 
cluster of Ser/Thr residues in the C-terminal regulatory 
domain are also phosphorylated. Although the kinase(s) 
that phosphorylates these sites in vivo remain to be 
identified, proline-directed kinases including ERK1/2, 
JNK1/2 and CDK1 can mediate phosphorylation in vitro 
(Mukhopadhyay et al., 1992).

S6K is phosphorylated at Thr389 of the HM and 
Ser404 of the linker domain (Pullen and Thomas, 1997). 
Both sites are highly sensitive to rapamycin treatment. 
Phosphorylation of the HM site of S6K1 was shown to 
occur only after sequential phosphorylation of the TM site 
followed by the T-loop (Keshwani et al., 2011). Previous 
studies have demonstrated that the phosphorylated HM 
serves as a PDK1 docking site to enhance T-loop phos-
phorylation (Biondi et al., 2001). Knockdown of mTORC1 
components leads to defective HM site phosphorylation 

(Kim et  al., 2002). In vivo, the adipose tissue-specific 
knockout (KO) of mTORC1 component raptor led to 
defective Thr389 phosphorylation and shared similar 
phenotype with germline KO of S6K, highlighting the 
importance of mTORC1 in S6K regulation (Polak et  al., 
2008). Phosphorylation of the HM site has become a 
marker for mTORC1 activation and plays a role in cell 
growth (Fenton and Gout, 2011).

S6K is also phosphorylated at seven other residues 
with a Ser/Thr-Pro motif. The TM Ser371 is one of these 
sites and has been shown to be phosphorylated consti-
tutively prior to the T-loop and HM site (Keshwani et al., 
2011). Its phosphorylation has also been reported to be 
mitogen-inducible, and like the HM and T-loop phos-
phorylation, is required for kinase activity (Saitoh et al., 
2002). Although the S6K TM is phosphorylated by mTOR 
in vitro, there are conflicting reports as to whether this 
phosphorylation is rapamycin-sensitive (Saitoh et  al., 
2002, Moser et al., 1997, Shah and Hunter, 2004, Schalm 
et  al., 2005). Whereas the loss of the mTOR inhibitors 
TSC1 or TSC2 led to hyperphosphorylation of Thr389 and 
the T-loop site Thr229, TM site (Ser371) phosphorylation 
was not significantly altered (Shah and Hunter, 2004). 
These findings suggest that the HM and TM sites in S6K 
may be differentially regulated.

Four other phosphorylation sites (Ser411, Ser418, 
Thr421, and Ser424) situated in the autoinhibitory 
domain of S6K contain a Pro residue at the +1 position 
and a hydrophobic residue at the−2 position (Pullen 
and Thomas, 1997). Phosphorylation of these sites is 
induced upon serum stimulation and is rapamycin 
sensitive indicating that they are mTORC1 targets. Loss 
of either TSC1 or TSC2 increased the basal phospho-
rylation of Ser411 but not the adjacent Ser421/Ser424 
(Shah and Hunter, 2004). Both PDK1 and NEK6/7 also 
promote phosphorylation of Ser411 (Ser412 in human) 
(Balendran et al., 1999b, Belham et al., 2001). Mutation 
of these sites to Ala suppresses S6K activation. Deletion 
of the autoinhibitory region or mutation of all four resi-
dues into acidic residues reverse the inhibitory effect of 
N-terminal truncation of S6K1 resulting in its activation 
(Dennis et al., 1996, Cheatham et al., 1995, Weng et al., 
1995). This active S6K1 mutant becomes rapamycin-
insensitive and appears to depend on mTORC2 for T389 
phosphorylation under this non-physiological condition 
(Ali and Sabatini, 2005). It is interesting to note that this 
autoinhibitory region is unique to S6K and could confer 
mTORC1 specificity.

Although it is well established that the HM site of S6K 
is regulated by mTORC1, other kinases such as PDK1, and 
S6K itself have been implicated in the phosphorylation of 
this motif (Balendran et al., 1999a, Romanelli et al., 2002). 
Atypical PKC has also been reported to enhance S6K 
activation (Romanelli et  al., 1999). As discussed below 
for Akt and PKC, the HM site can be autophosphorylated 
or trans-phosphorylated by other kinases. The functional 
significance of the non-mTOR mediated versus the 
mTOR-mediated HM phosphorylation is still unclear.
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Akt/PKB
Akt/PKB (protein kinase B) plays numerous roles in cell 
proliferation, survival, motility, growth, and differentia-
tion. Abnormal Akt activation has been widely associated 
with many diseases such as cancer. Akt phosphorylation 
and activation requires membrane translocation. Upon 
growth factor stimulation that activates PI3K to produce 
the lipid products PtdIns (3,4,5)P

3
 and PtdIns(3,4)P

2
, Akt 

is recruited to a membrane compartment by binding to 
the lipids via its PH domain. Akt is catalytically activated 
by phosphorylation of the T-loop at Thr308 by PDK1. A 
phosphomimetic at the Thr308 site showed diminished 
membrane association, suggesting a role of this phos-
phorylation for promoting dissociation of activated Akt 
from the membrane (Ananthanarayanan et al., 2007).

Phosphorylation at the T-loop site is insufficient for 
optimal reorganization of the catalytic site (Yang et  al., 
2002). Akt is also phosphorylated by mTORC2 at the 
conserved motifs in the C-tail including the TM site 
Thr450 and the HM site Ser473 (Facchinetti et al., 2008, 
Ikenoue et  al., 2008, Sarbassov et  al., 2005, Hresko and 
Mueckler, 2005, Jacinto et  al., 2006, Shiota et  al., 2006, 
Guertin et  al., 2006). HM site phosphorylation, which 
increases the binding affinity of the HM to the hydro-
phobic groove in the catalytic center, allosterically acti-
vates Akt. In mTORC2-disrupted cells such as Sin1−/-, 
rictor−/-, or mLST8−/- MEFs, Akt HM phosphorylation 
becomes abrogated (Jacinto et  al., 2006, Shiota et  al., 
2006, Guertin et al., 2006). However, Akt in the mTORC2 
deficient MEFs undergo T-loop phosphorylation, some-
times even slightly enhanced, demonstrating that Akt 
HM phosphorylation is not a prerequisite for the PDK1-
mediated T-loop phosphorylation in this particular AGC 
kinase (Jacinto et al., 2006). HM site phosphorylation is 
robustly induced by stimuli such as growth factors/hor-
mones (Alessi et al., 1996a) and depending on starvation 
conditions, amino acids as well (Tato et  al., 2011). HM 
phosphorylation requires the recruitment of Akt to the 
plasma membrane via its PH domain. This would imply 
that mTORC2 and Akt would colocalize at the membrane. 
Indeed, mTORC2 has been localized to membrane com-
partments (Liu and Zheng, 2007, Hresko and Mueckler, 
2005). Recently, mTORC2 was shown to be recruited to 
lipid rafts in a syndecan-4 and PKCα-dependent manner 
in endothelial cells for Akt activation (Partovian et  al., 
2008). Consistently, we and others have also found that 
the long isoforms of Sin1α and Sin1β are also localized 
to the plasma membrane (B. Su, unpublished results) 
(Schroder et al., 2007).

Akt HM site phosphorylation not only allosteri-
cally activates Akt but also leads to increased specific-
ity towards its many substrates including FoxO1/3. In 
mTORC2-deficient MEFs in which the HM phosphoryla-
tion is absent, FoxO1/3 phosphorylation becomes defec-
tive whereas other Akt substrates such as GSK3 and TSC2 
remain phosphorylated (Jacinto et  al., 2006, Guertin 
et  al., 2006). These findings suggest that HM phospho-
rylation by mTORC2 may confer substrate specificity to 

Akt. Alternatively, other related AGC kinases that do not 
depend on mTORC2 for activation may compensate for 
the loss of Akt activity to phosphorylate these substrates. 
However, the effect of mTORC2 deficiency on the AGC 
kinase substrates may be cell type specific since in Sin1-
deficient embryos or Sin1-deficient B cells, the extent 
and kinetics of TSC and S6K phosphorylation were also 
impaired in addition to the FOXO1/3a phosphorylation 
(A. Lazorchak and B. Su, unpublished data). In addition 
to positively regulating Akt activity and specificity, Akt 
HM phosphorylation can also negatively regulate the 
levels of active, phosphorylated Akt through K48-linked 
ubiquitination and proteasome degradation (Wu et  al., 
2011). This would serve to terminate Akt signaling and 
thus prevent overactivation of this pathway that can lead 
to tumor development. Given that Akt is a highly stable 
protein with numerous targets and cellular functions, this 
mode of regulation would allow cells to downregulate a 
specific branch of Akt signaling without having impact 
on the overall Akt functions, thus providing another layer 
of specificity in regulation.

Phosphorylation of the HM site has been shown to 
be elevated in a number of cancers, indicating that the 
regulation of Akt by mTORC2 could play a significant role 
in cancer progression. In mouse genetic and xenograft 
studies, development of prostate cancer caused by PTEN 
deletion is dependent on mTORC2 (Guertin et al., 2009). 
When several cancer cells were treated with rapamycin 
for prolonged periods, a subset of these cell types have 
attenuated HM phosphorylation that correlated with 
disruption of mTORC2 (Sarbassov et  al., 2006). Why 
other cancer cells remain insensitive to this treatment 
is not clear but other protein kinases have been linked 
to phosphorylation of the HM site and could therefore 
phosphorylate the HM under specific cellular conditions. 
Other kinases that could phosphorylate the HM include 
the double-stranded DNA-dependent protein kinase 
(DNA-PK), ataxia telangiectasia mutated (ATM) gene 
product, integrin-linked kinase (ILK), TANK-binding 
kinase 1 (TBK1) (Bozulic et al., 2008, Viniegra et al., 2005, 
Persad et al., 2001, Xie et al., 2011, Ou et al., 2011, Joung 
et  al., 2011) and protein kinase C alpha (PKC alpha) 
(Dong and Liu, 2005). Thus, abrogation of HM phospho-
rylation accompanied by disruption of mTORC2 could 
serve as good biomarkers for tumors that can respond to 
mTOR inhibitors.

Akt TM site phosphorylation is highly dependent on 
mTORC2 but its regulation is distinct from that of the 
HM. The TM was undetected in the early crystal structure 
of Akt2 (Yang et  al., 2002) and its phosphorylation was 
demonstrated to be constitutive (Alessi et  al., 1996a), 
hence its significance was unclear for quite a long time. 
Its phosphorylation is an early event in the processing 
of Akt leading to T-loop and HM site phosphorylation 
(Bellacosa et  al., 1998). The HM and TM phosphoryla-
tion for a number of the AGC kinases was reported to 
play cooperative roles in enhancing kinase activity 
(Hauge et  al., 2007). Using Sin1−/- or rictor−/- MEFs, TM 
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site phosphorylation of Akt and cPKC has been shown 
to absolutely require mTORC2 (Facchinetti et  al., 2008, 
Ikenoue et al., 2008). When a myristylated form of Akt in 
mTORC2-disrupted cells was expressed, TM phosphory-
lation remained absent, whereas HM phosphorylation is 
partially restored (Facchinetti et al., 2008). Most striking 
difference between the HM and TM site phosphoryla-
tion is the inducibility of HM site phosphorylation upon 
growth factor stimulation. In contrast, TM site phospho-
rylation is largely unaffected by withdrawal of growth cues 
and inhibition of PI3K and other kinases. Thus, TM site 
phosphorylation is quite stable (Facchinetti et al., 2008, 
Feldman et al., 2009). These initial findings presented a 
puzzle since they would suggest that mTORC2 regulates 
phosphorylation of these two sites under different condi-
tions. Indeed, more recent findings revealed that the TM 
site is controlled by mTORC2 exclusively during transla-
tion. Phosphorylation of the Akt TM site by mTORC2 is a 
one-off event that occurs during the synthesis of nascent 
Akt while the polypeptide is still attached to the ribosomes 
(Oh et al., 2010). It is therefore not surprising that upon 
mTORC2 inhibition TM phosphorylation is absent only in 
newly synthesized Akt. The association of mTORC2 with 
ribosomal proteins that line the rim of the ribosomal exit 
tunnel further supports that mTORC2 could phospho-
rylate this site as it emerges from the tunnel. TM phos-
phorylation serves as an anchor for the C-tail to attach to 
the kinase domain and is therefore vital for Akt stability, 
and perhaps also modulates the conformation of active 
Akt when the HM site is also phosphorylated (Facchinetti 
et al., 2008, Hauge et al., 2007). The lack of TM phospho-
rylation causes cotranslational ubiquitination of nascent 
Akt (Oh et al., 2010). A slight but consistent reduction of 
Akt expression was observed in mTORC2-deficient cells 
but remarkably, Akt levels were rapidly downregulated 
upon inhibition of the folding chaperone Hsp90 suggest-
ing that Hsp90 was able to rescue substantial amount of 
Akt that is not phosphorylated at the TM site (Facchinetti 
et al., 2008, Ikenoue et al., 2008). Phosphorylation at this 
site was also proposed to negatively regulate T-loop phos-
phorylation although the mechanism is obscure (Hiraoka 
et al., 2011). TM phosphorylation is likely solely mediated 
by TORC2 from yeast to man, and well conserved during 
evolution (Kamada et al., 2005, Facchinetti et al., 2008).

PKC
There are three classes of PKC (protein kinase C) in 
mammals: the conventional (c)PKC that includes α, β1, 
βII, and γ; the novel PKC (nPKC) that consists of δ, ε, θ, 
and η/Ʌ; and the atypical PKC (aPKC) that comprises ζ 
and ι/λ (Newton, 2003, Cameron et al., 2007). Members 
of the PKC family have overlapping substrate specificities 
with a variety of cellular functions but appears to primar-
ily control the spatial distribution of signals (Rosse et al., 
2010). Like other AGC kinases, the T-loop site of PKC is 
phosphorylated by PDK1 but this phosphorylation is 
constitutive and does not require phosphoinositides 
(Sonnenburg et al., 2001).

HM phosphorylation at Ser657/660 of PKCα/βII is 
constitutive and was shown to be an autophosphorylation 
event (Behn-Krappa and Newton, 1999). Knockdown of 
rictor diminished cPKCα HM site phosphorylation, sug-
gesting that this phosphorylation also requires mTORC2 
(Sarbassov et al., 2004). In mTORC2-disrupted cells, cPKC 
expression was dramatically reduced and although HM 
phosphorylation was also severely diminished, it was not 
abolished (Ikenoue et al., 2008, Facchinetti et al., 2008). 
Interestingly, deletion of raptor in rictor null muscle cells, 
which rescued the expression of cPKCα, also restored 
the cPKCα HM site phosphorylation (Bentzinger et  al., 
2008). Thus, HM site phosphorylation is closely linked 
to cPKC expression. Indeed, phosphorylation of the HM 
site is important for cPKC maturation and stability and 
depends on interactions with Hsp90 (Gould et al., 2009). 
It is noteworthy that the TORC2-dependent constitutive 
phosphorylation of sites in mammalian Akt and cPKC 
along with yeast PKC1 is crucial for kinase maturation and 
stability (Facchinetti et al., 2008, Oh et al., 2010, Ikenoue 
et  al., 2008, Newton, 2010). Thus, stabilization of these 
AGC kinases via constitutive phosphorylation could be 
a primitive function of TORC2 that has been conserved 
from yeast to mammals.

In contrast to HM site phosphorylation, phospho-
rylation of the TM (Thr638/641 of PKCα/βII) sites of all 
conventional PKC (cPKC) and some novel PKCs (nPKC) 
requires mTORC2 and is insensitive to rapamycin 
(Facchinetti et  al., 2008, Sarbassov et  al., 2004, Ikenoue 
et  al., 2008, Lee et  al., 2010). Thus, TM site phosphory-
lation was completely abrogated in mTORC2-deficient 
cells (Facchinetti et  al., 2008, Ikenoue et  al., 2008). In 
vitro studies have shown that TM phosphorylation plays 
a role in the stabilization of the protein (Bornancin and 
Parker, 1996). Molecular modeling revealed that the TM 
phosphorylation of PKC induces a closed conformation 
and contributes to PKC stabilization (Hauge et al., 2007, 
Facchinetti et al., 2008). Thus, the lack of TM phospho-
rylation could account for the decreased PKC protein 
levels. Consistently, mutation of the TM site specifically 
increased the binding of cPKC to the folding chaperone 
Hsp70. This binding of Hsp70 to the TM-site mutant PKC 
stabilizes the protein and prolongs the signaling capac-
ity of the kinase (Gao and Newton, 2002). Furthermore, 
inhibition of Hsp90 led to rapid degradation of remain-
ing cPKC in mTORC2-disrupted cells. Why the absence 
of TM site phosphorylation has a more dramatic effect on 
cPKC but not Akt expression levels is unclear. Given that 
both Akt and cPKC are heavily dependent on chaperones 
for stability in the absence of TM phosphorylation, it is 
possible that they each have distinct modes of interaction 
with folding chaperones (Facchinetti et al., 2008, Ikenoue 
et al., 2008). Alternatively, it is also plausible that the cPKC 
levels may be attenuated at the level of transcription or 
translation in mTORC2-deficient cells. Although conven-
tional kinase assays failed to reconstitute PKC TM phos-
phorylation (Ikenoue et al., 2008), addition of mTORC2 
during in vitro translation of cPKC, enabled detection 
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phosphorylation at this site (Oh et  al., 2010). Whether 
this phosphorylation occurs cotranslationally, as in Akt 
TM site phosphorylation, remains to be investigated.

The activation of different PKC isoforms is followed 
by their degradation (Roffey et  al., 2009). Defects in 
downregulating PKC could lead to pathological condi-
tions. In cancer cells, elevated PKC levels have been 
observed. For example, increased PKCα expression in 
breast and ovarian cancer (Lahn et al., 2004) and upreg-
ulated PKCβ in diffuse large B cell lymphoma have been 
reported (Roffey et  al., 2009). In primary human glio-
blastoma tumors where EGFR is upregulated, increased 
PKCα but not Akt phosphorylation correlated with the 
EGFR levels, suggesting that inhibiting PKC could be 
an important therapeutic target in malignant glioma 
(Fan et al., 2009). It is not clear in this case what led to 
the increased PKCα phosphorylation although another 
study has shown that rictor levels and mTORC2 activity 
are elevated in glioma and glioblastoma cell lines (Masri 
et  al., 2007). Whether there is a correlation between 
the mTORC2 component levels and cPKC expression 
remains to be determined.

SGK
The serum- and glucocorticoid-induced kinases (includ-
ing SGK1, SGK2, SGK3), which display about 55% identity 
in the kinase domain with Akt, are stimulated by growth 
factors and are involved in the regulation of sodium 
homeostasis (Lang et  al., 2006, Tessier and Woodgett, 
2006). Like Akt, SGK1 is phosphorylated at the T-loop by 
PDK1 (Kobayashi and Cohen, 1999). There has been con-
troversy as to whether the HM site phosphorylation of 
SGK1 is mediated by mTORC1 or mTORC2. In melanoma 
and MCF7 cells, SGK1 HM phosphorylation is abolished 
upon rapamycin treatment implicating mTORC1 as the 
HM site regulator (Hong et al., 2008). Consistently, acti-
vation of SGK1 correlated with p27 phosphorylation, 
which is also rapamycin sensitive. However, another 
study showed that the SGK1 HM site phosphorylation 
was not rapamycin sensitive (Park et al., 1999). Notably, 
knockdown of rictor in melanoma cell lines appeared to 
decrease more p27-Thr157 phosphorylation and SGK1 
phosphorylation than knockdown of raptor (Hong et al., 
2008). The SGK1 HM site (Ser422) is phosphorylated by 
mTOR in vitro and in vivo. However, rapamycin did not 
abrogate this phosphorylation. Together with the find-
ing that the SGK1 HM site was not phosphorylated in 
mTORC2-deficient cells, these results point to mTORC2 
as the relevant kinase for the HM site (Garcia-Martinez 
and Alessi, 2008). In support of this, phosphorylation of 
the previously identified SGK1 substrate, NDRG1, was 
also abolished in mTORC2-disrupted cells. In addition, 
Protor-1/PRR5 functions as an adaptor or enhancer 
of mTORC2 activity to phosphorylate the HM of SGK1 
(Pearce et al., 2007). More recently, mTORC2 was dem-
onstrated to activate epithelial sodium channel (ENaC)-
dependent Na+ transport in kidney epithelial cells (Lu 
et al., 2010). Furthermore, SGK1 could interact specifically 

with mTOR-rictor, supporting the view that mTORC2 is 
essential for SGK1 activation and function.

SGK1/2 also contain conserved TM sites (Ser397 and 
Ser401 in SGK1). Phosphorylation of these sites is required 
for maximum SGK1 activity in response to growth factors 
and stress stimuli (Chen et al., 2009). Phosphorylation at 
these sites involves active Akt and WNK1 (with no lysine 
kinase 1), a kinase that is overexpressed in a rare form 
of hypertension (Chen et  al., 2009). Whether mTORC2 
is required for phosphorylation of these sites remains to 
be investigated. A potential mTORC2-target site would 
be Thr368 that is part of a Thr-Pro-Pro motif based on 
similarity with the sites recognized in Akt and cPKC and 
is conserved in SGK1-3. Whether mTORC2 is required 
for phosphorylation of these sites directly or indirectly 
would need to be verified.

SGK1 could also interact with Hsp90 and pharma-
cological inhibition of Hsp90 impairs phosphorylation 
of SGK1 (Belova et  al., 2008). Since the effect of Hsp90 
inhibition on PDK1 levels occur at much later time 
points than the acute dephosphorylation of SGK1 (Fujita 
et  al., 2002, Basso et  al., 2002), it is likely that optimal 
SGK1 conformation to allow HM site phosphorylation 
is affected upon Hsp90 inhibition. Whether Hsp90 may 
protect SGK1 from degradation in mTORC2 deficient 
cells is unclear.

SGK1 is a short-lived protein and its N-terminus con-
tains a hydrophobic degradation (HD)/PEST domain 
that mediates constitutive degradation via the ubiquitin-
proteasome pathway (Kobayashi et  al., 1999, Bogusz 
et  al., 2006). In contrary to Akt and cPKC, the expres-
sion of SGK1 is elevated in rictor null cells (Gao et  al., 
2010). Rictor, but not the other mTORC2 components, 
co-precipitates with Cullin-1 and is proposed to form a 
functional E3 ubiquitin ligase complex to degrade SGK1 
independent of mTOR. These studies indicate that SGK1 
expression, along with its activity, may be critically 
monitored by both mTOR dependent and independent 
mechanisms.

Phosphorylation of other mTOR regulators 
by AGC kinases

Many signaling molecules that control mTOR activity are 
also phosphorylated by the AGC kinases. Phosphorylation 
of the proline-rich Akt substrate of 40 kDa (PRAS40) at 
Ser246 by Akt relieves its inhibition of mTORC1 (Sancak 
et al., 2007, Vander Haar et al., 2007). Insulin stimulated 
Akt activation can also promote mTORC1 activity via 
direct phosphorylation and inhibition of TSC2, (Manning 
et al., 2002a, Inoki et al., 2002, Dan et al., 2002). Five phos-
phorylation sites in TSC2 with canonical Akt recognition 
motif are likely targeted by Akt (Huang and Manning, 
2008). Mutations of different combination of these sites 
to Ala blocked the Akt-mediated mTORC1 activation 
when these TSC2 mutants were overexpressed. How Akt 
inhibits the TSC1-TSC2 function to promote mTORC1 
activation is still not fully understood. Speculatively, 
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Akt-mediated phosphorylation could promote degrada-
tion of TSC proteins or disrupt the TSC1-TSC2 complex. 
In addition, binding to 14-3-3 of phosphorylated TSC 
was shown to alter TSC2’s subcellular localization thus 
serving as another potential Akt-dependent regulation of 
TSC1/2 function (Cai et al., 2006, Rosner et al., 2007).

TSC2 is also phosphorylated by Rsk, an AGC kinase 
that is activated by members of the extracellular signal-
regulated kinase (ERK)1/2. Rsk phosphorylates Ser1798 
and also overlaps with Akt in the phosphorylation of 
Ser939 and Thr1462 (Roux et al., 2004). Phosphorylation 
of TSC2 by Rsk at the above sites plus the ERK1/2-targeted 
sites Ser540 and Ser664, contribute to the ERK-mediated 
activation of mTORC1 signaling (Ma et al., 2005).

TSC2 is putatively phosphorylated also by PKC at 
Ser1364 based on phosphorylation profiling studies and 
the induction of this phosphorylation by phorbol esters 
(Ballif et  al., 2005). This phosphorylation was sensitive 
to a selective PKC inhibitor but is insensitive to a MAPK 
inhibitor, implicating PKC as the kinase instead of Rsk.

TSC1 is likely regulated by phosphorylation as well 
although it is not clear if there are AGC kinase-targeted 
sites. In Drosophila, Ser533 of dTSC1 is phosphorylated 
by dAkt. However this site is not conserved in mammals. 
Notably, flies expressing single dTsc1 mutant or dTsc1 
and dTsc2 double mutants that lack the dAkt phospho-
rylation sites, are viable and are normal in size (Schleich 
and Teleman, 2009), suggesting that dAkt may not be 
involved in regulating dTORC1 activity via the dTSC 
complex.

Another upstream regulator of mTORCs that is subject 
to regulation by numerous kinases including several AGC 
kinases is the insulin receptor substrate (IRS). IRS1, the 
extensively studied member of the IRS family of adaptor 
molecules, is tyrosine phosphorylated in response to insu-
lin, IGF-1 and cytokines (Taniguchi et al., 2006). Tyrosine 
phosphorylation recruits a number of SH2-containing 
proteins including PI3K. IRS1 is also phosphorylated 
potentially at over 70 Ser/Thr residues that either posi-
tively or negatively regulate insulin signaling (Gual et al., 
2005). Chronic hyperphosphorylation of Ser/Thr residues 
of IRS1 is linked to insulin resistance. It is suggested that 
serine phosphorylation may allosterically inhibit the 
interactions between IRS1 and the insulin receptor (IR), 
making IRS1 a poorer substrate for the IR; alternatively 
phosphorylation could initiate IRS1 degradation or pre-
vent IRS1 interaction with its downstream effectors.

IRS1 is phosphorylated within the phosphotyrosine-
binding (PTB) domain by Akt at several sites following 
insulin stimulation. Phosphorylation at these sites could 
either enhance or inhibit insulin signaling (Paz et  al., 
1999). S6K can phosphorylate Ser302 (human Ser307) in 
vitro and knockdown of S6K inhibits this phosphoryla-
tion (Harrington et al., 2004). S6K (as well as mTOR) has 
been shown to phosphorylate IRS1 on Ser612 and Ser632, 
both proximal to tyrosine residues that could promote 
binding of PI3K. In adipose tissues of various obese 
mice, activation of S6K correlates with elevated Ser632 

phosphorylation. This phosphorylation is abrogated 
in S6K1 null mice (Um et  al., 2004). S6K1 also directly 
phosphorylates Ser1101 in vitro. Phosphorylation of this 
site depends on insulin stimulation and is modulated by 
the presence of amino acids. Mutation of this residue to 
Ala led to increased insulin signaling to Akt despite the 
presence of phosphorylation at other insulin resistance-
associated sites (Ser307, Ser312, Ser636/639) (Tremblay 
et  al., 2007). However, in TSC2-deficient MEFs, there 
was no apparent elevation in Ser1101 phosphoryla-
tion despite increased S6K activation. This is probably 
because of constitutive activation of mTOR/S6K, which 
promotes hyperphosphorylation of IRS1 on other serine 
residues to consequently trigger IRS-1 degradation (Shah 
and Hunter, 2006).

Different PKC isoforms also contribute to insulin 
signaling and resistance. In the diabetic fat tissue the 
conventional cPKCβII, which display elevated expres-
sion and kinase activity, plays a role in the phosphoryla-
tion of IRS1 at Ser336 (Liberman et al., 2008). Knockout 
of cPKCβII show that this isoform is not essential for 
insulin-stimulated glucose transport and overall glucose 
homeostasis (Standaert et al., 1999). Another cPKC iso-
form, cPKCα, may also downregulate IRS1. Knockout 
of PKCα led to enhanced insulin signaling in skeletal 
muscles and adipocytes (Leitges et al., 2002). A possible 
site of phosphorylation by cPKCα is Ser24 based on bio-
informatics and biochemical analyses (Nawaratne et al., 
2006). Whether this site plays a role in insulin resistance 
remains to be validated.

The novel PKCs have also been implicated in impaired 
insulin signaling. Inhibition of nPKCε prevents insulin 
resistance in the liver (Samuel et  al., 2007). nPKCθ was 
also shown to inhibit insulin signaling via phosphoryla-
tion of IRS1 at Ser1101 (Li et  al., 2004). Furthermore, 
nPKCθ activity is higher in muscles from obese diabetic 
patients. nPKCδ phosphorylates Ser357. Phosphorylation 
of this site by active nPKCδ are important for the insulin-
induced Akt stimulation (Waraich et al., 2008). The atypi-
cal PKCs have been considered as positive modulators of 
insulin signaling, however more recent evidence suggest 
that they can also inhibit insulin signals. aPKCζ phospho-
rylates Ser318 of IRS1 and this phosphorylation decreases 
the tyrosine phosphorylation of IRS1 and interaction of 
IRS1 with the IR (Moeschel et al., 2004). Although some 
novel and atypical PKCs have been implicated in mTOR 
signaling (Lee et al., 2010, Leseux et al., 2008, Parekh et al., 
1999), whether they are directly phosphorylated by either 
mTORCs is unclear at the moment (Viniegra et al., 2005).

Another upstream regulator of mTORC1 that has been 
shown to be regulated by the AGC kinase Rsk is LKB1 
(Sapkota et  al., 2001). LKB1 is a serine/threonine pro-
tein kinase mutated in autosomal dominantly inherited 
Peutz-Jeghers syndrome (PJS), a disease characterized by 
increased risk of benign and malignant tumors in multiple 
tissues, harmartomatous polyps in the gastrointestinal 
tract, and mucocutaneous pigmentation (Katajisto et al., 
2007, Alessi et al., 2006). LKB1 regulates mTORC1 activity 
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by directly phosphorylating and activating the mTOR 
upstream inhibitor AMPK (Hawley et  al., 2003, Shaw 
et al., 2004, Woods et al., 2003). AMPK suppresses mTOR 
signaling in response to energy stress by phosphorylation 
of TSC2 and raptor (Shaw et al., 2004, Gwinn et al., 2008, 
Inoki et al., 2003a). In addition to Rsk, oncogenic B-RAF 
kinase also regulates LKB1 and inhibits its ability to bind 
to and phosphorylate AMPK in mediating the oncogenic 
activity of B-RAF (Zheng et al., 2009).

In addition to the AGC kinases, mTOR can itself phos-
phorylate signaling molecules that are proximal to growth 
factor receptors. As mentioned above, mTORC1 phos-
phorylates IRS-1 and this phosphorylation can downreg-
ulate insulin/IRS-1 signals (Tzatsos and Kandror, 2006). 
More recently, mTORC1 was demonstrated to phospho-
rylate growth factor receptor-bound protein 10 (Grb10) 
at multiple sites. Phosphorylation of Grb10 by mTORC1 
serves as a feedback mechanism to negatively regulate 
growth factor signaling (Hsu et al., 2011, Yu et al., 2011). 
More mTOR and AGC kinase targets that act as feedback 
regulatory mechanisms would likely emerge from these 
recent phosphoproteomic studies on mTOR substrates.

mTORC functions mediated by AGC kinases

The discovery of the AGC kinase recognition motif and 
the development of antibodies that recognize such 
motif have facilitated the identification of AGC kinase 
substrates. Phosphorylation of many AGC kinase sub-
strates has been shown to be dependent on the mTOR 
complexes. Here, we will discuss cellular functions 
that have been linked to mTOR and its regulation of 
AGC kinases and the AGC-kinase-dependent substrate 
phosphorylation.

Translation and folding
The function of mTORC1 in translation initiation is sup-
ported by its role in the phosphorylation and activation of 
S6K1 and 4EBP, two critical translation regulators. Early 
studies show that S6K1 (p70S6K/p85S6K) phosphorylates 
the 40S ribosomal protein (rp) S6 at several sites (Fingar 
and Blenis, 2004) (Table 2). The significance of this phos-
phorylation is currently controversial since neither S6K1 
activity nor phosphorylation of S6 is required to drive 
5′-terminal oligopyrimidine (TOP) translation (Ruvinsky 
and Meyuhas, 2006). While S6K1 may not directly regu-
late 5′-TOP translation, it may have other translation-
related functions. For example, it phosphorylates and 
activates the eukaryotic initiation factor 4B (eIF4B) at 
Ser422, a process that is sensitive to PI3K and mTOR 
inhibitors (Raught et  al., 2004, Proud, 2007). S6K1 also 
phosphorylates the elongation factor 2 kinase (eEF2K) 
at Ser366 (Wang et al., 2001) (Table 2). Phosphorylation 
of eEF2K inactivates its kinase activity towards eEF2 and 
consequently enhances elongation. Another mTORC1 
target, 4E-BP1 also functions in translation. Recent find-
ings suggest that whereas the mTORC1-mediated phos-
phorylation of 4E-BP1 promotes cell cycle progression, 
S6K1 phosphorylation is more closely linked to promo-
tion of cell growth (Dowling et al., 2010). The difference in 
regulation between these two mTORC1 substrates is also 
supported by findings that rapamycin can differentially 
inhibit the phosphorylation of these two proteins (Choo 
et al., 2008). Hence mRNA translation could be distinctly 
controlled by these two mTORC1 substrates.

S6K is also recruited to newly synthesized RNA by SKAR 
(S6K1/Aly/REF-like substrate) and promotes activation 
of the initiation complex through a series of phosphory-
lation events (Ma et al., 2008). S6K1 phosphorylates and 

Table 2.  Putative and known AGC kinase substrates of mTORC and non-mTORC.
Substrates Phosphorylation sites AGC kinases
mTOR RSRTRT2446DS2448YS S6K
 PESIHS2481FIGDG(*)KKLHVS1261TINLQ(**) S6K, (mTOR)ND

RaptorRictor RLRS719VS721S722YGRIRTLT1135EPSVD Rsk, S6KS6K, SGK, Akt
PRAS40elF4B RPRLNT246SDFRSRTGS422ESS AktS6K, Rsk
eEF2K RVRTLSS366GSR S6K, Rsk
p27Kip1FOXO1PDCD4GSK3aS6 KPGLRRRQT198RPRSCT24WPLRLRKNS67SRDS71 

GRGDS76VSRARTSS21FAERRRLS235S236LRAS240TSKS244E
Akt, Rsk, SGKAkt, 
RskS6KAkt, Rsk, S6KS6K

TSC2 RARSTS939LNE Akt, Rsk
 RCRSIS981VSE Akt
 RDRVRS1130MS1132GGH Akt
 RPRGYT1462ISD Akt, Rsk
 RKRLIS1798SVE Rsk
 RVVS1364SEGGRP PKC
IRS1 RKPKS24MHK PKCa
 RPRSKS265QS267SS S6K
 RSRTES302ITATS307PAS S6K
 GGKPGS318FRVR aPKCζ
 MSRPAS336VDGS cPKCβII
 RHRGS357SRL nPKCδ
 GYMPMS612PGVAGDYMPMS632PKSVRRRHSS1101ETF (H.S.) S6K, (mTOR)S6K, (mTOR)

S6K, nPKCθ
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promotes degradation of the tumor suppressor, PDCD4, 
an inhibitor of RNA helicase eIF4A (Dorrello et al., 2006). 
Together with the recruitment of eIF4B to eIF4A, the 
degradation of PDCD4 greatly enhances eIF4A helicase 
activity and facilitates 40S ribosomal subunit scanning to 
the initiation codon. Given these multiple roles of S6K in 
translation, it may seem puzzling why S6K null mice do 
not exhibit a more severe translation defect (Pende et al., 
2004). However, Rsk, another AGC kinase that shares a 
number of substrates with S6K, may compensate for the 
loss of S6K. Rsk phosphorylates eIF4B on Ser422, the 
same residue that is targeted by S6K (Shahbazian et al., 
2006). Rsk also phosphorylates rpS6 at Ser235/236 and 
promotes translation (Roux et al., 2007). It remains to be 
determined if the mTORCs may also regulate Rsk.

Akt and PKC also play roles in translation both directly 
or indirectly. cPKCβII may regulate translation via inter-
action with the scaffold protein RACK1 (receptor for 
activated protein kinase C), a component of the small 
ribosomal subunit which could recruit PKC to the trans-
lation machinery. Purified ribosomes harbor PKC activity 
and stimulation of PKC results in increased polysomes, 
suggesting that PKC can modulate translation (Grosso 
et  al., 2008a, Grosso et  al., 2008b). Indeed, cPKCβII 
phosphorylates eIF6, a protein proposed to regulate the 
joining of 40S and 60S subunits in the assembly of 80S 
ribosomes (Grosso et  al., 2008a). The role of cPKCβII 
in translation control was shown to be independent of 
mTORC1 (Grosso et al., 2008a). Whether mTORC2 may 
play a role in the cPKC-mediated function during trans-
lation needs to be further elucidated.

Although numerous studies have largely focused on 
the rapamycin-sensitive and -insensitive functions of 
mTORC1 in protein translation (Ma and Blenis, 2009, 
Sonenberg and Hinnebusch, 2009), mTORC2 is emerg-
ing as a player in this process. Using inhibitors target-
ing mTOR active site, thus blocking both mTORC1 and 
mTORC2, more severe impairment of protein synthesis 
as compared to rapamycin treatment was observed 
(Yu et  al., 2009). For example, OSI-027, an inhibitor of 
mTORC1 and mTORC2, decreased the assembly of poly-
somal complex in rapamycin-insensitive leukemia cells 
(Carayol et al., 2010). OSI-027 also impaired mRNA trans-
lation, suppressed proliferation, and induced apoptosis, 
resulting in antileukemic responses. PP242, another 
mTOR active site inhibitor also impaired translation 
and displayed potent anti-leukemic activity (Janes et al., 
2010, Evangelisti et al., 2011). This mTOR catalytic inhibi-
tor could further suppress translation via inhibition of 
the rapamycin-sensitive and -insensitive mTORC1 tar-
gets (Feldman et  al., 2009, Choo et  al., 2008, Thoreen 
et  al., 2009). In addition, blocking mTORC2 functions 
in protein synthesis could also contribute to these more 
pronounced defects. Consistent with the function of 
mTORC2 in translation, disruption of mTORC2 led to 
defective phosphorylation of eEF2 (Oh et  al., 2010). An 
intact mTORC2 was found in polysome fractions asso-
ciating with ribosomal proteins. Moreover, mTORC2 

components could directly interact with the 60S large 
ribosome subunit (Oh et al., 2010, Zinzalla et al., 2011).

The interaction of mTORC2 with the large ribosomal 
subunit revealed that mTOR could also play a role in 
cotranslational protein folding or maturation. Nascent 
Akt is phosphorylated by mTORC2 to promote proper 
folding of the kinase domain and inhibit premature deg-
radation of the nascent chain (Oh et al., 2010). Whether 
there are other cotranslational targets of mTORC2 
remains to be identified. Other correlative findings have 
been reported that support a role for mTOR and AGC 
kinases in protein folding. CCTβ, a component of the 
chaperonin complex TCP-1 or TRiC, was shown to be 
phosphorylated at Ser260 by S6K1 and p90Rsk (Abe et al., 
2009, Jastrzebski et al., 2011). This phosphorylation has 
been linked to chaperonin folding activity (Jastrzebski 
et al., 2011) and cell proliferation (Abe et al., 2009). The 
rapamycin-sensitivity of this phosphorylation remains to 
be resolved since conflicting results have been reported 
by these two studies. The availability of folding chaper-
ones during conditions that lead to enhanced protein 
misfolding can limit mTORC1 signaling (Qian et  al., 
2010). Conversely, increased mTORC1 signaling, such 
as upon TSC deletion, that lead to enhanced translation 
promotes misfolding and thereby increases the unfolded 
protein response (Ozcan et al., 2008). Thus, mTOR plays 
a significant role in keeping the balance between protein 
synthesis and quality control.

Transcription and cell survival
mTOR can control gene transcription in response to 
growth and stress signals via the AGC kinases, which in 
turn can phosphorylate a number of transcription factors. 
The transcription factor FOXO1 is phosphorylated by Akt 
at Thr24, Ser256, and Ser319 under growth-promoting 
conditions (Manning and Cantley, 2007). Such phospho-
rylation prevents FOXO-mediated transcription of genes 
that could either promote cell death or reprogram cell 
differentiation. FOXO is also phosphorylated by SGK1 
at identical sites targeted by Akt. In mTORC2-deficient 
cells including the Sin1−/-, rictor−/-, or mLST8−/- MEFs, 
the phosphorylation of FOXO1/3a at the Akt target sites 
Thr24/32 was greatly diminished. In line with this, Sin1−/- 
cells have decreased cell survival in the presence of 
stress-inducing agents (Jacinto et al., 2006). In addition to 
regulating the expression of genes involved in cell death, 
FOXO1/3a also plays an important role in regulating 
genes involved in cell differentiation and development. 
Recently, it has been shown that in Sin1-mTORC2 defi-
cient B cells, two FOXO1 regulated genes, il7r and rag1/2, 
are upregulated (Lazorchak et  al., 2010). This is due to 
the defect in Akt mediated phosphorylation and down 
regulation of FOXO1. mTORC2 also controls peripheral 
T cell differentiation via Akt and PKC. Whereas active Akt 
can rescue T-bet transcription factor expression and T 
helper 1 (Th1) differentiation, active nPKCq can restore 
GATA3 transcription factor and Th2 defect in T cells with 
disrupted mTORC2 (Lee et al., 2010). In another study, it 
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was shown that rictor deficient T cells were impaired in 
Th1, Treg and Th17 cell differentiation but not Th2 dif-
ferentiation (Delgoffe et al., 2011).

Transcription of ribosomal genes can also be medi-
ated by mTOR. The rDNA transcription factor UBF1 is 
dephosphorylated upon rapamycin treatment, providing 
a mechanism for mTOR control of ribosome biogen-
esis (Hannan et al., 2003). Whether UBF1 can be directly 
phosphorylated by S6K1 or other AGC kinases remains to 
be demonstrated.

In the presence of insulin stimulation, Akt phos-
phorylates and inhibits GSK3, a protein kinase that is 
involved in promoting apoptosis, among its many other 
cellular functions. The same sites in GSK3 (GSK3α at 
Ser21 and GSK3β at Ser9) are also phosphorylated by 
Rsk in response to phorbol esters and growth factors 
(Frame and Cohen, 2001) and by S6K upon induction by 
amino acids (Armstrong et  al., 2001). In TSC1 or TSC2 
deficient cells, GSK3 is mainly phosphorylated by S6K1. 
This S6K mediated phosphorylation and inhibition of 
GSK3 contributes to proliferative defects in these TSC-
deficient cells (Zhang et al., 2006a). Thus, under condi-
tions where Akt activity is attenuated and S6K activity is 
elevated, S6K becomes a predominant kinase for GSK3. 
In mTORC2-disrupted MEFs where Akt activity is also 
attenuated, GSK3 phosphorylation at the same sites 
remained normal although S6K activity is not signifi-
cantly elevated in these cells (Jacinto et al., 2006, Shiota 
et al., 2006). However, in other cell types such as B cells 
or in Sin1-deficient embryos, GSK3 phosphorylation 
was attenuated (B. Su, unpublished data). Thus, the 
suboptimal Akt activity may be sufficient to phospho-
rylate GSK3 only in specific cell types. Although SGK1 
was reported to mediate GSK3 phosphorylation (Sakoda 
et al., 2003), it is unlikely that it will phosphorylate GSK3 
in mTORC2-disrupted cells since SGK1 activation is 
highly defective in these cells (Garcia-Martinez and 
Alessi, 2008). Alternatively S6K or Rsk may contribute 
to GSK3 phosphorylation in mTORC2 deficient cells 
(Eldar-Finkelman et  al., 1995, Frame and Cohen, 2001, 
Armstrong et al., 2001).

Cell cycle
mTOR has been linked to G1/S and G2/M check point 
control during cell cycle progression (Fingar and Blenis, 
2004). Studies that have used rapamycin demonstrate 
that mTORC1 can control the expression of cyclin 
dependent kinase inhibitor (CDKI) proteins at the tran-
scriptional and translational levels. AGC kinases, pre-
sumably activated in an mTOR-dependent manner, can 
phosphorylate cell cycle regulators. In TSC2-deficient 
cells where mTORC1 is upregulated, the CDKI p27Kip1, 
which blocks cyclin E-CDK2 activity during the G0 to G1 
transition of the cell cycle, becomes inactivated (Rosner 
et  al., 2006). Akt phosphorylates p27 on Thr157, while 
both Akt and Rsk can phosphorylate p27 on Thr198 
(Besson et  al., 2008). Phosphorylation at these sites 
prevents p27 localization to the nucleus by sequestering 

it in the cytosol via 14-3-3 binding and thereby attenu-
ates the cell-cycle inhibitory effects of p27. SGK1 phos-
phorylates p27 at the same sites as Akt in vitro and this 
phosphorylation was inhibited by rapamycin and in 
SGK1 knockdown cells (Hong et  al., 2008). However, 
since SGK1 is phosphorylated and activated by mTORC2 
(Garcia-Martinez and Alessi, 2008), it remains to be 
resolved how p27 can be regulated by both mTORC1 
and mTORC2. Regulation of cyclin levels has also been 
shown to be mTORC1-controlled at the G1/S and G2/M 
phases of the cell cycle (Wang and Proud, 2009) but the 
involvement of AGC kinases in this function remains to 
be further elucidated.

Conclusion

Recent studies based on knockout mouse models and 
mTOR active site inhibitors have revealed numerous 
functions for mTOR in regulating various cellular tar-
gets. Proteomic screening for mTOR substrates identi-
fied a plethora of mTOR targets that play various roles 
not only in protein synthesis but also in vesicular traf-
ficking, lipid biogenesis, RNA processing, protein fold-
ing and maturation and more (Yu et al., 2011, Hsu et al., 
2011, Jastrzebski et  al., 2011). Future studies should 
reveal how mTOR can phosphorylate these substrates 
directly or whether they can be indirectly mediated by 
AGC-type or other protein kinases. Defining specific 
substrates of mTOR in different cell types and condi-
tions would provide novel insights on how mTOR can 
control the development and physiological functions of 
specific tissues.

The mTOR mediated phosphorylation of its targets is 
highly influenced by where it takes place in the cell. In 
fact, even the same protein can be differentially modu-
lated at different cellular locations by mTOR complex. 
The best example of this is the regulation of the TM 
versus HM sites of Akt wherein the former is exclusively 
phosphorylated in translating ribosomes whereas the lat-
ter occurs in the membrane. The mTOR complexes have 
been localized in different organelles and membrane 
compartments. Whether specific mTOR partners can 
regulate the core complex components to provide speci-
ficity in these different compartments would need to be 
further addressed. This would provide a mechanism as to 
how mTORCs can regulate AGC kinases not only tempo-
rally but spatially.

Finally, it is apparent that AGC kinases are not the 
only cellular mTORC substrates. Furthermore, the mTOR 
complexes not only allosterically activate these kinases 
but also promote their maturation and stability. It is there-
fore possible that phosphorylation of these novel mTORC 
targets can control not only their activity but also protein 
maturation, stability and localization. Understanding 
how mTORCs can regulate these numerous targets 
would illuminate how we can tap these mTOR functions 
for developing new modes and targets for therapy against 
cancer and other growth-related disorders.
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