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Abstract Target of rapamycin (TOR) is a highly con-
served protein kinase that plays a key role in mediating
cell growth and homeostasis. It is activated by nutrients,
growth factors, and cellular energy levels to control a
number of anabolic and catabolic processes. It is a val-
idated drug target implicated in a variety of diseases. In
this review, we describe the molecular mode of action
of TOR in the context of cellular and organismal phys-
iology. We focus on mammalian TOR (mTOR) signal-
ing in cancer and neurological disease and discuss usage
of TOR inhibitors in the clinic.
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mTOR in physiology

mTOR and its complexes

Target of rapamycin (TOR) was discovered in 1991 in the
yeast Saccharomyces cerevisiae using a genetic selection de-
signed to find genes that confer resistance to rapamycin, a
macrolide produced by a bacterium isolated from soil samples
collected on Easter Island [1]. The selection identified three
genes, FPR1, TOR1, and TOR2 [1]. FPR1 encodes FK506
binding protein 12 (FKBP12), a peptidylprolyl isomerase that
acts as an intracellular “receptor” for rapamycin and is thus
essential for rapamycin action. TOR1 and TOR2 encode the

two yeast TOR proteins [2, 3]. TOR orthologues were subse-
quently identified in all other eukaryotic species which unlike
yeast have only one TOR protein. Mammalian TOR (mTOR),
identified in 1994, is a 290-kDa protein that is an atypical
serine/threonine kinase belonging to the phosphoinositide
kinase-related kinase (PIKK) family [4, 5]. mTOR forms
two structurally and functionally distinct complexes, mamma-
lian TOR complex 1 (mTORC1) and mammalian TOR com-
plex 2 (mTORC2) [6–8] (Fig. 1). The core subunits of
mTORC1 are regulatory-associated protein of mTOR
(RAPTOR) and mammalian lethal with SEC13 protein 8
(mLST8). mTORC1 signaling is rapamycin sensitive. The
core subunits of mTORC2 are rapamycin-insensitive compan-
ion of mTOR (RICTOR), mammalian stress-activated protein
kinase interacting protein 1 (mSIN1), and mLST8. mTORC2
is insensitive to acute rapamycin treatment but is indirectly
sensitive to long-term treatment [6, 9]. Non-essential compo-
nents of the mTOR complexes include proline-rich AKT sub-
strate (PRAS40), protein observed with RICTOR
(PROTOR1/2), and DEP domain containing mTOR
interacting protein (DEPTOR). PRAS40 associates with
RAPTOR and appears to be a negative regulator of mTORC1
[10, 11]. It has been shown to be phosphorylated by AKT, as
well as mTORC1, and released from mTORC1 upon insulin
stimulation [10]. Consistent with PRAS40 being a negative
regulator of mTORC1, liver of PRAS40 knockout mice dis-
plays increased S6K phosphorylation [12]. PROTOR1 and
PROTOR2 associate with RICTOR to negatively regulate
mTORC2 [13]. DEPTOR has been reported to bind mTOR
in both mTORC1 and mTORC2 and thereby to negatively
regulate both complexes [14]. DEPTOR is also phosphorylat-
ed and negatively regulated by mTOR [14].

Structurally mTOR protein is organized in domains con-
served throughout the PIKK family members [15]. The N-
terminal half of mTOR contains ∼20 tandemly repeated
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Huntingtin, EF3, PP2A and TOR (HEAT) motifs that gener-
ally favor protein–protein interactions and are required for
RAPTOR or RICTOR binding [16]. The HEAT repeats are
followed by a FRAP, ATM, and TRRAP (FAT) domain and
the kinase domain. The latter comprises the FKBP12-
rapamycin binding (FRB) domain, the catalytic site that is
structurally related to phosphoinositide kinases, and the FAT-
C terminal (FATC) domain [16]. The crystal structure of the
mTOR catalytic region, including the FRB, FAT, catalytic, and
FATC domains, in complex with mLST8 was recently solved
[17]. The mTOR kinase domain, like in other PIKKs, consists
of two lobes that form a catalytic cleft. This cleft is flanked N-
terminally by the FRB domain and C-terminally by the FATC
domain and the mLST8 binding element (LBE). Unlike in
other PIKKs, the catalytic domain in mTOR displays a con-
stitutively active conformation where activity is dependent on

substrate access. The active conformation is stabilized by the
FAT domain which was modeled as a “half-donut” structure
that girdles the backside of the catalytic cleft. Substrate access
is directly affected by the positioning of the FRB domain and
the interactions between FATC and LBE with the catalytic
cleft [17].

The FKBP-rapamycin complex binds the FRB domain on
the surface closest to the catalytic cleft, restricting access of
certain substrates [18]. FKBP-rapamycin binds mTOR in
mTORC1 but cannot bind mTOR in mTORC2. However,
long-term rapamycin treatment could affect mTORC2 via se-
questering free mTOR and thereby inhibiting mTORC2 as-
sembly [19, 8]. A recent report attributed mTORC2
rapamycin (in)sensitivity to the cellular levels of FK binding
proteins FKBP12 and FKBP51 [20]. A higher FKBP12/
FKBP51 ratio appears to increase mTORC2 sensitivity

Fig. 1 mTOR signaling and
disease. Mutated mTORC1 and
mTORC2 signaling nodes
involved in disease. For
simplicity, only the core
components of the mTOR
complexes and major signaling
nodes are depicted. Yellow circles
on AKT display phosphorylation
events: T308 by PDK1,
T450/S473 by mTORC2, and
S477/S479 by Cdk2-cyclin A
[144–147]. The green-colored
nodes represent proteins that upon
loss-of-function give rise to
disease. The syndromes
associated with loss-of-function
of each molecule are noted
[148–150, 76, 95, 151, 152, 96,
153–155]. Loss-of-function of
PTEN and LKB1 also gives rise
to other types of tumors [96, 153].
The blue-colored nodes represent
proteins that are mutated or
amplified in cancer patients. [38,
156, 157, 84, 158–161, 154,
162–164]
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toward rapamycin. This finding could have consequences on
the use of rapamycin in the clinic. Other mTOR inhibitors,
such as Torin 1/2 or PP242, are ATP analogs that bind the
ATP pocket to inhibit both mTORC1 and mTORC2 directly.
Torin 1/2 and PP242 are selective for mTOR, as opposed to
phosphoinositide 3-kinase (PI3K) and other PIKK members,
as their key interactions are thought to involve non-conserved
amino acids in the catalytic cleft [17].

Low-resolution 3D cryo-EM structures of mTORC1 and
TORC2 in yeast have also been reported [21, 22]. These struc-
tures confirm that both complexes are dimers and show that
they form a rhomboid shape with a central cavity. In
mTORC1, each mTOR terminus interacts with a distinct
RAPTOR molecule, forming the dimer interface [22]. RAP-
TOR binding at that C-terminus of mTOR, close to the kinase
domain, is consistent with a role for RAPTOR in affecting
substrate access. In this model, mLST8 forms contacts with
only one mTOR molecule and is positioned away from the
main RAPTOR-mTOR core [22]. In physiological conditions,
mTORC1 is found almost exclusively as a dimer [23]. Dimer-
ization of mTORC1 can be a regulated event, as for example
upon energetic stress due to glucose and glutamine depriva-
tion. However, overall amino acid levels or insulin stimulation
does not affect dimerization [23, 24]. As TOR exerts its activity
as a dimer, further elucidation of how mTOR complex dimer-
ization can be controlled is of interest. The structure of yeast
TORC2, while similar in shape to the structure of mTORC1,
appears to be bigger with a bigger central cavity [21]. In the
case of TORC2, the dimer interface appears to be smaller than
that of mTORC1 and is thought to consist of interactions be-
tween Adheres VOraciously 1 (AVO1) (the yeast homologue
of mSIN1) and the N-terminus of TOR2. Furthermore, unlike
in mTORC1, LST8 is located close to the central core of
TORC2, between AVO1 and the TOR2 kinase domain. Ad-
heres VOraciously (AVO3) (the yeast homologue of RICTOR)
is also found in the central core of TORC2, where it interacts
with the FRB and the FAT domains of TOR2. Importantly, the
C-terminus of AVO3 was shown to account for the rapamycin
insensitivity of TORC2 as it forms contacts with the FRB do-
main of TOR2 thereby masking the FKBP12-rapamycin bind-
ing site in TORC2 [21]. It would be of interest to determine if a
similar mechanism exists in higher eukaryotes.

The structures depicted above will certainly guide the de-
velopment of more specific mTOR catalytic or allosteric in-
hibitors. A new class of allosteric inhibitors could target the
FAT domain altering the stability of the kinase domain. More-
over, elucidation of the structure of mTORC1 and mTORC2
may enable the design of complex-specific inhibitors.

Physiological role of mTOR complexes

mTORC1 and mTORC2 mediate cell and organismal homeo-
stasis by controlling several anabolic and catabolic processes

[25–30]. mTORC1 integrates nutrients, growth factors, and
the cellular AMP/ATP ratio to activate glycolysis, upregulate
protein, lipid and nucleotide biosynthesis, and to inhibit au-
tophagy [30]. All three inputs are necessary for mTORC1 to
achieve maximal activity (Fig. 1). Growth factors, such as
insulin, activate mTORC1 via the receptor tyrosine kinases
(RTK)-PI3K-PDK1-AKT signaling pathway. AKT phosphor-
ylates tuberous sclerosis complex 2 (TSC2) to inhibit the tu-
berous sclerosis complex (TSC) complex consisting of TSC1,
TSC2, and TBC1D7 [31–33]. The TSC complex is a GTPase-
activating protein and thereby a negative regulator of the small
GTPase RAS homologue enriched in brain (RHEB). GTP-
loaded RHEB directly binds and activates mTORC1 [34].
Other cell signaling pathways, such as the LKB1-AMPK
and RAF-MEK-ERK pathways, also modulate mTORC1 via
TSC2 phosphorylation [30]. Nutrients, in particular amino
acids, in addition to growth factor(s), are required to fully
activate mTORC1. Amino acids, of which leucine is the most
effective, activate RAS-related small GTP binding protein
(RAG) heterodimers which in turn recruit mTORC1 to the
lysosomal surface [35]. On the lysosome, mTORC1 interacts
with growth factor-activated RHEB to achieve full activity
[35]. The mechanism(s) by which amino acids are sensed
and activate mTORC1 is currently a very active and rapidly
evolving topic (reviewed in [36, 37]). Two of the best charac-
terized complexes that affect RAG activity, and are implicated
in disease, are the positive regulator RAGULATOR and the
negative regulator GATOR1 that control the GDP/GTP load-
ing status of RAG heterodimers [38–40]. The best character-
ized mTORC1 substrates are UNC51 like autophagy activat-
ing kinase 1 (ULK1) that regulates autophagy and the eukary-
otic initiation factor 4E (eIF4E) binding protein (4EBPs),
4EBP1/2/3, and S6 kinases (S6Ks), S6K1/2, that regulate pro-
tein synthesis [29]. 4EBPs are negative regulators of transla-
tion that bind eIF4E to prevent eIF4E-eIF4G interaction,
which is necessary for cap-dependent translation initiation.
mTORC1 phosphorylates 4EBP1 on multiple sites causing
its dissociation from eIF4E; this allows eIF4E to interact with
eIF4G leading to pre-initiation complex formation and trans-
lation initiation [41, 42]. The mTORC1-4EBP1 branch has
been proposed to control mRNAs containing either a
5'polypyrimidine tract or a complex 5′ UTR [43–45]. Howev-
er, recent evidence suggests that the control of these types of
mRNAs bymTOR is more complex and does not rely entirely
on mTOR-4EBP1 [46–48]. Phosphorylation of S6K by
mTORC1 also affects protein translation. Both S6K1 and
S6K2 phosphorylate ribosomal protein S6 (RPS6), a compo-
nent of the 40S ribosomal subunit. The mTOR-S6K1 branch
affects both translation initiation and elongation. S6K1 pro-
motes translation initiation via phosphorylation and thereby
recruitment of eIF4B to the pre-initiation complex. eIF4B po-
tentiates eIF4A, an RNA helicase necessary for translation
initiation, especially on mRNAs with structured 5′ UTRs
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[49, 50]. S6K1 also phosphorylates and inhibits programmed
cell death 4 (PDCD4), a negative regulator of eIF4A [51].
Additionally, S6K1 also enhances translation elongation via
phosphorylation and inhibition of eukaryotic elongation factor
2 kinase (eEF2K), a negative regulator of eukaryotic elongation
factor 2 (eEF2) [52]. Other targets of S6K1 include S6K1 Aly/
Ref like target (SKAR) and nuclear cap binding protein
(NCBP1), involved in translation [53, 54]. Phosphorylation of
S6K1 by mTORC1 elicits a negative feedback loop as
phospho-S6K1 disrupts signaling directly downstream of
RTKs, ultimately reducing mTORC1 activity [55–57]. Recent-
ly, another negative feedback loop has been described whereby
mTORC1 phosphorylates growth factor receptor bound protein
10 (GRB10) to block upstream RTK signaling [58, 59].

mTORC2 is stimulated by growth factors alone. In this
case, growth factors stimulate RTK-PI3K signaling to pro-
mote mTORC2 association with the ribosome and thereby
mTORC2 activation [60]. mTORC2-ribosome interaction re-
quires both subunits of the ribosome but is independent of
translation. Association of mTORC2 with a fully formed ri-
bosome could link growth capacity of the cell with mTORC2
signaling. The best characterized targets of mTORC2 are
members of the AGC kinase family, including AKT, protein
kinase C (PKC), and serum glucocorticoid-regulated kinase
(SGK), that regulate cell physiology in many ways [30].

mTOR signaling also has effects on organismal physiolo-
gy. Mouse models displaying altered mTORC1 or mTORC2
signaling specifically in metabolic organs such as liver, adi-
pose, and muscle have been generated [61]. Abrogation of
mTORC1 signaling has more severe effects, as seen in liver
and muscle, than abrogation of mTORC2 signaling [62, 63].
Along these lines, mTORC2 signaling is dispensable in main-
tenance of normal skin epidermis and prostate epithelium [64,
65]. This argues for a possible therapeutic window for
mTORC2 inhibition, at least in treating skin and prostate dis-
orders. Data from mouse models on effects of mTOR alter-
ation argue for a central role of mTOR in metabolic disorders
such as metabolic syndrome, diabetes, and obesity (reviewed
in [66, 61]). Indeed, mTOR signaling alteration plays a role in
many diseases (listed in Table 1). Below, we focus on the role
of mTOR in neurological disorders and cancer.

mTOR in pathophysiology

mTOR in neurological disorders

mTOR controls protein synthesis and turnover, including au-
tophagy, and as such is thought to play a role in neuronal
growth and plasticity. Indeed, inhibition of mTORC1 by
rapamycin treatment reduces rates of translation at the synapse
in vitro, affecting synaptic plasticity, memory, and learning
[67]. Inappropriate high mTORC1 activity at the synapse is

also detrimental, as mice with heterozygous mutations in
TSC1 or TSC2 demonstrate learning andmemory impairments

IMPLICATIONS AND INDICATIONS

Diseases linked to aberrant mTOR signaling

Disease Possible mechanism (preclinical studies)

deposition in adipose tissue [66].

hyperglycemia [61,66]

Obesity mTOR stimulates lipid biosynthesis and increases fat

Diabetes mTOR upregulation causes insulin resistance and

Cardiac disease mTOR upregulation is linked to cardiomyopathy,
hypertrophy, and heart failure. Treatment of patients
with rapalogs reduces these cardiac events [165]

Neurodegenerative
Diseases
(Parkinson’s,
Huntington’s,
Alzheimer’s)

mTOR stimulates protein synthesis and downregulates
autophagy possibly leading to protein aggregation.
Rapamycin treatment reduces levels of protein
aggregates in mouse models [73,74].

Tuberous sclerosis
complex (TSC)

Deletion of TSC1 or TSC2 causes mTOR-driven
tuberous sclerosis. In clinical trials, rapalogs have
shown efficacy toward TSC symptoms such as
subependymal giant cell astrocytes (SEGA),
angiomyolymphomas (AML) in kidneys,
lymphangioleiomyomatosis (LAM) in lungs, and
epilepsy [166–169]. Everolimus and sirolimus are
used in the clinic for treatment of SEGA and LAM
in TSC patients

Epilepsy The majority of TSC patients develop epilepsy.
Moreover, mutations in DEPDC5, a member of
GATOR1 complex, can cause familial focal epilepsy
due to focal cortical dysplasia [170–172].
Everolimus has been shown to reduce epileptic
symptoms in TSC patients [168]

Autism spectrum
disorders (ASD)

mTOR affects protein turnover and autophagy to
influence neuronal pruning and synapse plasticity
[82,83]

Hutchinson-Gilford
Progeria

mTOR signaling downregulates autophagy, possibly
causing progerin accumulation. Rapamycin
treatment enhances progerin degradation [173]

Cancer mTOR stimulates protein, lipid, and nucleotide
metabolism and inhibits autophagy to promote
tumorigenesis. Rapalogs are used in the clinic for
treatment of specific tumors [120]

Macular
degeneration

mTOR can affect VEGF expression and angiogenesis
that drive capillary overgrowth in eye choroid.
Rapamycin can reduce VEGF expression and
inhibit angiogenesis [27,174]

Polycystic kidney
disease (PKD)

Polycysteine upregulates mTOR activity promoting
growth and proliferation exacerbating the disease.
Rapalogs are used in the clinic to ameliorate PKD
symptoms [175]

growth that could lead to restenosis. Rapalogs are
used in the clinic in drug-eluting stents to prevent
restenosis [121]

can affect inflammation via T lymphocyte
proliferation and differentiation. INK-128, a
pan-mTOR inhibitor, can reduce inflammation
in vitro [155]

Restenosis mTOR activity promotes angiogenesis and tissue

Inflammation Inflammation activates mTOR signaling and mTOR

Muscular dystrophy Downregulation of mTORC1 signaling in mice from
birth affects muscle protein synthesis and overall
muscle physiology causing muscle atrophy. On the
other hand, upregulation of mTOR signaling in the
muscle inhibits autophagy leading to muscle
degeneration. Rapamycin can ameliorate the muscle
degeneration phenotype caused by mTORC1
upregulation [62,176,177]
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that are reversible by rapamycin treatment [68, 67]. Thus, the
amount of mTOR signaling is critical for proper function of
neuronal synapses.

Neurodegenerative disorders such as Alzheimer’s disease
(AD) and Huntington’s disease (HD) are also associated with
dysregulation of mTOR signaling. These diseases are charac-
terized by loss of neuronal plasticity and function due to ac-
cumulation of unfolded protein aggregates, for example β-
amyloid aggregates [69]. mTOR, as well as AKT signaling,
has been shown to be deregulated in brains from AD patients,
and accumulation of β-amyloid aggregates correlates with
increased mTOR signaling [70, 71]. Moreover, DEPTOR, an
inhibitor of mTOR signaling, is reduced upon induction of
amyloid B plaque formation in neuronal cells [72]. In the same
study, DEPTOR levels were found to be reduced in a patient
with late onset AD as compared to early onset AD. Consistent
with a role of mTOR in AD and HD, rapamycin treatment
reduces protein aggregates and improves cognitive and motor
skills in mouse models [73, 74]. Rapamycin treatment reduces
the amount of misfolded proteins by downregulating protein
synthesis and upregulating autophagy. Thus, aberrant mTOR
signaling could be responsible for aggregate formation, and
mTORmay be targeted in the clinic to treat neurodegenerative
disorders.

mTOR signaling is also thought to be involved in autism
spectrum disorders (ASD). ASD patients present brain regions
with abnormal neuronal plasticity and synapse formation due
to high numbers of synapses and excess neuronal firing, caus-
ing over-connectivity [75]. Of all ASD cases, 5–10 % are
thought to arise from single gene defects where mTOR sig-
naling is directly affected. For example, roughly 30 % of TSC
patients, where TSC1 or TSC2 is mutated, exhibit ASD symp-
toms and 1–2 % of all ASD patients have upregulation of
mTOR signaling due to a mutation in phosphatase and tensin
homologue (PTEN), encoding a negative regulator of the
PI3K-AKT-mTOR signaling axis [75, 76]. The most common
familial cause of ASD is fragile X syndrome (FXS) where
roughly 40 % of male and 20 % of female patients show
ASD symptoms [75]. A mouse model of FXS exhibits in-
creased S6K1, 4EBP-1, and AKT phosphorylation.Moreover,
downregulation of S6K1 in a mouse model of FXS amelio-
rates neuronal morphology and autistic behavior of these mice
[77]. Interestingly, S6K1 was reported to phosphorylate and
regulate FXS-related FMR1 activity; however, a recent report
showed that FMR1 phosphorylation was not altered in TSC1
knockout or S6K1 knockout mice [78, 79]. mTOR could be a
target in treating FXS, although more work is needed to un-
cover the link between S6K1 and FMR1 in FXS.

mTOR could also play a role in non-familial cases of ASD.
Cap-dependent translation upregulation at the synapse is asso-
ciated with increased autism-like symptoms in mice [80, 81].
mTORC1-4EBP1 signaling can play a role in ASD via affect-
ing cap-dependent translation at the synapse. Excess synapses

are eliminated during brain development by so-called neuronal
pruning. Recently, it has been shown that mTOR prevents neu-
ronal pruning by inhibiting autophagy, thereby causing ASD-
like synaptic pathology [82]. Another recent study showed that
mTOR upregulation increases proteosomal protein degradation
in mouse neuronal cells [83]. Thus, mTOR controls protein
turnover that is critical in maintaining synaptic plasticity.

mTOR in cancer

The mTOR, RTK-PI3K-AKT, and RAS-MEK-ERK path-
ways are the main growth controlling pathways in the cell,
and mutations in all three account for the majority of tumor
mutations.Mutations inmTOR itself are not common but have
been described in tumors [84, 85]. These mutations primarily
affect the FATand kinase domains of mTOR and may activate
mTORC1 and/or mTORC2. Curiously, some of the mutations
confer rapamycin hypersensitivity that could be exploited in
the clinic [84]. It would be of interest to test if these mutations
drive tumorigenesis.

Altering levels of the core components of the mTOR com-
plexes have been linked to tumorigenesis. In line with an
oncogenic role of mTOR signaling, RICTOR was shown to
be essential for tumorigenesis in a PTEN-driven prostate
mouse model as well as a DMBA/TPA-treated skin carcino-
genesis mouse model [64, 65]. Furthermore, overexpression
of RICTOR or mLST8 induces tumorigenic and invasive
properties in tumor cell lines [86, 87]. Surprisingly, a mouse
model where RAPTOR is specifically deleted in the liver
showed accelerated DEN-induced liver tumorigenesis [63].
The authors attributed this to an increase in liver damage
and liver fibrosis caused by a reduction in protein synthesis
upon knocking out RAPTOR. Transient members of the
mTOR complexes have also been shown to be deregulated
in cancer. PRAS40 is deregulated in many pathologies includ-
ing cancer [88–90]. PRAS40 expression and phosphorylation
are enhanced in many cancers where the PI3K-AKT-mTOR
pathway is altered [91, 92]. This argues for a connection be-
tween PRAS40, AKT, and mTOR in disease. However, more
work is needed to explain the connection between PRAS40
overexpression and the AKT-mTOR axis in the context of
disease. PROTOR1 expression is increased a cohort of colon
cancers and decreased in a cohort of breast cancers, arguing
for tissue specificity of its actions [93]. Furthermore,
DEPTOR has been reported to be both overexpressed and
downregulated in various types of tumors (reviewed in [94]).
This suggests that DEPTOR has a tissue-specific mode of
action in tumorigenesis. It is feasible that, in tumors where
DEPTOR is downregulated, it acts in an mTOR-dependent
manner, whereas in tumors where DEPTOR is overexpressed,
it acts in an mTOR-independent manner. Further characteriza-
tion of PROTOR-mTOR and DEPTOR-mTOR relationships
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in tumors is needed to determine if these players can be mod-
ulated with the aim of altering TOR activity in tumors.

A role for mTOR in cancers is underscored by the presence
of familial cancer syndromes that are caused by loss-of-
function mutations in negative regulators of mTOR signaling.
For example, loss of TSC1 or TSC2 causes TSC and loss of
LKB1 or PTEN causes Peutz-Jegher syndrome and Cowden
syndrome, respectively [76, 95, 96]. All three diseases are
characterized by benign tumor-like growth, hamartomas, in
various organs. mTOR signaling is upregulated in these dis-
eases and in mouse models of Cowden syndrome mTOR
plays an essential role in hamartoma formation [97]. More-
over, in PTEN-deficient tumor mouse models, mTOR signal-
ing plays an essential role. mTORC2 is essential for tumor
progression in a prostate cancer mouse model where PTEN
is specifically deleted in prostate epithelial cells [65]. Also,
rapamycin reduces tumor burden in a PTEN mouse model
of pancreatic ductal adenocarcinomas [98]. Thus, tumors that
arise upon loss of tumor suppressors in the mTOR pathway,
such as PTEN, are dependent on mTOR signaling.

The major role of mTOR in tumorigenesis is thought to be
in increasing protein synthesis via phosphorylation of 4EBP1
and S6K1. Extensive literature points to 4EBP1 phosphoryla-
tion as the major effector of mTOR in tumorigenesis, as it
promotes selective translation of a specific class of oncogenic
proteins [99, 27, 100]. Lately, a role for S6K1 signaling in
tumorigenesis is also gaining importance. A recent study re-
vealed a central role for S6K1 in colorectal cancer [101]. The
authors show that translational elongation controlled by
S6K1-mediated phosphorylation is the rate-limiting step for
tumor progression, despite an increase in translation initiation
and overall protein synthesis [101]. S6K1 was also found
recently to upregulate c-Myc, an oncogenic protein, potential-
ly driving tumorigenesis [102].

mTOR signaling also appears to drive tumor growth inde-
pendently of protein synthesis. Both mTORC1 and mTORC2
regulate lipid biosynthesis, partly via SREBP1, a regulator of
fatty acid biosynthesis and a protein with oncogenic properties
[103–105]. Moreover, a recent report showed that mTOR in-
directly increases levels of PGC1-α and FGF21, proteins in-
volved in fatty acid oxidation and gluconeogenesis [106].
Thus, mTOR signaling could be important for tumor mainte-
nance when tumors depend on lipid biogenesis to maintain
growth. mTOR also upregulates glycolytic flux and angiogen-
esis in tumors by activating the transcription factor HIF1α
[103]. Another feature of tumors is an overall increase in both
DNA and RNA syntheses. TOR signaling controls tRNA and
possibly rRNA synthesis [107–110]. Recently it was shown
that mTORC1 signaling regulates pyrimidine synthesis, via
S6K1 phosphorylation of CAD, an enzyme involved in the
first three steps of pyrimidine synthesis [111, 112]. Pyrimidine
biosynthesis in general and CAD activity in particular have
been shown to be upregulated in tumors and tumor cell lines

[113, 114]. Furthermore, CAD gene amplification has been
shown to correlate with an increase in genomic instability
and growth rate of tumor cell lines [115, 116]. Thus, mTORC1
phosphorylation of CADmay contribute to tumor progression
and aggressiveness.

Metastasis, characterized by increases in tumor cell motil-
ity and invasion, is a feature of malignant tumors and the main
cause of death among patients. Both mTORC1 and mTORC2
can affect tumor metastasis by increasing translation of pro-
invasion proteins and by modulating expression and activity
of small GTPases (RHOA, RAC1, CDC42) that are involved
in cell motility [117, 43]. Mechanistically, mTORC2 can af-
fect the actin cytoskeleton and cell motility via phosphorylat-
ing PKCα and Paxillin that have roles in actin fiber reorgani-
zation [118]. However, more work is needed to delineate the
function of mTORC2 in cell motility and tumor metastasis.

Targeting mTOR in the clinic

Rapamycin and rapalogs

Rapamycin was initially developed as an antifungal agent but
was later used as an immunosuppressant and an anti-cancer
drug [119, 120]. The FDA approved rapamycin in 1999 for
use as an immunosuppressant for the prevention of graft re-
jection in patients with kidney transplants. Since then, a num-
ber of rapamycin analogs (rapalogs) have been developed and
are prescribed for use against specific types of tumors [121].
However, rapalogs are not broadly effective as anti-cancer
drugs. This could be due to their inability to completely block
mTORC1 activity, as they have virtually no effect on the
4EBP1 branch of mTORC1 signaling [122]. Furthermore, in
many settings, the mTORC2 pathway is resistant to rapalogs
[121]. Weak performance of rapalogs could also be due to
negative feedback loops associated with mTORC1 signaling.
Rapalogs inhibit mTORC1-S6K1 signaling thereby inhibiting
a negative feedback loop, ultimately upregulating PI3K-AKT
signaling. S6K1 inhibition can also activate the ERK-MAPK
cascade. Indeed, patients treated with the rapalog everolimus
show a dose-dependent increase in mitogen-activated protein
kinase (MAPK) activity [123]. Accordingly, the current trend
is toward getting approval for use of rapalogs in combination
with another drug.

Pan-mTOR inhibitors

Another class of mTOR inhibitors is the so-called pan-
mTOR inhibitors. Unlike rapamycin and the rapalogs
which are allosteric inhibitors, the pan-mTOR inhibitors
are ATP competitive inhibitors that interact with the cata-
lytic cleft of mTOR and block both mTORC1 and
mTORC2 activity. They have higher affinity for mTOR
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than for PI3K or other PIKK members. PP242, the first
pan-mTOR inhibitor, has 50 times more affinity for
mTOR than for DNA-dependent protein kinase (DNA-
PK) and roughly 100 times more affinity for mTOR than
PI3K [124]. Pan-mTOR inhibitors block 4EBP1 and S6K
phosphorylation, showing improved antiproliferative and
proapoptotic effects compared to rapalogs. As they block
phosphorylation of the eIF4E inhibitor 4EBP1, activity of
pan-mTOR inhibitors could depend on the 4EBP1/eIF4E
ratio, being more efficacious in tumors where the ratio is
high. Indeed, a panel of cancer cell lines showed that loss
of 4EBP1 or overexpression of eIF4E made these cells
resistant to PP242 [125]. In another study, downregulation
of 4EBP1 enhanced tumor formation in nude mice and
rendered cell proliferation resistant to PP242 [126]. In
the clinic, levels of 4E-BP1 also vary in tumor patients.
A study showed that over 50 % of pancreatic ductal ade-
nocarcinoma (PDAC) patients have a reduction in 4E-BP1
levels compared to normal pancreas [126]. In these pa-
tients, pan-mTOR inhibitors could have less of an effect.
Preclinical data have also shown that pan-mTOR inhibi-
tors could be effective in combination therapy. For exam-
ple, AZD8055, a pan-mTOR inhibitor, has a much more
potent cytotoxic effect, in multiple myeloma cell lines and
in xenograft models of human breast cancer, when
coupled with RTK inhibitors [127]. Clinical trials deter-
mining the efficacy of pan-mTOR inhibitors alone or in
combination are underway. Preclinical data underscore the
need to characterize the genetic landscape of a disease
before using mTOR inhibitors. Used in the right set of
patients, these inhibitors might be particularly effective.

PI3K/mTOR inhibitors

Dual PI3K/mTOR inhibitors are also ATP competitive inhib-
itors that, unlike pan-mTOR inhibitors, bind and inhibit both
PI3K and mTOR. They are available and undergoing clinical
trials. Early members of this class, such as PI103, were devel-
oped as PI3K inhibitors and were later shown to have an
affinity for mTOR [128]. In preclinical studies, dual inhibi-
tors, like the pan-mTOR inhibitors, display more potent cyto-
toxic properties than rapalogs [120]. Moreover, they potenti-
ate the antiproliferative activity of the chemotherapeutic agent
cisplatin and ionizing radiation [129, 130]. Importantly, be-
cause these drugs inhibit PI3K upstream ofmTOR, in addition
to mTOR itself, they prevent some negative feedback loops,
such as S6K1- and GRB10-driven negative feedback loops,
but not all [131, 132].

Besides potentially relieving repression of some feedback
loops that trigger PI3K signaling, preclinical studies have un-
covered other potential mechanisms that could hamper usage
of dual inhibitors in the clinic. Activating mutations in the
KRAS gene result in resistance to treatment of colorectal

cancer cell lines with BEZ235, a PI3K/mTOR inhibitor
[133]. Furthermore, amplification of eIF4E or c-MYC confers
resistance to treatment with the same inhibitor in tumor cell
lines [134]. Another concern for current dual PI3K/mTOR
inhibitors might be their activity toward other PI3K-related
kinases that ultimately can increase the toxicity of these inhib-
itors. These observations underscore the complexity of mech-
anisms involved in resistance to targeted anti-cancer therapies
suggesting that combinatorial therapy or careful patient strat-
ification may increase effectiveness of dual inhibitors.

Novel uses of mTOR inhibitors

mTOR inhibitors are used primarily for immunosuppression
and treatment of cancer. However, mTOR inhibitors may ben-
efit also patients with other disorders. For example, clinical
trials have generated encouraging results for Palomid 529, a
PI3K/mTOR dual inhibitor, in the treatment of age-related
macular degeneration [135]. mTOR inhibitors conceptually
could be used to treat neurodegenerative diseases and ASD.
Rapamycin has shown neuroprotective and plaque-reducing
effects in mouse models of Huntington’s and Alzheimer’s
diseases [73, 74]. Disruption of mTOR signaling has also
ameliorated autistic behavior of adult TSC1 or TSC2 hetero-
zygous mice and other ASD mouse models [136–138]. These
preclinical data make the case for mTOR inhibitors to
be used in the treatment of neurological diseases. In-
deed, there are currently ongoing clinical trials assessing
the efficacy of everolimus, a rapalog, toward autistic
symptoms of TSC patients. mTOR signaling is also in-
volved in the physiology of normal neuronal synapses.
Thus, in order to use mTOR inhibitors in patients with
ASD, we need to define and make use of a therapeutic
window in mTOR signaling alteration.

Rapalogs are being widely used as immunosuppressive
agents. However, new data suggest that rapamycin could also
have immunoprotective effects in old age. Treating 2-year-old
mice with rapamycin for 6 weeks restored the immunological
capacity to fight infection [139]. This was attributed to reju-
venation of the hematopoietic stem cells in old mice. Further-
more, in a clinical study of over 65-year-old healthy individ-
uals, treatment with everolimus for 6 weeks improved their
immune response to vaccination [140]. Effects of rapamycin
on the immune system of old subjects could play a
significant role in the ability of rapamycin to increase
lifespan and improve age-related conditions, as seen inmice
[141, 142]. At the very least, these findings potentially uncov-
er new uses for mTOR inhibitors as immunoprotective agents
in old age. Improving drug formulation or the dispensing re-
gime of mTOR inhibitors could reduce side effects and
enhance efficacy in treating neurological and age-related
diseases [143].
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Conclusions

Since its discovery, TOR has emerged as a central player in the
regulation of cellular growth andmetabolism. It controls many
cellular anabolic and catabolic processes. Other signaling
pathways, such as AMPK and ERK-MAPK, converge on
the mTOR pathway thereby underscoring the central role of
mTOR signaling. Thus, it should not come as a surprise that
mTOR signaling plays an important role in a number of dis-
eases including metabolic and neurological disorders and can-
cer (Table 1). mTOR regulation has receivedmuch attention in
the pharmaceutical community. The “original” allosteric
mTOR inhibitor rapamycin was first approved in 1999 as an
immunosuppressant. Nearly a decade later, rapamycin ana-
logs, rapalogs, were approved for cancer treatment and are
currently prescribed for specific cases of tumors. More recent-
ly, ATP competitive catalytic site inhibitors were developed
and are currently undergoing clinical trials. It will be of great
interest to see if this new class of mTOR inhibitors will be
effective in the treatment of cancer or other morbidities. With
the advent of “omics” techniques, personalized medicine is
within reach. Better knowledge of the genetic landscape of
patients will allow us to better predict drug effects and use
mTOR inhibitors on patients carrying a specific set of muta-
tions, regardless of the disease. This might enhance the effi-
cacy of mTOR inhibitors in the clinic. From the knowledge of
the mTOR structure, even newer allosteric or ATP site inhib-
itors or mTORC2-specific inhibitors could be designed. In
animal models, mTOR signaling is also linked to aging and
healthspan. It would be interesting to determine if manipulat-
ing mTOR could produce a dramatic change in lifespan as
well as healthspan of individuals.
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