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The mammalian target of rapamycin (mTOR) plays an important role in the regulation of protein translation, cell growth and
metabolism. The mTOR protein forms two distinct multi-subunit complexes: mTORC1T and mTORC2. The mTORC1 complex is
activated by diverse stimuli, such as growth factors, nutrients, energy and stress signals; and essential signalling pathways,
such as PI3K and MAPK, in order to control cell growth, proliferation and survival. mTORCT also activates S6K1 and 4EBP1,
which are involved in mRNA translation. The mTORC2 complex is resistant to rapamycin inhibitory activity and is generally
insensitive to nutrient- and energy-dependent signals. It activates PKC-o. and Akt and regulates the actin cytoskeleton.
Deregulation of the mTOR-signalling pathway (PI3K amplification/mutation, PTEN loss of function, Akt overexpression, and
S6K1, 4EBP1 and elF4E overexpression) is common in cancer, and alterations in components of the mTOR pathway have a
major role in tumour progression. Therefore, mTOR is an appealing therapeutic target in many tumours. Here we summarize
the upstream regulators and downstream effectors of the mTORC1 and mTORC2 pathways, the role of mTOR in cancer, and
the potential therapeutic values and issues related to the novel agents targeting the mTOR-signalling pathway.
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Deptor, DEP-domain-containing mTOR-interacting protein; EGFR, epidermal growth factor receptor; elF4E, translation
initiation factor 4E; FKBP12, FK506-binding protein; GSK3, glycogen synthase kinase 3; HIF-1o, hypoxia inducible
factor-1o; Hsp70, heat shock protein 70-o; IGFR, insulin-like growth factor receptor; mLST8, mammalian lethal with
Sec13 protein8 (also known as GBL); mSIN1, mammalian stress-activated protein kinase-interacting protein 1; mTOR,
mammalian target of rapamycin; mTORC1 and mTORC2, mTOR complex 1 and 2; PDK1, 3-phosphoinositide-
dependent protein kinase-1; PI3K, phosphoinositide 3-kinase; PIP;, phosphatidylinositol (3,4,5)-trisphosphate; PRAS40,
proline-rich Akt substrate 40 kDa; PTEN, phosphatase and tensin homologue; Raptor, regulatory-associated protein of
mTOR; Rictor, Raptor-independent companion of mTOR; RTK, receptor tyrosine kinase; S6K1, S6 kinase 1; TPdIs,
mTOR/PI3K dual inhibitors; TSC1 and TSC2, tuberous sclerosis 1 and 2 complex
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Introduction

The mammalian target of rapamycin (mTOR) signalling
pathway integrates both intracellular and extracellular
signals, and operates as a central regulator of cell metabo-
lism, growth, proliferation and survival. In particular, mTOR
is a key PK that coordinates and transduces, to the level of
mRNA and ribosomes, signals originating from various
growth factors and upstream proteins; consequently, mTOR
activation has profound regulatory effects on cell prolifera-
tion and cell cycle progression (Laplante and Sabatini,
2009). In normal cells, mTOR controls the load of signals
from its effectors, maintaining a normal cell function and
homeostasis. Conversely, in various diseases, and mainly in
cancer, this capacity is lost; in this context, mutations or
overactivation of mTOR-upstream pathways lead to a per-
sistent proliferation and tumour growth (Dann et al., 2007;
Strimpakos et al., 2009; Willems et al., 2012; Zaytseva et al.,
2012; Cheng et al., 2013). mTOR is an attractive target for
therapeutic intervention because of its key role in the cross-
talk of various signalling pathways, such as PI3K/Akt, TSC,
Ras, NF-kB) controlling mRNA, ribosome, protein synthesis
and translation of significant molecules, which may induce
uncontrolled cell proliferation and growth when deregu-
lated. Therefore, the mTOR-signalling pathway represents a
key growth and survival pathway involved in the pathogen-
esis of several human tumours (Guertin and Sabatini, 2007),
and it represents a valuable target for the development of
innovative anti-tumour treatments. This has indeed fuelled
the development of new molecular-targeted therapies, many
of which have progressed to clinical trials with some sig-
nificant success (Don and Zheng, 2011). Combinational
strategies are also under investigation in an effort to over-
come resistance to mTOR-targeting drugs and enhance their
efficacy (Meric-Bernstam and Gonzalez-Angulo, 2009; Zhang
etal., 2011; Zaytseva et al., 2012; De etal., 2013). In fact,
although rapamycin analogues (‘rapalogs’) have shown
clinical efficacy in a subset of cancer types (i.e. clear cell
renal carcinoma and pancreatic neuroendocrine tumours),
they do not fully exploit the potential anti-tumour activity
of the mTOR-targeting drugs, to some extent because of
their pharmacodynamics. Because the mTOR kinase domain
is important for rapamycin-sensitive and -insensitive func-
tions, mTOR catalytic inhibitors have been developed as a
second generation of anti-mTOR agents, with marked
improvement of anti-tumour activity both in vitro and in
animal models.

The mTORC1 and mTORC2 pathways

mTOR is a serine/threonine kinase that belongs to the phos-
phoinositide 3-kinase (PI3K)-related kinase family. The mTOR
protein forms at least two distinct multi-protein complexes,
mTOR complex 1 (mTORC1) and 2 (mTORC2) (Guertin and
Sabatini, 2007; Laplante and Sabatini, 2009). In general,
mTORC1 controls cell autonomous growth in response to
nutrient availability and growth factors, whereas mTORC2
mediates cell proliferation and survival (Figure 1). mTORC1 is
a multi-protein complex containing at least five components:
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mTOR, which is the catalytic subunit of the complex;
regulatory-associated protein of mTOR (Raptor); mammalian
lethal with Sec13 protein8 (mLSTS8, also known as GBL);
proline-rich Akt substrate 40 kDa (PRAS40); and DEP-
domain-containing mTOR-interacting protein (Deptor)
(Loewith et al., 2002). However, the exact components of the
mTORC1 complex may differ, depending on cell type and cell
localization (Laplante and Sabatini, 2012). Raptor positively
regulates mTOR'’s activity and functions as a scaffold for
recruiting mTORC1 substrates (Hara et al., 2002; Kim et al.,
2002; Schalm et al., 2003), whereas PRAS40 and Deptor have
been characterized as distinct negative regulators of the
mTORC1 (Sancak et al., 2007; Peterson et al., 2009). Recent
studies suggest that mTORCI1 activity can be regulated by the
phosphorylation status of Raptor (Gwinn et al., 2008). The
mLST8 binds to the kinase domain of mTOR, and regulates
positively the mTOR kinase activity; it seems to be able to
maintain a rapamycin-sensitive interaction between Raptor
and mTOR (Kim et al., 2003). Other studies indicate that
mLST8 is also necessary, in the mTORC2 complex, to main-
tain the Raptor-independent companion of mTOR (Rictor)-
mTOR interaction (Guertin et al., 2006a,b), leading to the
hypothesis that mLST8 might be important for shuttling
mTOR between the two mTOR complexes. Such a function
would be compatible with the dynamic equilibrium of these
complexes that is known to exist in mammalian cells (Zeng
etal., 2007). As already stated above, PRAS40 and Deptor
have been characterized as distinct negative regulators of
mTORC1 (Sancak etal., 2007, Vander Haar etal., 2007).
When the activity of mTORC1 is reduced, PRAS40 and Deptor
are recruited to the complex, where they promote the inhi-
bition of mTORC1 (Wang et al., 2007). It has been proposed
that PRAS40 regulates mTORC1 kinase activity by function-
ing as a direct inhibitor of substrate binding (Wang et al.,
2007). Upon activation, the mTORC1 directly phosphor-
ylates PRAS40 and Deptor, which reduces their physical inter-
action with mTORC1 and further activates mTORC1
signalling (Wang et al., 2007). Deptor interacts with both
mTORC1 and mTORC2, negatively regulating their activities
(Peterson et al., 2009).

The mTORC2 complex encloses mTOR, Rictor, mamma-
lian stress-activated PK-interacting protein 1 (mSIN1),
mLST8, the newly identified component protein observed
with Rictor-1 (Protor-1), heat shock protein 70-a (Hsp70) and
Deptor (Jacinto et al., 2004; Sarbassov et al., 2004; Frias et al.,
2006; Pearce etal., 2007). Rictor is a core protein for the
mTORC2 catalytic activity, and it recruits substrates to
mTORC2 as Raptor does in mTORC1 (Sarbassov et al., 2004;
2005). The mSIN1 is an essential subunit of the mTORC2
complex because it is crucial for the complex integrity and
mTOR activity toward Akt Ser*”? phosphorylation (Yang
et al., 2006). There is evidence that Rictor and mSIN1 stabi-
lize each other, constituting the structural base of mTORC2
complex (Frias et al., 2006; Jacinto et al., 2006). The mLST8 is
a stable component of both mTOR complexes (Guertin et al.,
2006a,b). Protor-1 interacts with Rictor, although it is not
essential for the assembly of other mTORC2 subunits into
the complex (Pearce et al., 2007). The Hsp70 is required for
the proper formation and kinase activity of mTORC2 under
basal conditions and following heat shock (Martin etal.,
2008).
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The mTOR pathway is a central regulator of cellular processes. mMTORC1 and mTORC2 complexes have different cellular functions but together
allow cells to integrate and react to external stimuli such as hypoxia, cellular stress, cytokine and growth factors. mTOR is a central regulator of
cell growth and division, integrating cellular cues in response to nutritional and environmental conditions.

Upstream regulators and downstream
effectors of the mTORC1 and
mTORC2 pathways

The mTOR pathway is regulated by a wide variety of cellular
signals, including mitogenic growth factors, hormones such
as insulin, nutrients, such as amino acids and glucose, cellular
energy levels, and stress conditions such as hypoxia (Figure 1)
(Wullschleger et al., 2006). The mTOR pathway responds to
growth factors via the PI3K/Akt pathway, which is critically
involved in transducing stimuli promoting cell survival and
proliferation (Zhang et al., 2007). Signalling through the
PI3K/Akt pathway is mainly initiated by mitogenic signals
from growth factors, which bind to the cell membrane recep-
tors. These receptors include the insulin-like growth factor
receptor (IGFR), platelet-derived growth factor receptor
(PDGFR), epidermal growth factor receptor (EGFR) and the
Her family. Growth factors and hormones, such as insulin,

regulate mTORCI1 signalling by the activation of class I PI3K
and its downstream effector Akt, which reverses the inhibi-
tory effect of TSC1/TSC2 complex and PRAS40 on mTORC1
signalling (Vander Haar et al., 2007). The binding of insulin
to its cell surface receptor promotes insulin receptor activa-
tion, the recruitment of insulin receptor substrate 1, and the
production of phosphatidylinositol (3,4,5)-trisphosphate
(PIP3) through the activation of PI3K (Wullschleger et al.,
2006). PIP; binds to the pleckstrin-homology (PH) domain of
target proteins, including Akt and PDK1; the binding of PIP;
to the PH domain of Akt then engages this kinase to the cell
membrane, where it is activated by phosphorylation at Thr**®
by PDK1 (Stokoe etal., 1997), and at Ser*? by mTORC2
(Sarbassov et al., 2005): both phosphorylations are required
for the full activation of Akt kinase activity (Alessi et al.,
1997). The phosphatase and tensin homologue (PTEN) is a
negative regulator of Akt activation: it converts PIP; into
PIP,, leading to a reduced recruitment of Akt to the cell
membrane (Stambolic et al., 1998). Activated Akt has several
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downstream substrates, including GSK3, FOXO transcription
factors and TSC2 (Inoki et al., 2002). TSC2 phosphorylation
prevents TSC1/TSC2 complex formation driving the small
GTPase Rheb into the GTP-bound active state (Um et al.,
2006): this leads to the activation of mTORC1 at Ser?**® (Inoki
et al., 2003). The exact mechanism by which Rheb activates
mTORCI is still unknown, but it seems to involve the inter-
action of GTP-bound Rheb with the amino-terminal lobe of
the mTOR kinase domain (Long et al., 2005) together with
the farnesylation and subsequent localization of Rheb in the
Golgi and endomembranes (Takahashi et al., 2005; Buerger
et al., 2006). Akt also phosphorylates and inhibits PRAS40,
which negatively regulates mTORC1 antagonizing its activa-
tion by Rheb (Kovacina et al., 2003; Sancak et al., 2007).

Activated mTORC1 phosphorylates downstream effectors,
including serine/threonine kinase p70S6K1 (S6K1) and
4EBP1, via an interaction between Raptor and a TOR signal-
ling (TOS) motif in S6K and 4EBP1 (Lim et al., 2003; Nojima
et al., 2003; Schalm et al., 2003). 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-lIle), which is necessary for the phosphorylation
of these proteins by mTORC1 (Schalm and Blenis, 2002). The
S6K1 is one of the best known downstream targets of
mTORC1 and this can also be activated by TOR-insensitive
signalling pathways, such as PDK1, MAPK and stress-
activated PK (Populo et al., 2012). Contrarily, the phosphor-
ylation of S6K1 at Thr*® by mTORC1 is required for its
activation; the identified three phosphorylation sites of S6K1
can all be blocked by mTOR inhibitors (Dennis et al., 1996).
Activated mTORC1 phosphorylates S6K1, which phosphor-
ylates S6 (40S ribosomal protein S6), enhancing the transla-
tion of mRNAs with a 5’-terminal oligopolypyrimidine (5'-
TOP). Nevertheless, the exact mechanism of control exerted
by mTORC1 on TOP mRNA translation is still not well
defined (P6épulo et al., 2012; Thoreen et al., 2012). The targets
of S6K1 include ribosomal proteins, elongation factors and
insulin growth factor 2 (Faivre et al., 2006).

Another well-characterized target of mTORC1 is 4EBP1
which inhibits the initiation of protein translation by
binding and inactivating the eukaryotic translation initiation
factor 4E (elF4E) (Sonenberg and Gingras, 1998). The
mTORC1 phosphorylates 4EBP1 at multiple sites and this
promotes the dissociation of eIF4E from 4EBP1, reducing the
inhibitory effect of 4EBP1 on elF4E-dependent translation
initiation (Pause et al., 1994). Free elF4E can form the multi-
subunit eIlF4F complex binding to elF4G (a large scaffolding
protein), e[F4A (an ATP-dependent RNA helicase) and eIF4B,
enabling cap-dependent protein translation, and inducing
increased translation of mRNAs, determining G1-to-S phase
transition (Faivre et al., 2006). In quiescent cells, or under low
growth factor levels, non-phosphorylated 4EBP1 binds to
elF4E, inhibiting the initiation of protein translation
(Sonenberg and Gingras, 1998). The inhibition of mTOR by
rapamycin also causes 4EBP1 dephosphorylation, which pre-
vents protein translation (Jastrzebski et al., 2007).

Several studies suggest the existence of a negative feed-
back loop from the mTOR-S6K1 pathway to the upstream IRS
pathway (Harrington et al., 2004; Shah et al., 2004). Activa-
tion of mTORC1 and S6K1 regulates IRS-1, both at the tran-
scriptional level and through direct phosphorylation on
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specific residues, which together prevents its recruitment and
binding to receptor tyrosine kinases (RTKs), leading to a nega-
tive feedback regulation of both PI3K (Manning and Cantley,
2003) and MAPK signalling pathways (Carracedo et al., 2008).
Although the upstream regulators of mTORC2 are less
known, there is evidence that a direct association with ribo-
some is required for mTORC2 activation; this event directly
depends on PI3K activity (Zinzalla et al., 2011). This mTORC2
upstream regulatory mechanism suggests a possible link
between mTOR complexes, in which mTORC2 promotes
mTORC1 activity via the Akt-TSC1/TSC2 pathway and in
return, mTORCI1 controls mTORC?2 activity through the regu-
lation of ribosomal biogenesis (Willems et al., 2012). Moreo-
ver, the existence of this link, between PI3K and mTORC?2,
suggests that mTORC2 is frequently activated in cancer as a
result of upstream mutations in the PI3K/Akt pathway
(Willems etal., 2012). Thus, the PI3K/Akt and mTOR-
signalling pathways are closely interconnected. PI3K/Akt
controls mTORC1 activation through Akt-dependent TSC1/
TSC2 inhibition, and also activates mTORC2 by promoting
its association with ribosomes in normal and tumour cells
(Willems et al., 2012). The interaction between mTORC2 and
ribosomes correlates with mTORC2 activation in melanoma
and colon cancer cells (Zinzalla et al., 2011), while mecha-
nisms by which PI3K promotes this association are still
unknown. Although the activation of mTORC1 may be PI3K
independent in some tumours, both signalling networks
remain subject to complex crosstalk and feedback interac-
tions in normal and tumour cells: the phosphorylated
P70S6K protein downstream to mTORC1 exerts a negative
feedback on insulin and insulin-like growth factor 1 (IGF1)
signalling through proteasomal degradation of IRS-1 and
IRS-2, thus leading to PI3K/Akt down-regulation (Um et al.,
2004). More recently, GRB10 has been identified as a novel
mTORC1 substrate suggesting that the mTORC1 activates
GRB10, which is a negative regulator of IGF1 signalling (Hsu
etal., 2011; Yu et al., 2011).

Roles of the mTOR signalling pathway
in physiology and pathology

The mTOR signalling pathway regulates important activities
in eukaryotic cells, such as protein translation, transcription,
turnover, cell growth, proliferation, differentiation, survival,
metabolism, energy homeostasis, autophagy and response to
stress (Watanabe et al., 2011). It represents a central cellular
hub where information about the cellular and extracellular
status converges, and where molecular responses to cell con-
ditions are finely regulated. Consequently, deregulation of
the mTOR pathway is closely associated with several meta-
bolic and degenerative human diseases other than cancer.
The mTOR-signalling pathway has been shown to be
implicated in the pathogenesis of diabetes, obesity and car-
diovascular diseases, such as cardiomyopathy, both in
humans and in preclinical models (Zoncu et al., 2011). This
pathway also plays an important role in aging; decreased
mTOR activity has been found to extend aging in inverte-
brates and mice (Kapahi et al., 2004; Wu et al., 2013), and the
mTOR inhibitor rapamycin increased lifespan in mice



(Harrison et al., 2009). Age-related diseases, such as Alzhei-
mer’s disease, are also associated with mTOR pathway deregu-
lation (Li ef al., 2005; Zoncu et al., 2011). Although the exact
molecular mechanisms by which mTOR deregulation con-
tributes to the development of these conditions are still not
well defined, it is possible to envisage mTOR targeting as a
future therapeutic option for the treatment of these diseases.

The role of mTOR in tumorigenesis

Tumour growth requires amplification and overactivation of
proto-oncogenes and silencing or loss of function of tumour
suppressor genes. Proto-oncogenes involved in the mTOR
transduction pathway are Ras, PI3K, Akt, Rheb, S6K1, elF4E
and cyclin D1 (Strimpakos et al., 2009). Tumour suppressor
genes involved normally in the mTOR pathway include
PTEN, tuberous sclerosis 1 and 2 complex (TSC1 and TSC2),
LKB1, REDD1, p53 and Beclinl (Shaw et al., 2004; Levine
et al., 2006; Zeng et al., 2006). Other important genes partici-
pating in the mTOR pathway are the EGFR, IGFR and IRS.
Downstream effectors of EGFR include the Src/STAT pathway,
Ras/Raf/MEK/MAPK/ERK pathway, the Ras/PI3K/Akt/mTOR
pathway and also the PKC pathway (Strimpakos et al., 2009).
In the last few years, significant advances have been made in
understanding the role of mTOR in tumour development and
progression. Increased mTOR signalling often occurs in
tumours as a result of mutations in pathways closely related
to mTOR. For instance, up-regulation of the PI3K/Akt
pathway through mutations or amplification of the PIK3CA
gene can constitutively activate mTOR signalling (Alvarado
et al., 2011). Furthermore, loss or inactivation of PTEN, which
inhibits activity of PI3K, and mutations of negative regulators
of mTOR such as TSC1 and TSC2, p53, and LKB1, can also
result in mTOR activation (Wander et al., 2011; Zoncu et al.,
2011). Moreover, activating mutations of mTOR itself have
been identified through mining of human cancer genome
database (Hardt efal., 2011). Through these mechanisms,
activation of PI3K/Akt/mTOR pathway has been shown to
correlate with tumour progression and reduced survival in
patients across a variety of tumour types (Chiang and
Abraham, 2007; Gulhati et al., 2009).

The PI3K oncogene plays an important role in the mTOR-
signalling pathway. The involvement of this oncogene in the
mTOR signalling and in tumour development has been
extensively reviewed by Strimpakos et al. (2009). There are
three classes of PI3Ks, the most studied being the class I,
which is implicated in cancers and activated by signals via the
RTKs and Ras. PI3K class I, is a heterodimer composed of the
regulatory subunit p85 and the catalytic subunit p110 (Liu
et al., 2009a,b). Mutation and overexpression of PI3K or of
one of its components may lead to constitutive activation of
the mTOR pathway and potentially to tumorigenesis.
Although somatic point mutations of PI3K are often seen in
cancers (Seront et al., 2013), the most common cause of its
overactivity remains the absence/loss of tumour suppressor
gene PTEN (deleted on chromosome 10), which encodes for
the phosphatase PTEN (Seront et al., 2013). In the presence of
a non-mutated phosphatase PTEN, the PI3K-mediated PIP, to
PIP; reaction is reversed and this maintains Akt in the inac-
tive form and homeostasis is then achieved.

mTOR pathway in cancer

AKT 1is a proto-oncogene and encodes for Akt kinase
which up-regulates mTOR pathway by phosphorylating
TSC2, destabilizing the TSC1/2 complex and leaving Rheb
GTPase free to turn on the mTORC1 complex and protein
synthesis. However, Akt exerts actually a much broader role
in cellular function by controlling cell cycle progression and
survival, as well as cell growth and metabolism (Strimpakos
et al., 2009). This critical task is achieved by Akt phosphor-
ylation and up- or down-regulation of other key proteins
(Shaw and Cantley, 2006). The most important factor regu-
lating Akt activity remains the negative feedback from the
tumour suppressor phosphatase PTEN.

The absence or dysfunction of PTEN, secondary to germ
line or somatic mutations, allows Akt as well as the mTOR
complexes to remain activated, leading to angiogenesis and
tumorigenesis (Briest and Grabowski, 2014). Moreover, loss of
PTEN results in enhanced Akt activity, which is now inde-
pendent of the RTK inputs; for example, this can temporarily
dissociate the inhibition of the EGFR induced by EGFR
inhibitors from that of Akt, representing a mechanism of
resistance to these drugs (Seshacharyulu et al., 2012). Indeed,
his loss seems to be partially responsible for resistance to
gefitinib in prostate cancer cells, glioblastomas and other
tumour cells (She et al., 2003; Festuccia et al., 2005). Germ
line-inherited mutations of PTEN lead to benign hamartoma-
tous syndromes (Liaw et al., 1997; Murata et al., 1999). Apart
from these inherited disorders, random somatic PTEN muta-
tions or loss of heterozygosity have been identified in various
solid and haematological tumours (see Strimpakos et al.,
2009). Of interest, myeloma cells containing PTEN mutations
are more sensitive to the treatment with the mTOR inhibitor
CCI-779 (Shi et al., 2002). Similarly, PTEN mutations or loss
of function in breast cancer and endometrial hyperplastic
cells are associated with sensitization to mTOR inhibitors
(DeGraffenried et al., 2004; Milam et al., 2007). Inhibition of
mTOR may also be able to improve outcomes in advanced
and metastatic disease by enhancing responsiveness to
chemotherapeutic agents (Zaytseva et al., 2012), although the
molecular mechanisms of this observation are not fully
understood. The mTOR involvement in tumour metastasis
has been proposed to occur through control of dynamics of
the actin cytoskeleton and cell motility via modulation of the
expression and activity of small GTPases such as RhoA, Racl
and Cdc42 (Liu et al., 2010; Gulhati et al., 2011). Further-
more, both mTORC1-mediated S6K1 and 4EBP1 pathways
may play a role through phosphorylation of focal adhesion
proteins and reorganization of F-actin (Patel et al., 2011). The
mTOR may also promote metastasis by altering the tumour
microenvironment, given that its inhibition in head and
neck cancer is able to prevent tumour cell dissemination to
lymph nodes, possibly through inhibition of lymphangi-
ogenesis (Patel et al., 2011).

Activation of mTOR pathway components has been iden-
tified in neuroendocrine tumours (Capdevila et al., 2011). In
general, these rare neoplasms exhibit limited susceptibility to
traditional cytotoxic agents (Li ef al., 2011). Neuroendocrine
tumours are also unique in their tendency to secrete bioactive
products. Relevant to this, mTORC1 is a key regulator in
nutrient trafficking and amino acid transport, suggesting its
involvement in the transport of vesicles containing peptide
hormones (Li et al., 2011). For example, mTORC1 negatively
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regulates secretion of neurotensin, an intestinal hormone
that plays a physiological role in the gastrointestinal tract and
is among secreted products of the neuroendocrine tumours
(Li et al., 2011). This suggests that the mTOR pathway could
have a central role in the pathogenesis of these tumours and,
accordingly, recent clinical trials have shown significant
therapeutic efficacy of mTOR inhibitors in patients affected
by neuroendocrine tumours [Everolimus (RADOO1) in
Advanced Neuroendocrine Tumours (NETs) — The RADIANT
& COOPERATE Programs].

Finally, mTOR activation is able to inhibit autophagy
(Meijer and Codogno, 2004; Wendel et al., 2004). Autophagy
is a self-degradative process that is important for balancing
sources of energy in response to nutrient stress (Glick et al.,
2010). In addition to elimination of intracellular aggregates
and damaged organelles, autophagy also promotes cellular
senescence and cell surface antigen presentation. Moreover, it
protects cells against genome instability and prevents necro-
sis (Glick et al., 2010; Laplante and Sabatini, 2012). At the
molecular level, the complex autophagy machinery is orches-
trated in several stages; one well-characterized regulatory
event is the interaction between the tumour suppressors
Beclin-1 and Bcl-2, which disrupts the interaction of Beclin-1
with vesicular protein sorting 34 (Vps34) (Pattingre et al.,
2005; Maiuri et al., 2007). Autophagy has been postulated to
prevent tumorigenesis by limiting necrosis and inflamma-
tion, inducing cell cycle arrest and preventing genome insta-
bility (Degenhardt et al., 2006; Karantza-Wadsworth et al.,
2007). Consistently, Beclin-1 is deleted in human breast,
ovarian and prostate cancers, and while the deletion of
Beclin-1 in mice is embryonically lethal (Qu et al., 2007),
Beclin-1 heterozygous mice are susceptible to lymphoma,
hepatocellular carcinoma and other cancers (Liang et al.,
2006). Thus, hyperactivation of the mTOR pathway could
lead to the suppression of the cell-autophagy machinery, and
this could in turn lead to cancer development. In summary,
mTOR is closely related to many of the molecular and bio-
logical aspects of cancer and it plays a central role in driving
cancer disease development.

Therapeutic targeting: first generation
of mTOR inhibitors

Rapamycin, also named sirolimus, is a natural compound
isolated from the soil bacterium Streptomyces hygroscopicus. It
was originally used as an anti-fungal and immunosuppressive
agent (Sehgal, 2003). Later, the discovery of mTOR as the
target of rapamycin, and the demonstration of the inherent
antiproliferative properties of this compound, led to the
assessment of this compound as a possible anti-tumour agent
(Dobbelstein and Moll, 2014). However, limitations in the
solubility and pharmacokinetic properties of rapamycin have
driven efforts to improve these characteristics, resulting in
the first generation of rapamycin analogues (‘rapalogs’),
including temsirolimus, everolimus and ridaforolimus (for-
merly known as deforolimus) (Figure 2).

Rapamycin forms a complex with the small intracellular
12 kDa FK506-binding protein (FKBP12), and irreversibly
binds to the FKBP12-rapamycin domain of mTORC1, thus
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inhibiting its kinase activity (Liu et al., 2009a,b). The chemi-
cal modification of the rapalog compounds preserves their
interaction with FKBP12 and mTOR and, consequently,
rapalog pharmacodynamics remain comparable to that of
rapamycin (Liu et al., 2009a,b). Although mTORC2 is less
responsive to rapalogs, prolonged exposure to these com-
pounds blocked mTORC2 assembly, with consequent inhibi-
tion of Akt signalling (Zeng et al., 2007). The sensitivity of
mTORC2 to rapalogs has been demonstrated in patients with
acute myeloid leukaemia treated with temsirolimus or
everolimus (Zeng et al., 2007). Rapalogs ultimately exert their
effects by inducing changes in many downstream signalling
pathways involved in cell proliferation and survival, as well
as in angiogenesis (Alvarado etal.,, 2011). One potential
mechanism that explains their antiproliferative effects is the
prevention of phosphorylation of 4EBP1 and S6K1 by
mTORC1, which in turn inhibits the initiation of cap-
dependent mRNA translation (Guertin and Sabatini, 2009).
The effect of rapalogs on induction of cell apoptosis varies
depending on the cell line tested, and appears to correlate
with Akt activity (Sabatini, 2006). For instance, in cancer cells
in which rapalogs do not inhibit mTORC2, the inhibition of
mTORC1 leads to activation of Akt by these drugs; this, in
turn, protects the cells from apoptosis (Sabatini, 2006).
Because mTOR signalling is closely linked to the PI3K
pathway, the level of Akt activation may play a role in deter-
mining sensitivity to rapamycin (Gulhati et al., 2009). For
instance, cancers dependent on PI3K/Akt signalling are also
dependent on downstream activation of mTORC1, thus dis-
playing particular sensitivity to both rapamycin and rapalogs
(Guertin et al., 2006a,b). Indeed, rapalogs can block both
prostate intraepithelial tumour and lymphoproliferative dis-
eases that are driven by the expression of an activated allele
of Akt (Sabatini, 2006). As already discussed, rapamycin and
its analogues target specifically the FKBP12-rapamycin-
binding domain of the mTORC1 complex, while prolonged
treatment may have also an effect on mTORC2 and Akt (Seto,
2012). However, due to their upstream position to mTOR,
genetic and signalling abnormalities are subjected to control
by rapamycin and its analogues, whereas downstream mol-
ecules will remain unaffected by the treatment with mTOR
inhibitors. It seems that even in tumours with aberrant acti-
vation of the mTOR pathway, the response to rapalogs is
limited or peculiar; this phenomenon has been attributed to
the complexity and crosstalk of the various signalling trans-
duction pathways (Seto, 2012).

Several clinical trials are testing mTOR inhibitors in solid
tumours (including locally advanced breast cancer, advanced
pancreatic neuroendocrine tumours, metastatic renal cell
cancer, colon-rectal cancer, small and non-small cell lung
cancer, recurrent endometrial carcinoma) and in haemato-
logical malignancies (Strimpakos et al., 2009; Zaytseva et al.,
2012). In particular, as a result of the known interactions
between mTOR and other signalling pathways, the synergis-
tic anti-tumour effect of mTOR inhibitors and other signal-
ling inhibitor like anti-angiogenic agents is under evaluation
(Faivre et al., 2006). Moreover, recent data suggest that these
drugs are more likely to be effective when combined with
traditional chemotherapy. Overall, rapalogs are relatively well
tolerated in cancer patients, although significant stomatitis,
rash and deaths due to bowel perforation and mucositis have
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been reported in patients with advanced solid tumours
receiving temsirolimus in combination with S-fluorouracil/
leucovorin (Punt et al., 2003). Furthermore, because mTOR
critically regulates glucose metabolism, hyperglycaemia rep-
resents another side effects of rapalogs (Dann et al., 2007),
together with elevation of triglyceride and cholesterol levels
in blood (Morrisett et al., 2002).

Second generation of mTOR inhibitors

The limitations of rapamycin-based therapies in the clinical
setting have led to development of a second generation of
mTOR inhibitors known as ATP-competitive mTOR kinase
inhibitors (TKIs). TKIs target the mTOR kinase domain and
inhibit its catalytic activity (Zaytseva etal., 2012). The
mechanistic advantage of these drugs is that they inhibit the
kinase activity of both mTOR complexes, resulting in down-
regulation of mTOR signalling globally, with the advantage of

minimizing the feedback activation of PI3K/Akt (Yu etal.,
2009; Zoncu et al., 2011). Numerous TKIs have been devel-
oped, and several of them have entered in early clinical trial
testing (Zaytseva et al.,, 2012) (Figure 2). The rationale of
using TKIs as anticancer agents is derived from the aberrantly
hyperactive PI3K/Akt/mTOR signalling that is a prominent
feature of a broad spectrum of human cancers (LoPiccolo
et al., 2008). Rapalogs cause activation of Akt through a nega-
tive feedback loop on the mTORC2 complex, which is also
involved in cancer cell growth and survival. Interestingly,
inhibition of mTORC2 and/or PI3K simultaneously with
mTORC1 appears to inhibit more robustly the signalling cas-
cades and halt activation of this feedback loop (LoPiccolo
et al., 2008). There is strong evidence that mTORC2 plays a
critical role in tumour growth and survival; this emphasizes
the additional benefit of TKIs over rapalogs. TKIs are
indeed able to block the mTORC2-dependent phosphoryla-
tion of Akt (Roper et al., 2011). Moreover, inhibition of the
mTORC2 protein, Rictor, results in significant reduction of
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Akt phosphorylation in both rapamycin-sensitive and
rapamycin-resistant colon-rectal cancers (Gulhati etal.,
2009), thus underlining the critical role of mTORC2 inhibi-
tion. Like rapalogs, TKIs have been shown to decrease protein
synthesis, attenuate cell cycle progression, and inhibit angio-
genesis in multiple cancer cell lines as well as in human
cancers (Guertin and Sabatini, 2009). The TKI-mediated inhi-
bition of cell growth and proliferation has been proven to be
more potent than that by the rapalogs. For example, global
protein synthesis is suppressed by nearly 50% when breast
cancer cells are treated with TKIs, compared with a negligible
effect observed with rapamycin treatment. This is probably
due to more effective targeting of translation initiation by
TKIs than rapamycin (Yu etal.,, 2009). Additionally, TKIs
reduce more effectively aerobic glycolysis in human tumour
cells with consequent starvation of cells and enhanced anti-
tumour effect (Wander etal.,, 2011). In a subset of Akt-
hyperactive tumour cells, treatment with TKIs leads to a
higher reduction of lactate production and higher expression
of Glutl, HIF-1o. and HIF-20, compared with those induced
by rapamycin. All these effects normalize the cell metabolism
and the response of cells to the deprivation of oxygen, with a
subsequent reduced production of VEGF and angiogenesis
(Yu et al., 2009).

Despite the many advantages of TKIs, some drawbacks
still remain. For instance, even though TKIs are more effec-
tive in rapamycin-resistant cell lines (Zask et al., 2009), they
are less effective in KRAS-driven tumours (Engelman et al.,
2008), suggesting that combination therapies with multiple
kinase inhibitors are needed to combat resistance in these
cancers. Another possible disadvantage is related to their
safety. Although their broader activity improves anti-tumour
efficacy, global inhibition of mTOR is expected to be associ-
ated with greater toxicity in normal cells (Liu etal.,
2009a,b). Of note, preclinical studies have shown that full
inhibition of mTORC1 and mTORC2 could be well tolerated
(Janes etal., 2010). Moreover, it has been shown that
chronic inhibition of mTORC2 may induce Thr**® phospho-
rylation of Akt through alternative pathways, even in the
absence of the priming Ser*”® phosphorylation (Zoncu et al.,
2011), thus suggesting a potential mechanism of resistance
to these agents.

Immunosuppression is another concern. The immuno-
suppressive effect of rapamycin derives from the inhibition of
T- and B-cell proliferation, through mechanisms similar to
those that block cancer cell proliferation (Law, 2005). In a
clinical context, a more potent suppression of mTOR signal-
ling by the ATP-competitive TKIs also raises concerns regard-
ing the consequent higher level of immunosuppression. In
this regard, however, the dual PI3K/mTOR inhibitor PI-103,
although exhibiting immunosuppressive activity, was still
able to inhibit in vivo tumour growth, and increased survival
of immunocompetent mice bearing sorafenib-treated mela-
noma (Lépez-Fauqued et al., 2010).

Finally, there are data suggesting that sensitivity or resist-
ance of tumour cells to TKIs is genetically determined
(Mitsudomi and Yatabe, 2007). Unfortunately, biomarkers to
predict which cancer patient will benefit more from these
inhibitors are not yet available. Some of the rapamycin-
insensitive mTOR functions can be also profoundly inhibited
by TKIs in some but not other cancer cells, such as colon
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cancer cells (Raynaud et al., 2009; Shor et al., 2009). There-
fore, identification of genetic markers associated with
response to TKIs is likely to be crucial in determining the
clinical success of these drugs. As a general principle, tumours
strongly dependent on the PI3K/mTOR pathway should
respond favourably to these inhibitors, but it is still unclear if
the compounds are similarly efficacious in cancers with dis-
tinct genetic lesions in this pathway, such as PIK3A, PTEN
and KRAS. For instance, breast cancers with HER2 or PIK3CA
mutations, but not those with PTEN mutations, have a
favourable response to the treatment with the mTOR/PI3K
dual inhibitor NVPBEZ235 (Brachmann et al., 2009). There-
fore, this remains an area of intensive research that will
eventually determine the successful translation of these com-
pounds from the preclinical to the clinical setting.

The close interaction of mTOR with the PI3K pathway, as
well as concerns regarding TKI resistance via feedback activa-
tion of PI3K/Akt, prompted the development of mTOR/PI3K
dual inhibitors (TPdIs). These agents target the p110c, - and
v-isoforms of PI3K, as well as the ATP-binding sites of both
mTORC1 and mTORC2 complexes, completely suppressing
PI3K/AKkt signalling pathway (Zaytseva et al., 2012). Inhibi-
tion of the biological functions of PI3K/mTOR pathway
components has been shown to block proliferation in a
broad panel of tumour cell lines by inducing G; arrest
(Garcia-Echeverria, 2011), apoptosis and autophagy (Wander
etal., 2011). New data indicate that the TPdIs are more effec-
tive than their rapalog predecessors. In a study comparing
treatment with NVP-BEZ235 to everolimus in a panel of 21
cell lines of different origins and mutational status, NVP-
BEZ235 was found to have greater antiproliferative activity
(Serra et al., 2008). Of interest, the utility of these inhibitors
may extend beyond cancers with a PI3K pathway mutation.
For example, a study showed that NVP-BEZ235 has compa-
rable efficacy in both the wild-type and mutant PIK3CA-
carrying tumours (Roper et al., 2011), suggesting its potential
use in a broader spectrum of tumours.

Clinical trials of TPdIs are currently underway (Zhang
etal., 2011; Zaytseva et al., 2012) in patients with recurrent
glioblastoma, advanced or metastatic endometrial carcinoma
and other advanced solid tumours (Zaytseva et al., 2012).
Despite encouraging results, there is preclinical evidence that
some type of cancers may be insensitive to TPdIs. For
example, mouse lung cancer driven by mutant KRAS did not
respond to monotherapy with NVP-BEZ235, although a com-
bination of NVP-BEZ235 with a MAPK inhibitor, ARRY-
142886, resulted in a marked and synergistic inhibitory
activity on these KRAS-mutated cancers (Engelman etal.,
2008). Similarly, NVP-BEZ235 failed to promote substantial
apoptosis in EGFR-mutant lung cancer (Garcia-Echeverria,
2011), further suggesting the need to combine the TPdIs with
other TKIs in the clinical setting.

PI3K has several roles in cell survival, differentiation,
metabolism and migration, some of which are Akt and mTOR
independent (Engelman et al., 2006; Fruman and Bismuth,
2009). Of note, metabolic disturbances are likely to arise as a
result of inhibition of the PI3Ka isoform (Foukas et al., 2006),
which is the target of several PI3K inhibitors in a broad range
of tumours. There is also evidence that PI3K is involved in the
regulation of haematopoietic stem cells, suggesting that
chronic inhibition of the PI3K pathway may lead to



haematological toxicity (Zhang etal.,, 2006). However,
detailed safety profiles are not available so far. The impor-
tance of PI3K and mTOR in regulating a wide range of normal
biological processes suggests that the dual mTOR/PI3K inhibi-
tors are likely to be associated with increased toxicity (Zoncu
et al., 2011). Indeed, in the comparison between the mTOR
kinase inhibitor PP242 and the mTOR/PI3K dual inhibitor
PI-103, the latter was found to have a substantial narrower
therapeutic range (Janes et al., 2010).

Finally, another class of ATP-competitive inhibitors of
mTOR, named Torins (Torin-1 and Torin-2), has been shown
to affect protein synthesis and proliferation much more than
rapamycin, largely due to their ability to inhibit rapamycin-
resistant functions of mTORC1 (Thoreen et al., 2012). Torin-1
affects cell growth, motility, invasion and survival in vitro,
and inhibits tumour growth in vivo with a concomitant anti-
angiogenic effect. It also affects the expression of markers for
cell proliferation, angio- and lymphogenesis, and stemness,
with no effects on normal stem cells, suggesting its selectivity
towards cancer cells (Thoreen et al., 2012; Francipane and
Lagasse, 2013). Torin-2, a potent orally bioavailable mTOR
kinase inhibitor with significant selectivity over other PKs,
has shown potent anti-tumour effects in preclinical studies
(Liu et al., 2011; 2013).

Conclusions

In the last few years, significant advances have been made
in understanding the role of mTOR pathway in cancer
development and progression. The evidence that the mTOR-
signalling pathway is overactivated in several types of
cancer has led to the development of many new mTOR
inhibitors. Encouraging data from preclinical studies have
offered new opportunities to fully exploit the therapeutic
potential of mTOR targeting in cancer. At present, many
clinical trials of mTOR inhibitors and their combination
with other novel drugs and traditional treatments are
underway to examine the therapeutic activity of these new
agents in a variety of solid and haematological tumours
(www.ClinicalTrials.gov). However, several factors limit the
therapeutic potential of these drugs. Most importantly,
many of these molecules do not inhibit both mTORC1 and
mTORC2, and consequently they may activate feedback
regulatory loops involving the mTORC2 complex. This may
explain the lack of success obtained so far in many clinical
trials, as well as disclosing an important role of mTORC2 in
promoting cancer cell activities. On the other hand, a
strong inhibition of the mTOR pathway (both mTORC1 and
mTORC2 complexes) could also lead to severe adverse
effects, thus limiting the potential clinical utility of this
approach. Because of the many limitations of currently
available inhibitors, new approaches for mTOR targeting are
under investigation, such as selective inhibition of the
mTORC2 complex (Zoncu et al., 2011). In addition, a key
future target should be the identification of predictive bio-
markers of response in order to better select cancer patients
likely to respond to mTOR pathway inhibitors. The discov-
ery of such markers will allow the benefits and safety for
treated patients to be maximized.

mTOR pathway in cancer
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