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Review
Mammalian target of rapamycin (mTOR) is a Ser/Thr
kinase that regulates a wide range of functions, includ-
ing cell growth, proliferation, survival, autophagy, me-
tabolism, and cytoskeletal organization. mTOR activity
is dysregulated in several human disorders, including
cancer. The crucial role of mTOR in cancer cell biology
has stimulated interest in mTOR inhibitors, placing
mTOR on the radar of the pharmaceutical industry.
Several mTOR inhibitors have already undergone clinical
trials for treating tumors, without great success, al-
though mTOR inhibitors are approved for the treatment
of some types of cancer, including advanced renal cell
carcinoma. However, the role of mTOR inhibitors in
cancer treatment continues to evolve as new com-
pounds are continuously being disclosed. Here we re-
view the three classes of mTOR inhibitors currently
available for treating cancer patients. Moreover, we
highlight efforts to identify markers of resistance and
sensitivity to mTOR inhibition that could prove useful in
the emerging field of personalized medicine.

mTOR regulation and functions
mTOR is a Ser/Thr kinase that belongs to the phosphoi-
nositide kinase-related family of protein kinases (PIKKs)
[1]. The PIKK family includes ataxia telangiectasia mu-
tated (ATM), ataxia telangiectasia- and RAD3-related
(ATR), human suppressor of morphogenesis in genitalia-
1(hSMG-1), and the catalytic subunit of DNA-dependent
protein kinase (DNA-PK) [2].

mTOR acts as an essential integrator of growth factor-
activated and nutrient-sensing pathways to control and
coordinate various cellular functions, including survival,
proliferation, differentiation, autophagy, and metabolism
[3]. mTOR is the catalytic subunit of two functionally and
structurally multiprotein distinct complexes: mTOR com-
plex 1 (mTORC1) and mTORC2 [1]. mTORC1 comprises
regulatory-associated protein of mTOR (RAPTOR), pro-
line-rich Akt substrate 40 kDa (PRAS40), mammalian
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lethal with Sec13 protein 8 (mLST8), and DEP domain-
containing mTOR-interacting protein (DEPTOR), which
has an inhibitory function on mTORC1. The classical
mTORC1 positive inputs are growth factors, chemokines
[4], nutrients (glucose, amino acids), and cell energy status
(i.e., high ATP:AMP ratio) [1]. Growth factors and cyto-
kines stimulate mTORC1 mainly through the phosphoino-
sitide 3-kinase (PI3K)/Akt signaling pathway (Figure 1).
However, growth factors and chemokines also signal to
mTORC1 through the Ras/Raf/MEK/ERK network. More-
over, recent studies have highlighted that mTORC1 and
mTORC2 also respond to inputs via the WNT and liver
kinase 1 (LKB1)/AMP-activated protein kinase (AMPK)
signaling pathways [3] (Figure 2).

Protein synthesis is the best characterized process
controlled by mTORC1 [5]. Active mTORC1 phosphory-
lates components of the protein synthesis machinery,
including p70 ribosomal S6 kinase 1 (S6K1) and the trans-
lation inhibitor eukaryotic translation initiation factor
4E-binding protein 1 (4E-BP1) [6,7]. S6K1 phosphorylates
ribosomal protein S6 (RPS6) (a component of the 40S
ribosomal subunit), leading to active translation of
mRNAs involved in ribosome biogenesis [8]. S6K1 has
several substrates including insulin receptor substrate-
1 (IRS1), which is upstream of mTORC1. Importantly,
IRS1 phosphorylation by S6K1 targets it for proteasomal
degradation and thereby hampers the ability of growth
factors (insulin, insulin-like growth factor-1) to signal
downstream of receptor tyrosine kinases (RTKs) [1]. This
results in inhibition of PI3K/Akt activation, creating a
negative feedback loop that has an important role in the
regulation of mTORC1 activity (Figure 1). 4E-BP1 phos-
phorylation prevents its binding to the cap-binding pro-
tein eukaryotic translation initiation factor 4E (eIF4E),
enabling it to participate in the formation of the eIF4F
complex, which is required for the initiation of cap-depen-
dent mRNA translation [1,6] (Box 1).

mTORC1 increases the glycolytic flux by activating the
transcription and translation of hypoxia inducible factor 1a

(HIF1a), a positive regulator of many glycolytic genes
[1]. mTORC1 controls the synthesis of lipids required
for proliferating cells to generate membranes. To achieve
this, it mainly acts through the sterol regulatory element-
binding proteins 1/2 (SREBP 1/2), which are transcription
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Figure 1. Mammalian target of rapamycin (mTOR) complexes (mTORCs) and the phosphoinositide 3-kinase (PI3K)/Akt signaling network. The Ser/Thr kinase mTOR forms

two multiprotein complexes. mTORC1 comprises regulatory-associated protein of mTOR (RAPTOR), proline-rich Akt substrate 40 kDa (PRAS40), mammalian lethal with

Sec13 protein 8 (mLST8), and DEP domain-containing mTOR-interacting protein (DEPTOR), which has an inhibitory function on mTORC1. The classical mTORC1 positive

inputs are growth factors, chemokines, nutrients (glucose, amino acids), and cell energy status (i.e., high ATP:AMP ratio). Growth factors stimulate mTORC1 through the

PI3K/Akt signaling pathway. Akt phosphorylates tuberous sclerosis complex 2 (TSC2), or hamartin, at multiple sites. TSC2 is a GTPase-activating protein (GAP) that

associates with tuberous sclerosis complex 1 (TSC1), or tuberin, to inactivate the small G protein Ras homolog enriched in brain (Rheb). Once TSC2 is phosphorylated by

Akt, the GAP activity of the TSC1/TSC2 complex is repressed, allowing Rheb to accumulate in a GTP-bound state. As a consequence, Rheb–GTP upregulates the protein

kinase activity of mTORC1. Moreover, Akt phosphorylates PRAS40 (at Thr246), which dissociates from mTORC1 in response to growth factors as well as glucose and

nutrients, thereby releasing the inhibitory function of PRAS40 on mTORC1 [1]. mTORC1 activity is required for the phosphorylation and subsequent activation of ribosomal

S6 kinase 1 (S6K1), which in turn phosphorylates or binds proteins such as eukaryotic elongation factor 2 kinase (eEF2K), which targets eEF2 and regulates the elongation

step of protein translation, ribosomal protein S6 (S6RP), and eukaryotic translation initiation factor 4B (eIF4B), ultimately promoting initiation of translation and elongation.

mTORC1 also phosphorylates and inactivates the translation inhibitor eIF4E-binding protein 1 (4E-BP1), which inhibits cap-dependent translation by binding to the

translation initiation factor eIF4E. mTORC1 is a repressor of autophagy, through phosphorylation of unc-51-like kinase 1 (ULK1). mTORC1 also positively controls lipid

synthesis and glycolytic metabolism. mTORC2 comprises rapamycin-insensitive companion of mTOR (RICTOR), stress-activated protein kinase-interacting 1 (SIN1), mLST8,

protein observed with Rictor (PROTOR), and DEPTOR [59]. It regulates cell survival through serum- and glucocorticoid-activated kinase 1 (SGK1) and Akt. mTORC2

phosphorylates Akt at Ser473, priming Akt for further phosphorylation by PDK1 at the Thr308 residue. Loss of phosphorylation at the Ser473 site, however, affects only

some Akt substrates, such as FOXO transcription factors, but not TSC2, in response to growth factor signaling. mTORC2 also associates with actively translating ribosomes

to cotranslationally phosphorylate Akt (at Thr450), which prevents ubiquitinylation and degradation of Akt. mTORC2 is involved in the spatial control of cell growth via

cytoskeletal regulation [1]. Arrows indicate activating events; perpendicular lines indicate inhibitory events. Abbreviations: GPCR, G protein-coupled receptor; IGF-R,

insulin-like growth factor receptor; IR, insulin receptor.
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factors of lipogenic genes, as well as through peroxisome
proliferator-activated receptor gamma (PPAR-g), the mas-
ter regulator of adipogenesis [1]. Moreover, mTORC1 is a
negative regulator of autophagy, a process required for the
recycling of damaged organelles and for cellular adaptation
to nutrient starvation, growth factor withdrawal, and oxi-
dative stress [9]. On mTORC1 inhibition, autophagosomes
sequester cytoplasmic components and then fuse with lyso-
somes, leading to the degradation of cell components and the
recycling of cellular building blocks. mTORC1 directly phos-
phorylates and suppresses unc-51-like kinase 1/mammalian
autophagy-related gene 13/focal adhesion kinase family-
interacting protein of 200 kDa (ULK1/Atg13/FIP200), a
kinase complex that is required to initiate autophagy [10].
125
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Figure 2. Other signaling pathways controlling mammalian target of rapamycin complex (mTORC) 1 and 2 activity. Sequential phosphorylation of tuberous sclerosis

complex 2 (TSC2) by AMP-activated protein kinase (AMPK), activated by low cellular energy (low ATP:AMP ratio), and glycogen synthase kinase 3b (GSK3b), which is

inhibited by WNT signaling, stimulates the activity of TSC2 leading to inhibition of mTORC1 activity. ERK and the downstream ribosomal S6 protein kinase 1 (RSK1) can

compensate for Akt in the activation of mTORC1 via inhibitory TSC2 phosphorylation. ERK also activates mitogen-activated protein (MAP) kinase-interacting kinase 1

(Mnk1), which phosphorylates eukaryotic translation initiation factor 4E (eIF4E) to provide a distinct signal to increase cap-dependent mRNA translation. mTORC2 is

activated by Wnt in a manner dependent on the small GTPase RAC1 [3]. Arrows indicate activating events; perpendicular lines indicate inhibitory events. Abbreviations:

GPCR, G protein-coupled receptor; LRP5/6, low-density lipoprotein receptor-related protein 5/6.
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Much less is known about mTORC2, which comprises
rapamycin-insensitive companion of mTOR (RICTOR),
stress-activated protein kinase-interacting 1 (SIN1),
mLST8, protein observed with Rictor (PROTOR), and
DEPTOR [1]. mTORC2 phosphorylates Akt on Ser
473. The mechanisms that control mTORC2 activity are
unclear at present, although they may include PI3K/Akt
signaling. It was demonstrated that mTORC2–ribosome
interaction activates mTORC2, and this activation is inde-
pendent of translation. Moreover, mTORC1, via activation
of ribosome biogenesis and inhibition of autophagy-medi-
ated ribosome turnover, indirectly controls mTORC2
[11]. mTORC2 regulates cell survival/metabolism through
serum- and glucocorticoid-activated kinase 1 (SGK1) and
Akt and is involved in the spatial control of cell growth via
cytoskeletal regulation through actin fibers, paxillin,
RhoA, Rac1 and protein kinase C (PKC) [1] (Figure 1).

Disruption of signaling pathways either upstream or
downstream of mTORC1/mTORC2 is commonly observed
in many tumors [12]. As a consequence, mTORC1/mTORC2
signals are dysregulated in a wide variety of solid and
hematological cancers. Cancer cells take advantage of
the roles of these multiprotein complexes in driving onco-
genic protein translation, lipid synthesis, and energy me-
tabolism, as well as in regulating cytoskeletal organization.
126
Therefore, considering the key functions that both
mTORC1 and mTORC2 play in tumor cell biology, it is
unsurprising that mTOR is regarded as an important
target for innovative tumor treatments, and several mTOR
inhibitors have been disclosed by pharmaceutical compa-
nies. Three classes of mTOR inhibitor have been tested in
preclinical models of tumors and/or entered clinical trials
for cancer treatment: rapamycin and rapalogs, which are
allosteric mTORC1 inhibitors; dual PI3K/mTOR inhibitors
that target both PI3K and mTORC1/mTORC2; and ATP-
competitive, ‘active-site’ mTORC1/mTORC2 inhibitors,
which target the catalytic site of mTOR only. In this review,
after a brief outline of the causes responsible for mTOR
activation in tumors, we highlight the current treatment
strategies we have at our disposal for inhibiting mTOR in
cancer. We also focus on our ever-growing knowledge of
the mechanisms that could confer either sensitivity or
resistance to mTOR inhibition in vivo in cancer patients.

mTOR activation in cancer
mTOR deregulation is observed in multiple sporadic can-
cer types; however, it also plays a causative role in familiar
cancer syndromes. Germline mutations in phosphatase
and tensin homolog (PTEN), the main negative regulator
of PI3K/Akt signaling, are found in more than 70% of



Box 1. Both the PI3K/mTOR and the Ras/RAF/MEK/ERK networks control initiation of translation

Stimulation of the PI3K/Akt/mTORC1 pathway by growth factors

leads to a cascade of events resulting in activation of mTORC1

(Figure I). mTORC1 in turn phosphorylates and inactivates 4E-BP1,

with its subsequent dissociation from eIF4E. This enables eIF4E to

interact with the scaffold protein eIF4G, becoming incorporated in

the eIF4F complex. mTORC1 also phosphorylates the translational

activator S6K1, which phosphorylates various substrates, including

eIF4B. The Ras/Raf/MEK/ERK network is also activated by growth

factors. Two downstream substrates of ERK, Mnk1 and RSK1,

phosphorylate eIF4B. Phosphorylation of eIF4B increases eIF4A

helicase activity and stimulates the association between eIF4B and

eIF3, thus boosting translation. Moreover, Mnk1 phosphorylates

eIF4E complexed with eIF4G, which promotes cap-mediated mRNA

translation of proteins required for cell growth, proliferation, and

survival. Arrows indicate activating events, while perpendicular lines

indicate inhibitory events.
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Figure I. Activation of mammalian target of rapamycin complex 1 (mTORC1).
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patients with the Cowden syndrome (CS). Multiple hamar-
tomas develop in patients affected with CS and these
patients are at increased risk for breast, endometrial,
thyroid, and renal carcinomas [13]. The LKB1 tumor sup-
pressor is lost in Peutz–Jeghers syndrome, leading to the
formation of intestinal polyps and increased risk of cancer
development [14]. Tuberous sclerosis (TS), another familial
cancer syndrome, characterized by benign, noninvasive,
tumor-like lesions (hamartomas) in multiple organ sys-
tems (liver, heart, brain, lung, kidney, and skin, with other
benign tumors in various organs [15]), is caused by muta-
tions in TSC1/TSC2 that are detected in more than 85% of
cases [16].

Neurofibromatosis type 1 (NF-1) is caused by mutations
in the NF1 gene, whose product, termed neurofibromin,
functions partly as a Ras GTPase-activating protein and
activates the Ras/Raf/MEK/ERK/mTORC1 pathway. NF-1
patients have increased risk of developing both benign and
malignant tumors of the central and peripheral nervous
system [17]. Studies performed by Johannessen et al. have
provided in vivo evidence that mTORC1 activity is essen-
tial for NF-1-associated tumorigenesis, showing that the
allosteric mTOR inhibitor rapamycin potently suppressed
the growth of aggressive NF-1-dependent malignancies in
a genetically engineered murine model [18,19]. Neurofibro-
matosis type 2 (NF-2) is caused by inactivating mutations
in the NF2 gene encoding a protein referred to as merlin,
which functions as a negative regulator of mTORC1. Most
tumors associated with NF-2 are schwannomas, meningi-
omas, or ependymomas [20].
127
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In sporadic cancers, mTOR activation is frequently the
result of amplification/activating mutations in genes
encoding upstream RTKs [21], activating mutations of
PI3KCA (i.e., the gene encoding the PI3K catalytic subunit
p110a) [22], or deletion/inactivation of tumor suppressors,
including PTEN [23], LKB1 [24], and the protein phospha-
tase PP2A, which dephosphorylates and inactivates Akt
[25].

Therapeutic targeting of mTOR in cancer
Rapamycin/rapalogs

Rapamycin (sirolimus), a macrolide antibiotic discovered
from the bacterium Streptomyces hygroscopicus found in
the soil of Easter Island (Rapa Nui in the island’s native
language), was the first identified mTOR inhibitor. Rapa-
mycin forms a gain-of-function complex with 12-kDa
FK506-binding protein (FKBP12), which binds to the
FKBP12/rapamycin-binding (FRB) domain of mTOR only
when mTOR is associated with other components of
mTORC1. The rapamycin/FKBP12 complex results in
the dissociation of RAPTOR from mTORC1 and loss of
contact between mTORC1 and its substrates (Figure 3).
Therefore, rapamycin is a highly selective mTORC1 allo-
steric inhibitor. However, long-term (>24 h) exposure to
rapamycin, or high concentrations of the drug, also inhibit
mTORC2 in some cell types, probably by sequestering
newly synthesized mTOR molecules [26–28]. Rapamycin
is approved by the US FDA for use as an immunosuppres-
sant following transplantation and has been used as a
coating for coronary stents [29]. The anticancer effects of
rapamycin were disclosed for the first time in 2002
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[30]. Since then, the antineoplastic properties of rapamycin
have been documented in a wide range of malignancies
both in vitro and in vivo and numerous clinical trials have
been performed in cancer patients. However, the results of
these trials have been mostly disappointing [31] and rapa-
mycin gave only modest clinical benefits in patients with
TS who had angiomyolipomas [32]. Limitations in the
solubility and pharmacokinetic properties of rapamycin
led to the development of its analogs (rapalogs), which
include the two water-soluble compounds temsirolimus
(CCI-779) and everolimus (RAD001).

Temsirolimus is a rapamycin ester derivative available
in both intravenous and oral formulations. In 2007, it was
approved by the FDA for the treatment of advanced-stage
(metastatic) renal cell carcinoma, where it proved to be
superior, in terms of patient overall survival, to interferon
alpha (IFN-a) [33]. The results showed improved median
overall survival of 10.9 months in the temsirolimus-alone
group compared with 8.4 months in the combination tem-
sirolimus/IFN-a group and 7.3 months in the IFN-a alone
group. In Europe, temsirolimus is also approved for the
treatment of mantle cell lymphoma [34]. At present, tem-
sirolimus is being tested alone or combined with other
drugs in various solid and hematological tumors [see Clin-
icalTrials.gov (https://clinicaltrials.gov/)] [35].

Everolimus is an oral rapamycin analog that has been
approved by FDA for the treatment of various malignan-
cies including advanced renal carcinoma [36], subependy-
mal giant cell astrocytoma associated with TS [37],
nonresectable neuroendocrine pancreatic tumors [38],
and advanced estrogen receptor-positive/HER2-negative
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llosteric mTOR inhibitors (rapamycin and rapalogs) associate with 12-kDa FK506-
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breast carcinoma in association with exemestane (an aro-
matase inhibitor), after failure of treatment with an aro-
matase inhibitor, anastrozole or letrozole [39]. Everolimus
is also currently being tested as a single agent or in
combination with additional therapies for the treatment
of various cancer types (see ClinicalTrials.gov) [35].

Many reports have documented the antineoplastic
effects of rapamycin and its derivatives in preclinical
models of human tumors, both in vitro and in
vivo. However, the efficacy of rapamycin/rapalogs as
broad-based monotherapy for the treatment of cancer
patients has not been as promising as initially expected.
Several mechanisms have emerged as barriers to the
antineoplastic activity of this class of mTOR inhibitor that
could explain the mostly disappointing results of clinical
trials. First, these drugs have only a poor proapoptotic
activity, being mainly cytostatic. Second, they do not target
all mTORC1 outputs. In particular, phosphorylation of 4E-
BP1 is usually resistant to rapamycin/rapalogs. Recent
work conducted in Sabatini’s laboratory has highlighted
how the Thr37/46 residues of 4E-BP1 are good substrates
for mTORC1 and, as such, are resistant to rapamycin. By
contrast, the Ser65 residue is a poor substrate for mTORC1
and is dephosphorylated in response to rapamycin treat-
ment. Usually, poor mTORC1 phosphorylation sites tend
to display several charged residues on either side of the
phosphoacceptor Ser–Thr. Therefore, differences in sub-
strate ‘quality’ are one mechanism allowing downstream
effectors of mTORC1 to respond differentially to temporal
and intensity changes in the levels of nutrients and growth
factors or pharmacological inhibitors such as rapamycin/
rapalogs [40–42]. These are crucial issues as, for example,
4E-BP1 controls the cap-dependent translation of mRNAs
encoding critical factors that regulate cancer cell prolifer-
ation and survival. These include cyclin-dependent kinase-
2 (CDK-2), cyclin D1, c-Myc, signal activator and transduc-
er of transcription 3 (STAT3), B-cell lymphoma 2 (Bcl-2),
Bcl-xL, myeloid cell leukemia-1 (Mcl-1), survivin, and or-
nithine decarboxylase [43,44]. Third, the disappointing
performance of rapamycin/rapalogs has also been ascribed
to S6K1-dependent feedback loops that lead to reactivation
of RTK, PI3K/Akt, and Ras/Raf/MEK/ERK signaling on
mTORC1 inhibition [27,45–47]. Moreover, mTORC1 di-
rectly phosphorylates and inhibits the RTK inhibitor
growth factor receptor-bound protein 10 (Grb10) [48], lead-
ing to accumulation of Grb10 and PI3K/Akt activation in
some cell types [1].

Remarkably, Akt activation following rapalog treat-
ment has been detected in biopsies taken from patients
with solid malignancies [49,50]. It is important to note,
however, that although our understanding of the feedback
loops from mTORC1 to the signaling pathways outlined
above has progressed, there is no formal evidence that
activation of feedback loops by rapamycin/rapalogs limits
the therapeutic potential of these drugs in cancer patients.

Rapalogs and autophagy

Another cause of the limited efficacy of allosteric mTORC1
inhibitors in cancer patients could be related to the induc-
tion of cytoprotective autophagy. Cancer cells exploit
autophagy to cope with metabolic stress and to escape
death stimuli [51]. There are numerous examples in the
literature in which mTORC1 inhibition led to induction of
cytoprotective autophagy. In these cases, combination
therapy with an autophagy inhibitor (e.g., hydroxychlor-
oquine, bafilomycin A1, methyladenine) potentiated the
cytotoxic effects of rapamycin/rapalogs both in vitro and in
in vivo models of xenografted human cancers [52–
54]. These preclinical findings have provided the rationale
for combining autophagy inhibitors with rapalogs in clini-
cal trials. The results of the first of such trials, in which
temsirolimus was combined with hydroxychloroquine for
the treatment of patients with advanced solid malignan-
cies and melanomas, were recently published [55]. It is
encouraging that the drug combination resulted in stable
disease in 14/19 (74%) melanoma patients. Remarkably, all
of the patients had evidence of progressive disease at the
time they entered the study and temsirolimus was
employed at a dose (25 mg weekly, intravenous) that did
not result in any disease stabilization in a previous Phase
II clinical trial [56].

Long-term responders to rapalog treatment

At present there are two cases in the literature of cancer
patients who showed a durable response to rapalog treat-
ment. In 2012, Iyer and coworkers [57] analyzed the tumor
genome of a patient with metastatic bladder carcinoma who
had achieved a durable response (>2 years when the paper
was published) to everolimus. They identified a 2-bp dele-
tion in the TSC1 gene resulting in a frameshift truncation
(c.1907_1908del, p.Glu636fs) and a nonsense mutation in
the NF2 gene creating a premature stop codon (c.863C>G,
p.Ser288). These loss-of-function mutations were notewor-
thy because alterations in these genes had been associated
with mTORC1 dependence in preclinical models [58]. Se-
quencing of both genes in a second cohort of 96 high-grade
bladder cancers identified five additional somatic TSC1
mutations, whereas no additional NF2 mutations were
detected. Although the NF2 mutation was uncommon in
bladder cancers, knockdown of NF2 expression in TSC1-null
bladder cancer cells was associated with enhanced sensitiv-
ity to mTORC1 inhibition [57]. Another long-term responder
was recently described among patients enrolled in a Phase I
study of pazopanib (a multitargeted RTK inhibitor) and
everolimus in advanced solid tumors [59]. This patient, with
metastatic urothelial carcinoma, showed a complete radio-
graphic response that lasted 14 months. Whole exome se-
quencing revealed the presence of two previously unknown
activating mutations in the MTOR gene. One mutation was
located in the mTOR kinase domain (E2419K), while the
other (E2014K) was in the FRB domain. Each of these
mutations activated mTORC1 signaling, being additive
when both were present. The occurrence of these mutations
within the same tumor might contribute to the strong
dependency on mTORC1 signaling and the good response
to mTORC1 inhibition [59].

Overall, these findings suggested that mTORC1-direct-
ed therapies may be highly effective in patients whose
tumors harbor TSC1, NF2, or MTOR mutations and shed
light on the importance of identifying novel genomic mech-
anisms of sensitivity to mTORC1 allosteric inhibitors in
sporadic cancers.
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Predictive markers of rapalog treatment efficacy

As with all targeted therapies, the identification of mar-
kers that could predict patient sensitivity to allosteric
mTORC1 inhibition is highly desirable. Concomitant acti-
vation of other signaling pathways, typically the Ras/Raf/
MEK/ERK cascade, can cause resistance to rapamycin/
rapalogs. It should be considered that deregulation of
protein synthesis downstream of mTORC1 at the level of
4E-BP1/eIF4E plays a central role in tumor formation and
progression [1]. The PI3K/Akt/mTORC1 and Ras/Raf/
MEK/ERK pathways converge on both eIF4E and eIF4B
(Box 1). In particular, ERK phosphorylates mitogen-acti-
vated protein kinase-interacting kinase (Mnk) 1 and 2,
which are upstream of eIF4E [60]. Moreover, it is interest-
ing that Mnk 1/2 activation has been detected both in vitro
and in vivo in xenograft models, in response to tumor cell
treatment with rapamycin, and that cotreatment with an
Mnk 1/2 inhibitor potentiated the antineoplastic activity of
rapamycin [61,62]. eIF4B significantly increases the heli-
case activity of eIF4A, which unwinds the secondary struc-
ture of the 50 untranslated region (UTR), allowing the 40S
ribosomal subunit to bind to the mRNA [63].

Accordingly, in a panel of cancer cell lines (glioblastoma
and breast, ovarian, prostate, endometrial, and colorectal
carcinomas), it has been documented that cells carrying
genetic alterations in the PI3K pathway (i.e., activating
mutations in PI3KCA) were responsive to everolimus, both
in vitro and in vivo, except when oncogenic KRAS muta-
tions occurred concomitantly or were exogenously intro-
duced, while genetic ablation of mutant KRAS reinstated
response to the drug [64]. It was observed that everolimus
failed to inhibit translation in tumor cells displaying con-
comitant PI3K and KRAS mutations, whereas it inhibited
it in cells carrying only PI3K mutations. This was due to
activation of the Ras/Raf/MEK/ERK signaling axis, which
bypassed mTORC1-dependent oncogenic translation. Re-
markably, in a cohort of metastatic cancer patients, the
presence of oncogenic KRAS/BRAF mutations was associ-
ated with lack of benefit of everolimus therapy, whereas
patients whose tumors carried PIK3CA activating muta-
tions or PTEN loss of function could benefit from ever-
olimus treatment. Eleven of 12 patients with KRAS-
mutant tumors showed disease progression, while only
16 of 31 wild type cases did not benefit from treatment
[64]. Therefore, concomitant activation of Ras/Raf/MEK/
ERK signals could severely blunt the efficacy of rapamycin/
rapalogs. Hence, combination treatment with an inhibitor
of the Ras/Raf/MEK/ERK cascade could be successfully
employed in this type of tumor [65].

MTOR mutations in tumors were first identified only a
few years ago, when Sato and coworkers [66], by screening
a human cancer genome database, described two different
point mutations – S2215Y (from a colorectal carcinoma
sample) and R2505P (from a kidney carcinoma sample) –
that conferred constitutive activation of mTOR signaling
even under nutrient-starvation conditions. Subsequently,
another mTORC1-activating MTOR mutation (L2431P)
was detected in a portion, but not the whole, of a primary
kidney carcinoma [67].

Recently, next-generation sequencing studies have led
to the identification of 33 novel mutations in MTOR that
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resulted in mTOR activation. The mutations clustered in
six distinct regions in the C-terminal half of mTOR and
occurred in multiple cancer types (including colon, lung,
and uterus), with one cluster particularly prominent in
kidney cancer [68]. The activating mutations did not affect
mTOR complex assembly, but a subset reduced binding to
the mTOR inhibitor DEPTOR. The mutations could acti-
vate either mTORC1 or mTORC2, acting on different
downstream substrates. Interestingly, mTORC1 signals
in cells expressing various activating mutations remained
sensitive to rapamycin and cancer cell lines with hyper-
activating MTOR mutations displayed heightened sensi-
tivity to rapamycin both in vitro and in in vivo xenografts,
suggesting that such mutations conferred mTOR pathway
dependency. However, it was also found that several
mutants rendered mTORC1 activity partially resistant
to nutrient deprivation and that this could confer an
advantage on cancer cells [68].

There is also in vitro evidence that acquired mTOR
mutations could result in resistance to rapamycin, as
documented by a recent study where breast cancer
BT474 cells were rendered resistant to rapamycin by
prolonged culturing with increasing concentrations of
the drug [69]. Rapamycin-resistant BT474 cells displayed
a S2035F mutation in the FRB domain of mTOR. This
mutation was previously known to interfere with mTOR–
FKBP12 interactions and to confer rapamycin resistance
[70,71]. These findings may be highly relevant from a
clinical point of view, as MTOR mutations may serve as
biomarkers predicting tumor responses to mTOR allosteric
inhibitors and explain acquired resistance to this class of
drugs in humans.

Rapalogs and combination therapy

In agreement with preclinical studies, clinical trials with
rapalogs combined with classical chemotherapeutic or oth-
er anticancer agents have provided more encouraging
clinical results, as documented, for example, by a recent
Phase I/II clinical trial in which everolimus was used with
a Hyper-CVAD (cyclophosphamide, vincristine, doxorubi-
cin, and dexamethasone) regimen in patients with re-
lapsed/refractory acute lymphoblastic leukemia. In this
study, 7/20 patients responded, an overall response rate
of 35%, with complete remission (CR) in six patients (30%),
CR with incomplete count recovery (CRi) in one (5%), and
partial remission in two (10%) [72].

A large combination trial of everolimus with anti-estro-
gen therapy (BOLERO-2) showed a significant survival
benefit in patients with hormone receptor-positive ad-
vanced breast cancer: Median progression-free survival
(PFS) was 7.8 months compared with 3.2 months with
exemestane alone [39].

BOLERO-3 was another large-scale (569 patients), ran-
domized, double-blind, placebo-controlled Phase III trial,
in which patients with advanced HER-2-positive breast
cancer who had become resistant to trastuzumab were
treated with a combination of daily everolimus plus weekly
trastuzumab and vinorelbine (a vinca alkaloid) [73]. The
addition of everolimus to trastuzumab plus vinorelbine
significantly prolonged PFS (from 5.8 to 7.0 months) with
respect to placebo. However, serious side effects were
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reported in 117 (42%) patients in the everolimus group and
55 (20%) in the placebo group. The overall survival follow-
up is still in progress.

Therefore, the most promising approach for the use of
rapalogs in cancer patients seems to be their combination
with traditional chemotherapeutic agents or other tar-
geted agents. This strategy could also lead to a lower drug
dose that may lessen the systemic side effects of the drugs.

Dual PI3K/mTOR inhibitors
Since PI3K and mTOR both belong to the PIKK superfam-
ily of kinases, they share high sequence homology in their
catalytic domains. Dual PI3K/mTOR inhibitors were orig-
inally developed in drug-discovery programs for PI3K
inhibitors, but were subsequently shown to also effectively
inhibit mTORC1 and mTORC2. The first compound of this
class to be disclosed was the morpholinoquinazoline deriv-
ative PI-103 [74]. These drugs are ATP-competitive inhi-
bitors that target the active sites of both of the
holoenzymes. As a consequence, the PI3K/Akt/mTOR sig-
naling cascade is inhibited both upstream and downstream
of Akt, thus avoiding the mTORC1/S6K1-dependent nega-
tive feedback loops that occur with rapalogs [75] (Figure 3).
These compounds display in general a more potent apo-
ptotic activity than rapamycin/rapalogs, most likely be-
cause they could also inhibit mTORC1 outputs resistant to
allosteric inhibition (e.g., 4E-BP1 phosphorylation)
[41,76]. Moreover, drugs of this class synergize with classic
anticancer chemotherapeutic agents [77] and radiotherapy
[78]. Dual PI3K/mTOR inhibitors may provide an advan-
tage in tumors displaying alterations downstream of PI3K
but upstream of mTOR (e.g., PTEN, TSC1/2) [79]. Several
members of this class of drugs have been or are being tested
in Phase I/II clinical trials for the treatment of both solid
and hematological malignancies (Table 1).

Some mechanisms of in vitro resistance to this class of
compounds have been identified. Mutational activation of
Table 1. Dual PI3K/mTOR inhibitors currently in clinical trials as m

Compound Tumor type 

BEZ-235 Pancreatic cancer

Breast cancer

Renal cancer

Leukemias

BGT226 Advanced solid tumors

Breast cancer

GSK2126458 Solid tumors, non-Hodgkin lymphoma

Advanced solid tumors

GSK1059615 Breast cancer, non-Hodgkin lymphomas 

PF05212384 Breast cancer, ovarian cancer

Breast cancer, endometrial cancer, colorecta

PF04691502 Endometrial cancer

Breast cancer

Advanced solid tumors

VS-5584 Solid tumors, non-Hodgkin lymphomas 

XL765 (SAR245409) Solid tumors, non-Hodgkin lymphomas

Glioblastoma

Non-Hodgkin lymphomas, leukemias

DS-7423 Colorectal cancer, endometrial cancer 

GDC-0980 Renal cancer

Endometrial cancer

Advanced solid tumors, non-Hodgkin lymph
KRAS, when accompanied by a PIK3CA activating muta-
tion, resulted in resistance to BEZ235 in colorectal carci-
noma cells [80]. In T cell acute lymphoblastic leukemia cell
lines, PI-103 caused upregulation of Notch1/c-Myc signal-
ing, which led to an impaired cytotoxic response [81]. The
protective effects of Notch1/c-Myc could be circumvented
by combining PI-103 with either a g-secretase inhibitor or a
c-Myc small molecule inhibitor (10058-F4; Merck). These
findings were in agreement with a report that documented
how either c-Myc or eIF4E amplification was responsible
for resistance to BEZ235 in immortalized human mamma-
ry epithelial cells. However, c-Myc amplification also con-
ferred resistance to rapamycin and Ku-0063795, an
mTORC1/mTORC2, ATP-competitive inhibitor [82].

The specificity of this class of drugs for PI3K could elicit
off-target effects on related PIKKs, thus causing a higher
toxicity profile, at least in theory. Consequently, any clinical
benefit derived from their application has to be weighed
against their presumably greater toxicity compared with
rapalogs. Whereas the side effects of rapalogs are well known
[83], there is no clear understanding of systemic toxicity
related to signaling pathways altered by dual PI3K/mTOR
inhibition. In a Phase I study of the dual PI3K/mTOR
inhibitor BGT226, the most common side effects were on
the gastrointestinal system (nausea, diarrhea, and vomit-
ing) and fatigue. However, no grade >1 abnormalities in
fasting plasma glucose were observed, in contrast to the
inhibition of glucose metabolism and hyperglycemia usually
associated with PI3K inhibition [84]. The management and
prevention of these side effects will require the efforts of both
basic and translational research to optimize the full efficien-
cy of this class of drugs in clinical practice [83].

ATP-competitive mTORC1/mTORC2 inhibitors
To reduce toxicity due to the use of dual PI3K/mTOR
inhibitors, efforts were undertaken to design mTORC1/
mTORC2-selective inhibitors, leading to the development
onotherapies

ClinicalTrials.gov Status

NCT01628913

NCT01248494

NCT01453595

NCT01756118

Recruiting

Completed

Completed

Active, not recruiting

NCT00742105

NCT00600275

Completed

Completed

NCT00972686

NCT01248858

Active, not recruiting

Terminated

NCT00695448 Terminated

l cancer

NCT02069158

NCT00940498

Recruiting

Completed

NCT01420081

NCT01430585

NCT00927823

Terminated

Terminated, has results

Completed, has results

NCT01991938 Recruiting

NCT01596270

NCT01240460

NCT01403636

Recruiting

Completed

Active, not recruiting

NCT01364844 Completed

omas

NCT01442090

NCT01455493

NCT00854152

Active, not recruiting

Completed

Active, not recruiting
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Table 2. mTORC1/mTORC2 ATP-competitive inhibitors currently in clinical trials as monotherapies

Compound Tumor type ClinicalTrials.gov Status

AZD-2014 Advanced solid tumors

Prostatic cancer

Metastatic clear cell renal cancer

NCT01026402

NCT02064608

NCT01793636

Active, not recruiting

Not yet recruiting

Terminated

CC-223 Glioblastoma, hepatocellular carcinoma, multiple myeloma NCT01177397 Recruiting

MLN0128 (formerly INK128) Glioblastoma, gliosarcoma

Multiple myeloma

NCT02133183

NCT01118689

Active, not recruiting

Completed

OSI-027 Advanced solid tumors, non-Hodgkin lymphomas NCT00698243 Completed

CC-115 Glioblastoma, prostate cancer, Ewing’s osteosarcoma,

chronic lymphocytic leukemia

NCT01353625 Recruiting

GDC-0349 Advanced/metastatic solid tumors, non-Hodgkin lymphomas NCT01356173 Completed

Review Trends in Pharmacological Sciences February 2015, Vol. 36, No. 2
of ATP-competitive drugs that block only the mTOR cata-
lytic domain [85] (Figure 3). The prototype of this class of
drugs is PP242 [86]. Similarly to dual PI3K/mTOR inhi-
bitors, ATP-competitive mTORC1/mTORC2 inhibitors dis-
played more powerful antiproliferative and proapoptotic
effects as well as more complete inhibition of mTORC1
outputs compared with rapalogs in preclinical studies [87–
89]. Also this class of drugs can synergize with classical
chemotherapeutic agents [90]. Several of these drugs have
been or are being investigated in clinical trials in a wide
variety of malignancies (Table 2).

However, mechanisms of primary or acquired resis-
tance to this drug class have begun to emerge. Although
treatment of cancer cells with the ATP-competitive
mTORC1/mTORC2 inhibitor AZD8055 resulted in tran-
sient downregulation of Thr308 p-Akt levels and persis-
tent inhibition of mTORC2 activity and Ser473 Akt
phosphorylation, it surprisingly caused marked activation
of RTK signaling, which induced PI3K signaling and
reinduction of Thr308 Akt phosphorylation [91]. In a
xenografted model of human breast cancer, a combined
treatment comprising the RTK inhibitor lapatinib and
AZD8055 caused persistent inhibition of growth over
3 weeks of treatment and was associated with 35% regres-
sion of the tumor, whereas treatment with AZD8055 alone
resulted in a transient (11 days) complete arrest of tumor
growth with little or no evidence of regression [91]. These
findings are further proof of the adaptive capabilities of
the PI3K/Akt/mTOR signaling network and highlight the
need for combinatorial approaches to block feedback-reg-
ulated pathways.

In a recent study performed on a large panel of 667 solid
tumor cell lines, KRAS mutations in the absence of
PI3KCA mutations were identified as the most significant
marker of primary resistance to PP242 in vitro. Resistance
was particularly evident in colon carcinoma cell lines and
was linked to incomplete dephosphorylation of 4E-BP1. In
patient-derived colon cancer xenografts, resistance to
PP242-induced inhibition of 4E-BP1 phosphorylation
and xenograft growth was again observed in KRAS-mutant
tumors [92].

In HepG2 and SK-HEP-1 cancer cell lines, it was found
that the 4E-BP1:eIF4E ratio influenced in vitro mTORC1/
mTORC2 inhibitor sensitivity, as loss of 4E-BP1 or over-
expression of eIF4E rendered cancer cell growth and
translation of tumor-promoting mRNAs refractory to
mTORC1/mTORC2 inhibition with PP242, INK1341, or
Torin-1. The 4E-BP1:eIF4E ratio was also a determinant
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of tumor cell sensitivity to PP242 in vivo in a xenograft
model [93]. Similar results have been reported in pancre-
atic cancers, where 4E-BP1 expression was not or poorly
expressed in more than 50% (9/17 cases) of human pan-
creatic ductal adenocarcinoma, whereas normal pancreas
expresses high levels of 4E-BP1 [94]. 4E-BP1 downregula-
tion enhanced eIF4E phosphorylation and facilitated
pancreatic cancer cell proliferation in vitro and tumor
development in vivo. Furthermore, the absence of 4E-
BP1 rendered eIF4E phosphorylation, protein synthesis,
and cell proliferation resistant to mTORC1/mTORC2 in-
hibition with PP242 [94]. The diffuse large B-cell lympho-
ma VAL cell line was particularly resistant to apoptosis in
the presence of the active-site mTOR inhibitors MLN0128
and AZD8055. VAL cells did not express 4E-BP1, although
they expressed the related protein 4E-BP2 [95]. Mechanis-
tically, treatment with the inhibitors failed to displace
eIF4G from the mRNA cap-binding complex. Knockdown
of eIF4E, or re-expression of 4EB-P1, sensitized VAL cells
to apoptosis when treated with active-site mTOR inhibi-
tors. Overall, these studies are in agreement with the
growing body of evidence indicating that the deregulation
of oncogenic mRNA translation downstream of mTORC1
at the level of 4E-BP1/eIF4E plays a central role in tumor
biology [1].

The side effects of this class of drugs in humans are at
present not well known. In a Phase I clinical trial of
AZD8055, the most common adverse events were elevated
transaminases and fatigue; however, the drug displayed
an acceptable toxicity profile [96]. It is encouraging
that in mice PP242 was less immunosuppressive than
PI-103 [97].

Concluding remarks
Several lines of evidence have documented that mTOR is a
key node of the PI3K/Akt/mTOR signaling pathway, which
is one of the most commonly upregulated signal transduc-
tion cascades in human cancers. Moreover, other aberrant-
ly activated signaling cascades impinge on mTOR in cancer
patients. Therefore, there is a strong rational for targeting
mTOR in tumors. Signal transduction modulators hold the
promise of providing more effective, less toxic treatments
for cancer patients. However, the results obtained so far in
patients treated with mTOR inhibitors have not met these
expectations. These failures are probably due to the nu-
merous reasons we have highlighted in this review, but
other, unknown causes are likely to exist and will undoubt-
edly emerge in future studies.



Box 2. Several outstanding questions need to be answered before mTOR inhibitors can be more successfully translated into

the clinic

What are the best drugs for developing combination therapies with

mTOR inhibitors? What are the limitations in evaluating combination

therapies and in the design of clinical trials? These will be formidable

tasks, not only because of the huge number of traditional and

innovative compounds that could be combined with mTOR inhibitors,

but also due to the fact that it is increasingly evident that a paradigm

shift is necessary in the design of clinical trials, from a primarily

statistical to a more mechanistic approach, to address cancer

complexity.

Another key challenge will be not only the discovery of high-

quality targeted agents against mTOR, but also that of effective

protocols for their use, as chronic mTOR inhibition is likely to be

problematic while intermittent high-dose administration may pro-

vide a better therapeutic window. Examples of how different

schedules of drug administration could lead to different outcomes

are documented by a study in which the effects of the g-secretase

inhibitor MK-0752 were investigated in adults with advanced solid

tumors and by the testing of intermittent doses of MRLB-11055, a

JAK2 inhibitor, in a mouse model of polycythemia vera in which

chronic, high-level inhibition of JAK2 would have been intolerable.

In both cases, the intermittent schedule proved to be superior to

daily administration in terms of clinical efficacy, pathway inhibition,

and toxic side effects [107,108].

Are the requirements of classical trials adequate, in terms of

homogeneity criteria and in considering the molecular diversity of the

patients enrolled? The necessity to find a sufficient number of

‘similar’ patients is in stark contrast to the constant growing number

of molecular features that render cancer patients dissimilar. This is an

emerging issue that should be addressed.

Regarding mTOR inhibitors, could it be possible to specifically target

mTOR signaling in CSCs without affecting the functions of healthy stem

cells? It is important to emphasize that there are subtle differences in

how healthy stem cells and CSCs utilize the same signaling pathways.

This has been demonstrated in murine leukemic stem cells (LSCs)

treated with rapamycin, where the drug did not affect hematopoietic

stem cells but was cytotoxic to LSCs [103] This could indicate the

existence of a therapeutic window for mTOR inhibitors.

The side effects of dual PI3K/mTOR inhibitors and of ATP-

competitive mTORC1/mTORC2 inhibitors are at present not well

known and must be thoroughly defined.

A major challenge in the clinical use of mTOR inhibitors remains the

identification of patients who are likely to respond to the treatment.

Additional work is therefore required to identify and confirm

predictive biomarkers of constitutive/acquired resistance and sensi-

tivity to each drug in large-scale clinical trials using homogeneous

patient populations. These future studies could also benefit from a

more thorough analysis of the entire PI3K/Akt/mTOR pathway in

cancer patients and of its crosstalk with other signal transduction

networks aberrantly activated in cancers.

However, it will be necessary to characterize tumors not only before

but also during and after treatment with the inhibitors to monitor the

progression of disease, which adapts to survive through upregulation

of additional signaling pathways and through the development of

new genetic and epigenetic alterations.
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Therefore, some outstanding questions remain to be
fully answered before mTOR inhibition can be translated
into the clinic with more success (Box 2). A critical issue
is that, for the eradication of many cancer types, it is
necessary to target cancer stem cells (CSCs), which
account for tumor relapse, drug resistance, and metas-
tases. Available data indicate that all of the three classes
of mTOR inhibitor reviewed in this article target CSCs
[98–100], although they displayed more significant anti-
neoplastic activity when combined with either other
drugs or radiotherapy [100–102]. These findings suggest
that mTOR inhibition, by targeting CSCs, has the po-
tential to eradicate cancer. However, would it be possible
to specifically target mTOR signaling in CSCs without
negatively affecting healthy stem cells? Evidence sug-
gests that mTOR is also important in the biology of
normal stem cells [103,104].

To date, ongoing global genome characterization
efforts are rapidly revolutionizing our knowledge of tu-
mor biology, as they allow the identification of molecular
drivers in cancer, which constitute the basis of personal-
ized therapy [105], and the flexible ways in which neo-
plastic cells adapt to survive drug treatment and to
maintain the coordinated activity of effectors necessary
for tumor growth and survival [106]. Understanding how
oncogenic mutations engage signaling pathways will
shed new light on how tumor cells become resistant to
targeted agents to which they should be vulnerable and is
likely to point the way toward more efficacious, innova-
tive therapies for cancer treatment. Much remains to be
learned about how signaling pathways are flexibly inte-
grated to maximize cancer growth, but the door is opening
for better understood and more successful use of mTOR
inhibitors in tumor treatment.
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