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Abstract: The mammalian target of rapamycin (MTOR) is a serine/threonine kinase that regulates cell growth and
metabolism in response to diverse external stimuli. In the presence of mitogenic stimuli, mTOR transduces signals
that activate the translational machinery and promote cell growth. mTOR functions as a central node in a complex net
of signaling pathways that are involved both in normal physiological, as well as pathogenic events. mTOR signaling
occurs in concert with upstream Akt and tuberous sclerosis complex (TSC) and several downstream effectors. During
the past few decades, the mTOR-mediated pathway has been shown to promote tumorigenesis through the coordi-
nated phosphorylation of proteins that directly regulate cell-cycle progression and metabolism, as well as transcrip-
tion factors that regulate the expression of genes involved in the oncogenic processes. The importance of mTOR sig-
naling in oncology is now widely accepted, and agents that selectively target mTOR have been developed as anti-
cancer drugs. In this review, we highlight the past research on mTOR, including clinical and pathological analyses,
and describe its molecular mechanisms of signaling, and its roles in the physiology and pathology of human diseases,
particularly, lung carcinomas. We also discuss strategies that might lead to more effective clinical treatments of sev-

eral diseases by targeting mTOR.
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Introduction

In the 1970s, a soil sample obtained from
Easter Island (“Rapa Nui” in the native lan-
guage) was found to contain a bacterial strain,
Streptomyces hygroscopicus, that produced an
antifungal metabolite. This metabolite was puri-
fied and found to be a macrocyclic lactone and
named “rapamycin” after its birthplace. Subse-
quently, rapamycin (sirolimus) was found to ex-
hibit immunosuppressive effects and to sup-
press cell proliferation [1], which spurred on
further investigation into its properties and its
target protein. The target was originally identi-
fied in yeast in the 1990s as a protein, a mu-
tant of which confers resistance to the growth
inhibitory effects of rapamycin, and thus desig-
nated TOR (target of rapamycin) [2, 3]. Simulta-
neously, the effect of rapamycin was shown to
be dependent on an intracellular cofactor, the
peptidyl-prolyl cis/trans isomerase, immuno-
philin FK506-binding protein 12 (FKBP12) [2].
Thus, TOR is also referred to as FKBP12-
rapamycin associated protein (FRAP) [4, 5].

FKBP12 binds to the FKBP12-rapamycin bind-
ing (FRB) domain of TOR (Figure 1) [3, 4, 6, 7],
and this complex inhibits the intrinsic kinase
activity of TOR, including autophosphorylation,
and inhibits access of TOR to its substrates [2].

Mammalian homologue of TOR (mTOR), a
component of catalytic complexes

Structure and profile

Every eukaryote genome contains a TOR gene.
While some yeast species possess two TOR
genes, higher eukaryotes possess only a single
TOR gene, for example, mTOR (mammalian
homologue of TOR) in mammals [2, 8].

TORs are a family of large proteins (- 290 kDa)
that share 40%-60% identity, presumably re-
flecting the important role this protein plays in
cell function [9]. The TORs form a group of
kinases known as the phosphatidylinositol
kinase-related kinase (PIKK) family, which is
characterized by the presence of a carboxy-
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Figure 1. Schematic representation of the mTOR-signalling pathway from
growth factor receptor through mTOR. Arrows represent activation, whereas bars
represent inhibition. Abbreviations: PI3K, phosphatidylinositol 3-kinase; PTEN,
phosphatase and tensin homolog deleted on chromosome 10; AMPK, AMP-
activated kinase; TSC, tuberous sclerosis complex; Rheb, Ras homologue en- with rapamycin, both

riched in brain; mTOR, mammalian target of rapamycin; FKBP12, immunophilin
FK506-binding protein 12; FRB, FKBP12-rapamycin binding domain; 4E-BP1,
eukaryotic initiation factor 4E-binding protein 1; S6K, ribosomal p70 S6 kinase.

terminal serine/threonine kinase domain simi-
lar to that found in the phosphatidylinositol 3-
kinases (PI3K) [10]. The PIKK family of kinases
possesses an FRB domain that lies amino termi-
nal to the kinase domain and the members of
this family are involved in basic cellular func-
tions such as the control of cell growth, cell cy-
cle and DNA damage checkpoints, and in the
maintenance of telomere length [2]. As one of
these members, the TOR acts as a central sen-
sor for nutrient/energy, and is predominantly
modulated by PI3K-Akt-dependent mecha-
nisms (Figure 1). In response to mitogenic stim-
uli, mTOR positively regulates the translational
machinery, accelerating events that promote
cell growth [10, 11]. Accordingly, dysfunction
of PIKK-related kinases results in a variety of
disorders, ranging from immunodeficiency to
cancer [9].

Two TOR complexes

Although there is a single mTOR gene in mam-
mals, the mTOR product functions as a compo-
nent of two complexes, mMTORC1 and mTORC2
(Figure 2) [3, 5, 12]. mTORC1 consists of mTOR,
GBL/LST8 and regulatory-associated protein of
mTOR (raptor), while mTORC2 consists of
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mTOR, GBL, and rapamycin-
insensitive component of
mTOR (rictor) [12]. Activa-
tion of either mTORC regu-
lates protein synthesis and
cell growth: rapamycin-
sensitive mTORC1 initiates
translation in response to
various stimuli and thus,
regulates the timing of when
a cell grows, (temporal regu-
lation), while rapamycin-
insensitive  mMTORC2 pro-
motes a process whereby
cells accumulate mass and
increase in cell size and
thus, regulates where a cell
grows via re-organization of
the actin network (spatial
regulation) [2, 12]. When
growing cells are treated

mTORC1 and mTORC2 are
depleted, leading to the
downregulation of general
protein synthesis, upregula-
tion of macroautophagy and
consequent activation of several stress-
responsive proteins. Thus, mTORC1 signaling
and also mTORC2 signaling, partially or indi-
rectly, drive anabolic processes and antago-
nizes catabolic processes in a rapamycin-
sensitive manner [2].

Both mTOR complexes function predominantly
in the cytoplasm. However, experiments using a
nuclear export receptorinhibitor indicate that
mTOR may actually be a cytoplasmic-nuclear
shuttling protein. This nuclear shuttling appears
to play a role in the phosphorylation of mMTORC1
substrates induced by mitogenic stimulation
and in the consequent upregulation of transla-
tion [13]. This dual subcellular localization was
also demonstrated by immunohistochemical
analysis (IHC) in a study on human carcinomas
(Chapter “mTOR and Lung Cancer”).

mTORC1: mTOR, raptor and GBL

Raptor, a component of mTORC1, is a 150-kDa
protein that tethers the complex to its down-
stream effectors via a TOR signaling (TOS) motif
found in mTOR substrates (Figure 2) [14]: p70
ribosomal protein S6 kinase 1 (S6K) and eu-
karyotic initiation factor 4E (elF4E) binding pro-
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(PDK2), and acts in associa-
tion with PDK1 which phos-
phorylates Akt on Thr308 in
vitro [18]. These phosphoryla-
tion events convert Akt to a
fully activated state (Figure 2)
[3, 12, 17]. FKBP12-
rapamycin neither binds to
nor affects the kinase activity
of mMTORC2 [17].

Physiological roles for mTOR

mTOR integrates a plethora of
essential signaling pathways
in response to diverse stim-
uli. For example, the increase
in cell mass resulting from

Figure 2. Model of two mTOR signaling networks in mammalian cells: mTOR ~ Macromolecular biosynthesis
Complex 1 (MTORC1) and mTOR Complex 2 (mTORC2) and their interacting and the increase in DNA con-
proteins. mMTORC1 mediates the rapamycin-sensitive signals determining the  tent, both of which occur dur-
cell size. mTORC2 signaling is rapamycin insensitive and controls the actin cy- ing each cell cycle, are regu-
toskeleton determining the cell shape. Upstream regulators of TORC2 are not  |gted by mTOR. Indeed, ho-
clarified. Arrows represent activation, whereas bars represent inhibition. Abbre- mozygous mTOR ™/~ is an em-

viations: PTEN, phosphatase and tensin homolog deleted on chromosome 10;
TSC, tuberous sclerosis complex; Rheb, Ras homologue enriched in brain;
mTOR, mammalian target of rapamycin; raptor, regulatory-associated protein of

bryonic-lethal mutation in
mice due to impaired cell

mTOR; rictor, rapamycin-insensitive component of mTOR; 4E-BP1, eukaryotic ~ £rowth [19]. Thus, mTOR !S a
initiation factor 4E-binding protein 1; elF4E, eukaryotic initiation factor 4E; S6K, ~ conserved central coordina-
ribosomal p70 S6 kinase; TOS, TOR signaling motif; rS6, 40S ribosomal protein ~ tor of fundamental biologijcal

S6.

tein 1 (4E-BP1) [15]. The raptor-mTOR interac-
tion is nutrient-sensitive and is dependent on
the presence of GBL which stabilizes raptor/
mMTOR binding and potentiates mTOR activity
[16]. Through its interactions with these two
partners, mTOR regulates cell growth, in part by
phosphorylation of 4E-BP1 and S6K, and by the
consequent phosphorylation of the far down-
stream molecule 40S ribosomal protein S6
(rS6) [16].

mTORC2: mTOR, rictor and GBL

Rictor, a component of mTORC2, is a protein of
about 200 kD that contains no obvious catalytic
motifs [17]. mTORC2 plays a role in re-
organization of the cytoskeletal structure, and
thereby determines the cell shape. Knockdown
of rictor results in the loss of both actin polym-
erization and cell spreading [17]. mTORC2, in
turn, modulates cell survival and proliferation by
direct phosphorylation of Akt on Ser473. In this
line, mMTORC2 is proposed to be the putative 3-
phospho-inositide-dependent protein kinase 2

478

events, regulating many
physiological events [20, 21].

Regulator of cell growth and early development

mTOR is one of the factors that coordinate the
cell cycle transition. mTOR positively regulates
the G1/S transition by suppression of cyclin D1
turnover [22], and by enhanced degradation of
the cyclin dependent kinase (cdk) inhibitor, p27
[1, 23].

Moreover, mTOR, in particular mTORCZ, contrib-
utes to the early development and differentia-
tion/growth of lung acinar epithelium, chondro-
cytes, myocytes and adipocytes [21, 24-26]. In
these tissues, mTOR mediates activation of the
transcription factor, hypoxia-inducible factor-1«
(HIF-1a) and regulates the glycolytic enzymes,
leading to increased glucose uptake and glycoly-
sis [27, 28]. This implies that mTOR may also
play a role in the pathology of metabolic disor-
ders such as obesity and diabetes.

Memory and aging

Rapamycin antagonizes long-term memory in
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mouse, synapse-specific long-term facilitation in
Aplysia as well as cellular senescence in cul-
tured cells. Thus, mTOR physiologically pro-
motes long-term memory and senescence [2].

Autophagy and apoptosis

Under nutrient-starved conditions, cells can de-
grade cytoplasmic contents by the process of
"autophagy", whereby macromolecules are recy-
cled within a vacuole called an autophagosome,
presumably as a means to ensure survival [29].
mTOR negatively regulates the induction of this
catabolic process by partially preventing the
turnover of amino acid and glucose transporters
[1, 30]. When mTOR is inactive, autophagy pro-
ceeds, and conversely, when mTOR is activated,
the autophagic process is inhibited [29, 30].

MTOR also controls cell survival by inhibiting
apoptosis. This involves mTOR phosphorylation
and activation of S6K, which in turn binds to
mitochondrial membranes, where it phosphory-
lates and inactivates the pro-apoptotic molecule
BAD [31]. In addition, activated S6K has been
reported to increase the apoptosis-inhibiting
protein survivin [32], and to enhance degrada-
tion of the apoptosis-promoting protein PDCD4
(programmed cell death 4) [33].

Another indirect, but important downstream
effector of mTOR is elF4E, which functions as a
positive regulator of cell survival. Unphosphory-
lated 4E-BP1 binds to elF4E and suppresses its
function (Figure 2) (Chapter “Translation”). In
particular, 4E-BP1 undergoes caspase-
dependent cleavage during apoptosis, and
binds strongly to elF4E, thus inhibiting cell sur-
vival [30, 34]. However, phosphorylation of 4E-
BP1 by mTOR results in its dissociation from
elFAE, which then becomes functionally active
[15, 16]. Therefore, mTOR indirectly inhibits
apoptosis by functional suppression of 4E-BP1,
a promoter of apoptosis.

Transcription and ribosome biogenesis

The protein synthetic capacity of a cell depends
on the amounts of ribosomes and transfer RNAs
(tRNAs) present. Transcription of ribosomal
RNAs (rRNAs) and tRNAs by RNA polymerases |
and Il account for as much as 80% of nuclear
transcriptional activity and is tightly regulated by
the mTOR pathway [35]. The activity of several
other transcription factors, particularly those
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involved in metabolic and biosynthetic path-
ways, including signal transducer and activator
of transcription -1 and -3 (Stat-1 and Stat-3)[36]
and the nuclear receptor peroxisome prolifera-
tor-activated receptor-y [25], are also regulated
by mTORC1-mediated phosphorylation in a ra-
pamycin-sensitive manner.

Translation

All nuclear-transcribed, eukaryotic mRNAs con-
tain a 'cap' structure, m?’GpppN at their 5' ter-
mini ('N' is any nucleotide and 'm' is a methyl
group). This cap is specifically bound by the ini-
tiation factor elF4E, which facilitates the recruit-
ment of ribosomes to the mRNA [2, 3, 37]. 4E-
BP1 dimerizes with elFAE and blocks cap-
dependent translation, but its phosphorylation
by mTOR causes the release of elFAE and pro-
motes cap-dependent translation [38]. During
this process, raptor mediates mTOR binding to
4E-BP1 through the TOS motif in 4E-BP1 (Figure
2)[21, 39].

mTORC1 also mediates phosphorylation of
Thr389 in S6K1, leading to its activation and
consequent phosphorylation of rS6. This results
in the increased translation of a subset of
mRNAs containing a 5’ tract of oligopyrimidine
(TOP) that encode components of the transla-
tion apparatus, such as ribosomal proteins and
elongation factors [40].

Actin organization

mTORC2 signal organizes the actin cytoskeleton
via protein kinase C-a (PKCa), the small
GTPases Rho and Rac, and thereby regulates
cell motility [17]. Since rapamycin inhibits tumor
cell motility, rapamycin may indirectly suppress
rapamycin-insensitive mTORC2, in addition to
mTORCA1.

Angiogenesis

mTOR has been found to promote angiogenesis.
This involves inhibitor of kKB kinase-B (IKKB),
which activates the mTOR pathway and phos-
phorylates and inactivates the tuberous sclero-
sis complex (TSC1/2), a complex that inhibits
mTOR kinase activity (Figure 1) [41]. Down-
stream of mTOR, TSC1/2 activates HIF-1«, and
subsequently upregulates vascular endothelial
growth factor (VEGF) production [9]. These se-
quential cascades drive the angiogenic process
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in both normal and tumor tissues.
Signaling cascades utilizing mTOR

As has been described, mTOR integrates vari-
ous signals to regulate cell growth. mTOR lies at
the interface of two major signaling pathways,
one initiated by PI3K and the other by an energy
-sensing pathway that involves serine threonine
kinase 11 (also called LKB1) (Figure 1) [42, 43].

Physiological and pathological inputs

A number of biologically important stimuli have
been shown to induce mTOR signaling: growth
factors, nutrients (amino-acid, glucose and oxy-
gen etc.), energy and stress [28].

First, binding of insulin or insulin-like growth
factor (IGF) to its receptor (IGFR) leads to the
recruitment and phosphorylation of insulinre-
ceptor substrate (IRS). IGFR and IRS then inter-
act with PI3K through specific phosphorylated
tyrosine residues, which leads to the activation
of mTOR [5].

Second, amino acids, in particular, leucine, en-
hance mTORC1 activation via inhibition of
TSC1/2 or via stimulation of Ras homologue
enriched in brain (Rheb), which is a small
GTPase required for mTOR activation (Figure 1)
[5, 14]. Arginine activates cell migration in a
manner that is dependent on mTOR/S6K, but
not on Erk1/2 in enterocytes [44].

Third, mTORC1 indirectly senses the energy
status of the cell through the LKB1-mediated
pathway, which functions in parallel to the PI3K
pathway. LKB1,a tumor suppressor inactivated
in Peutz-Jeghers syndrome, activates AMP-
activated kinase (AMPK) in response to energy
deprivation (Figure 1) [42, 45]. This activation of
AMPK in response to low cellular energy (high
AMP/ATP ratio) downregulates energetically
demanding processes, such as protein synthe-
sis, and stimulates ATP-generating processes.
Activated AMPK also phosphorylates and acti-
vates TSC2 by enhancing its GAP activity, result-
ing in the inhibition of MTORC1 [45]. Therefore,
targeting AMPK may be a possible approach to
cancer therapy.

Lastly, mTOR activity is repressed not only un-

der conditions of energy deprivation, but also
conditions of stress, such as hypoxia, heat
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shock, and low cellular energy state [2]. The
hypoxic signal is transduced to mTORC1 via two
homologous proteins REDD1 and REDD2, which
are upregulated by HIF-1a. REDD acts down-
stream of PI3K and functions to inhibits
mTORC1 signaling [2].

Upstream effector molecules of mTOR
regulators

In response to the upstream inputs mentioned
above, PI3K phosphorylates phosphatidylinositol
-4,5-bis-phosphate (PIP2)to form phosphatidy-
linositol-3,4,5,-trisphosphate  (PIP3), which
binds to Akt as well as PDK1 and facilitates
their re-localization to the membrane. Akt is a
member of the AGC [PKA/PKG/PKC] protein
kinase family and regulates cell proliferation,
survival, metabolism, and transcription [42, 46].
Co-localization of Akt with PDK1 resultsin the
partial activation of Akt through phosphorylation
at Thr308 [46]. Full activationof Akt requires
additional phosphorylation at Ser473 by the
putative kinase PDK2, which includes mTORC2
complex, mitogen-activated protein kinase
(MAPK)-activated protein kinase and other
kinases (Figure 2) [5, 47-49] Thus, mTORC2
performs a positive feedback role in the activa-
tion of Akt, and could thereby indirectly activate
mTORC1. Akt suppresses the activity of the
downstream TSC1/2 complex which otherwise
inhibits the activity of Rheb [5]. This TSC1/2
complex functions as a key player in the regula-
tion of the mTOR pathway by mediating inputs
from the PI3K/PTEN/Akt and Ras/Erk1/2 sig-
naling pathways, and by regulating translation
initiation in response [3]. Activated Erk1/2 di-
rectly phosphorylates TSC2 at Ser664, (and
possibly Ser1798 as well) [28, 50]. This site
differs from those phosphorylated by Akt
(Ser939, Thel1462 and possibly additional sites)
[51], but either causes functional inactivation of
TSC1/2 [2]. Of note, TSC2 is also a substrate of
S6K [28].

Conversely, PIP3 accumulation is antagonized
by the lipid phosphatase PTEN (phosphatase
and tensin homolog deleted on chromosome
10), which converts PIP3 to PIP2 (Figure 2) [3,
52]. Therefore, one critical outcome of PTEN
inactivation is an increase in mTOR activity [3,
12]. Rheb, in turn, binds directly to the kinase
domain in mTOR and drives the formation of
that mTOR-Raptor complex in a GTP-dependent
manner [53, 54].
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Within mTOR, four phosphorylation sites have
been identified: Ser1261, Thr2446, Ser2448
and Ser2481, the last being an autophosphory-
lation site [55]. While Ser1261 is the only site
directly demonstrated to affect mTOR activity
[56], subsequent phosphorylation of Ser2481
was also shown to correlate with the activation
status of mTOR [57, 58]. Although phosphoryla-
tion at Thr2446/Ser2448 was shown to be
PI3K/Akt-dependent, S6K, and not Akt itself,
has been proposed to be the kinase responsible
for phosphorylation of these two sites [59, 60].
The significance of this potential feedback loop
is unknown, as it is not yet clear whether
Thr2446/Ser2448 phosphorylation has a posi-
tive, negative, or no effect on mTOR function.
Although Ser2448 phosphorylation by S6K is
independent of Aktactivation, it is blocked by
rapamycin [60].

Although, to date, studies on the signal modu-
lating functions of mTOR have focused on
mTORC1, recent studies raise the possibility
that mTORC2 is regulated similar to mTORC1. It
has been shown that mTORC2 is involved in the
organization of the actin cytoskeleton and in cell
migration [2, 17]. Furthermore, TSC1/2 regu-
lates cell adhesion and migration [61], suggest-
ing that MTORC2 may at least, partially act
downstream of TSC1/2.

Downstream targets of the mTOR signaling net-
work

mMmTORC1 phosphorylates S6K which also be-
longs to the AGC family of serine-threonine
kinases and is implicated in the positive regula-
tion of cell growth and proliferation. Full activa-
tion of S6K requires phosphorylation at two
sites: Thr389, the target of mTORC1, and
Thr229, the target of PDK1 [2, 3, 62]. Activated
S6K, through activation of rS6, increases the
translation of 5-TOP mRNAs [40]. 5-TOP
MRNAs exclusively encode components of the
translation apparatus, such as ribosomal pro-
teins, elongation factors and IGF, and account
for 15%-20% of total cellular mRNAs [3, 40].

4E-BP1 is phosphorylated at Thr35, Thr45,
Ser64 and Thr69 by mTORC1, and these phos-
phorylations elicit elF4E-mediated cap-
dependent translation [38].

Regulatory loops by intricate mTOR network

Akt and mTOR are linked to each other via posi-
tive and negative regulatory circuits, which re-
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strain  their simultaneous hyperactivation
(Figure 2). This system may have evolved as a
safe-guard mechanism against deregulated cell
survival and proliferation.

Negative regulation of IRS by S6K

A negative feedback loop leading from the
mMTOR-S6K1 pathway to the upstream IRS-PI3K-
Akt cascade has been widely studied. Originally,
loss of TSC1 or TSC2 in mouse embryonic fibro-
blasts was found to inhibit insulin-mediated
PI3K signaling [63]. This inhibition occurs as a
result of PI3K inactivation via direct phosphory-
lation and inactivation of IRS by S6K, as well as
by suppression of PISK at the transcriptional
level (Figure 2) [3, 64]. The benign nature of
TSC-related tumors may be explained by the
action of this negative feedback loop: although
increased activity of mTOR and the downstream
targets of Akt (GSK-3, FOXO, and others) initially
fuels cell proliferation, subsequent feedback
inhibition of Akt signaling acts to restrict tumor
progression [28]. Consistently, one feature of
rapamycin is that although it is quite potent in
model systems, it exhibits only modest activity
in the clinic [3, 64, 65]. One reason is that since
rapamycin abrogates feedback inhibition
through mTOR, it restores activity of Akt. This
could pose a significant strategic dilemma when
designing anti-cancer regimens using rapamy-
cin, hence therapeutic approaches that simulta-
neously target both Akt and mTOR-raptor may
ultimately prove more efficacious [28].

Feedback inhibition via mTOR is also relevant to
the development of metabolic disorders such as
obesity and diabetes. Under conditions where
mTOR signaling is activated, for example due to
deficiency in TSC or excess nutrients, the mTOR-
mediated feedback loop dampens the duration
and strength of IRS-PI3K signaling and thus
leads to insulin resistance.

mTOR and disease

As we have seen, mTOR plays crucial roles in
the processes of tissue development, morpho-
genesis, and organogenesis via an intricate net-
work of signaling. Therefore, it is not surprising
that deregulation of mTOR signaling is found in
a variety of human disorders.

Non-neoplastic disease

Immunological Disorders: mTOR has been
shown to activate T cells, which may explain the
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Table 1. Activation of the intermediate effectors in mTOR cascade in human malignancies

Frequencies

in lung cancer References Other tumors References
NSCLC ~66% 28 68,76, Leukemia, liver 69, 70,

mTOR 84 85 90 head & neck 8 80
SCLC ~11% , 85, Kidney 8,
NSCLC ~58%

S6K ° 84, 85 breast 60, 73
SCLC ~20% ovary
NSCLC ~60%

rS6 ° 86, 90 sarcoma 80
SCLC ~32%
NSCLC ~25% breast

4E-BP1 (inactivation) 90 ovary 38, 76,94

SCLC ~21%

endometrium

potency of the mTOR inhibitors sirolimus and
everolimus as immunosuppressive agents in
renal transplantation. These drugs have also
shown promise in liver (sirolimus) and cardiac
transplantation (everolimus), as well as in some
autoimmune disorders including rheumatoid
arthritis, psoriasis and others [66].

Cardiovascular Disease: Cardiac hypertrophy
caused by overgrowth of cardiomyocytes is de-
pendent on the PI3BK/mTORC1 pathway [52].
This finding prompted the testing of sirolimus in
trials for cardiac hypertrophy. In addition, the
use of intracoronary stents in the treatment of
ischemic heart disease often causes smooth
muscle cell hyperplasia surrounding the stent, a
response that is also mediated through mTOR.
This side effect frequently results in re-stenosis
of the artery. These observations have led to
clinical tests of sirolimus in drug-eluting stents
for ischemic heart disease [67].

Metabolic Disorders: Both type 2 diabetes and
obesity are associated with insulin resistance.
Past studies have demonstrated that one of the
causes is dysfunction of the IRS via a negative
feedback loop from mTOR-S6K. Therefore,
mTORC1 inhibitors may be useful for these par-
ticular types of metabolic disorders [63].

Cancer

General notions

It has recently been noted that constitutive
PI3K/Akt/mTOR activation is critically involved
in a variety of human cancers, including ovar-

ian, lung, and pancreatic carcinomas [28, 68].
Activation of mTOR has been observed in leuke-
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mia [30], hepatocellular carcinoma [69], and
squamous cell carcinoma (SCC) of head and
neck (Table 1) [30, 70]. In particular, phos-
phorylated mTOR (p-mTOR) immunoreactivity on
tissue sections was reported in 63.5% of hepa-
tocellular carcinoma, and significant association
was found between p-mTOR expression and
tumor size or metastasis [69].

Cancer-related changes in mTOR kinase sub-
strates include constitutive activation of S6K in
ovarian tumor cell lines and in breast carcino-
mas (Table 1) [71-73]. elF4E is elevated in can-
cers of the lung, bladder, head and neck, liver,
colon and breast and leads to enhanced trans-
lation of VEGF, MYC and ornithine decarboxy-
lase [3, 9, 74, 75]. By contrast, expression lev-
els of 4E-BP1, a suppressor of elF4E, are in-
versely correlated with the progression of breast
cancer cells [9, 76]. Therefore, deregulation of
the kinase-driven pathway involving Akt-mTOR-
S6K/4E-BP1 plays a role in the pathology of
many cancers. Indeed, rapamycin has clinically
been approved for the treatment against renal
cell carcinomas (RCC) and is currently being
evaluated for other cancers [1, 77-79].

In addition to these reports, we have observed
the unique involvement of mTOR in bone and
soft tissue tumors. Immunohistochemical analy-
sis (IHC) of surgical specimens revealed that
mTOR was expressed in 66%, and activated in
26% of sarcomas [80]. Among them, mTOR acti-
vation was frequently found in sarcomas of the
peripheral nerve sheath (malignant peripheral
nerve sheath tumor), of skeletal muscle origin
(rhabdomyosarcoma) and those exhibiting
epithelial features (synovial sarcoma and chor-
doma) [80]. Thus, mTOR-mediated signaling
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Table 2. Prevalence of activation in the effectors of mTOR cascade in non-small cell lung carcinoma

Histology mTOR S6-kinase rS6 4E-BP1
Adenocarcinoma ~90% ~73% ~73% ~23%
Squamous cell carcinoma  ~40% ~28% ~42% ~24%
Large cell carcinoma ~60% ~43% ~71% ~43%

may function in the differentiation and/or main-
tenance of morphological phenotypes of particu-
lar groups of mesenchymal tumors. Although
mTOR/S6K normally integrates signals that pro-
mote growth and differentiation of chondrocyte,
adipocyte and muscle cells [25, 26, 81], we did
not observe frequent activation of mTOR in their
tumor counterparts, except in tumors of skeletal
muscle origin. Thus, the functional involvement
of mTOR appears to be different in tumor versus
normal tissue. Alternatively, mTOR may tran-
siently function in a specific stage during onco-
genesis.

Hamartoma syndromes

Hamartomas are benign tumors affecting vari-
ous organs, including the gastrointestinal tract,
brain, skin, kidneys and the lung. One underly-
ing cause of hamartomas is aberrantly high ac-
tivity of mTORC1 and its upstream and down-
stream signaling effectors [2, 52]. One repre-
sentative of this syndrome is tuberous sclerosis,
which results from mutation of TSC1/2. It is an
autosomal dominant, multisystem disease char-
acterized by the development of multiple
hamartomas and benign or rarely malignant
neoplasms distributed at various sites through-
out the body, especially in the brain, skin, ret-
ina, kidney and the heart [2]. Preclinical studies
have shown that the sensitivity of tumors in
hamartoma syndrome to rapamycin analogues
(rapalogs) correlate with aberrant activation of
the PISK pathways. Results of clinical trials
showed that mTOR inhibitors are generally well
tolerated and induce tumor regression in a sub-
set of patients [1, 2].

mTOR and lung cancer

Activation profile of mTOR cassette proteins
Deregulated activity of the Akt/mTOR signaling
pathway is one of the principal drivers in non-

small cell lung carcinoma (NSCLC). This is re-
flected in the fact that NSCLC as well as its cell
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lines frequently exhibit aberrantly active Akt and
hyperphosphorylation of the mTOR-S6K-rS6
pathway [68, 82-86]. The final effector of this
cascade, elF4, can transform NIH 3T3 cells, and
is overexpressed in SCC of the lung [87]. These
findings support a molecular model whereby
mTOR promotes tumorigenesis and/or progres-
sion by activation of the downstream elF4 com-
plex [3]. In addition, there have been several
reports showing that higher activity of mTOR
signaling more or less correlates with lymph
node metastasis [83]. Thus, targeting the signal
through the mTOR cassette proteins [Akt,
mTOR, S6K, rS6 and 4E-BP1] and their up-
stream growth factor receptors, such as epider-
mal growth factor receptor (EGFR), is a tantaliz-
ing idea for new cancer therapies. Further eluci-
dation of the Akt/mTOR signaling pathways, in
particular, the activation profiles in different
cancer types, may define molecular signatures
for each case and facilitate the development of
more effective mTOR-based therapies. To this
end, to evaluate the activation patterns of effec-
tors of the mTOR signaling cascade that func-
tion through S6K-rS6/4E-BP1 in the clinical
cases of lung carcinoma, we examined the acti-
vation of mTOR signaling effectors by IHC and
immunoblot analyses, and focused on the rela-
tionship of mTOR signaling to EGFR/Akt. These
results, together with those from other reports,
are summarized as follows (Tables 1 and 2).

p-mTOR: mTOR activation, evaluated by IHC
staining for p-mTOR, was observed in 50-60% of
all lung cancer cases, including 66% of NSCLC
and 11% of small cell carcinoma (SCLC) [83].
Thus, mTOR activation is minimally involved in
SCLC. The frequency of positivity and the stain-
ing pattern varied depending on the histological
type. p-mTOR was positive in up to 90% of ade-
nocarcinoma (AC), 60% of large cell carcinoma
(LCC) and 40% of SCC cases (Table 2) [82-84].
Statistically, the frequency of p-mTOR-positive
cases was significantly higher in AC compared
to other types of NSCLC and significantly lower
in SCLC. In addition, staining for p-mTOR was
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Figure 3. Immunohistochemical staining for activated mTOR (p-mTOR). Focally positive staining in a nest of
squamous cell carcinoma (SCC). Intense p-mTOR staining in the acinar structure in adenocarcinoma (AC), and faint
staining in large cell carcinoma (LCC). Rare positivity in small cell carcinoma (SCLC). Original magnification, x100.
Reproduced from “Critical and Diverse Involvement of Akt/Mammalian Target of Rapamycin Signaling in Human Lung
Carcinomas” by Y. Dobashi, et al., Cancer. 115:107-118, 2009. Copyright John Wiley & Sons Limited. Reproduced

and modified with permission.

more intense in AC compared to other histologi-
cal types, and was generally observed in the
acinar structure of a well differentiated subtype
(Figures 3 and 4), suggesting that mTOR plays a
role in the morphogenesis or differentiation of
the glandular structure [82, 83]. p-mTOR was
observed exclusively in the cytoplasm in AC, but
was observed in the nucleus in 25% of the SCC
cases. This may reflect the nuclear-cytoplasmic
shuttling behavior of the mTOR protein which
has been described to be indispensable for acti-
vation of its substrates, S6K and 4E-BP1 [13,
88, 89]. This pattern of mTOR activation was
confirmed by immunoblotting: p-mTOR, which
migrated at approximately 289 kD, was gener-
ally more abundant in tumor tissue compared
with adjacent non-neoplastic tissue, and was
more abundant in AC compared to other histo-
logical types (Figure 5) [82].

In contrast to the results obtained with tissue
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specimens, we did not observe significantly
higher levels of p-mTOR in AC-derived cultured
cells compared with SCLC- or SCC-derived cells
(our unpublished data). Therefore, mTOR ap-
pears to be upregulated only in vivo in well dif-
ferentiated AC, possibly because the cultured
cells had lost the differentiated phenotype.

p-S6K: S6K activation was observed in up to
40% of the samples (43 to 58% in NSCLC and -
20% of SCLC cases). Among the NCSLC cases,
52 to 73% of AC, 28% of SCC and 43% of LCC
cases were positive [82-84]. p-S6K positivity
was observed at a significantly higher frequency
in the AC (p<0.05) [83]. Approximately, 50% of
those positive cases showed nuclear staining,
consistent with the idea that S6K also shuttles
between the cytoplasm and the nucleus [88].
Among the p-S6K positive NSCLC cases, 94%
were p-mTOR positive, reflecting the close asso-
ciation between mMTOR and S6K activities

Int J Clin Exp Pathol 2011;4(5):476-495
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Figure 4. Immunohistochemical staining for proteins of the mTOR pathway. A case of adenocarcinoma (harboring
mutation of L858R in EGFR) showed positive staining for activated mTOR (p-mTOR), p-S6K and p-rS6, but not for p-4E
-BP1. All activated proteins were observed in the cytoplasm, but p-S6K positivity was also found in the nuclei, and p-
4E-BP1 was observed in apoptotic cells (arrow). Original magnification, x200. mTOR, mammalian target of rapamycin;
4E-BP1, eukaryotic initiation factor 4E-binding protein 1; S6K, p70S6 kinase; rS6, 40S ribosomal protein S6. Repro-
duced from “Paradigm of kinase-driven pathway downstream of epidermal growth factor receptor/Akt in human lung
carcinomas” by Y. Dobashi, et al., Human Pathology 42, 214-226, 2011. Copyright Elsevier Limited. Reproduced and

modified with permission.

(Figure 4) [82, 83].

p-rS6: rS6 was activated in up to 56% of the
cases (55-60% of NSCLC and 32% of SCLC).
There was a higher prevalence of positivity in
the AC and LC cases: 67 - 73% of the AC and -
71% of the LCC cases were positive, while
42.0% was positive in SCC [82, 83, 85, 86]. p-
rS6 positivity was observed to occur at signifi-
cantly higher frequency in AC. The staining was
almost exclusively cytoplasmic (Figure 4). How-
ever, tumor cells in the mitotic phase, regard-
less of histological type, occasionally exhibited
positive staining. Among the p-rS6-positive
NSCLC cases, 80% were also p-mTOR positive
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and 70% were p-S6K positive. This may indicate
extensive “penetration” of the signal from mTOR
to rS6. Immunoblot detection of p-rS6 was ob-
served as a band of approximate 32 kD size,
and was more frequently detected in AC com-
pared to SCC cases, similar to what was ob-
served by IHC (Figure 5) [83].

p-4E-BP1: 4E-BP1 activation was observed in
24% of the cases (25% of NSCLC and 21% of
the SCLC cases) [83, 90]. We observed that
23% of the AC, 24% of the SCC, and 43% of the
LCC cases exhibited positivity. The positive
staining was almost exclusively cytoplasmic, but
tumor cells in the mitotic phase and apoptotic

Int J Clin Exp Pathol 2011;4(5):476-495
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Figure 5. Protein levels analyzed by immunoblotting analysis in representative cases. The intensity of the signals was
expressed as ratios relative to B-actin, which was arbitrarily assigned a value of 10 (not shown in this Figure). In the
case of p-4E-BP1, the faster migrating bands were subjected to quantification. Abbreviations: N, non-neoplastic tis-
sue; T, tumor tissue; AC, adenocarcinoma; SCC, squamous cell carcinoma; SmCC, small cell carcinoma, mTOR, mam-
malian target of rapamycin; S6K, p70S6 kinase; rS6, 40S ribosomal protein S6; 4E-BP1, eukaryotic initiation factor
4E-binding protein 1. Reproduced from “Paradigm of kinase-driven pathway downstream of epidermal growth factor
receptor/Akt in human lung carcinomas” by Y. Dobashi, et al., Human Pathology 42, 214-226, 2011. Copyright EI-
sevier Limited. Reproduced and modified with permission.

cells occasionally exhibited positive staining,
regardless of histological type (Figure 4). Among
the p-4E-BP1-positive NSCLC cases, 64% were
also p-mTOR positive. By immunoblotting, p-4E-
BP1 was observed as a doublet of approximate
17 kD size. We observed little difference in p-4E
-BP1 abundance among the different histologj-
cal types, similar to the results obtained by IHC
(Figure 5) [83].

These results overall suggest the potential utility
of tailoredtherapies for lung carcinoma that
would depend on the histological type. The
mTOR pathway would appear to be an appeal-
ing therapeutic target since mTOR activation is
significantly higher in well differentiated AC, and
there exist established inhibitors, i.e. rapamycin.
Indeed, the combined regimen of the mTOR
inhibitor everolimus (RADOO1) and an EGFR
tyrosine kinase inhibitor (TKI) showed a syner-
gistic effect in suppressing cell growth and mo-
tility in TKl-resistant cultured NSCLC cells [83,
90, 91].

Correlation between effector molecule phos-
phorylation and EGFR status

Based on the known relationships among effec-
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tor molecules mediating mTOR intracellular sig-
naling, we evaluated the staining patterns of
interacting-mTOR cassette proteins by IHC
(Figure 6A).

p-Akt and p-mTOR: Akt is a principal positive
regulator of mTOR and is activated in 44% of all
cases (43 to 90% of the NSCLC and up to 50%
of SCLC) [68, 83, 84]. Among the p-Akt-positive
cases, 63% were also p-mTOR-positive. How-
ever, 68% of the p-Akt-negative cases also
showed p-mTOR positivity [83, 90]. Within each
histological type, mTOR was activated regard-
less of the status of Akt in AC. In SCC, 44% of
the p-Akt positive and 32% of p-Akt negative
cases were also positive for p-mTOR [83, 90].
Therefore, there was no clear correlation be-
tween Akt and mTOR activation in NSCLC, either
as a whole or within each histological type.

p-mTOR and p-4E-BP1 or p-S6K/p-rS6: With
regards to downstream effectors of mTOR, no
clear correlation was found between p-mTOR
and p-4E-BP1, and only 10% of the p-mTOR-
positive cases showed activation of 4E-BP1
(Figure 6A). The correlation between p-mTOR
and p-S6K activation was nearly identical
among AC and SCC cases. Among the AC cases,
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Figure 6. (A). Prevalence of activation of the intermediate effectors in
Akt/mTOR-mediated pathway evaluated by immunohistochemistry.
The values indicate positive ratios in total cases of all non-small cell
lung carcinoma. (B). Activation of effectors in mTOR/S6K/rS6 pathway
in adenocarcinoma and squamous cell carcinoma evaluated by immu-

Squamous cell carcinoma

24%

Overall, mTOR was activated signifi-
cantly more frequently in AC, up to
90% of the cases and a smaller frac-
tion of the SCC cases. mTOR activa-
tion was independent of the activa-
tion status of its upstream mole-
cules, and the downstream effectors
S6K and rS6 were also activated
more often in AC. The mTOR signal is
mediated predominantly through
S6K, and not through 4E-BP1, as
reflected in the activation of each,
60% versus 10%, respectively. These
results suggest that mTOR/S6K acti-
vation is involved in the differentia-
tion, maintenance and possibly, the
morphogenesis of a defined subset
of lung carcinomas, in particular AC
[2, 3, 44, 82]. Otulakowski et al. ob-
served an enhanced p-rS6 signal
throughout the lung epithelium after
birth, suggesting that the S6K-rS6
cascade may play a critical role in
the morphogenesis and/or acinar
differentiation of lung epithelial
structure [24]. This may explain the
intense signal of the mTOR-S6K-rS6
axis seen in the glandular structure,
including its cancer counterpart, AC
(Figures 3 and 4) [82, 83]. Since 4E-
BP1 expression has been observed
in mesenchymal cells of the lung
after birth [24], there is the possibil-
ity that the mTOR/4E-BP1 axis pre-
dominantly functions in non-
neoplastic mesenchymal tissues.

nohistochemistry. The values indicate positive ratios in total cases.

Abbreviations: mTOR, mammalian target of rapamycin; S6K, p70S6

Correlation with EGFR

kinase; rS6, 40S ribosomal protein S6; 4E-BP1, eukaryotic initiation

factor 4E-binding protein 1.

60% of p-mTOR-positive cases were p-S6K posi-
tive, while 90% of the p-S6K-positive cases were
p-rS6-positive. Among the SCC cases, although
only 38% were p-mTOR-positive, 63% of these p-
mTOR-positive cases were p-S6K-positive and
91% of those p-S6K positive cases were p-rS6-
positive. Thus, within both histological types, the
signal emanating from mTOR is transduced to
S6K in 60%, and to rS6 in 90% of those cases
(Figure 6B). Constitutive activation of Akt-mTOR-
S6K-rS6 was estimated to comprise 21% of the
NSCLC and 16% of all cases of lung carcinomas
(Figure 6A)[83].
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It has been widely accepted that in-

appropriate signaling through EGFR

is one of the principal drivers of lung
cancer. In addition, activating mutations in the
TK domain of EGFR have been found in up to
10% of NSCLC cases worldwide, and up to 40%
within a defined Asian population [90, 92].
These cancers are very sensitive to TKIs [92]. In
order to maximize the benefit derived from the
suppression of EGFR signaling, many laborato-
ries have undertaken analyses of the EGFR cas-
cade and its role in lung carcinoma. Thus, we
examined the status of EGFR and and the re-
sults obtained by IHC and immunoblotting for
mTOR cassette proteins were combined with
those genetic analyses. When the activation
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EGFR (all cases)

paradigm was evaluated in the context of
EGFR/Akt as an upstream initiator, we observed
that 18% of NSCLC cases exhibited activation of
all three proteins, i.e. they simultaneously
stained positive for p-EGFR, p-Akt and p-mTOR,
which implies EGFR-Akt dependent mTOR acti-
vation (Figure 7A) [83]. Therefore, mTOR may be
one of the essential downstream modulators of
the EGFR-Akt cascade, although not an exclu-
sive one [90]. When we focused on NSCLC
cases harboring EGFR mutation, which were
mostly AC, we observed constitutive activation
of EGFR/Akt/mTOR in 67% of these cases
(Figure 7B). The EGFR mutations were notably
associated with higher levels of p-S6K and p-
rS6 proteins: among overall cases of NSCLC, up
to 54% showed activation of p-S6K and p-S6,
but among those harboring an EGFR mutation,
90% showed activation [83, 85]. In contrast,
activation of 4E-BP1 was observed in only 35%.
Therefore, mutation of EGFR is associated in
the majority of cases with constitutive activation
of the Akt/mTOR/S6K/rS6 pathway, but not of p
-4E-BP1 [83].

With regards to the activation of entire cascade
from EGFR/Akt/mTOR through rS6, constitutive
activation of all the molecules was found in 12%
with a slight preponderance in AC (Figure 7A).
However, if we focus on tumors harboring muta-
tions in the EGFR gene, we see constitutive acti-
vation of the entire cascade in 50% of the mu-
tants (Figure 7B), and in 60% of the cases
where the mutation results in potential TKI-
sensitive phenotype (L858R, deletion around
746-750 in exon 19)[83, 85, 90]. This close
correlation between EGFR mutation and activa-
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EGFR (mutant)

Figure 7. Prevalence of activa-
tion in EGFR and representa-
tive intermediate effectors in
Akt/mTOR-mediated pathway
evaluated by immunohisto-
chemistry. The values indicate
positive ratios in total cases of
non-small cell carcinoma (A)
and in the cases harboring
mutated EGFR (B). Abbrevia-
tions: EGFR, epidermal growth
factor; mTOR, mammalian
target of rapamycin; rS6, 40S
ribosomal protein S6.

tion of the cascade was observed even in SCC,
although the numbers of SCC cases having a
mutated EGFR were much smaller [83].

One notable observation in our study was the
absence of activation in the Akt/mTOR/S6K
axis in a tumor harboring the T790M mutation,
which is known to be TKl-resistant. Although
there was only one case examined, TKI-resistant
mutants may transduce signals independent of
mTOR, in contrast to TKl-sensitive mutants [83].

Clinicopathological analysis

The relationship between the activation of
mTOR cassette proteins and clinicopathological
features in NSCLC has been previously studied
by IHC, but no consistent conclusion could be
drawn. This may reflect the large variation in
IHC data obtained. The clinicopathological corre-
lations described in the literature to date are as
follows.

i) There was a positive correlation between
lymph node metastasis and mTOR phosphoryla-
tion in SCC, but not in other histological types
[82]. Among the SCC cases, metastasis was
more frequently observed in the p-mTOR-
positive group (58%) versus the negative group
(26%) at statistically significant level (p<0.05)
[83]. A similar correlation between mTOR activa-
tion and lymph node metastasis was also de-
scribed in gastric carcinoma [83, 93].

ii) Elevated p-S6 is associated with lymph node

metastasis in AC, with a significantly shorter
time-to metastasis compared with p-rS6 nega-
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tive groups [83, 86].

It is unclear why lymph node metastasis is asso-
ciated with mTOR activation in SCC, but with rS6
activation in AC.

iii) Activation of either p-4E-BP1 or p-S6K has
been reported to correlate with poor prognosis
in ovarian and breast carcinomas [38, 83, 94],
and activation of S6K and/or 4E-BP1 was a de-
terminant of cisplatin resistance in NSCLC [95].
Despite this, there was no predictive value in 4E
-BP1 or S6K activation for nodal metastasis or
overall survival in NSCLC [82, 83].

Taken together, these results show that activa-
tion of mTOR-mediated signaling confers clinical
aggressiveness in a certain population, and
more specifically that thesignals that lead to
rS6 activation may play a role in nodal metasta-
sis in NSCLC [90].

mTOR kinase inhibitors and their clinical utility

The only specific small molecule inhibitors of
mTOR reported to date are rapamycin and its
derivatives. Rapamycin, an allosteric inhibitor of
mTOR, is a white crystalline solid that is insolu-
ble in aqueous solutions, a property that has
prevented development of a parenteral formula-
tion [1]. Rapamycin was approved by the U.S.
Food and Drug Administrationin the 1990s as
an immunosuppressant for use following renal
transplantation. Rapamycin induces Gi-arrest
and/or delays in cell cycle transition [1], and in
some cell lines, leads to apoptosis. The growth
inhibitory effect of rapamycin is partially medi-
ated by suppression of cap-dependent and 5'-
TOP-dependent translation [5], but it also inhib-
its cdk activation and accelerates the turnover
of cyclin D1 [22, 23](Chapter "Translation”).
Moreover, rapamycin inhibits HIF-1« leading to
decreased production of tumor-derived VEGF. It
also indirectly affects tumor cells by suppress-
ing the proliferation and survival of sustaintacu-
lar vascular smooth muscle cells [2, 5]. Rapa-
mycin has also been shown to radiosensitize
endothelial cells and enhance the pro-apoptotic
effect of other cytotoxic agents on endothelial
cells [96, 97]. In this sense, rapamycin exhibits
an antiangiogenic effect [9, 98].

Collectively, these effects converge to suppress

tumor cell growth and promote tumor cell death.
The potent inhibitory activity of rapamycin has
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been demonstrated against cultured cells of
glioblastoma, lung and pancreatic carcinomas,
sarcoma, and other cell types [3, 30, 99, 100].
However, the poor chemical stability of rapamy-
cin has limited its clinicaluse, and led to the
development of three synthetic analogues
(rapalogs) with superior pharmacokinetic prop-
erties [9]. The most notable analogues currently
in use include CCI-779 (Cell Cycle Inhibitor-779,
temsirolimus, Wyeth), RADOO1 (40-O-[2-
hydroxyethyl]-rapamycin, everolimus, Novartis
Pharma AG),and AP23573 (Ariad Pharmaceuti-
cals).

CCI-779 is a prodrug that is metabolized to ra-
pamycin. It inhibits the growth of a wide range
of cancer types and was assessed in phase I/l
trials with escalating doses to determine the
maximum tolerated dose level in solid tumors,
such as RCC, NSCLC, glioblastoma, prostate,
breast, and pancreatic carcinomas [9, 101,
102]. RCC yielded an objective response rate of
57%, and elicited a minor response or objective
response in other tumors in more than 30% of
the cases [9, 103, 104].

RADOO1 has been approved for use as an im-
munosuppressant in solid organ transplanta-
tion. Since it also inhibits growth factor-
stimulated proliferation of vascular smooth
muscle cells, it could be another candidate
agent in the drug-eluting stents against smooth
muscle cell hyperplasia surrounding the coro-
nary artery stent (Chapter “Cardiovascular Dis-
ease”). RADOO1 was approved for the clinical
use for metastatic RCC and a phase lll study
revealed significant effect in pancreatic neuro-
endocrine tumors [79]. Furthermore, it is cur-
rently being evaluated in a phase Il clinical trial
on patients with endometrial carcinomas, since
these frequently harbor PTEN mutations [105].
In addition, the combination of RADOO1 and
imatinib is being evaluated in the phase I/l
study in gastrointestinal stromal tumor [9].

AP23573 is the latest small molecule under
development and is a phosphorus-containing
compound and not a pro-drug [1]. Results of a
phase Il study reported significant activity in
approximately 30% of previously-treated sub-
types of sarcomas, including rhabdomyosar-
coma, osteosarcoma, and Ewing sarcoma [9,
77]. Currently, there are two large clinical trials
examining the use of AP23573 on glioblas-
tomas and sarcomas [9].
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Taken together, promising results with rapalogs
have been obtained in RCC, lung, and breast
carcinoma, neuroendocrine carcinomas, as well
as minor responses in soft tissue sarcoma, uter-
ine endometrial and cervical carcinomas [1, 28,
1086].

Anti-cancer therapy utilizing mTOR inhibitors

It has long been recognized in the clinic that
only a subset of patients in any given cohort
derivessignificant benefit from a particular che-
motherapeutic agent. Since these treatments
sometimes expose many patients to side effects
yet only help a few, it may be a worthwhile strat-
egy to predict the tumor types and identify in
advance who may respond to a specific therapy.
Identification of the patients and tumors that
can be successfully targeted by rapalogs will
require: i) identification of optimal surrogate
markers for assessing sensitivity or resistance,
and ii) development of combinatorial regimens.

With regard to surrogate markers, clarification
of the activation profiles of PI3K-Akt-mTOR
pathway may helpin the selection of tumors
that are most likely to respond. In particular, the
phosphorylation status of S6K, rS6, and 4E-BP1
are promising markers for assessing the sensi-
tivity to rapalogs, as well as monitoring their
clinical efficacy [105, 107]. Loss of PTEN func-
tion with consequent activation of Akt, SBK, or
4E-BP1 has been found to be associated with
objective responses to mTOR inhibitors,
whereas low levels of Akt and S6K phosphoryla-
tion were associated withresistance to these
inhibitors [42, 105]. Therefore, subgroups
showing mTOR activation as assessed by these
surrogate markers, irrespective of the status of
upstream molecules, could be candidates for
mTOR-targeted therapy.

With regard to combinatorial regimens, it will be
important to define the combinations of rapa-
logs and conventional agents that are most ef-
fective on tumors in which mTOR cassette pro-
tein(s) are hyperactivated. For example, al-
though mTOR signaling is both receptor tyrosine
kinase-dependent and -independent, targeting
mMTOR in combination with anti-ERBB therapeu-
tics for carcinomas of the lung, colon (EGFR),
and the breast (ERBB-2), might lead to more
profound effects than targeting either alone
[10]. Synergistic effects of drugs and counter-
measures against drug resistance are described
in the next chapter.
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Rationale for combination with rapalogs

Cancer is generally a heterogeneous disease
involving activation of multiple pathways, and
cases where cell proliferation is dependent on a
single molecule are rare [10, 90]. Indeed, pri-
mary and acquired resistance to mTOR inhibi-
tors was observed in several types of human
cancers [1, 83] and this, together with negative
signaling feedback (Chapter "Regulatory Loops
by Intricate mTOR Network”), limits the efficacy
of rapamycin in treating cancer [3, 65]. More-
over, when administered as a single agent,
therapeutic doses of rapamycin need to be
higher, with a consequent greater incidence of
side effects.

mTOR is activated through various pathways
emanating from a number of upstream ele-
ments, some of which are in turn down-
regulated as a result of mTOR activation, com-
prising a negative feedback loop [28, 65]. Thus,
mTOR inhibition combined with inhibition of its
upstream signaling molecule(s) may have a
greater therapeutic effect. Along this line, the
combination of rapamycin and a PI3K inhibitor
(e.g. XL147, Exelixis)[107] or Akt inhibitor
(KP372-1, perifosine)[108, 109], are being in-
vestigated as the means to suppress rapamycin
-induced Akt kinase activity, although each of
those agents alone has limited efficacy due to
lack of kinase specificity [65]. In addition, re-
cent reports have described a dual-kinase in-
hibitor of PIBK/mTOR, PI-103 or NVP-BEZ235,
which hold considerable promise [110, 111].

RADOO1 can synergize with paclitaxel, car-
boplatin, and vinorelbine to induce apoptosis in
breast cancer cells [112], and can synergize
with cisplatin to induce apoptosis in lung cancer
cells {Petroulakis, 2006 #566}{La Monica,
2009 #1718}{Beuvink, 2005 #829}. Similarly,
CCI-779 showed a synergistic cytotoxic effect on
primitive neuroectodermal tumor cells when
used in combination with cisplatin and campto-
thecin [9, 114]. Several TKIs have already been
developed against NSCLC harboring mutated
EGFR and the sensitivity to EGFR TKIs has been
shown to be determined by the extent of inhibi-
tion in the Akt/mTOR/S6 pathway [83, 85, 90].
Thus, rapalogs may be useful in combination
with EGFR-TKI against lung carciomas, in par-
ticular, those having EGFR mutation.

Theoretically, it may be possible to superimpose
inhibition of the Akt/mTOR/S6K/rS6 axis by
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rapamycin with conventional regimens against
any kind of malignant tumor in which the mTOR
cassettes are constitutively activated [10, 90].
This type of expanded use of RADOO1 has been
demonstrated in combination with the EGFR/
VEGFR inhibitor AEE788, which together exhib-
ited a great suppressive effect on the growth of
glioblastoma cells [3, 30, 115].

Future directions

The clinical benefit of targeted therapy against
cancer is typically limited to a subset of pa-
tients, who in many cases are defined by a spe-
cific genomic lesion within theirtumor cells,
such as an activating mutation withinthe kinase
domain [10]. However, the number of cancers
that can be clearly characterized by specific
genomic aberrations is not so large. Therefore,
the use of rapalogs for molecularly targeted
therapy is promising since the role played by
mTOR in malignancy is multifaceted.

Ongoing clinical trials indicate that rapalogs
show remarkable clinical potential in a variety of
diseases. Although the anticancer effects of
rapalogs may be augmented in combination
with other agents, we must fully understand the
pathways that regulate mTOR and how these
intricate pathways are altered and how the up-
stream and downstream effectors are activated
in each patient. Otherwise, mTOR inhibition
could prevent the negative feedback loop and
thereby exacerbate some pathological states.
On the other hand, as noted in Chapter
"Downstream Targets of the TOR Signaling Net-
work”, the effectors downstream of mTORC1
themselves may also serve as potential drug
targets. The molecular characterization of these
downstream pathways will also facilitate the
identification of markers useful for diagnosis,
establishment of specific therapeutic regimens,
disease prognosis and for monitoring the ef-
fects of rapalogs.

The mammalian cell contains roughly 600
kinases, suggesting that each kinase phos-
phorylates 20 substrates on average [2]. Conse-
quently, we expect that additional mTOR sub-
strates may be discovered, which may help us
to better understand the mechanisms by which
mTOR controls growth and help us develop
novel mTOR inhibitors.

Just as the data from experimental models is
used to inform the development of clinical
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strategies, we look forward to the results of
clinical trials using rapamycin feeding back to
the laboratory to further elucidate the roles of
mTOR in cancer and to reveal hitherto unknown
functions for mTOR in cancer.
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