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Introduction 

mTOR in normal physiology and disease 

The mammalian target of rapamcyin (mTOR) is a central regulator of cell 
growth that has been highly conserved through evolution from yeast to 
mammals. mTOR responds to growth factors, nutrients and energy levels to 
promote protein synthesis and proliferation under replete conditions and to 
conserve energy and promote survival during periods of stress or starvation. 
The importance of TOR for development is clearly illustrated by the embry-
onic lethality of TOR mutants in Drosophila melanogaster, Caenorhabditis 
elegans, and Mus musculus. TOR knockout embryos die shortly after implan-
tation due to impaired trophoblast differentiation and failure of embryonic 
stem cells to proliferate (1, 2). Dysfunction of mTOR signaling has also been 
implicated in a number of human diseases including obesity, type II diabetes, 
muscle atrophy, cardiac hypertrophy, neurodegenerative disorders such as 
Huntington’s and Alzheimer’s disease, and cancer (3). Current research ef-
forts are investigating the therapeutic potential of modulating mTOR signaling 
in the management of these disorders. 

mTOR signaling complexes 

The mTOR kinase carries out its function within the context of two structurally 
distinct multi-protein complexes, mTORC1 and mTORC2 (Figure 1). 
mTORC1 consists of mTOR in association with LST8 and Raptor. LST8 and 
mTOR are the only common components present in both TOR complexes. 
LST8 binds constitutively to the catalytic domain of mTOR and stimulates its 
kinase activity (4). Raptor acts as a scaffolding protein to bring mTORC1 
substrates such as p70S6K and 4E-BP1 within close proximity of the mTOR 
kinase domain. By phosphorylation of these substrates, mTORC1 plays a 
role in regulating the process of mRNA translation. A fourth partner of com-
plex 1, PRAS40, binds mTORC1 under conditions of serum or nutrient depri-
vation and acts as a negative regulator of mTORC1 (5). Phosphorylation of 
PRAS40 by Akt or mTOR itself appears to release its inhibitory effect on 
mTORC1 (6). 
 
mTORC2 contains mTOR, LST8, and Rictor in addition to the recently identi-
fied proteins SIN1 and PRR5/Protor (7, 8). Much less is known about the up-
stream regulation and function of this complex, although it is currently an 
area of active research. This complex has downstream substrates that are 
distinct from those of mTORC1, most likely as a consequence of the unique 
proteins present in this complex. Importantly, mTORC2 is responsible for 
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between p85 and the receptor is indirect and occurs via substrate adaptor 
proteins such as the insulin receptor substrates IRS1 and IRS2 (11). Binding 
of PI3K has a dual function in that it releases the inhibitory function of p85 on 
the p110 catalytic subunit and also positions PI3K in close proximity to the 
plasma membrane where its substrate, phosphatidylinositol 4,5 bisphosphate 
(PIP2), resides. Phosphorylation of PIP2 by PI3K generates phosphatidyl-
inositol 3,4,5 triphosphate (PIP3) which stimulates the recruitment of kinases 
such as PDK1 and Akt to the plasma membrane via interaction with their 
pleckstrin homology domains. PI3K signaling is controlled by the phos-
phatase PTEN, which can dephosphorylate PIP3 to PIP2 and limits further 
downstream activation of the pathway.  
 
Akt activation requires phosphorylation on two residues; Thr308 which is 
phosphorylated by PDK1 when the two kinases are brought into close prox-
imity at the plasma membrane by PIP3, and Ser473 which is phosphorylated 
by the mTORC2 complex (9, 12). Phospho-Akt has numerous direct down-
stream targets that promote survival and growth, one of which is tuberous 
sclerosis complex 2 (TSC2). TSC2 forms a complex with TSC1, and together 
this complex is an important negative regulator of mTORC1. Akt activation 
leads to inhibition of the TSC1/TSC2 complex and thus activation of 
mTORC1. When TSC2 is phosphorylated by Akt, it becomes bound by 14-3-
3 proteins which sequester it to the cytosol and away from membrane-bound 
TSC1 (13). The TSC1/2 complex acts to downregulate mTORC1 activity by 
stimulating Rheb, a small Ras-like GTPase that interacts with mTORC1, to 
hydrolyze GTP to GDP. The activity of Rheb is determined by its guanine 
nucleotide binding state; Rheb in a GTP-bound form strongly stimulates 
mTORC1 activity while GDP-bound Rheb is inactive. Therefore, upon mito-
gen exposure, signaling through the PI3K/Akt pathway represses the function 
of TSC1/2, allowing GTP-bound Rheb to accumulate, and resulting in the 
activation of mTORC1. A recent report by Sato et al. has shed light on the 
mechanism of mTORC1 activation by Rheb-GTP (14). They show that Rheb 
does not induce autophosphorylation of mTOR (ie mTOR kinase activity) but 
that Rheb enhances the binding of substrates to mTORC1 by increasing their 
access to Raptor. 
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Figure 2. The mTOR signal transduction pathway. Activity of the mTOR-Raptor complex 
(mTORC1) is positively regulated by extracellular growth factors and by amino acids. Binding of 
growth factors to a cell surface receptor sets off a signaling cascade through the PI3K-PDK1-
Akt pathway to the TSC1/2 complex. For complete activation of Akt, phosphorylation of Ser473 
by mTOR-Rictor (mTORC2) is required. Currently little is known about the upstream regulation 
of mTORC2. TSC is a major negative regulator of mTORC1 which is inactivated by Akt which 
promotes sequestration of TSC2 by 14-3-3 proteins. Hypoxia and low energy levels, on the 
other hand, can stimulate TSC2 via REDD1 and AMPK respectively. This stimulates the TSC1/2 
complex to activate GTP hydrolysis by Rheb, leading to accumulation of GDP-bound Rheb and 
inhibition of mTORC1. Hypoxia can also promote Rheb-GDP in a TSC-independent manner via 
BNIP3. Accumulation of GTP-bound Rheb positively regulates activity of mTORC1. Amino ac-
ids, by activation of the Rag heterodimer, allow activation of mTORC1 by Rheb-GTP. Down-
stream targets of mTORC1 include 4E-BP1, p70-S6K and eEF2K which all function in some 
aspect of mRNA translation. 
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The mechanism that mediates the repression of mTOR by AMPK involves 
the phosphorylation of TSC2 on multiple sites by AMPK. These phosphoryla-
tion events stimulate the inhibitory activity of TSC2 towards Rheb and mTOR 
(21), in contrast to the inactivating phosphorylation of TSC2 by Akt in re-
sponse to growth factors. A possible second mechanism occurs by direct 
phosphorylation of mTOR by AMPK on Thr2446, however the consequence 
of this phosphorylation event on mTOR function is not clear (22). More re-
cently, Gwinn et al. found that AMPK phosphorylates Raptor on 2 serine resi-
dues (Ser722 and Ser792) in response to energy stress (23). Cells with intact 
AMPK signaling normally undergo cell-cycle arrest during energy stress, 
however they found that cells unable to phosphorylate Raptor continue to 
proliferate and ultimately undergo apoptosis. This demonstrates the require-
ment of Raptor phosphorylation by AMPK for mTORC1 inhibition and cell-
cycle arrest induced by energy stress (23). 

Regulation of mTOR by amino acids 

Given that mTORC1 stimulates processes that use large amounts of amino 
acids, such as ribosome biogenesis and mRNA translation, it is physiologi-
cally advantageous for mTOR to respond to the availability of essential amino 
acids that mammalian cells are unable to synthesize themselves. Amino ac-
ids pay a key role in maintaining basal levels of mTOR signaling. In particu-
lar, the intracellular concentration of leucine, an essential branched-chain 
amino acid, positively regulates mTORC1 activity through a pathway parallel 
to the insulin signaling network (24). Leucine uptake is mediated by the 
SLC7A5-SLC3A2 amino acid antiporter which was recently shown to import 
leucine while exporting glutamine (25). Thus when cells are starved for 
glutamine, extracellular leucine cannot enter the cell and as a result, 
mTORC1 cannot be activated even in the presence of growth factors. The 
intracellular sensor of leucine or other amino acids which influence mTORC1 
activity remains unknown, although it has been shown that the Rag family of 
small GTPases are involved in transmitting the amino acid input to mTORC1 
(26, 27). Amino acids stimulate GTP loading of the Rags as well as their 
binding to Raptor. While this association does not stimulate mTOR kinase 
activity in vitro, there is evidence that it promotes mTORC1 relocation to 
vesicles that contain Rheb. Thus Rags may position mTORC1 at an optimal 
location to receive growth factor signals via Rheb when amino acids are pre-
sent. 
 
Vps34, a class 3 PI3K member, may also be involved in regulating mTORC1 
under conditions of amino acid or glucose starvation, although the mecha-
nism is currently unknown. Recent research provides evidence that Vps34 
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acts at a point downstream of TSC2 and upstream of mTORC1 and shows 
that Vps34 is required for the insulin stimulation of mTORC1 targets (28, 29). 
However, the involvement of Vps34 in regulating TOR signaling has been 
brought into question as it was not found to hold true in a Drosophila model 
(30). 

Regulation of mTOR signaling by oxygen  

Oxygen is a crucial regulator of cellular metabolism. When oxygen levels be-
come limiting, cells rapidly activate adaptive mechanisms to reduce energy 
expenditure by inhibiting energy-intensive processes such as mRNA transla-
tion (31). This effect occurs in part through inhibition of mTORC1 as can be 
seen upon exposure of cells to low oxygen (hypoxia) which reduces 
mTORC1 activity towards 4E-BP1 and p70S6K (32). Downregulation of 
mTOR signaling can thus be considered as a component of the cellular re-
sponse to hypoxia.  
 
A key aspect of the hypoxia response involves the hypoxia-inducible factor 
(HIF) family of transcription factors which orchestrate the transcriptional 
changes required for hypoxia tolerance. HIFs are rapidly activated by post-
transcriptional mechanisms when oxygen levels drop below normal and sub-
sequently promote the expression of genes whose products promote angio-
genesis, anaerobic metabolism, cell motility and invasion. These processes 
function to improve tissue oxygenation and to maintain cellular ATP produc-
tion in the absence of oxygen. BNIP3 and REDD1 are transcriptional targets 
of HIF which act to inhibit mTORC1 activity under hypoxia. REDD1 promotes 
the dissociation of TSC2 from 14-3-3 proteins, thereby restoring the inhibitory 
function of TSC2 towards Rheb and mTORC1 (33). BNIP3 acts downstream 
of TSC2 by interacting with Rheb directly and decreases the amount of active 
GTP-loaded Rheb (34).  
 
Apart from the HIF-dependent regulation of mTORC1 there are also HIF-
independent mechanisms which downregulate mTORC1 activity. For exam-
ple PML, the promyelocytic leukemia tumor suppressor, also prevents the 
association of Rheb with mTORC1 but does so by co-localizing with mTOR in 
the nucleus under hypoxic conditions (35). Severe or long-term hypoxia also 
contributes to mTORC1 regulation indirectly by activating the energy stress 
pathway via AMPK as described in the previous section. Energy levels de-
crease under hypoxia since cells must rely on anaerobic glycolysis to gener-
ate ATP, a much less efficient method than the oxygen consuming process of 
oxidative phosphorylation. However, moderate hypoxia is able to activate 
AMPK very quickly (within 30 minutes) under serum-deplete conditions, 
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which correlates with inhibition of mTORC1 (36). This appears to be a con-
sequence of rapidly decreasing ATP levels under hypoxia when growth fac-
tors are not present.  
 
The fact that hypoxia influences mTOR through multiple mechanisms sug-
gests that it may be particularly important for adaptation to this stress. 

Possible link between folliculin and mTOR 

An interesting new connection has been made between mTORC1 signaling 
and folliculin, a protein of unknown function. Germline mutations in the gene 
encoding folliculin cause a rare genetic disease called Birt-Hogg-Dubé (BHD) 
syndrome. The characteristic features of BHD include benign skin tumors 
originating from the hair follicles (fibrofolliculomas) on the face and upper 
torso, lung cysts leading to spontaneous pneumothorax, and an increased 
risk of developing renal carcinoma (37). Mutations in the BHD gene are inher-
ited in an autosomal dominant fashion and have been characterized in a 
number of families. The majority of reported human mutations are either 
frameshift or nonsense mutations that are predicted to cause protein trunca-
tion and result in haploinsufficiency (38). It is thought that folliculin acts as a 
typical tumor suppressor. Evidence to support this idea comes from renal 
tumors of BHD patients that have lost expression of the remaining wild-type 
allele, as well as loss-of-heterozygosity that has been reported at this locus in 
sporadic kidney tumors (39, 40). BHD syndrome displays phenotypic similari-
ties with several familial hamartoma syndromes such as Peutz-Jeghers syn-
drome, Cowden syndrome and Tuberous Sclerosis Complex. These diseases 
are characterized by benign tumors that develop in multiple tissues and ele-
vated risk of malignant cancer. Hamartoma syndromes all share a common 
upregulation of mTORC1 signaling, so it is a logical assumption that folliculin 
is also somehow connected to mTOR. The link between folliculin and 
mTORC1 has recently been confirmed in a kidney-specific BHD knock-out 
mouse where strong activation of Akt/mTORC1 and MAPK pathways was 
observed (41). How exactly folliculin is regulating mTORC1 is still not clear, 
although there is some evidence to suggest that folliculin associates with 
AMPK via two recently identified interacting proteins, FNIP1 and 2 (42, 43). 
Folliculin may therefore be involved in energy and/or nutrient sensing through 
the AMPK and mTOR pathways.  

Regulation of mRNA translation by mTOR  

The result of stimulating mTORC1 activity is manifested in cellular changes 
such as increased cell growth (cell size and mass), increased proliferation, 
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angiogenesis, and increased survival (44). These downstream effects are all 
thought to be mediated by mTORC1’s regulation of mRNA translation. 
 
The process of mRNA translation involves the sequential decoding of mRNA 
by the ribosome into protein. Ribosomes are composed of 2 subunits, termed 
the ‘small’ 40S subunit and the ‘large’ 60S subunit, which together are com-
prised of 85-90 distinct proteins and four different ribosomal RNA molecules 
(45). The ribosome catalyzes the formation of peptide bonds between amino 
acids of the newly synthesized protein. Translation can be divided into three 
distinct stages: initiation, elongation, and termination. All stages require addi-
tional translation factors which transiently associate with the ribosome and 
allow separate regulation of the various stages. For most mRNAs, initiation 
begins by recruiting the 40S ribosomal subunit to the 5’ cap structure of the 
mRNA (Figure 3). This occurs following formation of the eIF4F complex con-
sisting of eIF4E (the cap-binding protein), eIF4G (a large scaffolding protein 
which is crucial for binding of the ribosome), and eIF4A (an RNA helicase) 
(46). As discussed later, mTOR plays an important role in regulating the 
availability of eIF4E to participate in this complex. Together with the methio-
nyl-tRNA and certain initiation factors, the 40S subunit scans along the 5’ 
untranslated region (UTR) for the start codon. During elongation, the poly-
peptide chain is assembled in a stepwise fashion according to the reading 
frame of the mRNA.  
 
Elongation requires two translation factors, eEF1 and eEF2. eEF2 is also 
regulated by mTOR and is required for translocation of the ribosome to the 
next codon in the mRNA (45). Termination occurs when the ribosome en-
counters a stop codon, resulting in the release of the polypeptide chain and 
ribosomal subunits. It is common for multiple ribosomes to initiate translation 
of an mRNA molecule in succession, which allows the simultaneous produc-
tion of several peptides from a single mRNA. This structure is termed a 
‘polyribosome’ or ‘polysome’ and can be isolated to determine which mRNAs 
are actively synthesizing protein at any given time or condition. 
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Figure 3. mTORC1 regulation of mRNA Translation. Initiation of translation begins by assem-
bling the eIF4E-eIF4G-eIF4A complex at the 5’ cap of the mRNA. This process is stimulated by 
mTORC1 via inhibition of the eIF4E binding protein (4EBP). This initiation complex recruits the 
40S ribosomal subunit which scans the 5’ UTR for the AUG start codon where the 60S ribosomal 
subunit joins to form a functional ribosome. Elongation is also stimulated by mTORC1 by activa-
tion of the eEF2 elongation factor which is required for translocation of the ribosome along the 
mRNA. Upon encountering a stop codon, translation is terminated by releasing the nascent pep-
tide and ribosomal subunits. 

Translational control and cancer 

There is increasing evidence that aberrant regulation of mRNA translation 
can contribute to cellular transformation and malignancy. In numerous can-
cers, general protein synthesis rates are significantly elevated in comparison 
to normal tissue (47, 48). In addition, many tumor suppressors and onco-
genes have been identified which control protein synthesis. Finally, strong 
genetic support of this hypothesis comes from studies which show that ex-
perimental overexpression of eIF4E can cause malignant transformation (49, 
50) and from an animal model of B-cell lymphoma that demonstrates eIF4E is 
tumorgenic in vivo (51, 52). How then might increased mRNA translation 
cause cancer? Not all mRNAs respond the same way to increases in transla-
tion initiation. Some mRNAs, many of which encode proteins influencing pro-
liferation, apoptosis, angiogenesis, and metastasis, have long 5’UTRs with 
complex secondary structure and show much greater dependency on eIF4E 
and other cap-dependent initiation factors for their translation. For example, 
c-Myc, cyclin D1, ornithine decarboxylase (ODC), matrix metalloproteinase-9 
(MMP-9), and vascular endothelial growth factor (VEGF) all fall within this 
group of mRNAs whose translation rates respond to availability of the eIF4F 
initiation complex and whose expression is linked to the defining hallmarks of 
cancer (53, 54). Therefore, prolonged upregulation of translation initiation can 
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