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Abstract. The mammalian target of rapamycin (mTOR)
is a serine/threonine protein kinase that belongs to the
phosphoinositide-3-kinase (PI3K)-related kinase family.
Oncogenic activation of mTOR signaling significantly contrib-
utes to the progression of different types of cancers including
osteosarcoma (OS; the most common primary malignant
tumor of bone). In the present study, we review the associa-
tion of the mTOR signaling pathway with OS, and the possible
effective treatment strategies by targeting this pathway.
In the metastatic behavior of OS, one of the most common
actionable aberrations was found in the PI3K/Akt/mTOR
pathway. Upon phosphorylation, activated mTOR contributes
to OS cellular transformation and poor cancer prognosis via
downstream effectors such as S6K1, 4EBP1 and elF4E, which
are overexpressed in OS. Targeting the mTOR complex is a
significant approach in cancer therapeutic research, and of
course, rapamycin is the primary inhibitor of mTOR. Various
other chemotherapeutic molecules have also shown poten-
tial activity against mTOR. As mTOR is a new promising
oncological target and blockade of the mTOR pathway with
selective inhibitors has significant potential in OS therapeutic
research, the development of the optimal dose, regimen and a
rationale for the use of mTOR inhibitors in combination with
other anticancer agents may provide a successful treatment
strategy for OS.
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1. Introduction

Rapamycin, also known as sirolimus is an antifungal agent that
contains a macrocyclic lactone. It was isolated from a strain
of the soil bacterium, Streptomyces hygroscopicus, found
in Easter Island (known locally as Rapa Nui) and named as
rapamycin according to the name of its place of discovery (1,2).
It was also discovered to possess potent immunosuppressive,
antiproliferative and anticancer properties due to its ability to
arrest the cell cycle in the Gl phase (3).

The mammalian target of rapamycin (mTOR), also
known as FKBPI12-rapamycin complex-associated protein
(FRAP) is a serine/threonine protein kinase that belongs
to the phosphoinositide-3-kinase (PI3K)-related kinase
family (4,5). Rapamycin binds with its intracellular receptor
FK506-binding protein (FKBP12) and forms a complex
(mTOR) and exerts inhibitory activity (6). mTOR is a large,
ubiquitously expressed multi-effector protein that in humans
is encoded by the MTOR gene. It is composed of 2,549 amino
acids with a molecular mass of ~250 kDa (7). The N-terminal
half of the protein contains 20 tandem HEAT repeats, each
of which consists of 2a helices of ~40 amino acids, and are
implicated in protein-protein interactions. The C-terminal half
of mTOR contains the kinase catalytic domain (KIN) that has
sequence similarity with the catalytic site in PI3Ks (6,7). It
is reported to play a vital role in controlling cell growth, cell
survival, angiogenesis and autophagy through the regulation
of protein synthesis (5,8).

Deregulation of mTOR activity is associated with
numerous types of cancer. Oncogenic activation of mTOR
signaling through phosphorylation of PI3K or Akt signifi-
cantly contributes to the initiation and development of tumors.
Over-activation of mTOR activity supports tumor growth
by promoting cell cycle progression, increasing cell prolif-
eration, and inhibiting autophagy through its effect on protein
synthesis (9,10). Multimodal treatment strategies have been
developed to target this pathway resulting in the emergence of
unique pharmacological inhibitors that may provide the best
therapeutic advantage for the treatment of cancers (11,12).

Osteosarcoma (OS) is the most common primary malig-
nant tumor of bone occurring mostly in children and young
adults. It arises from the primitive transformed cells of mesen-
chymal origin that mainly affects osteoblastic differentiation
and produces immature bone (13,14). It mainly occurs in the
tubular long bones; however also occurs in other sites such as
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the femur, humerus, knee and pelvis. OS is the eighth most
common form of pediatric cancer with a higher incidence in
males (5.4/million/year) than in females (4.0/million/year) (15).
The typical signs and symptoms of OS include pain followed by
the localized swelling and limitations of joint movement (14).
The exact etiology of OS is unknown, however it is evident that
various risk factors are associated with the development and
pathogenesis of OS including age, gender, ethnicity, genetic
and familial factors (16). The current treatment options for
OS are surgery, chemotherapy and radiotherapy. The standard
therapy of OS is a combination of orthopedic surgery along
with doxorubicin, cisplatin, adriamycin, high-dose metho-
trexate with leucovorin rescue and ifosfamide (14,17). Despite
the multimodal therapy, the conventional therapy of OS is still
unsatisfactory due to the risk of metastasis, recurrence and
chemoresistance. Therefore, alternative therapeutic strategies
are urgently needed to improve the efficacy and reduce the
side-effects. Targeted therapies that can identify targetable
aberrations (specific genes or molecular pathways) and can
manipulate apoptosis and autophagy have become a promising
approach in OS treatment (18,19).

mTOR and Akt signaling have been reported to be
involved with the metastatic behavior of OS, and the most
common actionable aberrations found in the PI3K/Akt/mTOR
pathway (19,20). In the present review, we focused on the asso-
ciation of the mTOR signaling pathway in the pathogenesis of
0S8, and the possible effective treatment strategies by targeting
this pathway.

2. The mTOR complex

mTOR is the catalytic subunit of two structurally and func-
tionally distinct multiprotein complexes: mTOR complex 1
(mTORCI) and mTOR complex 2 (mTORC?2) (21). mTORC1 is
sensitive to the effects of rapamycin and is composed of mTOR
itself, regulatory-associated protein of mTOR (Raptor) and
the non-core components of 40 kDa pro-rich AKT substrate
(PRAS40; also known as AKTI1S1) (22). Raptor serves
as the binding platform where its association with mTOR
forms a nutrient-sensitive complex that signals to regulate
cell growth (4,23). Conversely, PRAS40 regulates mTORC1
kinase activity by functioning as a direct inhibitor of mTORC1
substrate binding (24).

mTORC?2 is composed of mTOR, rapamycin-insensitive
companion of mMTOR (RICTOR), mammalian stress-activated
map kinase-interacting protein 1 (mSIN1; also known as
MAPKAPI) and protein observed with RICTOR (PROTOR).
RICTOR is known as a scaffold protein that contributes to
the structural foundation of mTORC?2, and plays an essen-
tial role in embryonic growth and development. However,
the functions of mSIN1 and PROTOR are not clear (8,25).
Mammalian lethal with SEC13 protein 8 [mLSTS; also
known as G protein § subunit-like (GBL)] and DEP domain-
containing mTOR-interacting protein (DEPTOR) are the two
other proteins common in both complexes (26). The function
of mLST8 within mTORC1 is not clear. However, it is essential
for the activation of mMTORC?2 that regulates growth and devel-
opment. DEPTOR functions as an inhibitor of mTOR signaling
that inhibits mTORC1 and mTORC?2 activity by preventing
substrate binding to mTORC1 and mTORC2 (27,28).
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The activity of mTORCI1 is stimulated by growth factors,
insulin, phosphatidic and amino acid (particularly leucine)
levels, energy status and oxidative stress (4,29). Insulin
receptor substrate (IRS) activates PI3K through stimula-
tion of growth factors. PI3K generates phosphatidylinositol
3,4,5-triphosphate (PIP3) upon phosphorylation. PIP3 then
promotes the phosphorylation of protein kinase (PKB/AKT) by
3-phosphoinositide-dependent protein kinase-1 (PDK1). AKT
phosphorylates tuberous sclerosis complex (TSC) which ulti-
mately leads to the activation of mTORCI (22,30). Activated
mTORCI phosphorylates its two downstream effectors, p70
ribosomal S6 kinase 1 (p70S6K1 or S6K1) and the eukaryotic
initiation factor 4E (eIF4E) binding protein 1 (4E-BP1), which
are thought to be the major regulators of protein translation,
cell proliferation, angiogenesis and autophagy. Autophagy
is an evolutionarily conserved, self-degradation system of
cellular components through an autophagosomal-lysosomal
pathway dependent on nutrient conditions and is reported
to be deregulated in cancer. During starvation, mTORCI is
inactivated and dissociates from the ULK1 kinase complex (a
protein complex composed of Atgl, Atgl3, Atgl7 and Atgl01)
to induce autophagy (6,31,32).

Akt is the major substrate of mTORC?2 and the full acti-
vation of Akt requires two steps of phosphorylation: firstly,
PDK1-mediated phosphorylation at a threonine T308 residue
and secondly, mTORC2-mediated phosphorylation at a serine
S473 residue. The mTORC?2 is activated by growth factors and
functions as an important regulator for the organization of the
actin cytoskeleton, cell survival and lipid metabolism (8,33).

3. Association of mTOR signaling with OS

mTOR is a critical signaling pathway that is potentially acti-
vated in OS. However, the mechanism by which the mTOR
signaling pathway is activated in OS is poorly understood.
Evidence shows that multiple elements of mTOR signaling are
involved in OS (Fig. 1). The upstream regulators (for example,
PI3K) of mTOR signaling are deregulated through the overex-
pression of growth factor receptors, such as human epidermal
growth factor receptor 2 (HER-2) and insulin-like growth
factor receptor (IGFR), mutations in PI3K and amplifications of
AKT (34-36). PTEN, the negative regulator of PI3K signaling
is downregulated in OS and contributes to bone proliferation,
angiogenesis and metastasis through several mechanisms,
including mutation, methylation or protein instability (34,37).
The downstream effectors of mTOR (such as, S6K1, 4EBP1
and elF4E) are overexpressed in OS and implicated in cellular
transformation and poor cancer prognosis (38).

Ezrin, a member of the ezrin/radixin/moesin (ERM)
family of proteins, is involved in intracellular signal trans-
duction (39). It is reported that ezrin expression increases
phosphorylation and expression of S6K1 and 4E-BP-1 as well
as S6K1 activity, which may induce ezrin-mediated metastatic
behavior in OS (40). Zhou et al investigated the expression
of mTOR and p70S6K in 65 patients with primary OS, and
found that overexpression both of mTOR and p70S6K are
significantly correlated with OS cell proliferation, survival and
metastasis in OS patients (38). Tenascin-C (TN-C) is one of
extracellular matrix glycoproteins found to be overexpressed
in OS. Tanaka et al reported that the overexpression of TN-C
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Figure 1. mTOR signaling pathway and its association with osteosarcoma. Upon growth factor stimulation, insulin receptor substrate (IRS) activates PI3K
and PI3K generates PIP3, which in turn activates PDK1 and Akt. After phosphorylation by PDK1, Akt phosphorylates and inhibits the TSC complex which
ultimately leads to the activation of mMTORCI (22,30). Activated mTORCI phosphorylates S6K1 and 4E-BP1, which thereby regulate protein translation, cell
proliferation, angiogenesis and autophagy (4,32). mTORC?2 activates Akt through the two steps of phosphorylation and functions as an important regulator for
the organization of the actin cytoskeleton, cell survival and lipid metabolism (8,33). The oncogenic activation of the components of the mTOR pathway through
the overexpression of growth factor receptors, mutations in PI3K, loss of PTEN and amplifications of AKT contributes to bone proliferation, angiogenesis,

autophagy and inhibits apoptosis leading to OS metastasis (34).

has an effect of easier migration of OS cells to promote distant
metastases (41). Zheng et al reported that TN-C in combination
with its alternative spliced FNIII repeats with Al subdomain
(TN-C FNIIIA1) is overexpressed in MG-63 OS cells and
promote cellular migration. Their study also found that the
downstream molecules of mTOR such as, 4E-BP1 and S6K1
can facilitate the expression of TN-C FNIITIA1 in MG-63 cells
and promote the metastasis of OS by facilitating MG-63 cell
migration (42).

4. Targeting the mTOR complex in osteosarcoma

Conventional therapy for OS remains unsatisfactory due to
the resistance of OS to chemotherapy and radiotherapy. New
alternative therapies and therapeutic targets are needed to be
identified for the development of more effective target-specific

anti-OS agents for the treatment of OS. Targeting the mTOR
signaling pathway may represent an attractive potential thera-
peutic approach for the prevention and treatment of OS (43,44).
Table I summarizes the potential therapeutic strategies and
their effects on OS by targeting the mTOR signaling pathway.

Perry et al used several methods to identify genomic
events contributing to OS, and suggested that targeting the
PIBK/mTOR pathway has central vulnerability for therapeutic
exploitation in OS (34). Rapamycin itself is the inhibitor of
the mTOR signaling pathway, and may be a promising agent
against OS. Zhao et al evaluated the effects of rapamycin on
human OS cells and reported that rapamycin increased the
expression of p27 and decreased the expression of cyclin D1,
inhibited OS cell proliferation, induced autophagy and cell
cycle arrest in the G1 phase. Their results also reported that
rapamycin suppressed the tumor growth in mouse xenograft
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Table I. Potential therapeutic strategies of OS by targeting the mTOR pathway.

Therapeutic agents Experimental OS samples Effects (Refs.)
Rapamycin Murine model of OS (K7M?2) Inhibited ezrin-related metastatic behavior (40)
Rapamycin Human OS cells Inhibited OS cell proliferation, suppressed (43)
tumor growth, induced autophagy and
cell cycle arrest in the G1 phase
Rapamycin or CDDP MG63 OS cells Enhanced the effects of the activation of (50)
autophagy and induced apoptosis
Kinase inhibitor (PP242) OS cell lines Prevented cell migration and induced apoptosis @7
or rictor knockdown (MG63/U20S/Sa0S-2)
by siRNA
NVP-BEZ235 OS cell lines Induced apoptosis and cell cycle arrest, (52,53)
(MG63, U20S and Sa0S-2) slowed tumor progression and
reduced tumor vasculature
Alisertib U20S and MG63 OS cells Promoted autophagy and induced apoptosis (54)
Sorafenib plus OS cell lines (MNNG-HOS, HOS, Enhanced antiproliferative and proapoptotic (20,56)
everolimus KHOS/NP, MG63, U20S, SISA-1  effects impaired tumor growth, potentiated
and Sa0S-2), patients with antiangiogenesis, reduced migratory
unresectable high-grade OS and metastatic potential
Ridaforolimus Patients with OS Achieved confirmed partial response (57)
Lupeol MNNG-HOS and MG63 OS cells  Decreased tumor growth, induced apoptosis (58)
and cell cycle arrest
FIM-A Human OS cells Inhibited cell growth and proliferation (59)
and reduced angiogenesis
Oleanolic acid MG63 and SaOS-2 cells Exhibited antitumor activity (60)
Geldanamycin plus KTHOS cells Induced autophagy and apoptosis (18)
3-methyladenine
MicroRNA-223 MG63 cells Inhibited cell growth, exhibited significant (61)
GO/G1 arrest and increased apoptosis
MicroRNA-101 OS tissues and SaOS-2 cells Inhibited cell proliferation and promoted apoptosis (62)
Perifosine Human OS cells Induced cell apoptosis and growth inhibition (63)
RADOO1 plus zoledronate =~ Human and mouse OS cells Inhibited cell proliferation and (64)

abolished drug resistance

OS, osteosarcoma; mTOR, mammalian target of rapamycin.

models (43). The use of mTOR inhibitors blunted the p53
response to nucleolar stress by regulating ribosome biogenesis
and mRNA translation (45). p53 potently inhibited cell prolif-
eration, metastasis, and angiogenesis in OS cells through the
inhibition of the PI3K/AKT/mTOR pathway (46). Wang et al
reported that targeting of mTORC?2 either by a kinase inhibitor
or rictor knockdown prevented OS cell migration and promoted
cisplatin-induced apoptosis (47).

Although mTOR is a novel promising oncological target,
unfortunately mTOR-targeted monotherapies have shown
only modest antitumor activity in OS. The combination with
other rationally selected therapeutic agents may improve
the response (48). Wagner et al evaluated the activity of
the combined inhibition of cixutumumab [inhibitor of
insulin-growth factor type 1 receptor (IGF-1R)] with the
mTOR inhibitor temsirolimus in preclinical models of OS

and other sarcoma patients. In the present study, 43 evalu-
able patients received 6 mg/kg cixutumumab with 8 mg/m?
temsirolimus intravenously once weekly in 4-week cycles
and observed that 16% of patients were progression-free at
12 weeks. The reported adverse effects were only mucositis,
electrolyte disturbances and myelosuppression (49). In another
study, Xie et al reported that rapamycin enhanced the effects
of the activation of autophagy and the induction of apoptosis
of OS cells by cis-diamminedichloroplatinum (cisplatin) (50).
In another study, Wan et al found that blockade of the mTOR
pathway with rapamycin inhibited ezrin-related metastatic
behavior in a murine model of OS (40). In a recent study, the
combination of rapamycin and an autophagy inhibitor, specific
and potent autophagy inhibitor-1 (spautin-1) was found to
effectively induce the apoptosis pathway, and was suggested
as a possible treatment option in OS (51).
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Systematic screening has identified that dual inhibition
of the PI3K-mTOR pathway is a sensitive, druggable target
in OS (52). Zhu et al studied the therapeutic potential of
NVP-BEZ235, a novel PI3K/mTOR dual inhibitor, on OS cells,
and found that NVP-BEZ235 downregulated cyclin D1/B1
expression, induced apoptosis and cell cycle arrest in the GO/
G1 phase through inhibition of PI3K-AKT-mTORCI signaling
in OS cells. An in vivo study also showed that oral admin-
istration of NVP-BEZ235 inhibited OS xenograft growth in
SCID mice (53). In a murine pre-clinical model, Gobin et al
reported that NVP-BEZ235 significantly reduced tumor
progression, ectopic tumor bone formation and reduced
tumor vasculature (54). Alisertib (ALS; MLN8237) is a selec-
tive aurora kinase-A inhibitor that displays potent growth
inhibitory, pro-apoptotic, pro-autophagic and EMT inhibitory
effects on OS cells. Niu et al reported that ALS markedly
downregulated the expression levels of cyclin D1/2 and Bl,
induced G2/M arrest, suppressed EMT-like phenotypes as
well as promoted apoptosis and autophagy via inhibition of
the PI3K/Akt/mTOR signaling pathway in OS cells (55).
MLNO128, an ATP-competitive mTOR kinase inhibitor was
reported to inhibit mMTORC1/2 targets and show potent anti-
tumor activity in multiple sarcoma subtypes including OS (56).

Treatment with the multikinase inhibitor sorafenib showed
disease stabilization and reduced drug resistance in patients
with unresectable advanced and metastatic OS (20,57).
Pignochino et al investigated the activity of sorafenib in
combination with everolimus in preclinical models of OS to
overcome the drawbacks. Their results observed enhanced anti-
proliferative and proapoptotic effects, impaired tumor growth,
potentiated antiangiogenesis as well as reduced migratory
and metastatic potential by complete inhibition of the mTOR
pathway (20). A phase II clinical trial (ClinicalTrials.gov,
no. NCTO01804374) was conducted, in which 38 patients with
unresectable high-grade OS were enrolled. Patients received
800 mg sorafenib plus 5 mg everolimus once a day until
disease progression and observed progression-free survival at
6 months in 17 patients. The most common clinical adverse
events were lymphopenia and hypophosphataemia, oral muco-
sitis, diarrhoea, hand and foot syndrome, thrombocytopenia,
fatigue and anaemia. No treatment-related death was reported
in the present study (57). Another phase II trial was conducted
to assess the antitumor activity of ridaforolimus (an inhibitor
of mTOR) in patients with distinct subtypes of advanced bone
and soft tissue sarcomas. In this trial, a total of 212 patients
were enrolled and ridaforolimus (12.5 mg) was administered
as a 30-min intravenous infusion once daily for 5 days every
2 weeks. Two patients with OS achieved confirmed partial
response. Related adverse events were stomatitis, mouth ulcer-
ation, mucosal inflammation and fatigue (58).

Liu et al investigated the anticancer activity of lupeol (a
dietary triterpene present in many fruits and medicinal plants)
in human OS cells. Their results showed that lupeol promoted
downregulation of the protein expression levels of PI3K, AKT,
p70S6K and cyclin D1 and upregulation of the expression
levels of p21 and p27, which play a pivotal role in the regula-
tion of apoptosis and cell cycle arrest in GO/G1 phase of OS
cells in vitro. They also established tumor xenografts in female
nude BALB/c mice, and administered lupeol intravenously and
found that administration of lupeol decreased tumor growth,
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induced apoptosis as well as cell cycle arrest of human OS
cells through the PI3K/AKT/mTOR signaling pathway (59).
Phosphorus-containing sirolimus (FIM-A) inhibited cancer
cell growth and proliferation, reduced angiogenesis, induced
cell cycle arrest in the G1 phase of OS cells by targeting mTOR.
In in vivo mouse osteosarcoma xenografts, FIM-A signifi-
cantly decreased phosphorylation of p70S6K1 and 4E-BP1,
and decreased the average tumor volume and the number of
intratumoral microvessels through the imhibition of mTORC1
signaling (60). Zhou et al examined the anticancer activities of
oleanolic acid (OA; a pentacyclic triterpenoid) in OS cells, and
found that OA inhibited cell proliferation, induced G1 arrest in
OS cells and regulated protein translation through the inhibi-
tion of mTOR signaling (61).

Heat shock protein 90 (Hsp90) plays a critically important
role in tumor cell growth, survival and autophagy. Mori et al
examined the effects of the Hsp90 inhibitor, geldanamycin
(GA) on OS cells and found that GA induced autophagy and
apoptosis in OS cells through inhibition of the Akt/mTOR
signaling pathway. They also reported that the combination
of GA and the autophagy inhibitor 3-methyladenine (3-MA)
may be an effective treatment for OS as this combination
effectively suppressed a protective mechanism induced by
the Hsp90 inhibitor and enhanced GA-induced apoptosis in
OS cells (18). Hsp90B1 plays an oncogenic role and is a target
gene of miR-223. Overexpression of miR-223 downregulated
Hsp90B1 and showed tumor-suppressor function in OS
through the inhibition of the PI3K/Akt/mTOR pathway (62).
miR-101 functions as a tumor suppressor, and is reported to
be downregulated in OS tissues and cell lines. mTOR gene is
a direct target of miR-101 and reintroduction of miR-101 in
OS cell line inhibited the proliferation and promoted apoptosis
by downregulating mTOR expression (63). Perifosine (Akt
inhibitor) is another possible anti-OS agent that induced cell
apoptosis and growth inhibition in human OS cells. Perifosine
promoted caspase-3, c-Jun N-terminal kinases (JNK) and p53
activation and inhibited survivin expression by disrupting its
association with HSP-90 through inhibition of Akt/mTORC1
signaling (64). Moriceau et al investigated the effects of
RADOOL1 (everolimus, a new orally available mTOR inhibitor)
on the growth of human and mouse OS cells in combination
with zoledronate (ZOL; an anti-osteoporotic drug). They
found that the combination of RADOO1 with ZOL augmented
the inhibition of cell proliferation and abolished the resistance
of OS cells to RADOO1 through inhibition of PI3K/mTOR
signaling (65). A recent interesting finding showed that dual
mTORCI1/2 inhibition by the potent mTOR kinase inhibitor
INK-128 (MLNO0128) exerted anti-OS activity in vitro and
in vivo (66). However, there is not yet enough evidence. Yet,
INK-128 may be further investigated as a novel anti-OS agent.

5. Future direction

mTOR is a master regulator of cell growth, proliferation,
survival and autophagy through its ability to stimulate
mRNA translation, ribosome biogenesis and protein stability.
Oncogenic activation of mTOR signaling plays a crucial role
in the development of OS. A better understanding of the func-
tions of the mTOR pathway and the molecular mechanism
by which it promotes OS may provide the basis to develop a
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potential therapeutic target for the treatment of OS. mTOR is a
new promising oncological target and blockade of the mTOR
pathway with selective inhibitors represents an attractive and
potential target for the treatment of OS. Development of the
optimal dose, regimen and a rationale for the use of mTOR
inhibitors in combination with other agents may provide a
promising therapy for the treatment of OS and could improve
the survival rate of OS patients.
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