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To gain the insight into the involvement of signaling mediated by the mammalian target of rapamycin (mTOR) in

the phenotype and biological profiles of tumors and tumor-like lesions of the bone and soft tissue, we analyzed

the expression and phosphorylation (activation) of mTOR and its correlation with the status of upstream and

downstream modulator proteins Akt, p70S6-kinase (S6K), and eukaryotic initiation factor 4E-binding protein 1

(4E-BP1), which we refer to collectively as mTOR cassette proteins. Immunohistochemical analysis of 140 cases

showed activation of Akt in 55% (61% in malignant and 27% in benign), and mTOR expression in 61% (66% in

malignant and 39% in benign). The preponderance of mTOR activation was found in tumors of peripheral nerve

sheath (malignant peripheral nerve sheath tumor and schwannoma), skeletal muscle origin (rhabdomyosarco-

ma), and in those exhibiting epithelial nature (chordoma and synovial sarcoma). Together with the result of

immunoblotting analysis, it was shown that many of those particular tumors with mTOR activation exhibited

activation of Akt, S6K, and 4E-BP1, suggesting the constitutive activation of the Akt/mTOR pathway. In addition,

although activation of the Akt/mTOR pathway was largely independent of activation of epidermal growth factor

receptor (EGFR), mutation of EGFR was frequently accompanied by constitutive activation of Akt–mTOR–S6K/

4E-BP1. By clinicopathological analysis, activation of Akt correlates with statistically higher probability of

metastasis. We conclude that mTOR-mediated signaling proteins function not only in the proliferation of the

tumor cells, but also in the differentiation and/or maintenance of morphological phenotypes in tumors of

rhabdomyoblastic and nerve sheath cell origin. Furthermore, mTOR signaling may also modulate morphogen-

esis of tumors exhibiting epithelial nature. Additionally, activated Akt may have a function in metastasis.

Overall, these results suggest that inhibitors of mTOR cassette may be useful as novel components of

combined chemotherapy for a defined subset of bone and soft tissue sarcomas.
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Malignant bone and soft tissue tumors, currently
represent approximately 1% of adult malignancies
and 15–20% of pediatric malignancies.1–3 Recently,
novel approaches targeting the underlying specific

molecular events have been developed for a defined
subset of bone and soft tissue tumors.

There has been much interest in epidermal growth
factor receptor (EGFR) as a target for cancer therapy,
and several successful pharmacological inhibitors
have been designed that inhibit the tyrosine kinase
activity of EGFR. Two such drugs, Gefitinib and
Erlotinib, for non-small cell lung carcinoma, are
currently being further extended in trials for
refractory solid tumors in children.4 There are a
growing number of reports describing protein over-
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expression, gene amplification, and mutation of
EGFR in bone and soft tissue tumors. Immunohis-
tochemical analyses by us and others have shown
the expression of EGFR in approximately 60%5–7

and the EGFR phosphorylation (activation) in 27%.7

Furthermore, point mutations in the tyrosine kinase
domain, a critical determinant of Gefitinib sensitiv-
ity, were found in 13% of the cases.7 Another unique
profile was that Akt has a prominent role in
mediating intracellular signaling.7 Thus, EGFR and
the downstream phosphatidylinositol 3-kinase (PI3-
K)/Akt-mediated cascades are candidates for mole-
cular targeting therapy in this tumor group.

Akt transduces signals to various molecules,
including tuberous sclerosis complex proteins 1
and 2 (TSC1/2) (Figure 1).8,9 Akt inhibits the activity
of TSC, and thereby relieves inhibition of mamma-
lian target of rapamycin (mTOR), which functions
downstream of TSC.8,10,11 However, Akt could also
directly phosphorylate mTOR on Ser2448.12 mTOR is
a 289 kD serine/threonine protein kinase,13,14 activa-
tion of which positively regulates cell proliferation
by promoting the G1/S phase transition of the cell
cycle. This occurs through phosphorylation of two
substrates, p70S6 kinase (S6K) and eukaryotic
initiation factor 4E-binding protein 1 (4E-BP1), that
cooperate in translational initiation.8,14,15 This para-
digm of kinase-driven pathway leading to phosphor-
ylation of mTOR and promotion of cell proliferation
constitutes a critical mechanism underlying the
pathology of tumor growth. Indeed, aberrant activa-
tion of mTOR has been shown in several cancers,
including kidney, breast, and the head and neck
carcinomas.8,16,17 Thus, mTOR is considered an
attractive target of anticancer agents. One agent,
the bacterial macrolide rapamycin, which inhibits

mTOR activity, has emerged as a validated novel
anticancer therapeutic.8,14 In vitro studies have
already established the potential of rapamycin in
inhibiting cellular transformation and several kinds
of tumors exhibiting activation of PI3-K/Akt are
hypersensitive to rapamycin in vivo.18,19 Recent
preclinical evidence supports the efficiency of
mTOR inhibitors in the treatment of sarcomas:
rapamycin treatment resulted in reduced phosphor-
ylation of proteins functioning downstream of
mTOR and can greatly reduce the growth of cell
lines from rhabdomyosarcoma, osteosarcoma, and
Ewing sarcoma.1,2,19,20 Thus, rapamycin could be a
powerful therapeutic regimen in the treatment of
bone and soft tissue tumors, especially if the mTOR
pathway is shown to be a critical effector of growth
signaling not only from EGFR, but from other growth
factor receptors as well. However, the overexpres-
sion or activation of mTOR and its association with
biological behavior as well as intracellular signaling
cascade related to EGFR in this tumor group have
not been described in detail. For these reasons, we
conducted comprehensive analyses of mTOR signal-
ing molecules in the EGFR cascade using surgical
cases of bone and soft tissue tumors. Specifically, we
asked (i) whether mTOR cassette proteins, namely
Akt—mTOR–S6K/4E-BP1, are constitutively acti-
vated in some portion, or in a particular subtype of
bone and soft tissue tumors, (ii) whether there is any
correlation between aberrations in EGFR gene and
activation of mTOR cassette proteins, and (iii)
whether the expression levels and activation state
in mTOR cassette predict the biological profiles of
tumors and/or prognosis of patients.

Materials and methods

Cases and Classification

For this study, 140 cases of tumor and the tumor-like
lesions (114 malignant and 25 benign tumors, 1
tumor-like lesions) were obtained from surgeries
performed at the Department of Orthopedic Surgery,
University of Yamanashi Hospital between 1985 and
2006 under protocols approved by the Institutional
Human Tissue Utilization Committee as the project
No. 367 in University of Yamanashi and No.07-26 in
Jichi Medical University. The case characteristics
are outlined with the results of immunohistochem-
istry in Table 1.

Pathological diagnosis was made by histopatho-
logical features on hematoxylin–eosin stain, and by
the results of immunohistochemistry according to
the suggestive description in WHO classification.21

At the time of surgery, none of the patients had
received preoperative chemotherapy or radiation
therapy. Twenty-nine cases were pathologically
confirmed to have subsequent lymph node or
visceral metastasis. One hundred and twenty-eight
of these cases had been examined for EGFR protein
expression by immunohistochemistry and gene

Figure 1 Schematic presentation of EGFR-mediated pathways
that function through mTOR. PI3-K, phosphatidylinositol
3-kinase (PI3-K); TSC, tuberous sclerosis complex proteins
1 and 2; mTOR, mammalian target of rapamycin; 4E-BP1,
eukaryotic initiation factor 4E-binding protein 1.
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amplification by fluorescence in situ hybridization
analysis, as described earlier.5,7 Therefore, the 12
newly obtained samples were also evaluated for
their EGFR status by exactly identical methods and
further used for other additional experiments per-
formed in this study.

Immunohistochemistry

Serial sections were prepared from paraffin-em-
bedded tissue and immunostained after microwave
treatment. Primary antibodies obtained from Cell
Signaling Technology (Beverly, MA, USA) were
used with the following dilutions: phosphorylated
form of Akt (p-AktSer473 rabbit monoclonal, clone
193H12) 1:50, mTOR (rabbit monoclonal, clone
7C10) 1:200, phosphorylated forms of mTOR (p-
mTORSer2448 rabbit monoclonal, clone 49F9) 1:100,
S6K (p-S6KThr389 monoclonal, clone 1A5) 1:150, and
of 4E-BP1 (p-4E-BP1, rabbit polyclonal) at 1:150
dilution. The sensitivity and the specificity of these
antibodies were earlier validated on a variety of cell

lines and the tissue specimens by immunohisto-
chemical and immunoblotting analysis.7,22,23 Anti-
bodies were visualized by a ChemMate Envision/
peroxidase complex kit (DAKO Japan, Kyoto, Japan).
Immunohistochemical expression was evaluated by
two of us (YD, SS) and the intensity of reactivity
was evaluated as ‘significant’ or ‘not-significant’:
‘significant’ was defined as definite staining with
higher intensity than that observed in non-neoplas-
tic cells. Furthermore, ‘immunohistochemical ex-
pression level’ was scored by three-tier system:
negative (score 0), o10%; low (score 1), 10% or
more, but o50%; high (score 2), 50% or more
tumor cells with ‘significant’ staining.7,23,24

When scores were classified into two groups for
statistical analysis, ‘low’ and ‘high’ were combined
as ‘positive’.

Fresh Surgical Tissues and Immunoblotting Analysis

Fresh fragments of tumor, tumor-like lesions,
and non-neoplastic tissues were obtained from 34

Table 1 Results of immunohistochemistry in 140 cases

Histological type Subtype (cases) Immunohistochemistry

p-Akt mTOR p-mTOR p-S6K 4E-BP1

MFH (18)a Pleomorphic (18) 12 (6)b 14 (11) 2 (1) 16 (15) 13 (11)
Myxofibrosarcoma (11) 9 (7) 5 (4) 3 (2) 8 (5) 9 (8)
Liposarcoma (12) Well differentiated (5) 1 (0) 2 (1) 0 0 2 (0)

Myxoid/round (7) 3 (1) 5 (4) 0 5 (3) 3 (2)
Osteosarcoma (14) Osteoblastic 11 (7) 3 (2) 0 13 (11) 11 (7)
Synovial sarcoma (8) Biphasic (1) 1 (1) 1 (1) 1 (1) 0 0

Monophasic (7) 4 (3) 7 (7) 6 (6) 4 (4) 1 (1)
Dermatofibrosarcoma
protuberans (4)

3 (1) 0 0 2 (1) 2 (2)

Chondrosarcoma (7) Grade I (4) 2 (0) 2 (0) 0 2 (0) 2 (1)
Grade II (3) 2 (0) 2 (1) 1 (0) 3 (1) 1 (1)

Ewing sarcoma (5) 2 (1) 5 (5) 1 (1) 4 (3) 5 (3)
MPNST (6)c 4 (3) 5 (5) 4 (4) 5 (5) 3 (3)
Leiomyosarcoma (11) 4 (1) 8 (7) 0 7 (6) 9 (5)
Rhabdomyosarcoma (6) 4 (4) 6 (6) 5 (3) 6 (4) 4 (4)
Primitive neuroectodermal tumor (4) 3 (2) 4 (2) 1 (0) 4 (2) 4 (3)
Chordoma (5) 4 (3) 5 (5) 5 (4) 5 (4) 4 (4)
Angiosarcoma (2) 1 (0) 1 (0) 1 (0) 2 (0) 1 (0)
Clear cell sarcoma (1) 0 0 0 0 1 (0)
Malignant total 114 70 (40) 75 (61) 30 (22) 86 (64) 75 (55)
Giant cell tumor of bone (3) 2 (0) 1 (1) 0 0 1 (0)
Schwannoma (5) 3 (2) 5 (5) 5 (4) 5 (5) 5 (4)
Dermatofibroma (2) 1 (0) 1 (0) 1 (0) 2 (2) 0
Leiomyoma (4) 0 0 0 4 (1) 3 (1)
Chondroma (1) 0 0 0 0 0
Lipoma (2) 0 0 0 0 0
Osteochondroma (2) 0 0 0 0 0
Hemangioma (2) 0 1 (0) 0 1 (0) 1 (0)
Giant cell tumor of tendon sheath (2) 1 (0) 1 (1) 0 0 2 (2)
Aneurysmal bone cyst (2) 0 1 (0) 0 0 1 (0)
Solitary bone cyst (1) 0 0 0 0 0
Benign total 26 7 (2) 10 (7) 6 (4) 12 (8) 13 (7)

Total 140 77 (42) 85 (68) 36 (26) 98 (72) 88 (62)

a
MFH, malignant fibrous histiocytoma.

b
The number of the cases showing score 2.

c
MPNST, malignant peripheral nerve sheath tumor.
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surgical specimens. These consisted of 28 cases of
malignant bone and soft tissue tumors with paired
adjacent non-neoplastic tissue, as well as lesions
alone without normal tissue from six cases of benign
tumors. Histopathological profiles of these cases are
listed together with the experimental results in
Table 2.

Lysates were prepared from these fresh tissues as
described,7,22 and immunoblotting analysis was
performed. Equal amounts (25 mg of lysates) of
protein were used for blotting with anti-p-Akt
(1:200 dilutions), anti-mTOR, anti-p-mTOR (both
1:500), anti-p-S6K, and anti-4E-BP1 (both 1:250
dilutions) antibodies. Blotting with an anti-actin
antibody (1:2500, monoclonal, Cytoskeleton, Den-
ver, CO, USA) was also performed as a loading
control.

Expression levels were quantified by densito-
metric analysis with Image Gauge (Fujifilm, Tokyo,
Japan). Protein levels were standardized by b-actin,
which was assigned an arbitrary level of ‘10’, and
expression signal relative to this was indicated as
the ‘expression value’ for each protein. This ‘ex-
pression value’ was used to calculate the ‘protein
index’ according to the following criteria: (i) when
the protein was detectable in the paired non-
neoplastic tissue, the protein index was obtained
by dividing the ‘expression value’ in tumor tissue by
that in non-neoplastic tissue; (ii) when protein
expression was barely detectable in the paired
non-neoplastic tissue, the value in tumor tissue
was directly used as the ‘protein index’; and (iii)
when normal tissue was not available, as in benign
lesions, the expression value in tumor tissue was
divided by the average expression value of non-
neoplastic tissues in all sarcoma cases. In this study,
protein expression was interpreted as ‘upregulated’
(for mTOR expression) or ‘activated’ (for p-Akt, p-
mTOR, p-S6K, and p-4E-BP1) when (i) detectable
expression was observed only in tumor tissue and
the level was higher than the highest value in any of
the non-neoplastic tissues or (ii) the ‘protein index’
was higher than 1.5.7,23,25

Statistical Analysis

Inter-observer agreement for the evaluation of
immunohistochemical results was analyzed by
kappa (k) statistics as described.23,26 Differences in
the rate of positive immunostaining between two
groups were analyzed by Fisher’s test. Correlations
between the immunohistochemical score and clin-
icopathological factors were evaluated by Mann–
Whitney U-test or Kruskal–Wallis tests. Differences
in the levels of protein expression/activation were
analyzed by unpaired comparison t-test. Patients’
survival curves were drawn according to the
Kaplan–Meier method, and differences between
the survival rates of two or three groups were
analyzed.

Results

Immunohistochemistry

To examine the expression and activation of effector
molecules downstream of Akt, we initially per-
formed immunohistochemistry and the results are
shown in Figures 2–4 and Table 1. Overall inter-
observer agreement was ‘nearly perfect’ (lowest
k¼ 0.896: 95% confidence interval, 0.841–0.952 for
p-4E-BP1).

p-Akt
p-Akt staining was observed in both the nuclei and
the cytoplasm in 77 cases (55%), including 70
malignant (61%) and 7 benign lesions (27%)
(Figures 2 and 3). Difference between these two
groups was significant (Po0.0001). Positive staining
was frequently found, in particular, in myxofibro-
sarcoma (9/11), osteosarcoma (11/14), and chordo-
ma (4/5). Furthermore, more than 60% of those
positive cases showed high-level expression (score 2).
In benign lesions, schwannoma (3/5) and giant cell
tumor of bone (2/3) showed a higher frequency of
positive staining.

mTOR
Positive staining was observed in 75 of 114 (66%)
sarcoma cases and in 10 of 26 (39%) benign lesions
(P¼ 0.014), with a particularly higher frequency in
the following tumors: all the cases of synovial
sarcoma (8/8), rhabdomyosarcoma (6/6), Ewing sarco-
ma (5/5), chordoma (5/5), and malignant peripheral
nerve sheath tumor (5/6) (Figures 2 and 3). All of
these positive cases gave a positivity score of 2 (high-
level expression). mTOR expression was found even
in benign lesions, such as schwannoma (5/5, 100%;
Figure 4). Positive signal was observed almost
exclusively in the cytoplasm, except for a few cases
of malignant peripheral nerve sheath tumor.

p-mTOR
p-mTOR staining was observed in 30 of 114 (26%)
sarcoma cases and in 6 of 26 (23%) benign lesions
(P¼ 0.808). Unlike the staining results for mTOR,
p-mTOR staining was often observed in the nuclei of
particular types of tumors, such as chordoma (5/5),
synovial sarcoma (7/8), rhabdomyosarcoma (5/6), ma-
lignant peripheral nerve sheath tumor (4/6), and in
schwannoma (4/5) (Figures 2–4). All of these positive
cases except for a few cases gave a positive score of 2.

p-S6K
Positive p-S6K staining was found in 86 cases (75%)
of sarcoma and 12 cases (46%) of benign lesions
(P¼ 0.040), without any obvious differences in
expression among histological types. p-S6K staining
was observed both in the cytoplasm and the nuclei
(Figures 2 and 3). This subcellular localization
pattern varies depending on the cases, even within
the same histological type of tumor.
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Table 2 Overall data of the tissues examined

Histology Immunohistochemistry Immunoblotting analysis FISHb Mutation Metastasis

p-Akt mTOR p-mTOR p-S6K p-4E-BP1 p-Akt mTOR p-mTOR p-S6K p-4E-BP1

1 MFHa Pleomorphic � + � + + 1.17 2.55 0.83 2.22 2.71 Highc +
2 MFH Pleomorphic � � � + + 1.10 1.33 1.40 1.58 2.22 polysomy +
3 MFH Pleomorphic � + � + � 1.33 1.86 3.00 1.69 1.92 Lowd A702T
4 MFH Pleomorphic + + � � + 2.00 2.63 1.00 1.25 2.73
5 MFH Pleomorphic + + � + � 3.67 3.78 1.29 2.83 1.10 +
6 Myxofibrosarcoma + + � � � 3.30 3.50 1.14 1.13 1.17 Low +
7 Myxofibrosarcoma + + � � + 2.40 3.57 2.40 1.18 1.64 E734K
8 Myxofibrosarcoma + � � � + 3.67 1.30 1.33 1.29 2.63 +
9 Liposarcoma Well diff. � + � � � 3.00 1.83 0.00 0.75 2.00
10 Liposarcoma Well diff. � � � � � 1.29 1.25 1.43 0.73 1.22
11 Liposarcoma Well diff. + � � � � 2.43 1.30 1.25 0.00 1.43
12 Liposarcoma Myxoid + + � � � 1.83 2.86 1.14 1.14 1.29
13 Liposarcoma Myxoid � + � + � 1.29 2.56 0.30 1.58 2.08
14 Liposarcoma Myxoid � + � + � 1.43 1.83 0.86 1.92 1.40 +
15 Liposarcoma Myxoid � � � + + 1.00 1.20 1.17 2.33 2.18
16 Osteosarcoma Osteoblastic + � � + + 3.10 1.33 0.90 1.80 1.78 +
17 Osteosarcoma Osteoblastic + � � + + 3.43 1.13 1.33 2.09 2.13 G863G +
18 Synovial sarcoma Biphasic + + � � � 1.55 2.83 2.71 1.13 1.00 +
19 Synovial sarcoma Monophasic � + + + � 1.75 3.80 2.38 2.00 0.75 R748K
20 DFSPe + � � + + 1.67 1.17 1.20 1.92 1.86
21 DFSP + � � � � 2.50 0.29 1.40 1.30 1.17
22 Chondrosarcoma Grade I � � � � � 1.20 0.67 1.00 1.14 0.90
23 Chondrosarcoma Grade II � � � + � 1.33 1.67 1.83 2.67 1.08
24 MPNSTf � + + + + 1.10 2.36 1.86 1.83 2.31 low
25 MPNST + + + � � 2.44 2.57 3.88 1.27 1.33
26 Leiomyosarcoma + � � + + 2.00 1.00 0.43 1.88 1.57
27 Rhabdomyosarcoma Pleomorphic + + � + + 1.67 2.75 3.14 2.29 1.88
28 Chordoma � + + + + 1.29 1.80 3.75 3.50 2.00
29 GCTg + + � � � 1.73 1.60 0.59 0.54 0.73
30 Giant cell tumor + � � � � 2.27 1.07 0.00 0.65 1.46
31 Schwannoma � + + � + 0.40 2.27 1.76 1.40 1.67
32 Schwannoma + + + + + 2.13 2.67 2.55 1.72 1.88
33 Dermatofibroma � � � � � 0.53 1.20 0.39 1.18 0.21
34 GCTTSh + + � � + 1.60 1.07 0.59 0.43 1.56

a
MFH, malignant fibrous histiocytoma.

b
FISH, presence of amplification by fluorescein in situ hybridization analysis.

c
high, high-level amplification.

d
low, low-level amplification.

e
DFSP, dermatofibrosarcoma protuberans.

f
MPNST, malignant peripheral nerve sheath tumor.
g
GCT, giant cell tumor of bone.

h
GCTTS, giant cell tumor of tendon sheath.

The values indicated by bold were evaluated as ‘upregulated’ or ‘activated’. As normal tissue was not available in benign lesions, protein index was arbitrarily calculated with the average values of
normal tissue in sarcoma cases.
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Figure 2 Immunohistochemical staining for proteins functioning up-, and downstream of mTOR. A case of chordoma (case 19) showing
positive staining for mTOR, phosphorylated forms of mTOR (p-mTOR), S6K (p-S6K), and 4E-BP1 (p-4E-BP1) with various distribution
patterns of positively stained cells. p-Akt staining was observed in the nuclei and the cytoplasm of the tumor cells. Although mTOR and
p-4E-BP1 were found in the cytoplasm of tumor cells, p-mTOR and p-S6K were preferentially found in the nucleus. The photo of p-Akt
stain shown here was taken in another case, because the result of p-Akt stain in Case 19 was negative.

Figure 3 Immunohistochemical staining in malignant peripheral nerve sheath tumor. Positive p-Akt and p-4E-BP1 stainings were
observed in the cytoplasm of tumor cells, mTOR staining in both the nuclei and the cytoplasm, but p-mTOR and p-S6K were
predominantly localized in the nucleus. The photo of p-Akt staining was taken in Case 25, and the others were from Case 24, because
only the result of p-Akt stain in Case 24 was negative.
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p-4E-BP1
Positive p-4E-BP1 staining was observed in 75 (66%) of
sarcoma cases and in 13 (50%) of benign lesions

(P¼ 0.177), without any obvious differences in expres-
sion among histological types. The positive signal was
almost exclusively cytoplasmic (Figures 2 and 3).

Figure 4 Staining results of mTOR and p-mTOR in a case of synovial sarcoma (Case 18), rhabdomyosarcoma (Case 27), and schwannoma
(Case 32) were shown. Original magnification, �100.
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Immunoblotting Analysis

To evaluate the relative levels of expression or
phosphorylation of proteins in tissue samples and
to evaluate their correlation with immunohisto-
chemical results, immunoblotting was performed.
The results from the 34 cases of fresh tissue
specimens are presented in Figure 5 and Table 2.

p-Akt
p-Akt was detectable as 60 kD form in all samples
obtained from both tumor and normal tissues.
Activation of Akt was noted in 17 of 28 cases
(61%) of sarcoma and 4 of 6 (67%) benign lesions.
Although the total sample number was low, a higher
positive frequency was observed in myxofibrosarco-
ma (3/3), osteosarcoma, synovial sarcoma, and
dermatofibrosarcoma protuberans (2/2). Overall,
sarcomas and benign lesions showed average p-Akt
indices of 2.00 and 1.44, respectively.

mTOR
mTOR expression was observed as the 289 kD form
in all cases of tumor and normal tissues. In tumor
tissues, mTOR upregulation was observed in 17 of
the sarcoma cases (4/5 of malignant fibrous histio-
cytoma, 2/3 of myxofibrosarcoma, and 2/2 of
synovial sarcoma and malignant peripheral nerve
sheath tumor, etc) and 3 of the benign lesions. The
average mTOR indices in sarcoma and benign
lesions were 2.03 and 1.63, respectively.

p-mTOR
mTOR was activated in 9 of 28 sarcoma cases,
including both 2 cases of synovial sarcoma, malig-
nant peripheral nerve sheath tumor, one case each of
rhabdomyosarcoma, chordoma, etc, and 2 of 6
benign lesions (both schwannoma). The average p-
mTOR indices in sarcoma and benign lesions were
1.58 and 0.98, respectively.

In normal tissues, p-mTORwas detectable in 25 of 28
cases, with expression values of up to 0.8, which was
lower than the average value in tumor tissue (0.94).

p-S6K
p-S6K was observed as the 70 kD form in 16 of 28
sarcomas and 1 of 6 benign lesions. Higher positive
frequency was observed in malignant fibrous histio-
cytoma (4/5) and osteosarcoma (2/2). The average p-
S6K indices in sarcomas and benign lesions were
1.66 and 0.99, respectively. Difference between
these two groups was significant (P¼ 0.038).

p-4E-BP1
Phosphorylated forms of 4E-BP1 were observed as
the doublet around 17 kD in 16 of 28 sarcomas and 3
of 6 benign lesions: higher positive frequency was
observed as 2/2 of osteosarcoma, schwannoma, 4/5
of malignant fibrous histiocytoma, and 2/3 of
myxofibrosarcoma. The average p-4E-BP1 indices
in malignant and benign lesions were 1.70 and 1.25,
respectively.

Figure 5 Protein levels evaluated by immunoblotting analysis in representative cases of tumor and paired normal tissue. The intensity of
the bands were quantitated and expressed as ratios relative to b-actin, designated as 10 (‘expression value’). Mutation and amplification
of EGFR gene, and immunohistochemical results of EGFR protein, analyzed earlier, were also shown. Asterisks indicate the cases
showing metastasis. MFH, malignant fibrous histiocytoma; MyF, Myxofibrosarcoma; SyS, synovial sarcoma; MPNST, malignant
peripheral nerve sheath tumor; RMS, rhabdomyosarcoma; Chord, chordoma; Schw, schwannoma; poly, polysomy; low, low-level
amplification; IHC, immunohistochemistry; N, normal tissue; T, tumor tissue.
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These overall results correlated well with the
results detected by immunohistochemistry.

Pathobiological and Clinicopathological Analyses

Specific correlations in staining patterns of proteins
downstream of Akt
We interpreted the results of immunohistochemistry
and immunoblotting for sarcomas within the context
of the known relationships among effector proteins
of EGFR cascade.

Akt and mTOR/p-mTOR. Expression and activa-
tion of mTOR was more frequently observed in the
p-Akt positive than in the p-Akt-negative group:
mTOR expression was observed in 70% (49/70) of
p-Akt-positive vs 59% (26/44) of p-Akt-negative
cases, and mTOR activation in 30% (21/70) vs
21% (9/44), respectively (Table 3). However, the
differences between these two groups were not
statistically significant (P¼ 0.136 and 0.158, respec-
tively). The frequency of Akt activation was not
necessarily correlated with those of mTOR expres-
sion/activation except for the cases of synovial
sarcoma, malignant peripheral nerve sheath tumor,
rhabdomyosarcoma, and chordoma (Table 1). Con-
sistently, overlap of positive staining for p-Akt/
mTOR or p-Akt/p-mTOR was not frequently ob-
served on a cell-by-cell basis. Thus, direct or
constitutive activation of Akt/mTOR may exist in
those defined subsets of tumors, but, in general,

mTOR activation seems, at least, partially indepen-
dent of Akt activation.

mTOR and p-mTOR All p-mTOR-positive cases
were also positive for mTOR by both immunohis-
tochemistry and immunoblotting (Tables 2 and 3). In
addition, p-mTOR positivity was localized within a
larger mTOR-positive area on histology. Therefore,
mTOR overexpression seems to be a prerequisite
condition for its activation.

p-mTOR and p-S6K/p-4E-BP1 Positive staining for
p-S6K and p-4E-BP1 were found at higher frequen-
cies than for p-mTOR, and no correlation between
p-mTOR and p-S6K/p-4E-BP1 staining was ob-
served: although 70% (21/30) and 60% (18/30) of
the cases showing mTOR activation also stained
positive for p-S6K and p-4E-BP1, respectively, 77%
(65/84) and 68% (57/84) of the cases that were
negative for mTOR activation also showed positive
staining for p-S6K and p-4E-BP1 (Table 3). As shown
in the representative cases that were positive for p-
S6K and p-4E-BP1, p-S6K and p-4E-BP1 staining
was present over a broader area than that of p-
mTOR. Thus, although direct or constitutive activa-
tion of mTOR cassette may exist in particular
histological types, such as synovial sarcoma, malig-
nant peripheral nerve sheath tumor, rhabdomyosar-
coma, and chordoma, S6K/4E-BP1 activation seems
to be largely independent of mTOR activation.
Phosphorylation of S6K and 4E-BP1 seem to
positively correlate: 86 and 75 cases showed activa-

Table 3 Results of immunohistochemical analysis (sarcoma cases)
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tion of S6K and 4E-BP1, respectively (Table 1), and
64 cases showed both. However, the p-S6K signal
was observed in the nuclei as well as cytoplasm,
whereas the p-4E-BP1 signal was almost exclusively
cytoplasmic.

Correlation among EGFR aberration, protein expres-
sion, and phosphorylation of downstream molecules
EGFR amplification and high-level polysomy of
chromosome 7 was found in five cases, including
one case of high-level amplification (Case 1, malig-
nant fibrous histiocytoma), one case of polysomy
(Case 2, malignant fibrous histiocytoma), and three
cases of low-level amplification (Case 3, malignant
fibrous histiocytoma; Case 6, myxofibrosarcoma;
Case 24, malignant peripheral nerve sheath tumor,
Table 2).5,7 Among these five cases, Akt was
activated in one of the cases showing low-level
amplification (Case 6, myxofibrosarcoma). For
mTOR expression levels, four cases exhibited
upregulation, including two cases of malignant
fibrous histiocytoma (with high-level and low-level
amplification) and one case each of myxofibrosar-
coma and malignant peripheral nerve sheath tumor
(both low-level amplification). With respect to
mTOR activation, two cases with low-level amplifi-
cation (malignant fibrous histiocytoma, malignant
peripheral nerve sheath tumor) showed activation,
and both of these also showed activation of S6K and
4E-BP1. Overall, the presence of EGFR amplification
was frequently, but not always, associated with
upregulation of mTOR, and activation of S6K/4E-
BP1 (Table 2).

Point mutations were found in four cases, of
which three resulted in amino acid substitution
(Case 3, malignant fibrous histiocytoma; Case 7,
myxofibrosarcoma; Case 19, synovial sarcoma). One
of these three cases also exhibited low-level ampli-
fication (Case 3).5,7 All three tumors exhibited
markedly increased levels of p-mTOR and two cases
exhibited activation of Akt, p-S6K, and/or p-4E-BP1
(Table 2). Therefore, mutation of EGFR may be
associated with the constitutive activation of the
mTOR cassette.

Of the remaining 21 sarcoma cases not exhibiting
EGFR aberrations, no specific correlation with
activation of upstream or downstream molecules
was found.

Clinicopathological Analysis

Next, overall results were analyzed statistically with
respect to their clinicopathological features. First,
with regards to metastasis, we examined the correla-
tion between Akt activation determined by immu-
nohistochemistry and metastasis. We observed no
statistically significant differences (P¼ 0.383) in
metastasis between the cases classified as positive
for p-Akt (20/70 cases with score of 1 or 2) and those
of negative (9/44 cases with score 0). However, when

we compared high-expression cases (17/40 cases
with score 2) vs negative cases, we did observe a
significantly higher frequency of metastasis in the
high-expression group (P¼ 0.0354). This correlation
was also observed by immunoblotting analysis.
Although 6 of the 9 cases showing metastasis
showed activation of Akt, only 11 among the latter
19 cases had activated Akt. Furthermore, in the
metastasis-positive group, the average p-Akt index
was 2.49, whereas that in the metastasis-negative
group was 1.76 (Table 2), and the difference in Akt
phosphorylation levels between these two groups
was statistically significant in spite of the limited
sample size (P¼ 0.031). Thus, activation of Akt may
have a role during the process of metastasis. The
mutation or expression levels of EGFR, and the
upregulation/phosphorylation state of other pro-
teins did not show any correlation with metastasis
or cumulative survival rates.

Discussion

Overexpression of EGFR in several types of sarco-
mas has been reported by us and others,5–7 and a
number of studies have reported that one of mTOR,
S6K, and 4E-BP1 were activated in 50–72% of
rhabdomyosarcoma.27,28 Furthermore, it was re-
ported that cases of chordoma and synovial sarcoma
displayed strong expression of EGFR,29,30 and that
these cases could be successfully treated by thera-
pies targeting EGFR signaling.30 These observations
imply that aberrant EGFR/mTOR signaling may also
be involved in the pathology of other defined
subsets of bone and soft tissue tumors. However,
there are few studies examining the components of
this signaling pathway through entire cascade. This
study was intended to fill this gap, and our results
may offer a number of insights into these pathologies.

First, mTOR expression was detected in wide
variety of tumors (61%), and mTOR was activated to
higher levels in tumors of specific lineages, namely,
those of peripheral nerve sheath and skeletal muscle
lineages (malignant peripheral nerve sheath tumor,
schwannoma, rhabdomyosarcoma) as well as those
showing an epithelial nature (chordoma, synovial
sarcoma). These results may shed light on the idea
that mTOR activation is involved not only in cell
proliferation and growth,13,14 but also in the differ-
entiation or morphogenesis of particular types of
tumors. Consistently, in the past literature, mTOR
activation has been described to be prerequisite for
myogenic differentiation and growth.31

Second, we observed that mutations in the EGFR
were accompanied by constitutive activation of the
mTOR cassette proteins, namely mTOR-S6K/4E-
BP1. However, these exceptional cases harboring
EGFR mutation aside, the data here suggest that in
the majority of the cases, mTOR activation may be
largely independent of EGFR signaling. Instead,
other growth factor receptors have been implicated
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in pathology of bone and soft tissue tumors,
including insulin-like growth factor receptor and
fibroblast growth factor receptor.1 Regardless of the
particular growth factor receptor pathway involved,
mTOR inhibitors may be effective in the cases
exhibiting mTOR activation as far as mTOR cassette
is activated even in the defined subsets. Indeed, it
has been reported from Phase II studies that
a rapamycin analogue shows some beneficial
response in 28–30% of advanced sarcomas.1,14,32

Third, this study showed that mTOR cassette
proteins are not activated simultaneously in most
tissue sections. Earlier studies also have yielded
mixed results: significant association between acti-
vation of Akt and mTOR was shown in non-small
cell lung carcinoma,33 but not in glioblastoma.9 In
the present series, mTOR activation was observed in
particular types of tumors in both p-Akt-positive
and -negative groups, without any statistically
significant differences. This lack of clear correlation
in activation among mTOR cassette proteins pre-
sumably arises from the convergence of multiple
signaling pathways involving mTOR.9 For example,
mTOR can be phosphorylated by other protein
kinases, in addition to Akt,12,34 and the mTOR
substrates, S6K and 4E-BP1, can be phosphorylated
by Erk1/2.35 Moreover, signaling pathways are often
not unidirectional and may be subject to feedback
signaling. Examples include mTOR activation by p-
S6K,34 and Akt inhibition by mTOR.10 It is also
important to note that activation of these signaling
molecules may be transient and simultaneous
activation of linked kinases may be difficult to
detect in many tissue specimens.11

Fourth, with regards to subcellular localization,
mTOR was observed almost exclusively in the
cytoplasm, albeit p-mTOR was frequently in the
nucleus. Technically, although anti-mTOR antibody
used in this study is supposed to react unpho-
sphorylated and phosphorylated forms of mTOR,
nuclear staining was not observed by mTOR stain-
ing. The precise reason for this discrepancy was
unclear, but small amount of p-mTOR may be
detected with higher sensitivity by anti-p-mTOR
antibody. Regardless of these speculations, mTOR
has been recognized to shuttle between the nucleus
and the cytoplasm, and this translocation is required
for activation of its target proteins, S6K and
4E-BP1.15,36 Similar shuttling has also been observed
for S6K/4E-BP1,15,37,38 and we observe here both
nuclear and cytoplasmic localization of p-S6K,
whereas p-4E-BP1 was predominantly cytoplasmic.
Thus, mTOR and S6K shuttle between the cyto-
plasm and nucleus, and the latter are activated by
p-mTOR in the nucleus and re-localize to the
cytoplasm.10 During this process, activation and
cytoplasmic re-localization of Akt, mTOR, S6K1,
and 4E-BP1 corresponds with movement of the actin
arc.39 This coordinated signaling of mTOR leading to
the cytoskeleton re-organization by mTOR may have
an important function in morphogenesis, and the

determination of the epithelial nature of synovial
sarcoma and chordoma.

Fifth, mTOR/S6K normally integrates a plethora
of signals in response to diverse stimuli that
promote an increase in cell size, cytoplasmic
volume, and growth of muscle cells,40 as well as
growth and differentiation of chondrocyte and
adipocyte.41–43 However, in this study, we did not
observe frequent activation of mTOR in tumors of
smooth muscle cell, adipocyte, or chondrocyte
origin in contrast to rhabdomyosarcoma. Probably,
the functional involvement of mTOR is different in
tumor vs normal tissue, or the involvement of mTOR
in those tumors may be transient in the specific
stage during oncogenesis.

Finally, from the clinicopathological viewpoint,
there have been some reports of association between
phosphorylation of mTOR cassette proteins and
tumor development, progression, or prognosis in
malignancies of breast, prostate, ovary, and rhabdo-
myosarcoma.1,27,44 However, our analysis did not
show clear association between activation of these
proteins and clinicopathological factors or prog-
nosis. The only positive result observed was an
association between activation of Akt and metasta-
sis. A recent study has shown that Akt/mTOR-
related metastasis is linked to an ezrin-mediated
pathway that can be inhibited by rapamycin in a
murine model of osteosarcoma.45 As Akt was found
to function as a predominant effector molecule
downstream of growth factor receptors in bone and
soft tissue tumors, Akt/mTOR-mediated cascades
may be the direct and critical target of drug therapy
in this tumor group, aiming at prevention of
metastasis.7,45

Recently, a more viable strategy for using mole-
cularly targeted therapies would be directed toward
combined therapy targeting two or more mole-
cules.46 Our current study supports the idea that
chemotherapy of bone and soft tissue tumors may be
enhanced by using appropriate mTOR cassette
inhibitors. However, suppression of the mTOR
signaling cassette per se is not necessarily beneficial
because of the presence of redundant negative
feedback cascades. Indeed, prolonged rapamycin
treatment abrogates the negative-feedback pathway
from mTOR to Akt and promotes tumor progres-
sion.10 On the basis of this interrelationship between
the Akt/mTOR pathway and growth factor
receptor signaling, the combined use of mTOR
inhibitors and inhibitors of PI3-K-Akt signaling or
upstream growth factor receptors, may have a
synergistic effect to potentiate chemotherapy in the
treatment of sarcoma.

In conclusion, this study provides a detailed
description of the expression and activation patterns
of mTOR cassette proteins. Specifically, we found
that (i) Akt was frequently activated in bone and soft
tissue tumors and may have a role in metastasis, (ii)
mTOR was expressed and activated in tumors of
skeletal muscle and nerve sheath origin as well as
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tumors having an epithelial nature, (iii) tumors
harboring EGFR mutation may be accompanied by
constitutive activation of mTOR cassette. We believe
that this study provides support for future clinical
studies using inhibitors targeting the activated
kinases of mTOR cassette, in combination with
inhibitors of growth factor receptor signaling,
including EGFR, to treat bone and soft tissue tumors.
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