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ABSTRACT 

Mammalian target of rapamycin (mTOR) is an evolutionally conserved serine/threonine kinase 

that integrates both intracellular and extracellular signals and serves as a central regulator of cell 

metabolism, growth, proliferation and survival. Interactions of mTOR with regulatory associated 

protein of TOR or rapamycin insensitive companion of mTOR result in two mTOR complexes, 

mTOR complex-1 and mTOR complex-2. Here we review several upstream and downstream 

regulators of mTOR complex-1 and mTOR complex-2. Upstream elements of the mTOR 

signaling pathway include Ras-homolog enriched in brain, and tuberous sclerosis complex 1 and 

2, with tuberous sclerosis complex 2 as the linker between phosphatidylinositol 3-kinase/protein 

kinase B or Ras-Raf-mitogen-activated protein kinase extracellular signal-regulated protein 

kinase pathways and the mTOR pathway. Ribosomal protein S6 protein kinase 1 and eukaryotic 

initiation factor 4E binding protein 1 are currently the 2 best-known downstream effectors of 

mTOR complex-1 signaling; whereas serum and glucocorticoid induced protein kinase (SGK1) 

and serine threonine kinase (Akt) are downstream effectors of mTOR complex-2 signaling. 

Along with this we also discuss role of mTOR in various disease conditions like diabetes, obesity 

and cancer. 
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INTRODUCTION: 

In yeast, during a screen for resistance to the drug sirolimus, the target of rapamycin genes (TOR 

1 and TOR 2) were first discovered
1
. This discovery was quickly followed by the identification 

and characterization of mammalian target of rapamycin (mTOR), also known as FKBP12- 

rapamycin associated protein (FRAP), or rapamycin and FKBP12 target RAFT. mTOR is a 

ubiquitous atypical serine/threonine kinase that belongs to phospho-inositide 3-kinase  (PI3K)-

related kinase family, which integrates signals from nutrients, growth factors, hormones (Insulin, 

Insulin like growth factor, leptin), cellular energy stores, oxygen level, and other cues to control 

a variety of critical cellular processes, including growth, proliferation, differentiation, 

transcription, cytoskeletal organization, autophagy and mRNA translation. 

Structural Domains and Motifs in mTOR 

mTOR is made up of 2549 amino acids organized in several structural domains. The N-terminal 

portion of mTOR contains multiple HEAT ( huntington, elongation factor 3, A subunit of type 

2A protein phosphatase (PP2A), and TOR ). FAT [FRAP-FKBP 12 rapamycin associated 

protein, ATM-ataxia telangiectasia mutated, and transformation=transcription domain associated 

protein (TRRAP)]. FRB- the FKBP12-rapamycin-binding domain binds the rapamycin /FKBP12 

complex or phosphatidic acid 
2, 3

. FAT c-terminal domains flank the kinase domain. These all are 

required for kinase activity and appear to cooperatively bind certain mTOR-interacting proteins 

4
. Highly conserved and homologous to that in ATM and ATR, the c-terminal kinase domain 

(PI3-PI4-kinase) contains the serine=threonine kinase active site. (Figure 1) 

 

Figure 1: structural domains and motifs in mTOR. 

HEAT = Huntington, elongation factor 3, A subunit of type 2A protein phosphatase (PP2A), and TOR; 

FAT = FRAP-FKBP 12 rapamycin associated protein, ATM-ataxia telangiectasia mutated, and 

transformation=transcription domain associated protein (TRRAP); FRB = FKBP12-rapamycin-binding 

domain binds the rapamycin /FKBP12 complex or phosphatidic acid; PI3-PI4-kinase = phosphoinositol 3-

phosphoinositol 4 kinase; FATc = FAT c terminal domain. 

Two mTOR containing complexes exist in mammalian cells were reviewed by Guertin 
[5]

. 

Details of same are as follows. 

mTORC1 and mTORC2  
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mTORC1 

mTORC1 is composed of five components and is regulated by growth factors and nutrients. 

mTOR, which is the catalytic subunit of complex, Regulatory associated protein of mTOR 

(Raptor), Mammalian lethal with sec 13 protein 8 (mLST 8, also known as GβL-G protein β 

subunit like protein), Proline rich AKT substrate 40 Kda (PRAS 40), DEP-domain containing 

mTOR-interacting protein (Deptor) 
6
.The exact function of most of mTOR-interacting proteins in 

mTORC1 still remains to be disclosed. Raptor acts as an adaptor protein by recruiting the mTOR 

substrates eukaryotic initiation factor 4E (eIF4E)-binding proteins 1(4E-BP1), Ribosomal S6 

kinase (S6K) and PRAS 40 through a Tor signaling (TOS) motif
1
. mTOR mediated 

phosphorylation of both S6K and 4E-BP1 require raptor and mutation within the TOS motif of 

4E-BP1 cancel this phosphorylation 
1
. mLST8 or GβL binds to the kinase domain of mTOR and 

by stabilizing the mTOR receptor interaction, it strongly enhances mTOR signaling. PRAS 40 

and Deptor have been reported as distinct negative regulators of mTORC1 
6, 7,8

 It was proposed 

that PRAS 40 regulates mTORC1 kinase activity by functioning as a direct inhibitor of substrate 

binding 
9
. Activation of mTORC1 directly phosphorylates PRAS 40 and deptor, which reduces 

their physical interaction with mTORC1 and further activates mTORC1 signaling
6, 9

. The 

antifungal compound rapamycin, via interaction with the immunophilin FK506 binding protein 

of (FKBP 12), inhibits mTORC1 function
5
. Mutation of conserved serine (aa 2035 in human 

mTOR) in the FRB domain confers resistance to rapamycin
2
. Deregulation of mTOR signaling 

has been associated with various pathological conditions such as diabetes, obesity and cancer. 

mTORC2 

mTORC2 consists of six different proteins. Several of which are common to mTORC1 and 

mTORC2. mTOR, rapamycin insensitive companion of mTOR (Rictor), mammalian stress 

activated protein kinase interacting protein (mS1N1), protein observed with rictor-1 (Protor-1), 

mLST8 or GβL and Deptor. Rictor and mS1N1 stabilize each other, establishing structural 

foundation of mTORC2 
10, 11

. Rictor also interacts with protor-1, but the physiological function 

of this interaction is not clear 
12, 13

. Like in mTORC1 deptor negatively regulates mTORC2 

activity 
[6]

. In contrast to mTORC1, rapamycin can not physically interact with or acutely inhibit 

mTORC2 
14,15

. So, mTORC2 has been characterized as rapamycin insensitive complexes. 

mTORC2 regulates cytoskeletal organization, cell survival, metabolism and proliferation and is 

insensitive to nutrients. 
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mTOR; Its Interacting Proteins and Phosphorylation Sites 

mTOR interacts with Tel 2 (also known as TELO 2 and hcLK 2) and FXBW7. Tel 2 deletion 

results in destabilization of mTOR, where as FXBW7 targets mTOR for ubiquitin-proteasome-

dependent deregulation 
16, 17

. Interaction of mTOR with raptor occurs through binding to the N-

terminal HEAT domain. Rictor, a specific component of mTORC2 may compete with raptor in 

binding to mTOR through the HEAT domain and thereby disrupts mTOR-Raptor interaction. 

Deptor, an inhibitory protein for mTOR binds through the FAT domain of mTOR, and over 

expression of deptor results in the suppression of S6K by inhibiting Akt, where as loss of deptor 

activates S6K and Akt. (Figure 2) 

 

Figure 2: mTOR, its interacting proteins and phosphorylation sites 

FBXW7 = F box and WD repeat domain containing 7 (also known as hcdc 4, FBW7 and hAGO); Protor 

= protein observed with rictor-1; KD = kinase domain; Rag =  ras related GTP-binding protein; RD =  

regulatory domain; Raptor = Regulatory associated protein of mTOR; Rictor =  rapamycin insensitive 

companion of mTOR; PRAS 40 = Proline rich AKT substrate 40 Kda; mLST 8 = Mammalian lethal with 

sec 13 protein 8; Rheb = Ras homolog enriched in brain; Tel2 = telangectasia 2; S1261, T2446, S2448, 

and S2481 are phosphorylation sites of mTOR. 

FKBP 38, a mitochondrial membrane protein is an endogenous inhibitor of mTOR. It inhibits 

mTOR through binding to its FRB domain. FKBP 38 interaction with mTOR is increased by 

amino acid or serum starvation, leading to inhibition of mTOR activity. The Rheb GTPase 

protein also binds to the FRB domain of mTOR and is involved in mTOR activation by amino 

acids. 4 members of Rag subfamily of Ras small GTPase-Rag A, Rag B, Rag C and Rag D-binds 

to raptor directly upon amino acid stimulation. This Rag-bound mTORC1 translocates to Rab 7 

(a GTPase required for transporter degradation) –positive perinuclear vesicular structures, where 

Rheb localizes. This relocalization enables mTORC1 kinase activation. Regulator recruits Rag 

family and mTORC1 to lysosomes to activate mTORC1
18

. mLST8 knockout studies 
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demonstrated that it is required to maintain the Rictor-mTOR, but not the Raptor-mTOR 

interaction despite of the fact that both mTORC1 and mTORC2 contain mLST8, indicating the 

mTORC2 specific role of mLST8
19

.  

Phosphorylation of mTOR 

There are four characterized phosphorylation sites in mTOR. T2446 is regulated by nutrient 

availability and is probably phosphorylated by adenosine monophosphate kinase (AMPK). 

S2448 is phosphorylated by S6K, which directly reflects amino acid and nutrient status. S2481 is 

known as a rapamycin insensitive autophosphorylation site. mTORC1 contains mainly mTOR 

phosphorylated at S2448, whereas mTORC2 contains predominantly mTOR phosphorylated at 

S2481 
20

. There is some evidence that mTORC1 also contains mTOR phosphorylated on S2481 

in the same cell line and that the phosphorylation on S2481 in both mTORC1 and mTORC2 is 

sensitive to wartmannin, a phosphatidylinositol 3 kinase inhibitor, indicates that insulin signals 

via phosphatidylinositol 3 kinase to promote mTORC1 and mTORC2 associated mTOR 

autophosphorylation on S2481 
[21]

. S1261 is phosphorylated by insulin/phosphatidylinositol 3 

kinase in an amino acid dependent, rapamycin insensitive and autophosphorylation independent 

manner.S1261 phosphorylation stimulates the phosphorylation of S6K and 4E-BP1, and 

mutation on S1261 attenuates phosphorylation on S2481. 

REGULATION OF mTOR ACTIVITY 

Upstream regulation of mTORC1 

The presence of extracellular (or systemic) and intracellular nutrients are sensed by mTORC1 

and stimulates its activation. One of the most important sensors involved in mTORC1 activity is 

the tuberous sclerosis complex (TSC), which is a heterodimer that comprises TSC 1 (also known 

as hamartin) and TSC 2 (also known as tuberin). TSC 1\2 functions as a GTPase activation 

protein (GAP) for the small Ras related GTPase Rheb (Ras homolog enriched in brain). GTP 

bound form of Rheb directly interacts with mTORC1 and stimulates its activity 
22, 7

. The exact 

mechanism by which Rheb activates mTORC1 still remains to be determined. TSC 1\2 converts 

Rheb into its inactive GDP-bound state and thus negatively regulates mTORC1 signaling 
23, 24

. 

Loss of heterozygosity or inactivating mutation of TSC 1\2 give rise to tuberous sclerosis, a 

disease associated with presence of numerous benign tumors that are composed of enlarged and 

disorganized cells 
25

.  
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Figure 3: Nutrient sensing and upstream regulation of mTORC1. 

Lines with end arrows indicate activation, whereas those with perpendicular bars at the end indicate 

inhibition. Rheb = Ras homolog enriched in brain; TSC1 = tuberous sclerosis complex-1; TSC2 = 

tuberous sclerosis complex-2; Rag = ras related GTP-binding protein;  mLST 8 = Mammalian lethal with 

sec 13 protein 8; S6K1 = ribosomal S6 kinase; 4EBP1 = eukaryotic initiation factor 4E (eIF4E)-binding 

proteins 1. 

Growth factors stimulate mTORC1 through the activation of the canonical insulin and Ras 

signaling pathways. The stimulation of these pathways increases the phosphorylation of TSC2 by 

Akt, by extracellular signal regulated kinase 1\2 (ERK1\2), and by p90 ribosomal S6 kinase 1 

(RSK1), and leads to the inactivation of TSC1\2, and hence activation of mTORC1
26, 27, 28, 29

. The 

binding of insulin to its cell surface receptor results in starting of number of events, including 

recruitment of insulin receptor substrate 1 (IRS 1), production of phosphatidylinositol (3,4,5)-

triphosphate [Ptd Ins (3,4,5) P3] through the activation of PI3K, and the recruitment and 

activation of Akt at the plasma membrane. Akt causes phosphorylation of TSC 2 and inhibits it 

activation. So, accumulation of Rheb-GTP occurs, which in turn activates mTORC1 signaling. 

Additionally, activation of Akt by growth factors can activate mTORC1 in a TSC 1\2 

independent manner by promoting the phosphorylation and dissociation of PRAS 40 from 

mTORC1 
7, 8, 9

. 
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Intracellular level of AMP is affected by energy status of cell, which in turn influenced by 

nutrients and other factors. AMP functions as an activation of AMPK, a master sensor of 

intracellular energy status signaled to mTORC1 about energy status of the cell. Upon low energy 

status (low ATP:ADP ratio), AMPK is activated in LKB 1 (also known as serine-threonine 

kinase 11) dependent manner and phosphorylates TSC 2 on sites distinct from Akt, which in turn 

increases the GAP activity of TSC 2 towards Rheb and diminish mTORC1 activation 
30

. AMPK, 

upon energy depletion also phosphorylate Raptor (at S792) of mTORC1, hence reduce its 

activity. 

mTORC1 activity is also depends on oxygen levels. AMPK is activated in mild hypoxic 

conditions, which in turn inhibits mTORC1 signaling as described above. Lower oxygen levels 

can also activate TSC 1\2 via transcriptional regulation of DNA damage response 1 (REDD1) 
31, 

32
. REDD1 release TSC 2 from its growth factor induced association with 14-3-3 proteins and 

hence blocks mTORC1 signaling 
33

. This ability of REDD1 has probably evolved to limit energy 

consuming processes when oxygen, but not growth factors, is rare. Low oxygen levels can also 

activate promyelocytic leukemia (PML) tumor suppressor and BCL 2/adenovirus E1B 19 Kda 

protein interacting protein 3 (BNIP3), which reduce mTORC1 signaling by disrupting the 

interaction between mTOR and its positive regulator Rheb 
34

. 

Proinflammatory cytokines, such as TNF-α activates IKB kinase-b (IKKb), which in turn 

phosphorylate and inactivates TSC 1, leading to activation of mTORC1 
35

. So inflammation 

mediated mTORC1 activation is thought to be important in tumor angiogenesis and in the 

development of insulin resistance 
36

. Glycogen synthase kinase 3 (GSK 3) causes phophorylation 

of TSC 2 and hence, activates TSC 1\2 activity. GSK3 is inhibited upon stimulation of wnt 

pathway. So, GSK mediated phosphorylation of TSC 2 is block and hence TSC 1\2 activity. 

Consequently there is an increase mTORC1 activity
37

. Another activator of mTORC1 is 

phosphatidic acid (PA). Upon growth factor stimulation, the intracellular level of PA increases 

via phospholipase D activity (PLD 1 and PLD 2). It was shown that this activation is mediated 

by PLD 1, which is activated by growth factors via the small GTPase, cdc42 
38

. PA binds to FRB 

domain and by facilitating the assembly of mTOR complexes or stabilizing the complexes, 

activates mTOR signaling 
39, 40

. 

The intracellular cascades through which amino acid (AA) signal to mTORC1 differ from those 

controlled by insulin 
41

. It was demonstrated that AA regulation of mTORC1 signaling occurs 

via interactions with its kinase domain, but not the FRB domain used for binding by rapamycin 
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42
. Thus, direct inhibition by rapamycin may have little effect on AA-related regulations on 

metabolism and growth mediated by mTOR signaling. Four mechanisms of AA stimulation, as 

shown in Figure 4 are now described. First, AA can stimulate the TSC1-TSC2 complex directly 

or indirectly with the reduced TSC2 inhibition of Rheb, leading to increased phosphorylation of 

mTORC1 
43, 44

. Second, it also was demonstrated that class 3 PI3K, also called Vps34, the oldest 

member of the PI3K family, can act through FYVE (abbreviation for Fab1p, YOTB, Vac1p, and 

early endosome antigen 1 domain containing proteins) and phox homology domain-containing 

proteins, and FYVE or phox homology domain-containing proteins can then directly or 

indirectly activate mTORC1 signaling 
45

. 

 

Figure 4: The proposed mechanisms of AA availability in regulating the mammalian target 

of rapamycin (mTOR)-signaling pathway for mediating metabolism and growth 
[45-47]

.  

Lines with end arrows indicate activation, whereas those with perpendicular bars at the end indicate 

inhibition. Question marks imply that the steps are unclear or poorly defined. FYVE = Fab1p, YOTB, 

Vac1p, and EEA1 (early endosome antigen 1) domain-containing proteins; MAP4K3 = MAP (mitogen-

activated protein) kinase 3, a sterile 20-protein family protein kinase (also referred to as germinal center-

like kinase, GLK); PI = phosphatidylinositol; PI3P = phosphatidylinositol-3-phosphate; PX = phox 

homology domain-containing proteins; Rheb = Ras homolog enriched in brain; TSC1 = tuberous sclerosis 

complex 1; and TSC2 = tuberous sclerosis complex 2. 

Third, tRNA aminoacylation and eIF4G (eukaryotic initiation factor 4G) phosphorylation are 

also proposed as being involved in AA regulation of mTOR signaling 
48, 49

. Fourth, a recent 
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study by Findlay demonstrated that the protein kinase mitogen-activated protein kinase 3 

(MAP4K3), also known as germinal center-like kinase, is an upstream AA-sensitive regulator of 

mTORC1 signaling 
47

. However, how MAP4K3 or germinal center-like kinase activates 

mTORC1 is not clear at this time.  

There are also some other negative regulator of mTOR signaling pathway such as GADD34 

(growth arrest and DNA damage 34) is induced by almost all cellular stresses and binds and 

dephosphorylates TSC2. GADD342/2 cells are more sensitive to glucose starvation and virus 

infection than WT cells, resulting in apoptosis due to inability to suppress the mTOR pathway 
50

. 

Treatment of rapamycin indeed suppresses apoptosis in GADD342/2 cells, suggesting that stress 

stimuli inhibit the mTOR pathway through the GADD34-TSC2 axis. Recently, an acetylation-

mediated TSC2 regulation was reported 
[51]

. ARD1 (arrest defective protein 1), an acetyl 

transferase and a putative tumor suppressor, binds, acetylates, and stabilizes TSC2, leading to 

inhibition of the mTOR pathway. The expression of ARD1 correlates with that of TSC2 in 

multiple tumor types, and loss of heterozygosity at the ARD1 locus was observed in human 

breast, lung, pancreatic, and ovarian cancer samples. KSR2, a regulator of extracellular signal-

regulated kinase 1/2 (a mitogen-activated protein kinase), binds and modulates the activity of 

AMPK. KSR2 regulates AMPK-dependent glucose uptake and fatty acid oxidation, and KSR2 

(kinase suppressor of Ras 2) knockout mice show decreased fatty acid oxidation and 

thermogenesis resulting in obesity 
52

.  

Three sestrin family proteins inhibit the mTOR pathway through the AMPK-TSC2 axis. p53 

target genes Sestrin1 and Sestrin2 are induced on oxidative stress and DNA damage and bind 

and activate AMPK, resulting in TSC2-dependent inhibition of the mTOR pathway 
53

. The 

expression of mammalian Sestrin3 is regulated by Akt in a FOXO3a-dependent manner and 

activates AMPK and regulates cellular reactive oxygen species accumulation 
54, 55

. Increased 

reactive oxygen species caused by accelerated oxygen consumption in Akt1/2 knockout cells was 

reduced by knockdown of Sestrin3, indicating that Sesn3 plays an important role in the 

regulation of cellular reactive oxygen species mediated by Akt and FOXO 
55

. Sirtuin 1 (SIRT1) 

is a nicotinamide adenine dinucleotide (NAD1)–dependent deacetylase that has been implicated 

in regulation of the mTOR pathway. Although SIRT1 deacetylates LKB1 for the LKB1-AMPK 

activation, AMPK may regulate SIRT1 activity by increasing intracellular NAD1. AMPK kinase 

activity is required to trigger SIRT1-dependent response to exercise and fasting, but it remains 

unknown whether AMPK is required for fasting-induced activation of SIRT1 and deacetylation 
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of its targets 
56

. Further studies will be required to determine the interdependence of AMPK and 

SIRT1 on the mTOR pathway. 

Downstream regulation of mTORC1  

In mammals, two main classes of mTORC1 substrates have emerged 
[57]

. The ribosomal S6 

kinases (S6K1 and S6K2) and the eukaryotic initiation factor 4E (eIF4E)-binding proteins 

(4EBP1 and 4EBP2). mTORC1 phosphorylates the hydrophobic motif on the S6Ks (T389 on the 

70-KDa isoform of S6K1), which is essential for subsequent activating phosphorylation events. 

Activation of S6K1 leads to increases in mRNA biogenesis, cap dependent translation and 

elongation, and the translation of ribosomal proteins through regulation of the activity of many 

proteins, such as S6K1 aly/REF-like target (SKAR), programmed cell death 4 (PDCD4), 

eukaryotic elongation factor 2 kinase (eEF2K) and ribosomal protein S6. Also S6K1 has a 

crucial role in insulin- and nutrient-sensitive tissues in promoting anabolic processes. Although 

S6K1 promotes skeletal muscle hypertrophy via a cell-autonomous mechanism, there is still 

uncertainty over cell autonomous versus humoral effects in pancreatic and adipose tissue. 

mTORC1 has been shown to promote ribosome biogenesis by stimulating the transcription of 

ribosomal RNA through a process involving the protein phosphatase 2A(PP2A) and the 

transcription initiation factor IA (TIF-IA) 
58

. mTORC1 exerts a more direct control on translation 

through its regulation of the 4EBPs, which bind to eIF4E at the 5’-cap of mRNAs, and block 

translation initiation. mTORC1 phosphorylates the 4EBPs on multiple residues, triggering their 

release from eIF4E, enabling eIF4E to promote cap dependent translation 
59

. (Figure 5) 

mTORC1 have predominant role in controlling autophagy. mTORC1 inhibition increases 

autophagy, whereas stimulation of mTORC1 reduces autophagy 
60

. Recently, it is discovered that 

mTORC1 controls autophagy through the regulation of a protein complex composed of unc-51-

like kinase 1 (ULK 1), autophagy related gene 13 (ATG13) and focal adhesion kinase family 

interacting protein of 200 KDa (FIP 200) 
61

. These studies have revealed that mTORC1 represses 

autophagy by phosphorylating and thereby repressing ULK 1 and ATG 13. 

mTORC1 regulates lipid synthesis by positively regulates the activity of sterol regulatory 

element binding protein 1 (SREBP1) and of peroxisome proliferator activated receptor-γ (PPAR-

γ), two transcription factors that control the expression of genes encoding proteins involved in 

lipid and cholesterol homeostasis 
62,63

. The molecular mechanism of SREBP1 activation by 

mTORC1 is unknown. Additionally, rapamycin reduces the phosphorylation of lipin-1, a 

phosphatidic acid (PA) phosphatase that is involved in glycerolipid synthesis and in the 
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coactivation of many transcription factors linked to lipid metabolism, including PPAR γ, PPAR α 

and PGC1α (PPARγ coactivator 1α) 
64

. The precise impact of lipin-1 phosphorylation on lipid 

synthesis remains to be established. 

 

Figure 5: mTORC1 downstream signaling. 

Lines with end arrows indicate activation, lines with perpendicular bars at the end indicate inhibition, 

whereas simple line indicate unknown function and Question mark imply that the step is unclear or poorly 

defined. ULK1 = unc-51-likekinase 1; ATG 13 = autophagy related gene 13; FIP 2000 = focal adhesion 

kinase family interacting protein of 200 KDa; SREBP1 = sterol regulatory element binding protein 1; 

CLIP-17 = CAP-GLY domain containing linker protein 1; YY1 = yin-yang 1; PGC1α = PPARγ 

coactivator 1α; 4EBP1 = eukaryotic initiation factor 4E (eIF4E)-binding proteins 1; eIF4E = eukaryotic 

initiation factor 4E; S6K1 = ribosomal S6 kinase 1; PDCD4 = programmed cell death 4; eEF2 = 

eukaryotic elongation factor 2; eEF2K = eEF 2 kinase; SKAR = S6K1 aly/REF-like target; PP2A = 

protein phosphatase 2A. 

Mitochondrial metabolism and biogenesis are both regulated by mTORC1. Rapamycin lowers 

mitochondrial membrane potential, oxygen consumption and cellular ATP levels, and 

preferentially alters the mitochondrial phosphoproteome through inhibition of mTORC1 
65

. 

Mitochondrial DNA copy number accompanied with proteins involved in oxidative metabolism 

are reduced by rapamycin and increase by mutation that activate mTORC1 signaling 
66, 67

. 
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mTORC1 by directly altering physical interaction of PGC 1α with yin-yang 1 (YY1), an another 

transcription factor controls mitochondrial biogenesis and oxidative metabolism 
67

. 

mTORC1 signaling also enhances the translation of hypoxia-inducible factor (HIF1a), which can 

transcriptionally activate genes encoding glucose transporters and glycolytic enzymes 
68,69,70,71,72

. 

In this way mTORC1 activation can promote glucose uptake and flux through glycosis 
73

. 

Upstream regulation of mTORC2  

With growth-factor stimulation, AKT is phosphorylated at the cell membrane through the 

binding of PtdIns(3,4,5)P3 to its pleckstrin homology (PH) domain. Under these conditions, 

PDK1(phosphoinositide dependent kinase 1) is also recruited to the membrane through its PH 

domain and phosphorylates AKT at Ser308 
74

. Interestingly, the mTORC2 component mSIN1 

possesses a PH domain at its C-terminus, suggesting that mSIN1 can promote the translocation 

of mTORC2 to the membrane and the phosphorylation of AKT at Ser473. Additional work is 

needed to support this model and to identify other cellular signals that play a role in the 

regulation of mTORC2. Growth factors could signal to mTORC2 via TSC1-TSC2 complex. TSC 

1-TSC 2 complex- a GTPase activating protein (GAP) that lies upstream of and negatively 

regulates mTORC1, also regulates mTORC2 function by directly binding mTORC2
75

. In 

contrast to the negative regulation of mTORC1 by TSC 1-TSC2, TSC 1-TSC2 is thought to 

positively regulate mTORC2 activity in a GAP-independent manner. The GTPase Rheb, which 

lies directly downstream of TSC1-TSC2 and activates mTORC1, does not appear to lie upstream 

of mTORC2 
[76]

. The observation that TSC1-TSC2 GAP activity is not required for mTORC2 

activation suggests that activation does not occur via mTORC1 and the negative feedback loop (a 

hallmark of activated mTORC1 signaling). However, the way in which TSC1 –TSC2 binding 

regulates mTORC2 activity, as well as potential GAP-independent activities for TSC1– TSC2, 

remain poorly understood.  

Syndecan-4, which is a single-pass transmembrane proteoglycan, recruits PKCα to the plasma 

membrane and thereby regulates activity. This, in turn, is required for appropriate mTORC2 

localization to the rafts and subsequent AKT activation. However, the mechanism by which 

PKCα regulates mTORC2 recruitment is unknown, and discovery efforts are complicated by the 

fact that PKCα is known to be a downstream target of mTORC2. Although there will be some 

insights into how mTORC2 might be regulated, it will be a major breakthrough to identify 

upstream regulators of the TORC2 signaling branch, in yeast and mammals. 
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Downstream regulation of mTORC2  

mTORC2 enhances phosphorylation of PKCα (protein kinase Cα), phosphorylates paxillin and 

its relocalization to focal adhesions, and GTP loading of RhoA and Rac1. These all are 

responsible for controlling actin cytoskeleton, and hence control cytoskeletal organization. 

Deletion of mTORC2 results in alteration of actin polymerization and cell morphology
77, 78

. 

Molecular mechanism by which mTORC2 regulates these processes has remain to be 

determined. 

Cell survival, metabolism and proliferation are highly dependent on activation status of Akt, an 

upstream positive regulator of mTORC1 
79

. Phosphorylation of Akt at ser 308 and ser 473 by 

phosphjoinositide dependent kinase 1 (PDK1) and mTORC2 must be required for its full 

activation respectively 
80

. Reduction in the phosphorylation status of forkhead box o1 (FOXO1) 

and FOXO3a transcription factor following mTORC2 depletions suggests its role in Akt 

activation. These above mentioned transcription factors control the expression of genes involved 

in stress resistance, metabolism, cell cycle arrest and apoptosis 
81

. Now, on other hand the 

phosphorylation state of TSC2 and GSK3 is unaffected by mTORC2 inactivation. Recently,  

 

Figure 6: Downstream of mTORC2. 
Lines with end arrows indicate activation, lines with perpendicular bars at the end indicate inhibition, 

doted lines indicate indirect evidence. SGK1 = serum and glucocorticoid induced protein kinase 1; 

FOXO1 = forkhead box o1; FOXO3a = forkhead box o1/3a. 

serum and glucocorticoid induced protein kinase 1 (SGK1), which shares homology with Akt has 

been shown to be regulated by mTORC2 
82

. In contrast to Akt, SGK1 activity is totally lost upon 
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mTORC2 inhibition. SGK1 and Akt phosphorylate FOXO1 and FOXO3a on same sites. So in 

mTORC2 deficient cells it is possible that the lack of SGK1 activity is responsible for the 

inhibition of phosphorylation of FOXO1 and FOXO3a. (Figure 6) 

mTORC1 SIGNALING IN VARIOUS DISORDERS 

As discussed earlier, mTORC1–S6K1 integrates various extrinsic signals that regulate cell 

growth and metabolism. Activation of mTOR Complex1–S6K1 signaling by nutrients has 

received broad attention because of its implication in obesity and insulin resistance 
83, 84

. Nutrient 

overload by increased carbohydrate, fat and protein intake leads to obesity, which is 

characterized by increased adipocyte mass and number. Early experiments with rapamycin 

provided a link between mTORC1–S6K1 and adipogenesis. In these studies, rapamycin inhibited 

both clonal expansion and adipocyte differentiation 
83

. Recent studies have shown that S6K1-

deficient mice exhibit increased lipolysis and reduced adipose tissue mass.  

Figure 7: mTORC1 signaling attenuates Akt activation through negative feedback 

mechanism. 

Lines with end arrows indicate activation, lines with perpendicular bars at the end indicate inhibition. Akt 

= Serine threonine kinase; TSC1-2 = tuberous sclerosis complex 1-2; Rheb = Ras homologue enrich in 

brain; S6K = Ribosomal S6 kinase; PI3K = Phosphatidyl inositol 3 kinase; IRS1 = Insulin receptor 

substrate 1. 

They also demonstrated that S6K1-deficient mice are protected from diet and age induced 

obesity 
85

. The decreased level of adipogenesis in these mice might be due to a cell-autonomous 
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defect- that is, the failure in transduction of signals induced by adipogenic stimuli such as insulin 

or by amino acid availability. 

Another possibility, however, is that the adipogenesis defect in S6K1-deficient mice is not cell 

autonomous but caused by impaired humoral effects or secondary effects due to loss of S6K1 in 

early development. These possibilities might be addressed in vitro by using S6K1-deficient 

mouse embryonic fibroblasts (MEFs) and testing their potential to differentiate into adipocytes 

and in vivo by using adipocyte-conditional S6K1 knockout mice. Interestingly, it is recently 

established that leptin is involved in the control of feeding behavior in rats by activating mTOR 

C1 in the hypothalamus 
86

. These authors showed that intra-cerebroventricular administration of 

leucine results in an increase of mTOR activity and a subsequent decrease in food intake and 

body weight. Administration of leptin leads to a similar anorectic response, which is blunted by 

rapamycin 
86

. However, it is still not known whether lack of S6K1 in the hypothalamus can elicit 

similar effects and whether this would affect adipogenesis. It is well-known that morbidly obese 

patients are often affected by increased insulin resistance, resulting in the development of type 2 

diabetes. Recent studies have shown that insulin resistance can be regulated by mTOR Complex1 

activation of S6K1 through a negative feedback loop. Initial observations found that amino-acid 

stimulation inhibits insulin induced class I PI3K signaling, whereas subsequent studies showed 

that this inhibition is reversed by rapamycin treatment 
87

. Studies in Drosophila revealed that the 

S6K1 and S6K2 ortholog, dS6K, is a negative effector of dPKB/dAkt activation, suggesting for 

the first time that S6K1 or S6K2 regulates PKB/Akt 
88

. In agreement with these findings, insulin 

receptors desensitize in S6K1-deficient mice maintained on a HFD, but the mice remain 

exquisitely insulin-sensitive, as does PKB/Akt activation 
89

. This suggests that S6K1 elicits a 

selective inhibitory effect on PKB/Akt activation at a point that is downstream of the insulin 

receptor (IR). Phosphorylation of IRS1 at sites S307 and S632, which is known to antagonize 

IRS1 signaling, is elevated in animal models of obesity and in muscle from type 2 diabetic 

patients 
90, 91

. The phosphorylation of these sites in S6K1-deficient mice on a HFD and in S6K1 

siRNA-treated cells is strongly reduced, suggesting that S6K1 suppresses insulin signaling by 

mediating IRS1 phosphorylation 
85

. In line with this interpretation, PKB/Akt activation is 

suppressed in WT animals fed a HFD and in two genetic mouse models of obesity, whereas 

S6K1 activity and the phosphorylation of IRS1 S307 and S632 remains high 
85

. Recent studies 

suggest that S6K1 phosphorylation at a distinct set of sites mediates the phosphorylation of IRS1 

S307 and S632. These findings imply that S6K1 might have a major role in insulin resistance 



 

Patel et al., American Journal of PharmTech Research. 2012; 2(1) ISSN: 2249-3387 

179 www.ajptr.com 

 

under conditions of nutrient overload 
83

. An analysis of TSC2
-/-

 MEFs, in which Rheb is relieved 

of inhibition by the TSC1–TSC2 complex and S6K1 is constitutively active, showed that IRS1 is 

hyperphosphorylated, resulting in its degradation 
92, 93

. These studies revealed that IRS1 S302, 

which is proximal to the IRS1 phosphotyrosine-binding (PTB) domain and contains an S6K1-

recognition motif, is phosphorylated by S6K1. Phosphorylation of S302 disrupts the ability of 

the PTB domain to interact with activated IR, leading to decreased insulin signaling 
[92]

. These 

findings support the model that S6K1 mediates IRS1 serine phosphorylation, disrupting its 

interaction with IR and leading to its degradation. Recently, it is observed that several sites in 

IRS1 are direct targets of S6K1 and regulate the ability of an unknown rapamycin-resistant 

kinase to mediate phosphorylation of serine/proline (SP) sites that are known to be implicated in 

insulin resistance 
94

. It will be of interest to determine whether phosphorylation of the S6K1 sites 

is abrogated in S6K1-deficient mice and whether phosphorylation at these sites is involved in a 

predisposition for insulin resistance in vivo. Furthermore, Lamb and Hunter demonstrated that 

IRS1 mRNA levels in TSC2
-/-

 cells are reduced and restored by rapamycin treatment, the latter 

effect being blocked by actinomycin D 
92, 93

. In addition, Lamb’s group has shown that 

suppression of S6K1 mimics the effect of rapamycin treatment and restores IRS1 mRNA levels. 

This raises the question of whether mTOR C1–S6K1 signaling contributes to the negative-

feedback loop that down regulates PKB/Akt through IRS1 alone or multiple targets. It has shown 

that IRS2 protein levels are also reduced in TSC2
-/-

 cells 
93

. Thus, in understanding the role of 

S6K1 in the regulation of insulin signaling, it is necessary to establish the extent to which IRS1 

and IRS2 contribute to this response. 

Because of the key role of mTORC1 and S6K1 in cell growth and metabolism, it is reasonable to 

predict an association between mTORC1 activity and aberrant forms of growth, including 

cancer. In fact, several of the upstream and downstream components of the mTORC1 pathway 

are altered in cancer. Up regulation and/or mutation of class I PI3K and PKB/Akt, losses of 

PTEN, mutation of the TSC genes, and up regulation of S6K1 and eIF4E have all been identified 

in specific cancers. (Table 1) 

Not surprisingly, rapamycin and its derivatives have been developed and are being pursued in 

several clinical settings, either as monotherapies or in combination with other anticancer agents, 

with promising results reported in Phase II trials for breast cancer and renal cell carcinoma 
95, 96

. 

In specific settings, such as tuberous sclerosis complex, rapamycin and its derivatives have a 

pronounced effect 
97

. However, given that in nutrient replete conditions rapamycin and its 
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derivatives are largely cytostatic and not cytotoxic, the highest clinical potential for rapamycin 

derivatives might be in combination therapy. Consistent with this hypothesis, in a preclinical 

cell-based assay, the Novartis rapamycin derivative, RAD001 (Everolimus), sensitized tumor 

cells to DNA-damage-induced apoptosis through inhibition of p21 translation, providing the 

basis for testing this combination in upcoming Phase II clinical trials 
98

. 

Table 1: Regulators of mTOR signaling and translation factors implicated in human 

cancers 
[1]

.
 
 

Protein Cellular function Genetic 

alteration 

Clinical outcome 

PI3K 

P85/p110 

Positive regulator of 

Akt/mTOR signaling 

Over-expression 

Over-activation 

Head and neck, ovarian cancer 

PTEN Negative regulator of 

PI3K signaling 

Loss/Mutation Glioblastoma, breast, prostate, 

endometrial cancer, cowden 

syndrome 

Akt Positive regulator of 

mTOR 

Over-expression 

Over-activation 

Breast, ovarian cancer 

TSC1/TSC2 Negative regulator of 

mTOR 

Loss/mutation Tuberous sclerosis complex: 

Hamartomas, renal cancer 

S6K Positive regulator of 

translation 

Over-expression Breast cancer 

STK11 

(LKB1) 

Regulator of AMPK Loss/mutation Peutz-jeghers syndrome: colorectal 

polyps, breast, testicular cancer 

eIF4E Translation factor Over-expression Colon, breast, bladder cancer 

eIF4G Translation factor Over-expression Lung cancer 

eIF4A Translation factor Over-expression Melanoma 

eIF4E-BP1 Repressor of eIF4E Increase in 

phosphorylation 

Ovarian, breast, prostate cancer 

Similarly, the completion of a Phase II clinical trial in which breast cancer patients were treated 

with either the aromatase inhibitor letrozole alone or in combination with rapamycin revealed a 

better progression-free survival rate in the combination therapy 
99

. A recent study reported that 

resistance to the tyrosine kinase inhibitor imatinib (Gleevec, Novartis), which is caused by 

secondary mutations in the breakpoint cluster region/Abelson proto-oncogene (BCR/ABL) 

fusion kinase in chronic myelogenous leukemia (CML) patients, seems to be in part mediated by 

activation of PI3K and mTOR 
100

. Therefore, rapamycin treatment of such patients might be 

useful in helping to resolve tyrosine kinase inhibitor resistance. Consistent with these results, 

OSI Pharmaceuticals, the developer of the EGF-receptor inhibitor Erolotinib (Tarceva), recently 
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published a synergistic effect of Erlotinib and rapamycin on the activation of PKB/Akt and S6K1 

in various tumor-derived cell lines 
101

. Similarly, Wang
 
have shown synergism between 

rapamycin and herceptin in slowing the growth of breast cancer cells with high expression of 

ERBB2 and in reducing tumorigenicity in xenograft models 
102

. Recently, Shokat’s group has 

developed a panel of PI3K and PI3K-like inhibitors with the hopes of moving them into the 

clinic. One of these, a dual class I PI3K and mTOR inhibitor, arrests growth of glioma-

xenografted tumors with little to no toxic effects 
103

. 

A commonly overlooked aspect of tumor development is the ability of malignant cells to survive 

in nutrient-deprived settings. Amino-acid and glucose transporters are commonly upregulated in 

specific tumors 
[104]

. In many primary tumors, the mRNA for the amino acid transporter large 

neutral amino acids transporter 1 [LAT1, also known as solute carrier family 7, member 5 

(SLC7A5)] is over-expressed 
105

. LAT1 represents the light chain of a heterodimer, together with 

the heavy chain solute carrier family A3, member 2 (SLC3A2, commonly known as CD98), and 

is selectively involved in the transport of the bulky branched-chain amino acids 
106

. Although 

SLC3A2 forms heterodimers with other proteins that are implicated in cancer, such as integrins. 

Shishido reported that transformation and tumorigenicity of BALB3T3 cells requires over 

expression of both SLC3A2 and LAT1 
107

. Moreover, Campbell has correlated the over 

expression of LAT1, observed in hepatocarcinogenesis, with the ability of exogenous LAT1 

alone to increase amino-acid transport in primary mouse hepatocytes, but not in fibroblasts 
108

. 

Recently, LAT1 expression has been correlated with poor survival in patients with 

glioblastomas, and expression of LAT1 was a strong predictor of outcome, independent of other 

variables 
109

. It was also demonstrated in glioma C6 cells and in a xenograft model that the LAT1 

inhibitor and leucine analog, 2-aminobicyclo heptane 2-carboxylic acid (BCH), dose-

dependently reduced cell growth. The increased intracellular flux of nutrients in a tumor cell 

would serve as fuel for the mTORC1–S6K1 pathway, which would drive ribosome biogenesis, 

cell growth and suppress autophagy 
110

. 

Temsirolimus (CCI-779) and deforolimus (AP23573) are the novel derivatives of sirolimus. 

Temsirolimus treated cancer in phase 1, phase 2 and phase 3 clinical trial are renal, breast, lung; 

breast, endometrial, glioblastoma, lung, mental cell lymphoma; renal cell carcinoma respectively 

1
. Temsirolimus is approved by FDA in the treatment of advanced breast cancer. Deforolimus 

treated cancer in phase 1 and phase 2 clinical trials are solid tumors, glioblastoma, renal cell, 

sarcoma; advanced sarcoma, hematological malignancies 
1
. 
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FUTURE ASPECTS 

Although the link between obesity and diabetes is well established, that of metabolic disease and 

aberrant cell growth has received less attention. However, recent studies have suggested that 

obesity is not only a risk factor for diabetes, but also for many cancers such as, endometrial and 

colon cancer 
111,112

. If obesity and diabetes are linked to cancer through the PKB/Akt–mTOR 

pathway, is it possible to treat one condition using a drug that has been produced for the other? 

Recently, it has been showed that the common therapeutic agent for diabetes, metformin, 

activates AMPK through an LKB1-dependent mechanism 
113

. Similarly, it has been shown that 

activation of AMPK, resulting in downregulation of S6K1 and general translation in several 

cancer cell types that have been treated with metformin 
114

. The activation of AMPK by 

metformin leads to diminished gluconeogenesis in the liver and enhanced glucose uptake in 

peripheral tissues. In addition to the effect on LKB1 activity, metformin also seems to inhibit the 

mitochondrial respiratory chain complex 1, resulting in a high cellular AMP: ATP ratio, which is 

a potent stimulator of AMPK activity. Although it is known that metformin alleviates diabetic 

symptoms, the link to the LKB1 tumor suppressor and AMPK suggests that it might also have a 

therapeutic benefit in a cancer setting. A recent case-control study from record-linkage databases 

suggested not only that metformin reduces the risk of cancer in diabetic patients but also that 

protection might be dose-dependent 
115,116

. Conversely, there is some indication that treatment of 

diabetic patients with cancer therapeutics might be beneficial. One study described improved 

fasting glucose levels in diabetic patients with CML after treatment with imatinib 
117

. Similarly, a 

recent independent case study described regression of type 2 diabetes in a woman with CML also 

undergoing treatment with imatinib 
118

. Finally, a lung cancer patient with type 2 diabetes treated 

with a Erlotinib also experienced improvement in her diabetic condition 
[119]

. It will be of interest 

to follow future clinical trials that target this pathway in cancer, also focusing on metabolic 

parameters. 
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