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Abstract: The conserved serine/threonine kinase mTOR (the mammalian target of 

rapamycin), a downstream effector of the PI3K/AKT pathway, forms two distinct 

multiprotein complexes: mTORC1 and mTORC2. mTORC1 is sensitive to rapamycin, 

activates S6K1 and 4EBP1, which are involved in mRNA translation. It is activated by 

diverse stimuli, such as growth factors, nutrients, energy and stress signals, and essential 

signalling pathways, such as PI3K, MAPK and AMPK, in order to control cell growth, 

proliferation and survival. mTORC2 is considered resistant to rapamycin and is generally 

insensitive to nutrients and energy signals. It activates PKC-α and AKT and regulates the 

actin cytoskeleton. Deregulation of multiple elements of the mTOR pathway (PI3K 

amplification/mutation, PTEN loss of function, AKT overexpression, and S6K1, 4EBP1 

and eIF4E overexpression) has been reported in many types of cancers, particularly in 

melanoma, where alterations in major components of the mTOR pathway were reported to 

have significant effects on tumour progression. Therefore, mTOR is an appealing 

therapeutic target and mTOR inhibitors, including the rapamycin analogues deforolimus, 

everolimus and temsirolimus, are submitted to clinical trials for treating multiple cancers, 

alone or in combination with inhibitors of other pathways. Importantly, temsirolimus and 

everolimus were recently approved by the FDA for the treatment of renal cell carcinoma, 

PNET and giant cell astrocytoma. Small molecules that inhibit mTOR kinase activity and 

dual PI3K-mTOR inhibitors are also being developed. In this review, we aim to survey 
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relevant research, the molecular mechanisms of signalling, including upstream activation 

and downstream effectors, and the role of mTOR in cancer, mainly in melanoma. 
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Non-Standard Abbreviations: Eukaryotic translation initiation factor 4E-binding protein 1 (4E-

BP1); 5' Adenosine monophosphate-activated protein kinase (AMPK); Protein kinase B (AKT/PKB); 

B-cell lymphoma 2 (Bcl-2); v-RAF murine sarcoma viral oncogene homolog B (BRAF); DEP domain-

containing mTOR-interacting protein (DEPTOR); Eukaryotic elongation factor-2 kinase (eEF2K); 

Epidermal growth factor receptor (EGFR); Eucaryotic translation initiation factor 4E (eIF4E); 

Extracellular regulated MAP kinase (ERK); Food and drug administration (FDA); Forkhead 

transcriptor factor (FOXO); Gtpase-activating protein (GAP); Guanine nucleotide-binding protein G(q) 

subunit alpha (GNAQ); Glycogen synthase kinase 3 (GSK3); Hypoxia-inducible factor 1 (HIF-1); 

Heat shock protein 70-alpha (Hsp70); Insulin receptor substrate 1 (IRS-1); v-kit Hardy-Zuckerman 4 

feline sarcoma viral oncogene homolog (KIT); Mitogen-activated protein kinase (MAPK); Mitogen 

activated protein kinase kinase (MEK); Microphthalmia-associated transcription factor (MITF); 

Mammalian lethal with SEC13 protein 8 (mLST8); Mammalian stress activated protein kinase 

interacting protein 1 (mSin1); Mammalian target of rapamycin (mTOR); mTOR complex 1/2 

(mTORC1/2); Myelocytomatosis viral oncogene (MYC); Neuroblastoma RAS viral (v-ras) oncogene 

homolog (NRAS); Poly (ADP-ribose) polymerase (PARP); Phosphoinositide-dependent kinase 1 

(PDK 1); Phosphatidylinositol 3-kinase (PI3K); Phosphatidylinositol-4,5-bisphosphate (PIP2/ 

PtdIns(4,5)P2); Phosphatidylinositol-3,4,5-triphosphate (PIP3/PtdIns(3,4,5)P3); Protein kinase C 

(PKC); Proline rich Akt substrate 40 (PRAS40); Proline rich protein 5 / protein observed with rictor 

(PRR5/Protor); Phosphatase and tensin homologue deleted on chromosome ten (PTEN); Regulatory 

associated protein of mTOR (Raptor); Rat sarcoma virus oncogene (RAS); Protein regulated in 

development and DNA damage response 1 (REDD1); Ras homolog enriched in brain (Rheb); 

Rapamycin insensitive companion of mTOR (Rictor); p90 ribosomal S6 kinase (RSK); Receptor 

tyrosine kinase (RTK); S6 kinase (S6K); Signal transducer and activator of transcription (STAT); 

Tuberous sclerosis complex 1/2 (TSC 1/2); Vascular Endothelial Growth Factor Receptor (VEGFR) 

 

1. Introduction 

Cell behaviour is modulated by local circumstances: metabolism is hindered by the lack of nutrients 

and growth factors, with associated alterations in the expression of various genes involved in cellular 

physiology. Protein synthesis is consequently downregulated, thereby having a negative impact on 

growth and proliferation. An understanding of the mechanisms by which cells receive and integrate 

extracellular signals, triggering a cascade of intracellular signals that influence cell growth and 

metabolism, is essential to developing a well-targeted chemotherapy. One of these mechanisms is the 

mTOR signalling pathway, which links growth factors, nutrients and energy availability to cell 

survival, growth, proliferation, and motility (reviewed in refs. [1–3]). 
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The target of rapamycin (TOR) was originally discovered in the budding yeast  

Saccharomyces cerevisiae, as a target of the macrolide fungicide rapamycin, through mutants that 

showed growth resistance to rapamycin [4]. The structurally and functionally conserved mammalian 

counterpart (mTOR) was subsequently discovered biochemically based on its rapamycin inhibitory 

properties [5–7]. To date, every eukaryote genome examined (including yeasts, algae, plants, worms, 

flies and mammals) contains a TOR gene. 

mTOR (the mammalian target of rapamycin), also known as FRAP (FKBP12-rapamcyin-associated 

protein), RAFT1 (rapamycin and FKBP12 target), RAPT 1 (rapamycin target 1), or SEP (sirolimus 

effector protein), is a 289 kDa serine/threonine kinase [7] that belongs to the PI3K-related protein 

kinase (PIKKs) family, since its C-terminus shares strong homology to the catalytic domain of PI3K 

(Figure 1) [8,9]. 

mTOR encompasses two functionally distinct protein complexes: mTOR complex 1 and mTOR 

complex 2 (Figure 2) [11,12]. The mTORC1 consists of mTOR, raptor, mLST8, and two negative 

regulators, PRAS40 and DEPTOR [13–16]. Raptor regulates mTOR activity and functions as a 

scaffold for recruiting mTORC1 substrates [13,14]. Recent studies suggested that mTORC1 activity 

can be regulated by the phosphorylation status of raptor [17]. mLST8, another subunit of mTORC1, 

thought to bind to the kinase domain of mTOR, and to regulate positively the mTOR kinase activity, 

seems essential to maintain a nutrient and rapamycin-sensitive interaction between raptor and  

mTOR [18]. Other studies indicate that mLST8 is necessary for maintaining the rictor-mTOR 

interaction also in mTORC2 complex [19], leading to the proposal that mLST8 might be important for 

shuttling mTOR between the two mTOR complexes and consistent with the dynamic equilibrium of 

these complexes in mammalian cells [20]. PRAS40, another subunit of mTORC1, associates with 

mTORC1 via raptor and inhibits its activity [15]. A recent study identified DEPTOR as a  

mTOR-interacting protein [16]. DEPTOR interacts with both mTORC1 and mTORC2, negatively 

regulating their activities. 

Figure 1. Domain structure of mTOR. The N-terminus of mTOR contains two tandem 

repeated HEAT motifs (protein interaction domains found in Huntington, Elongation factor 3, 

PR65/A and TOR), followed by a FAT (domain shared by FRAP, Ataxia telangiectasia 

mutated, and TRRAP, all of which are PIKK family members) domain, a FRB  

(FKBP12-rapamycin-binding site, found in all eukaryotic TOR orthologs) domain, a PtdIns 

3-kinase related catalytic domain, an auto-inhibitory (repressor domain or RD domain), 

and a FATC (FAT C terminus) domain that is located at the C-terminus of the protein. The 

FRB domain forms a deep hydrophobic cleft that serves as the high-affinity binding site for 

the inhibitory complex FKBP12-rapamycin (Adapted from [10]). 
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Figure 2. Schematic components of the mTOR complexes (mTORC). mTOR functions in 

two structural and functional distinct protein complexes: mTORC1, which contains two 

positive regulatory subunits, raptor and mLST8, and two negative regulators, PRAS40 and 

DEPTOR; and mTORC2, which contains rictor, mSin1 and Protor, and also mLST8  

and DEPTOR. 

 

mTORC1 is activated by the PI3K/AKT pathway (Figure 3) and inhibited by the TSC1/TSC2 

complex; it is a major regulator of ribosomal biogenesis and protein synthesis [21], through the 

phosphorylation and activation of S6K, and the phosphorylation and inactivation of the repressor of 

mRNA translation 4EBP1. Since they are the best characterized downstream targets of mTOR, the 

phosphorylation status of S6K and 4EBP1 are commonly used to evaluate mTORC1 activity in vivo.  

In addition, mTORC1 is also involved in the regulation of other proteins including CLIP-170 

(cytoplasm linker protein-170) [22], eEF2 (eukaryotic elongation factor 2) kinase [23], ODC (ornithine 

decarboxylase) [24], glycogen synthase [25], HIF-1 α (hypoxia-inducible factor 1α) [26], lipin [27], 

PKCδ and PKCε [28], PP2A (protein phosphatase 2A) [29], p21Cip1 and p27Kip1 cyclin-dependent 

kinase inhibitors [30,31], Rb (retinoblastoma) protein [32], and STAT3 (signal transducer and activator 

of transcription 3) [33]. 

mTORC2 contains mTOR, rictor, mLST8, mSin1, and the newly identified components Protor, 

Hsp70 and DEPTOR [12,34–36]. Rictor is an mTOR-associated protein that is exclusive from 

mTORC2 [12]. mLST8 is a stable component of both mTOR complexes [19]. mSin1 is an essential 

subunit of mTORC2, important for mTORC2 integrity and mTOR activity toward AKT Ser473 

phosphorylation [35]. Protor-1 (protein observed with rictor-1) interacts with rictor, although it is not 

essential for the assembly of other mTORC2 subunits into the complex [36]. Hsp70, a heat shock 

protein, is required for the proper formation and kinase activity of mTORC2 under basal conditions 

and following heat shock [37]. DEPTOR is a negative regulator of both mTORC1 and mTORC2 [16]. 
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Figure 3. Diagram of the mTOR signalling pathway (see text for details). mTOR is a 

central regulator of cell growth and proliferation in response to environmental and 

nutritional conditions. The mTOR signalling pathway is regulated by growth factors, amino 

acids, and ATP and O2 levels. Signalling through mTOR modulates several downstream 

pathways that regulate cell-cycle progression, translation initiation, transcriptional stress 

responses, protein stability, and survival of cells. 

 

mTORC2 is activated by growth factors, phosphorylates PKC-α, AKT (on Ser473) and paxillin 

(focal adhesion-associated adaptor protein), and regulates the activity of the small GTPases Rac and 

Rho related to cell survival, migration and regulation of the actin cytoskeleton [12,38,39]. Hence, 

mTORC2 and mTORC1 have different physiological functions. 

The complexes differ in their sensitivity to the macrolide fungicide rapamycin; mTORC1 is 

sensitive and mTORC2 is deemed resistant. However, it was described that long-term treatment (over 

24 h) with rapamycin can disrupt mTORC2 assembly and function by sequestering newly synthesized 

mTOR molecules [39].  

The mTORC1 signalling cascade is activated by phosphorylated AKT (Figure 3). Class I PI3K 

produces the second messenger PtdIns(3,4,5)P3 [40]. PtdIns(3,4,5) P3 binds to the pleckstrin-homology 
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(PH) domain of target proteins, including AKT and PDK1 [2]. Binding of PtdIns(3,4,5)P3 to the PH 

domain of AKT engages this kinase to the cell membrane where it is activated by phosphorylation at 

Thr308 by PDK1 [41,42], and by phosphorylation at Ser473 by mTORC2 [43], being both 

phosphorylation required for the full activation of AKT kinase activity [41]. PTEN is a negative 

regulator of AKT activation, as it converts PtdIns(3,4,5)P3 into PtdIns(4,5)P2, leading to a reduced 

recruitment of AKT to the cell membrane [44]. Activated AKT has several downstream substrates, 

including GSK3, FOXO transcription factors and TSC2 [45]. The phosphorylation of TSC2 prevents 

TSC1/TSC2 complex formation, which drives the small GTPase Rheb into the GTP-bound active  

state [40], leading to the activation of mTORC1 at Ser2448 [46,47]. The exact mechanism by which 

Rheb activates mTORC1 is unknown, but it was described to entail the interaction of GTP-bound Rheb 

with the amino-terminal lobe of the mTOR kinase domain [47] and the farnesylation and subsequent 

localization of Rheb in the Golgi and endomembranes [48,49]. AKT also phosphorylates and inhibits 

PRAS40, which negatively regulates mTORC1 by antagonizing its activation by Rheb [15,50]. 

Activated mTORC1 phosphorylates downstream effectors, including S6K1 and 4EBP1, via an 

interaction between raptor and a TOR signalling (TOS) motif in S6K and 4EBP [51–53]. The TOS 

motif is a conserved five amino acid segment found in the N terminus of S6K1 (Phe-Asp-Ile-Asp-Leu) 

and in the C terminus of 4E-BP1 (Phe-Glu-Met-Asp-Ile) that is necessary for the in vivo phosphorylation 

of these proteins by mTORC1 [54].  

The serine/threonine kinase p70S6K1 is one of the most well-known downstream targets of 

mTORC1. S6K1 can also be activated by TOR-insensitive signalling pathways such as PDK1, MAPK 

and SAPK (stress-activated protein kinase). In spite of this, the phosphorylation of S6K1 at Thr389 by 

mTORC1 is required for its activation and the three phosphorylation sites identified of S6K1 can all be 

blocked by mTOR inhibitors [55]. Activated mTORC1 phosphorylates S6K1, which phosphorylates 

S6 (40S ribosomal protein S6), enhancing the translation of mRNAs with a 5'-terminal 

oligopolypyrimidine (5'-TOP). The targets of S6K1 include ribosomal proteins, elongation factors, and 

insulin growth factor 2 [56]. 

4EBP1 is another well-characterized mTORC1 target. 4EBP1 inhibits the initiation of protein 

translation by binding and inactivating eIF4E (eukaryotic translation initiation factor 4E) [57]. 

mTORC1 phosphorylates 4EBP1 at multiple sites to promote the dissociation of eIF4E from 4EBP1, 

relieving the inhibitory effect of 4EBP1 on eIF4E-dependent translation initiation [58]. Free eIF4E can 

form the multisubunit eIF4F complex binding to eIF4G (a large scaffolding protein), eIF4A (an  

ATP-dependent RNA helicase), and eIF4B, enabling cap-dependent protein translation, and inducing 

increased translation of mRNAs with regulatory elements in the 5'-untranslated terminal regions  

(5'-UTR) of its downstream target genes (e.g., c-myc, ornithine decarboxylase and cyclin D1), which 

are required for G1-to-S phase transition [56]. Differently, in quiescent cells or under low growth 

factors levels, unphosphorylated 4EBP1 binds to eIF4E, inhibiting the initiation of protein translation. 

The inhibition of mTOR by rapamycin also causes 4EBP1 dephosphorylation, which prevents protein 

translation [59]. 

Several studies suggest the existence of a negative feedback loop from the mTOR-S6K1 pathway to 

the upstream IRS pathway (Figure 3) [60,61]. Activation of mTORC1 and S6K1 regulates IRS-1 both 

at the transcriptional level and through direct phosphorylation on specific residues which prevent its 
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recruitment and binding to RTKs, leading to a negative feedback regulation of both PI3K [62] and 

MAPK signalling [63]. 

In summary, the serine/threonine kinase mTOR, a downstream effector of the PI3K/AKT pathway, 

forms two complexes: mTORC1 and mTORC2. The complexes are constituted by different proteins 

and play distinct functions for cell maintenance. mTORC1 is sensitive to rapamycin, activates S6K1 

and 4EBP1, which are involved in mRNA translation. mTORC2 is considered resistant to rapamycin, 

activates PKC-α and AKT and regulates the actin cytoskeleton. 

2. Upstream Regulation of the mTOR Pathway 

Growth factors and hormones, such as insulin, regulate mTORC1 signalling by the activation of 

class I PI3K and its downstream effector AKT, which reverses the inhibitory effect of TSC1/TSC2 

complex and PRAS40 on mTORC1 signalling [64]. Stimulation of class I PI3K initiates several 

selective signalling cascades that lead to increased cell growth and proliferation [65]. 

mTORC1 can also be activated by nutrients. It was described that induction of S6K1 and 4EBP1 

phosphorylation by amino acids depends on mTORC1 [66]. Another study described that amino-acid 

withdrawal results in the rapid dephosphorylation of S6K1 and 4EBP1, whereas addition of amino 

acids rescues this response in a rapamycin-sensitive manner [67]. Furthermore, it has been suggested 

that TSC1/TSC2 complex is not required for the regulation of mTORC1 by amino acids, although 

Rheb–GTP is required for this response [68]. Another mechanism by which amino acids may affect 

mTORC1 activity is via the class III PI3K, hVps34 (human vacuolar protein sorting-34). hVps34 is 

activated by amino acids and is involved in mediating the effect of amino acids on mTORC1 [68,69]. 

It is unknown if hVps34 signals through Rheb or if it affects directly mTORC1. 

Cellular energy status also converges to mTOR. In response to energy starvation (low ATP level), 

mTORC1 activity is inhibited through the phosphorylation of TSC2 by AMPK (AMP-activated protein 

kinase). AMPK is activated by LKB1 (Liver kinase B1) that directly phosphorylates the activation 

loop and increases AMPK kinase activity [70]. It was proposed that AKT counteracts this effect by the 

preservation of nutrient uptake that sustain high levels of ATP and a low level of AMPK activity, 

leading to the inhibition of TSC2 and the activation of mTORC1 [71]. In response to energy starvation, 

cells also increase the mRNA levels of the hypoxia-inducible gene REDD1 (Regulated in development 

and DNA damage responses 1), which activates TSC2 and inhibits Rheb [72].Hypoxia has also an 

inhibitory effect on mTORC1 activity, which is in part mediated by the induction of REDD1 [73]. 

Transcriptional upregulation of REDD1 during hypoxia has been described to be dependent on the 

hypoxia-inducible transcription factor, HIF-1 [74]. Hypoxia can also inhibit mTORC1 independently 

of REDD1 and HIF-1, via the induction of energy stress. AMPK/TSC2/Rheb pathway is activated at 

low oxygen levels, resulting in mTORC1 inhibition [75]. 

In addition to activation by PI3K and AMPK, RAS/MAPK signalling has also been shown to 

trigger the activation of mTORC1 signalling. RAS proteins (H-, K- and N-RAS) function as a 

GDP/GTP-regulated switch and may have an important role as oncoproteins. In normal quiescent cells, 

RAS is GDP-bound and inactive. Upon stimulation by growth factors, hormones or cytokines, the 

activated GTP-bound form of RAS binds to and activates RAF kinase [76,77]. Upon activation, RAF 

phosphorylates and activates MEK, which activates ERK/RSK pathway. ERK phosphorylates both 
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cytosolic and nuclear substrates leading to regulation of gene expression, cytoskeleton and metabolic 

remodelling [78,79]. ERK and RSK induce inhibitory phosphorylation of TSC2 at Ser664 and  

Ser1798 respectively, which promotes TSC1/TSC2 dissociation, which in turn leads to mTORC1 

activation [80–82]. Interestingly, it was recently described that RSK also targets directly the mTORC1 

complex by phosphorylating raptor, and thereby promotes mTORC1 kinase activity [83]. As tumour 

promoting phorbol esters and some growth factors activate mTORC1 signalling independently of AKT, 

phosphorylation of raptor by RSK might provide a mechanism to overcome the inhibitory effects of 

PRAS40. In addition, the ERK activated protein kinases MNK1 and MNK2 (MAPK-interacting 

protein kinase 1 and 2) directly phosphorylate eIF4E [84,85]. Together, these findings may indicate 

that the mitogens activated RAS-ERK-RSK signalling, in parallel with the PI3K-AKT pathway, 

contain several inputs to stimulate mTORC1 signalling. 

Cytokines, such as TNFα (tumour necrosis factor α), can also activate mTORC1 [86,87]. It has been 

described that IKKβ (inhibitor of nuclear factor κB (NFκB) kinase β), a major downstream kinase in 

the TNFα signalling pathway, phosphorylates TSC1 at Ser487 and Ser511, leading to the inhibition of 

TSC1/TSC2 complex formation and mTORC1 activation [88]. Moreover, TNFα also signals to AKT [89]. 

Activated AKT induces IKKα, another major downstream kinase in the TNFα signalling pathway [90]. 

It has been described that IKKα associates with mTORC1 in an AKT dependent manner. Importantly, 

IKKα is required for the efficient induction of mTORC1 activity by AKT in cell lines [91]. 

Although mTORC1 activity is prone to multiple positive and negative regulations driven by 

extracellular growth factors and stress stimuli, mTORC2 regulation mechanisms remain largely 

unknown. In mammalian cells, mTORC2 phosphorylates AKT upon serum stimulation, namely 

growth factors such as insulin and IGF1 (insulin-like growth factor 1), suggesting that mTORC2 is 

regulated by the PI3K pathway [35,92]. Nevertheless, the mechanism by which insulin or other growth 

factors activate mTORC2 is unclear. A recent study advocates that growth factors may signal to 

mTORC2 via the TSC1/TSC2 complex. Huang and co-authors proposed that the TSC1/TSC2 complex, 

the upstream negative regulator of mTORC1, may also bind to and regulate mTORC2 activity by 

direct binding to mTORC2 [93]. Distinctive to the negative regulation of mTORC1, TSC1/TSC2 

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

which is a downstream of TSC1/TSC2 and activates mTORC1 [62], does not appear to operate 

upstream of mTORC2. Since TSC1/TSC2 GAP activity is not required for mTORC2 activation, it 

appears that it is independent of mTORC1 activation and of the negative feedback loop from mTORC1 

and S6K1 to the upstream IRS [94]. 

Thus, the mTOR pathway can be activated by diverse exogenous stimuli, such as growth factors, 

nutrients, energy and stress signals, and essential signalling pathways, such as PI3K, MAPK and 

AMPK, in order to regulate several physiological events. 
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3. Physiological Roles of the mTOR Pathway in Control of Growth and Lifespan 

Cell growth includes the time and space process of mass accumulation. In the presence of 

appropriate growth stimuli, cells upregulate macromolecular synthesis and thereby increase in size and 

mass. In response to stress, cells restrain macromolecular synthesis and enhance turnover of mass 

burden. Studies in yeast described that TOR plays two essential functions in the control of growth: 

when and where a cell grows (reviewed in [2]). When growth conditions are favourable, TOR is active 

and yeast cells maintain a robust rate of ribosome biogenesis, translation initiation, and nutrient import. 

Noteworthy, rapidly growing yeast cells treated with rapamycin, starved for nitrogen, or depleted of 

both TOR1 and TOR2 downregulate general protein synthesis and activate several stress-responsive 

transcription factors. Mutation of dTOR in Drosophila and rapamycin treatment in mammalian 

systems induces a significant reduction on cell size [70,95,96]. These results indicate that TOR is an 

important cell size regulator. Additionally, it has been suggested that S6K1 and 4EBP1, two of the 

well-characterized TOR targets, are key TOR pathway elements that mediate the regulation of cell  

size [96]. TOR2 also functions to regulate spatial aspects of yeast cell growth, by controlling the actin 

cytoskeleton [2]. In yeast, rapamycin-insensitive TORC2 controls the cell cycle-dependent polarization 

of the actin cytoskeleton. TORC2 signals to the actin cytoskeleton by activating a Rho1 GTPase switch. 

Upon activation, Rho1 interacts and activates PKC1, which in turn signals to the actin cytoskeleton via 

MAPK pathway [97,98]. mTORC2 also signals to the actin cytoskeleton, and although the direct 

targets of mTORC2 are unknown, this signalling may involve PKCα and the small GTPases Rho and 

Rac [12,34]. 

mTORC1 signalling controls transcription of many genes, some of which are involved in metabolic 

and biosynthetic pathways, as described in microarray experiments on rapamycin-treated mammalian 

cells [99]. mTOR also regulates nutrient-responsive transcription programs [100,101]. Furthermore, 

mTOR has been described to phosphorylate STAT1 and STAT3 (signal transducer and activator of 

transcription) [102] and to activate the nuclear receptor PPARγ, in a rapamycin-sensitive manner. 

Cells must have mechanisms that regulate their growth and proliferation, by tight control of 

ribosomal biogenesis, which is an energy and nutrient-consuming process. Studies in both yeast and 

mammalian cells described that TOR regulates ribosome biogenesis at multiple levels, including 

transcription, rRNA processing, and translation, which can be inhibited by rapamycin or by nutrient 

starvation [103–105]. 

mTOR has also been described as a key signalling regulator of autophagy. Autophagy is a highly 

conserved eukaryotic intracellular homeostatic process carrying out degradation of cytoplasm 

components, including damaged or superfluous organelles, toxic protein aggregates, and intracellular 

pathogens in lysosomes [106,107]. Autophagy can be upregulated during metabolic, genotoxic or 

hypoxic stress conditions in order to ensure cell survival [106]. Inhibition of mTOR kinase by specific 

inhibitors, rapamycin or nutrient deprivation, induces activation of autophagy [107]. The role of 

mTOR in autophagy is conserved from yeast to mammals, and regulates the induction of the autophagy 

process [108]. In mammals this process may be mediated in part through mTOR-dependent 

phosphorylation of eEF2K (eukaryotic translation elongation factor 2 kinase), where mTOR inhibition 

leads to activation of eEF2K and induction of autophagy [109]. The release of amino acids from 
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autophagic degradation leads to the reactivation of mTORC1 and to the restoration of the cellular 

lysosomal population [110]. 

mTORC1 also regulates translation via S6K1 and 4EBP1, as referred above [21,111].  

TOR controls many aspects of cellular metabolism, such as amino acid biosynthesis and glucose 

homeostasis [112]. mTORC1 appears also to play an important role in adipogenesis; rapamycin 

treatment prevents adipocyte differentiation and lipid accumulation [113]. The mechanism by which 

mTOR controls adipogenesis might involve the nuclear receptor PPARγ that is responsible for the 

efficiency of energy storage [114], since its activity is inhibited by rapamycin treatment [113]. The 

regulation of fat metabolism by mTORC1 also involves signalling via S6K1. S6K1 mutant mice 

display reduced adipose tissue and a decrease in fat accumulation due to enhanced β oxidation [115]. 

Partial inhibition of TOR function in yeast, worms, and flies results in a significant lifespan increase 

of these organisms, possibly by mimicking calorie restriction (reviewed in [116]). It appears that 

during development, TOR controls primarily growth, whereas in the adult, when there is a relative 

slow growth, TOR controls aging and other aspects of nutrient-related physiology. Recent studies 

corroborate the role of calorie restriction also in the lifespan extension of mammals [117,118]. 

Rapamycin, an mTORC1 inhibitor, is the only pharmacological agent that has been described to mimic 

calorie restriction and extended lifespan [118]. 

Hence, the mTOR pathway is a central coordinator of fundamental biological events, playing a key 

role in cell growth and size, regulation of actin cytoskeleton, gene transcription, ribosome biogenesis, 

mRNA translation, cell survival and lifespan. 

4. The mTOR Pathway in Cancer 

Given the key role of mTOR in cell growth and metabolism, it is predictable the existence of an 

association between mTOR pathway activity and pathological states, including cancer. 

Activation of the mTOR signalling is involved in some of the cancer hallmarks described by 

Hanahan and Weinberg [119]. In a number of in vitro cell-lines and in vivo murine xenograft models, 

aberrant mTOR pathway activation through oncogene stimulation or loss of tumour suppressors 

contributes to tumour growth, angiogenesis and metastasis [56]. Mutations in mTOR gene that confer 

constitutive activation of mTOR signalling, even under nutrient starvation conditions, have been 

identified in a few human cancers, although not clearly linked to tumour development [120]. In spite of 

this, as summarized in Table 1, the signalling components upstream and downstream of mTORC1 are 

frequently altered in human tumours. 

Upstream, PI3K/AKT signalling is deregulated through a variety of mechanisms, including 

overexpression or activation of growth factor receptors, such as HER-2 (human epidermal growth 

factor receptor 2) and IGFR (insulin-like growth factor receptor), mutations in PI3K and 

mutations/amplifications of AKT [121–123]. 

PTEN, the negative regulator of PI3K signalling, decreases its expression in many cancers, and  

may be downregulated through several mechanisms, including mutation, loss of heterozygosity, 

methylation, aberrant expression of regulatory microRNA, and protein instability [124,125]. 
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Table 1. Proto-oncogenes and tumour suppressor genes linked to the mTOR pathway. 

Proto-oncogenes Alterations described References

AKT 
AKT is amplified in a subset of human cancers, such as breast and 
ovarian cancers. 

[126] 

4EBP1 

4EBP1 expression was found to be associated with poor prognosis in 
several human tumours, such as breast, colon, ovarian and prostate 
cancers. The phosphorylation of 4EBP1 was also found to be 
associated with chemoresistance in ovarian cancer. 

[127–129] 

eIF4E 

Ectopic overexpression of eIF4E can transform cells ex vivo and  
in vivo. eIF4E is overexpressed in many human tumours, such as 
breast, colon, and head and neck cancers, non-Hodgkin’s 
lymphomas, and chronic and acute myelogenous leukemias. 

[130,131] 

PI3K 
High PI3K activity was implicated in cell transformation and tumour 
progression and described in several human cancers, such as ovarian, 
gastrointestinal, breast and prostate cancers. 

[126, 
132–134] 

Rheb 
Rheb overexpression is described in many tumour cells, and Rheb 
upregulation is critical for squamous carcinoma and associates with 
poor prognosis in breast and head and neck cancers. 

[135,136] 

S6K1 
S6K1 is overexpressed in in lung and ovary cancers and its 
expression correlates with poor prognosis in breast, kidney and 
hepatocellular carcinomas. 

[137–142] 

Tumour suppressor genes 

LKB1 
Individuals with mutations in LKB1 develop Peutz-Jeghers 
syndrome, which includes the occurrence of gastrointestinal tract 
hamartomas. 

[111,143] 

PTEN 

Loss of PTEN function has been described in a large proportion of 
advanced human cancers, such as melanoma, breast, prostate and 
renal cancers. Individuals with inherited mutations in PTEN  
develop hamartoma tumour syndromes (Cowden disease,  
Bannayan-Riley-Ruvalcaba syndrome, Proteus syndrome,  
Lhermitte-Duclos disease) and are at higher risk for developing 
several cancers. 

[124,132, 
143–146] 

TSC1/TSC2 

Patients with mutations in TSC1 or TSC2 develop tuberous sclerosis 
complex (TSC), a syndrome that includes the development of 
hamartomas in many organs. Mutations in TSC2 may also lead to the 
development of Lymphangioleiomyomatosis (LAM). 

[147–149] 

mTOR downstream effectors S6K1, 4EBP1 and eIF4E are implicated in cellular transformation, 

and their overexpression has been linked to poor cancer prognosis [127,137,150,151]. Activated 

mTOR signalling is also related to the development of syndromes, including Cowden’s syndrome 

(PTEN mutations), Peutz-Jeghers syndrome (LKB1 mutations) and tuberous sclerosis (TSC1/2 

mutations) [143,152–154]. These syndromes, in which the patients develop benign tumours that 

contain architecturally disorganized but well differentiated cells, affect a wide variety of tissues, 

comprising brain, skin, kidneys, heart, lung, and the gastrointestinal tract. Though benign, these 

syndromes may progress to malignancy. 



Int. J. Mol. Sci. 2012, 13 1897 

 

 

Thus, mTOR signalling is activated in conditions of proliferation deregulation and in many cancer 

types. Deregulation of multiple elements of the mTOR pathway (PI3K amplification/mutation, PTEN 

loss of function, AKT overexpression, and S6K1, 4EBP1 and eIF4E overexpression) has been reported 

in cancer, such as breast, ovarian, renal, colon and head and neck cancers. Taken together, these data 

underscore the importance of mTOR signalling in cancer and reinforce the importance of considering 

mTOR targeting in cancer therapy. 

5. The mTOR Pathway in Melanoma 

Activation of the AKT/mTOR signalling pathways plays a role in the initiation of melanocyte 

tumours by modulating the extracellular signals that control cell growth, proliferation and  

apoptosis [138,155]. 

Loss of PTEN, the negative regulator of PI3K pathway, was described in 30–50% of melanomas, 

and correlates with melanoma progression and with shorter 5-year survival [156,157]. Studies in 

melanoma cell lines and primary or metastatic melanomas described that disruption of PTEN by allelic 

loss or mutation contributes to the pathogenesis of malignant melanoma [158,159]. Loss of PTEN and 

RAS activation seems comparable in their ability to increase oncogenic signalling through PI3K 

pathway [160], due to the coexistence of PTEN somatic mutations in melanoma harbouring BRAF 

mutations but not with NRAS [161]. AKT gene amplification, owing to copy number increase in the 

long arm of chromosome 1 and activating mutation, was also described in cutaneous melanomas [156,162]. 

Immunohistochemistry studies described AKT overexpression in 60% of melanomas, differing from 

common and dysplastic nevi that do not exhibit significant AKT expression [163]. Amongst the  

three AKT isoforms, AKT3 is the isoform more frequently deregulated in melanoma cells [164]. In 

melanoma, the increased pAKT expression associates with tumour progression and shorter survival of 

patients [164,165]. Notably, AKT activity seems to cooperate in BRAFV600E-mediated model of 

melanoma development [166]. PRAS40, a substrate of the AKT, was described to be downregulated in 

melanoma [167]. Concordantly, results from our group indicate that the mTOR pathway is activated in 

cutaneous melanoma, displaying different levels of activation in different histological subtypes, and 

relate with MAPK pathway activation. Our results suggest an association between higher mTOR 

effectors expression and worse prognosis as well as with the presence of BRAF mutations [138]. 

There is also evidence that the AKT/mTOR pathway is altered in uveal melanoma [168,169]. PTEN 

displays decreased expression in aggressive tumours [170] and expression of AKT phosphorylated at 

Ser473 was proposed as a marker of worse prognosis [168]. Furthermore, results from our group also 

indicate that the mTOR pathway is activated in ocular melanoma and is related with MAPK pathway 

activation. Our results show that the pathway activation seems to be higher in conjunctival than in 

uveal melanomas and this activation seems to be associated with worse prognosis, especially in 

conjunctival melanomas. Besides, higher expression of pAKT Thr308 was found in metastatic uveal 

melanoma [169]. 

Overall, the alterations in major components of the MAPK, such as BRAF and NRAS mutations, and 

mTOR pathways, PTEN loss and AKT overexpression, seem to have substantial influence in melanoma 

progression, being both pathways linked to survival and chemoresistence in melanoma [3,171,172]. 
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6. mTOR Pathway Inhibitors in Cancer Therapy 

mTOR inhibitors can be grouped in two classes: rapamycin and rapamycin analogues that are 

allosteric inhibitors of mTORC1 and the small molecules that are mTOR kinase inhibitors. 

Rapamycin was first isolated from the bacterium Streptomyces hygroscopicus, which was found in 

a soil sample taken from Easter Island, as a fungicide and subsequently discovered to have potent 

immunosuppressive and anti-tumour properties [173–175]. As an immunosuppressive drug, rapamycin 

(rapamune, sirolimus) was approved by FDA (USA Food and Drug Administration) in 1999 for 

prevention of renal allograft rejection [176]. Subsequent studies described that rapamycin can also act 

as a cytostatic agent, slowing or arresting growth of cell lines derived from different tumour types such 

as rhabdomyosarcoma [177], glioblastoma [178], small cell lung cancer [179], osteosarcoma [180], 

pancreatic cancer [181], breast cancer [182], prostate cancer [183], and B-cell lymphoma [184].  

In addition to direct anti-tumour effects, rapamycin also inhibits cell proliferation, survival and 

angiogenesis [185,186]. 

Several derivatives of rapamycin (sirolimus, Wyeth, Madison, NJ, USA), with more favourable 

pharmacokinetic and solubility properties, have been synthesized, such as CCI-779 (temsirolimus, 

Wyeth, Madison, NJ, USA), RAD001 (everolimus, Novartis, Novartis, Basel, Switzerland), AP23573 

(deforolimus, ARIAD, Cambridge, MA, USA), 32-deoxorapamycin (SAR943) or ABT-578 (zotarolimus, 

Abbott Laboratories, Abbott Park, IL, USA) (Table 2). Like rapamycin, these rapamycin analogues 

form a complex with the intracellular receptor FKBP12. This complex binds to mTOR and  

inhibits mTORC1 downstream signalling, detected by the suppression of S6K1 and 4EBP1 

phosphorylation [187,188]. The FKBP12-rapamycin complex cannot bind directly to mTORC2, 

although prolonged treatments can disturb mTORC2 assembly and inhibit the phosphorylation of its 

downstream substrate AKT on Ser473 [34,39]. 

Rapamycin and its analogues temsirolimus, everolimus and deforolimus are currently being 

evaluated in clinical trials for cancer treatment (Table 2) [189]. In preclinical studies they were 

described to carry out antiproliferative activity in a variety of cancers, and there are clinical studies 

reporting encouraging results in a subset of cancers [190–192]. Remarkably, a high objective response 

rate was reported with treatment with rapamycin analogues of several tumour types. Phase II studies 

with everolimus achieved an objective response rate of 47%, 30% and 12%, with median duration of 

response of 7.2, 5.7 and 13.1 months in Hodgkin lymphoma, non-Hodgkin’s lymphoma and breast 

cancer, respectively [193–195]. Phase II/III studies with temsirolimus achieved an objective response 

rate of 4 to 14% and 22%, with median duration of response of 4.3 to 5.1 and 4.8 months in 

endometrial cancer and mantle-cell lymphoma, respectively [196,197]. 

However, several studies also suggested that the antiproliferative effects of the analogues are 

variable in cancer cells due to failure of mTORC2 inhibition in some tumour types. The specific 

inhibition of mTORC1 by RAD001 might induce upstream receptor tyrosine kinase signalling and 

AKT upregulation, leading to the attenuation of its therapeutic effects [198]. Thus, the combination 

therapy or a dual-specificity agent that targets both mTOR function and AKT activation may improve 

anti-tumour activity. 
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Table 2. mTOR inhibitors in clinical trials. 

mTOR inhibitors Mechanism of action References 

Rapamycin and analogues 

Deforolimus 
Binding to the immunophilin FKBP12 
Partial mTORC1 inhibitor 
Cell-type specific mTORC2 inhibitor 

[206] 

Everolimus 
Binding to the immunophilin FKBP12 
Partial mTORC1 inhibitor 
Cell-type specific mTORC2 inhibitor 

[206] 

Sirolimus 
Binding to the immunophilin FKBP12 
Partial mTORC1 inhibitor 
Cell-type specific mTORC2 inhibitor 

[206] 

Temsirolimus 
Binding to the immunophilin FKBP12 
Partial mTORC1 inhibitor 
Cell-type specific mTORC2 inhibitor 

[206] 

Small molecule inhibitors of kinases 

AZD8055 ATP competitive inhibitor of mTOR [207] 

Ku-0063794 Specific mTORC1 and mTORC2 inhibitor [208] 

PP242 mTOR kinase inhibitor [201] 

PP30 mTOR kinase inhibitor [201] 

Torin1 mTOR kinase inhibitor [202] 

WYE-354 ATP competitive inhibitor of mTOR [209] 

mTOR and PI3K dual-specificity inhibitors 

NVP-BEZ235 ATP-competitive inhibitor of PI3K and mTOR [205] 

PI-103 ATP competitive inhibitor of DNA-PK, PI3K and mTOR [210] 

PKI-179, PKI-587 ATP competitive inhibitor of DNA-PK, PI3K and mTOR  [211,212] 

XL765 ATP-competitive inhibitor of DNA-PK, PI3K and mTOR [203] 

Noteworthy, temsirolimus and everolimus were approved by the FDA for the treatment of renal cell 

carcinoma (RCC) (http://www.fda.gov). mTOR inhibition seems to downregulate HIF, which is 

frequently overexpressed in RCC, due to loss of function of VHL (Von Hippel-Lindau) gene [199,200]. 

Likewise, everolimus was approved by FDA for the treatment of progressive endocrine tumours of 

pancreatic origin (PNET) in patients with unresectable, locally advanced or metastatic disease and for 

patients with subependymal giant cell astrocytoma (SEGA) associated with tuberous sclerosis (TS) 

(http://www.fda.gov). 

A new generation of mTOR inhibitors, which bind to the ATP-binding site of mTOR and inhibit the 

catalytic activity of mTORC1 and mTORC2, were developed (Table 2). 

Distinct from rapamycin analogues, these molecules block both mTORC1-dependent 

phosphorylation of S6K1 and mTORC2-dependent phosphorylation of the AKT Ser473 residue. The 

anticancer efficacy of these inhibitors reported in preclinical evaluation has been superior to rapamycin 

analogues. This was related to a more effective blocking of cell proliferation, 4EBP1 phosphorylation 

and protein translation, compared to rapamycin [201,202]. Two active-site inhibitors of mTOR, PP242 

and PP30, which inhibit insulin-stimulated phosphorylation of AKT at Ser473, were reported as 

having potent inhibitory effects on protein synthesis and cell proliferation [201]. Torin1, another 
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selective ATP-competitive mTOR inhibitor, which directly inhibits both mTORC1 and mTORC2, also 

seems to inhibit cell growth and proliferation more effectively than rapamycin [202]. Several selective 

mTOR inhibitors are in development stage and more studies are warranted to further evaluate the 

efficacy of these agents in the treatment of cancers affected by hyperactive PI3K/mTOR pathway. 

Dual PI3K-mTOR inhibitors are also being developed. This class of inhibitors includes XL-765 

(Sanofi-Aventis/Exelixis Inc) [203], which is undergoing phase I clinical trials for the treatment of 

solid tumours and gliomas (NCT00485719, NCT00704080 and NCT00777699), PI-103 [204] and 

NVP-BEZ235 (Novartis AG), which is undergoing phase I/II trials for the treatment of advanced solid 

tumours and metastatic breast cancer [205]. These compounds were reported to prevent the activity of 

PI3K-mTOR axis biomarkers more effectively than rapamycin, by inhibiting both mTORC1 and 

mTORC2. The dual PI3K-mTOR inhibitors are still in phase I/II clinical trials. 

So far and for most tumour types, mTOR inhibitors have been reported to predominantly lead to 

disease stabilization rather than tumour regression. Assuming these results, targeted therapies for 

mTOR may be used in combination therapy, aiming to induce a cytotoxic rather than a cytostatic 

response and subsequent tumour regression. mTOR inhibitors have been described to be additive or 

synergistic with conventional chemotherapy agents, such as paclitaxel, carboplatin, cisplatin, vinorelbine, 

doxorubicin, and camptothecin [178,213–215]. Compared to single agent therapy, the combination of 

rapamycin with chemotherapy enhances apoptosis in vitro and enhance anti-tumour efficacy in vivo. 

Clinical trials to evaluate the efficacy of rapamycin and analogues in combination with chemotherapeutic 

agents are in progress.  

Rapamycin analogues are also being tested in combination with EGFR or HER-2 inhibitors. Early 

trials of EGFR inhibitors combined with analogues in glioblastoma patients did not disclose any 

positive results and lung cancer patients resistant to EGFR inhibitors showed toxic effects that required 

discontinuation or dose reductions in some patients [216,217]. Trials combining hormonal therapies 

with mTOR inhibitors are been performed in breast cancer, since resistance to hormonal therapy has 

been associated with overactivation of the mTOR pathway [218]. Phase I/II trials with trastuzumab 

combined with everolimus in Her-2+ metastatic breast cancer that progressed on trastuzumab therapy 

reported clinical benefit and restore trastuzumab sensitivity [219]. Phase I and II trials of mTOR 

inhibitors in combination with erlotinib, gefitinib or cetuximab are ongoing. 

Since mTOR inhibitors downregulate HIF and VEGF, combination of temsirolimus or everolimus 

with bevacizumab, sorafenib or sunitinib are being tested in clinical trials. The combination with 

bevacizumab seems to be better tolerated and more effective than combinations using small molecules 

targeting VEGFR [220]. The combination of temsirolimus with sorafenib, which targets RAF-1 and 

other kinases in addition to VEGFR, required a 50% reduction of the single-agent dose of sorafenib to 

achieve an acceptable range of toxic effects [221]. Temsirolimus combined with sunitinib, which also 

inhibits VEGFR and other kinases, caused excessive toxic effects [222]. Trials evaluating temsirolimus 

combined with bevacizumab, temsirolimus combined with sorafenib and compared with bevacizumab 

alone are ongoing in a randomized phase II study of untreated patients with metastatic RCC 

(NCT00378703). Besides, an ongoing phase III trial is evaluating the combination of bevacizumab and 

temsirolimus as second-line of therapy for RCC (NCT00631371). Other drug combinations being 

tested are directed to the feedback loops triggered by mTORC1 inhibition. As rapamycin analogues 

treatment leads to AKT activation through IRS-1 signalling [223], mTORC2 phosphorylation of AKT 
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Ser473, or activation of the MAPK pathway [63], the combinations with inhibitors targeting these 

pathways were evaluated. Studies of analogues combined with IGF-1 inhibitors or MAPK2 inhibitors 

reported synergistic effects [224–226]. Phase I clinical trials are in progress to evaluate the safety and 

tolerability of these combination therapies. 

Regarding melanoma, rapamycin, may also synergistically increase apoptosis and chemosensitivity 

in melanoma cells [227,228]. The anti-tumour effects of rapamycin seem to be enhanced when 

combined with MAPK pathway inhibitors and PI3K inhibitors. The PI3K inhibitor LY294002 

abrogates the AKT phosphorylation induced by mTORC1 inhibition [229], while the MAPK pathway 

inhibitor sorafenib downregulates the expression of the anti-apoptotic proteins Mcl-1 and Bcl-2 [225,227]. 

Temsirolimus combined with cisplatin efficiently induced regression of melanomas in SCID mice, 

being both inhibitors much less effective when applied as single agents [230]. Although phase II 

clinical trials with mTOR inhibitors alone yield minor responses and/or high toxicity in melanoma 

patients (reviewed in ref. [231]), phase II clinical trials combining temsirolimus and sorafenib are 

ongoing (NCT00349206). In addition, as vemurafenib, a specific BRAFV600E inhibitor, was approved 

by the FDA for the treatment of patients with unresectable or metastatic melanoma with BRAFV600E 

mutation, a trial combining vemurafenib with mTOR inhibitors may be valuable. 

Thus, mTOR is an appealing therapeutic target. The rapamycin analogues deforolimus, everolimus 

and temsirolimus, are being evaluated in clinical trials for treating multiple cancers, alone or in 

combination with inhibitors of other pathways. Importantly, temsirolimus and everolimus were 

recently approved by the FDA for the treatment of renal cell carcinoma, PNET and giant cell 

astrocytoma. Small molecules that inhibit mTOR kinase activity and dual PI3K-mTOR inhibitors are 

also being developed. 

7. mTOR Therapy Predictive Biomarkers 

A major challenge for the development of cancer therapy is the identification of predictive 

biomarkers of efficacy. There are no known predictive biomarkers for the efficacy or resistance in 

cancer of mTOR inhibitors. Activation of PI3K signalling, through AKT activation, PTEN deletion, 

growth factor stimulation or aberrant growth factor receptor signalling, may indicate potential 

sensitivity of tumours to mTOR inhibition [232]. Thus, the differential expression of mTOR pathway 

proteins (PTEN and active forms of AKT and S6) may be possibly predictive markers for tumour 

response to mTOR inhibition, as described in glioblastoma, prostate and breast cancer cell lines [233,234]. 

Nevertheless, these predictors of response have been proposed based only on preclinical data and in 

specific types of cancer, and have not been clinically validated, with the exception of the loss of PTEN 

expression, that was used in clinical trials as a marker to evaluate glioblastoma sensitivity to rapamycin 

treatment [235]. Moreover, there is a considerable variation in the therapeutic benefits detected in 

patients harbouring tumours predicted to be responders to mTOR inhibition, because the genetic 

context in which the altered phenotype occurs may also be important for the patient response to therapy. 

Therefore, there is an emergent need to identify predictive markers of response that may be  

useful to prospectively select patients bearing tumours which may respond and benefit from mTOR 

inhibition therapies. 
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8. Conclusions 

In the last years, a significant progress has been achieved in understanding the mTOR signalling 

pathway. mTOR has been suggested to play a key role in several normal biological processes as well 

as in disease. It is known that mTOR forms two multiprotein complexes, mTORC1 and mTORC2, 

which have distinct physiological functions. Deregulation of multiple elements of the mTOR pathway 

has been reported in many types of cancers.  

Most of the research on the mTOR signalling pathway has been focused on using rapamycin, which 

blocks mainly mTORC1 activity. Novel compounds that inhibit mTORC1 and mTORC2 are likely to 

reveal as yet undiscovered components and complexities of the mTOR pathway. Eventually, the study 

of the mTOR pathway may bring novel insights into mTOR biology, and also assist in the 

development of more effective therapeutic strategies for treating mTOR-related diseases, particularly 

cancer. mTOR is now considered a substantiated target in the treatment of cancer. The major limitation 

for the development of mTOR inhibition therapy is the absence of predictive biomarkers of efficacy 

and its resistance mechanisms in cancer. The lack of routine genotyping of tumours is also part of the 

limitations in establishing predictive biomarkers for the use of mTOR inhibitors across the spectrum of 

human tumours. Stratification of patients and selection of drug combination therapies may enhance the 

efficacy of mTOR inhibition, leading to a more effective and personalized cancer therapy. 
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