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Metastatic sarcomas are commonly resistant to chemotherapy. The serine/threonine kinase, mammalian target
of rapamycin (mTOR), is a protein kinase of the phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway
thought to have a key role in controlling cancer growth and thus is an important target for cancer therapy.
Several inhibitors of mTOR are in clinical trials, including AP23573, which is being tested on metastatic
sarcomas and other tumors. We hypothesized that a marker for the activity of mTOR, phosphorylated S6
ribosomal protein, would be predictive of clinical response to the drug, that is, high tumor expression would
signify better response than low expression. This was a blinded study. Of 26 patients treated, 20 remained on
study, with available paraffin blocks. Fourteen patients received AP23573 alone and six patients received
AP23573 in combination with adriamycin. An antibody to the phosphorylated S6 ribosomal protein was used to
stain the tumors, all high-grade sarcomas. Pretreatment biopsy or resection material was tested: the original
tumor (n¼ 6) or tumor recurrence/metastasis (n¼ 14); either of these may have been after treatment with other
agents. Staining was scored for both quantity/percentage of tumor cells and intensity. Scoring was performed
without knowledge of tumor response. Staining quantity could be categorized into two natural groups: high
expressors (Z20% of tumor cells, 11 cases) and low expressors (0–10% of tumor cells, 9 cases). The high-
expression group had eight stable and three progressive cases (73% stable disease); the low-expression group
had three stable and six progressive cases (67% progressive disease). Chi-square analysis showed statistical
significance (Pr0.05) at this initial cutoff (10%) selected blindly. The level of phosphorylated S6 ribosomal
protein expression was predictive of early tumor response to the mTOR inhibitor, suggesting that this is a
promising new predictive sarcoma marker for targeted mTOR inhibitor therapy.
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Soft tissue sarcomas are rare malignancies of
mesenchymal origin. While there have been signi-
ficant strides in the past 30 years in the management

of these neoplasms with better chemotherapy
regimens,1 the treatment outcomes are still far from
optimal. The drawbacks of the conventional multi-
modality approach of surgery, with or without
chemoradiation, include significant morbidity from
the debilitative effects of surgery and systemic
toxicity from chemotherapy. Furthermore, meta-
static sarcomas are commonly resistant to this
conventional treatment approach.

Recent progress in the understanding of
the biology of these rare tumors has enabled the
identification of distinct molecular and pathologic
entities within this heterogenous group of tumors
and has paved the way for the development of
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targeted therapy against activated kinases.2,3

One example is the identification of KIT and
platelet-derived growth factor receptor-a (PDGFRA)
and platelet-derived growth factor receptor-b
(PDGFRB) kinase mutations in gastrointestinal
stromal tumors and dermatofibrosarcoma protuberans,
respectively, which led to the development
of imatinib, sunitinib and other tyrosine kinase
inhibitors for the treatment of solid tumors.4,5

Mammalian target of rapamycin (mTOR) is a
ubiquitously expressed and highly conserved
serine/threonine kinase that affects a number of
cellular functions, including protein synthesis and
cell proliferation, and also plays a key regulatory
role in cell signaling pathways that respond to both
growth factors and nutritional status.6–11 mTOR is a
key component of the phosphatidylinositol 3-kinase
(PI3K) and protein kinase B (AKT) pathways that
activate downstream kinases required for G1 to S
phase transition.12 mTOR acts by directly activating
p70S6 kinase (p70S6K/S6K1) and inhibiting 4E
binding protein 1 (4E-BP1).6–9 p70S6K is a serine/
threonine kinase that phosphorylates the S6 protein
of the 40S ribosomal subunit (phosphorylated S6
ribosomal protein (phospho-S6rp)) at several sites,
including serines 235 and 236, leading to initiation

of protein synthesis.13,14 4E-BP1 is a translational
repressor that negatively regulates eukaryotic initia-
tion factor 4E/4G (eIF-4E/G) complex by modulating
phosphorylation of the involved proteins15 (Figure
1). The exact mechanisms leading to mTOR acti-
vation is unclear, but certain nutrients and growth
factors are believed to act as indirect activators of
mTOR.16,17

There are growing data that indicate that mTOR is
frequently activated in many cancers as a result of
alterations in the PI3K/AKT pathway and thus
presents a potential therapeutic target.9,12,18 Several
inhibitors of mTOR are in clinical trials; AP23573
is one of them and has demonstrated potent
antitumor activity in non-clinical and early clinical
studies.9,12,18,19

The objectives of this study were two-fold: (1) to
determine whether there was phospho-S6rp immuno-
reactivity in sarcomas and whether this reactivity
was variable among sarcoma types; and (2) to
ascertain in a blinded manner if there was any
correlation between the level of phospho-S6rp
expression by immunohistochemistry and early
clinical response to AP23573. Accordingly, we
formulated a hypothesis that a marker for the
activity of the mTOR pathway (phospho-S6rp)

Figure 1 Schematic of PI3K/AKT/mTOR pathway (from Rowinsky EK. Targeting the molecular target of rapamycin (mTOR). Curr Opin
Oncol 2004;16:564–575).
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would be predictive for the clinical response to
the mTOR inhibitor AP23573, that is, high tumor
expression would signify better response than low
expression.

Materials and methods

Study Design/Patient Selection

This was a blinded analysis of specimens from
patients undergoing treatment at the Pennsylvania
Hospital as part of two multicenter trials of
AP23573. Of 26 patients treated at our institution,
tissue blocks were available on 20 patients. Fourteen
patients were enrolled in a single-agent study in
which AP23573 was administered by intravenous
injection for 5 consecutive days every other week.
Six patients were enrolled in a combination study in
which AP23573 was administered orally on one of
two schedules (daily for 4 days followed by 3 days of
rest or daily for 14 days followed by 7 days of rest) in
combination with doxorubicin (every 3 weeks). For
the purpose of this analysis, the results of treatment
were evaluated at 2 months as stable (S) or
progressive (P) disease based on RECIST criteria20

(one patient evaluated as stable had a partial
response (case no. 4)). All 20 patients treated in
both studies at the Pennsylvania Hospital who had
paraffin blocks available and were evaluable for
clinical response at 2 months were included in this
analysis. Treatment results were unknown to the
pathologists at the time of scoring the immuno-

histochemical staining and were correlated with
immunohistochemical results after scoring was
performed.

Pretreatment biopsy or resection material was
tested; wherever possible, the material most imme-
diately before treatment with AP23573 was used for
staining. The original slides of either the pretreat-
ment biopsy or/and the resection specimen were
retrieved and reviewed by two pathologists to
validate the diagnosis. With the exception of
osteosarcomas, tumors were diagnosed and graded
according to the FNCLCC (French Federation
Nationale des Centres de Lutte Contre le Cancer)
system.21 Osteosarcomas were all osteoblastic grade
3 of 3 (high grade). Cases included the original
(ie, primary) tumor (n¼ 6) or tumor recurrence/
metastasis (n¼ 14) (Table 1). Tumors included
pleomorphic undifferentiated sarcoma (MFH, n¼ 5),
osteosarcoma (n¼ 3), leiomyosarcoma (n¼ 5),
liposarcoma (n¼ 3) and one each of malignant
peripheral nerve sheath tumor (MPNST), synovial
sarcoma, malignant solitary fibrous tumor and
sarcoma NOS.

Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue was cut at
3mm, mounted on positively charged slides and
dried at 581C for 30min. Immunohistochemical
staining was performed on the Ventana Benchmarks

XT Automated IHC Stainer using the Ventana
iViewt DAB detection kit (catalog no. 760-091).

Table 1 Clinical summary

Case no. Age
(years)/sex (M/F)

Site Diagnosis

Primary Relapse tissue

1 50 F Left proximal tibia Lung (met.)a Pleomorphic undiff. sarcoma, grade 3
2 18 M Right distal femur Right distal femur (rec.)a Osteogenic sarcoma, osteoblastic type, grade 3/3
3 36 F Paraspinal Paraspinal (rec.)a Pleomorphic undiff. sarcoma, grade 3
4 36 F Right shoulder Left paraspinal (met.)a Pleomorphic undiff. sarcoma, grade 3
5 75 M Right calf Lung (met)a Leiomyosarcoma, grade 2
6 49 M Right groin Left lower lung lobe (met.) Synovial sarcoma, monophasic, grade 3

Left upper lung lobe (met.)a

7b 28 M Right pelvisa None Malignant peripheral nerve sheath tumor, grade 3
8b 40 M Left shoulder Left shoulder (rec.)a Malignant solitary fibrous tumor, grade 3
9b 36 M Intra-abdominala None Liposarcoma, myxoid/round cell, grade 2
10 47 F Small intestine/colon Small intestine/colon (rec.)a Pleomorphic undiff. sarcoma, grade 3
11 51 F Left popliteal fossa Lung (met.)a Pleomorphic undiff. sarcoma, grade 3
12 48 F Stomacha None Leiomyosarcoma, grade 2
13 48 M Right leg Pelvis (met.)a Liposarcoma, myxoid, grade 2
14 29 M Left distal femur Right lower lung lobe (met.)a Osteogenic sarcoma, osteoblastic type, grade 3/3
15 69 F Kidney Multiple lung mets.a Leiomyosarcoma, grade 3
16 60 F Unknown Right lower lung lobe (met.)a Leiomyosarcoma, grade 2
17b 43 F Paraspinal Paraspinal (rec.)a Sarcoma, NOS, grade 3
18b 64 M Retroperitoneala None Leiomyosarcoma, grade 2
19b 54 M Right pelvisa None Liposarcoma, pleomorphic, grade 3
20 17 M Right arma None Osteogenic sarcoma, osteoblastic type, grade 3/3

Undiff.¼undifferentiated; met.¼metastasis; rec.¼ local recurrence.
a
Specimen tested for phospho-S6rp.

b
Patients who received AP23573 in combination with doxorubicin.
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Each step of the iView DAB detection kit proce-
dure was optimized on the Benchmark XT and was
preset. Ventana High Temperature Liquid Coverslip
(catalog no. 650-010) was used throughout the
automated protocol as appropriate. Likewise,
the slides were rinsed between steps with Ventana
Tris-based Reaction Buffer (catalog no. 950-300).

Following deparaffinization with Ventana EZ Prep
solution (catalog no. 950-102), antigen retrieval was
performed using Ventana proprietary Tris-based
buffer solution CC1 (catalog no. 950-124) at
95–1001C for 30min. Endogenous peroxidase was
blocked with iView inhibitor, 3% H2O2, for 4min at
371C. After rinsing, the slides were incubated at
371C for 32min with a 1:50 dilution of phospho-
S6rp (Ser235/236) (91B2) rabbit monoclonal
concentrated primary antibody (catalog no. 4857;
Cell Signaling Technology). Signal enhancement
was performed using the Ventana Amplification kit
(catalog no. 760-080) for two incubations of 8min
each. Slides were then incubated with iView
biotinylated goat anti-rabbit IgG and IgM secondary
antibody, followed by iView streptavidin horse-
radish peroxidase conjugate, each for 8min.
Visualization was achieved using iView DAB (2 g/l)
substrate with 0.04% H2O2 added for 8min,
followed by enhancement with CuSO4 (5 g/l) for
4min. Slides were then counterstained for 4min
with hematoxylin and rinsed. After removing from
the instrument, slides were manually dehydrated
and coverslipped. For a positive control, a colon
carcinoma was used, since these are known to have
mTOR activation at high frequency.9 This positive
control was run with each tumor tested and
exhibited strong staining in the carcinoma. For a
negative antibody control, tumors were tested with-
out the primary phospho-S6rp antibody with each
run. Negative tissue controls were contained within
the colon carcinoma control (lack of staining in
resting fibroblasts, normal vascular smooth muscle
and normal muscularis propria (which occasionally
showed trace staining)).

Quantitation of Immunohistochemistry

Staining was scored for both quantity of tumor cells
(%: 0%,r10%,r25%,r50%,450%) and intensity
(0, negative; 1þ , weak staining; 2þ , intermediate
staining; 3þ , strong staining). Scoring was performed
without knowledge of tumor response.

Results

All of the tumors were high grade (grade 2 or 3) and
included pleomorphic undifferentiated sarcoma
(malignant fibrous histiocytoma (5), osteogenic
sarcoma (3), leiomyosarcoma (5), liposarcoma (3)
and one each of synovial sarcoma, MPNST,
malignant solitary fibrous tumor and sarcoma NOS)
(Table 1).

It was immediately apparent that the immuno-
histochemical staining pattern fell into two natural
groups: low expressors (LE, 0–10% of tumor cells, 9
cases) and high expressors (HE, Z20% of tumor
cells, 11 cases; Table 2). Strong intensity (2þ /3þ )
was present in 13 of the 15 positive cases. In the HE
group, 9 of 11 positive cases had strong expression.
No staining was seen in 5 of the 20 cases.

In the HE group, there were eight stable (S) and
three progressive (P) cases (73% S) after two cycles
of treatment with AP23573 or AP23573 and doxor-
ubicin; in the LE group, there were three S and six
P cases (67% P). Interestingly, four of the five
negative cases had progressive disease. Chi-square
analysis had statistical significance (Pr0.05) at this
blindly selected cutoff of 10% (Table 3). Further-
more, two of the three progressors in the HE group
had the lowest quantity of scores (20 and 25%).
Even if only the 14 recurrent tumors are analyzed,
the percentages remain the same: high expression in
six cases with five having stable disease (5/6, 84%
stable), and low expression in eight cases with five
progressive cases (5/8, 62% progressive disease).
In this limited cohort, we also noticed highly
variable staining patterns within and between the
sarcoma subsets; for example, osteogenic sarcoma
(0–2þ , Figure 2), leiomyosarcoma (1–3þ , Figure 3)
and malignant fibrous histiocytoma (1–3þ ). In
liposarcoma, while all three cases had strong
staining intensity, (3þ ) there was significant varia-
tion in staining quantity (20–90%, Figure 4). No
staining was observed in our cases of synovial

Table 2 phospho-S6rp immunohistochemical characteristics

Low expressors High expressors

Case
no.

%
Staining

Intensity S/P Case
no.

%
Staining

Intensity S/P

1 5 2+ S 4 40 2+ S
2 0 0 S 5 75 1+ S
3 5 2+ S 7 30 2+ S
6 0 0 P 9 50 3+ P
8 0 0 P 10 40 3+ S
14 10 2+ P 11 70 1+ S
15 5 2+ P 12 30 2+ S
17 0 0 P 13 20 3+ P
20 0 0 P 16 95 3+ S

18 25 3+ P
19 90 3+ S

S¼ stable; P¼progressive.

Table 3 Chi-square analysis of phospho-S6rp expression vs
clinical response

Low expressors High expressors

Stable disease (S) 3 8
Progressive disease (P) 6 3
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sarcoma, malignant solitary fibrous tumor and
sarcoma NOS. In normal tissue around the tumors,
we noted some staining of lymphocytes, fibroblasts
and vascular smooth muscle.

Discussion

The serine/threonine kinase mTOR controls cell
growth through several downstream effectors, in-
cluding the p70S6K and the 4E-BP1 translational
repressor, which regulate the S6rp and eIF-4E/G
complex, respectively.7,15 Measurement of these
downstream molecules by western blot, immuno-
histochemistry or other means could be useful to
assess the activity of mTOR in tumors. Because
p70S6K and 4E-BP1 are involved in the initiation of
protein translation, inhibition of mTOR function by
mTOR inhibitors abruptly inhibits the synthesis of
critical proteins and profoundly blocks cell cycle
progression at the G1 to S transition,9,11,12 and hence
mTOR inhibition has potential therapeutic benefit.

There are emerging data that the PI3K/AKT/
mTOR pathway is activated in a variety of solid
organ and hematologic malignancies, including
prostate carcinoma, malignant gliomas, endometrial
carcinoma, melanoma, renal cell carcinoma, breast
cancer, neuroblastoma, medulloblastoma, alveolar
rhabdomyosarcoma, mantle cell lymphoma, and in
post-transplant lymphoproliferative disorders.9,22,23

Therefore, screening of tumor specimens by IHC,
FISH, gene sequencing or DNA microarray looking
for PTEN loss, AKT activation, mTOR phosphoryla-
tion or any of its downstream moieties may provide
a rational basis for identification of those cancer
patients who might benefit from therapy with mTOR
inhibitors.9

Our investigation is the first blinded analysis in
which a downstream target of mTOR (phospho-
S6rp) is correlated with early clinical response to an
mTOR inhibitor (AP23573) administered alone or
in combination to a cohort of different sarcoma
patients. This study highlights the usefulness of
phospho-specific antibodies to study cell signaling

Figure 2 (a) Osteogenic sarcoma, high grade (case no. 14):
hematoxylin and eosin (�200). (b) Osteogenic sarcoma, high
grade (case no. 14): strong and diffuse cytoplasmic staining for
phospho-S6rp (�400).

Figure 3 (a) Leiomyosarcoma (case no. 16): hematoxylin and
eosin (�200). (b) Leiomyosarcoma (case no. 16): strong and
diffuse cytoplasmic staining for phospho-S6rp (� 400).
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in patient-derived, paraffin-embedded tissues. The
antibody used is directed against the defined
phosphorylated serine or threonine moiety, which
is a known step within the pathway under study and
is critical for activation of the evaluated protein.
Accordingly, selection of appropriate mTOR targets
as biomarkers of activation of the mTOR pathway is
of crucial importance. A previous study on consti-
tutive activation of mTOR signaling pathway in
post-transplant lymphoproliferative disorders22

found good correlation in the expression patterns
of phospho-S6rp and phospho-4E-BP1. Immuno-
histochemical evaluation of p70S6K, although an
attractive downstream protein of mTOR as a surro-
gate, could be misleading because of the structural
similarity to p90S6K, which is not phosphorylated
by the mTOR.23 Thus, we chose the phospho-S6rp as
the mTOR surrogate for our study.

In our study, immunohistochemical reactivity
was present in 15 of the 20 cases, with variation
among cases, demonstrating that the phospho-
S6rp antibody performed well in formalin-fixed,

paraffin-embedded tissues. Further, the presence of
variation within and across sarcoma histologic types
signified that differences do exist among high-grade
sarcomas with phospho-S6rp (mTOR pathway
surrogate marker). This is similar to results found
in ovarian cancer, in which differences in the
expression of phospho-S6rp and other surrogate
markers of mTOR (phospho-4E-BP1, p70S6K) were
found in ovarian carcinomas and correlated in a
multivariate analysis with high tumor grade and
poor prognosis.24

Immunohistochemical quantitation of our cases
nicely stratified into two groups, with a clear
separation into low- and high-reactivity sets without
knowledge of patient outcome. Of the 11 HE, 8
patients had stable disease (73%) after 2 cycles of
treatment with AP23573 alone or in combination
with doxorubicin, and of the 9 LE, 6 patients had
progressive disease (67%), the differences between
which were statistically significant. Thus, our data
suggest that phospho-S6rp immunoreactivity could
be predictive of early tumor response to AP23573.

We believe that our design, utilizing recurrent
tumor tissue wherever possible (in 70% of cases) as
opposed to the primary tumor, may be important,
since it is possible that previous chemotherapy
treatment may alter the activity of this and other
pathways. Of note, within the LE group, there are
three cases with none to low staining quantity that
had stable disease. The reasons for this are not
entirely clear but might be related to molecular
events and/or delayed or suboptimal fixation.

Within the HE group, two of the three progressors
had the lowest scores (20 and 25%); accordingly,
adjustment of the cutoff to r25% would lead to a
high phospho-S6rp level that was strongly statisti-
cally significant for stable disease (Pr0.005). The
other patient in the HE group who had a high
staining quantity but still had progressive disease
might be explained by rapamycin/rapamycin analo-
gue resistance. The mechanisms of resistance to
rapamycin-based mTOR inhibitors are not entirely
clear, but some investigators have implicated AKT-
mediated activation18 and expression of BCL-2.25,26

Others have suggested that the ability of rapamycin
to inhibit c-myc induction correlates with intrinsic
sensitivity, whereas the failure of rapamycin to
inhibit induction or overexpression of c-myc corre-
lates with resistance.27

In summary, our study suggests that the level of
phospho-S6rp as judged by immunohistochemical
staining is predictive of early tumor response to
an mTOR inhibitor and that phospho-S6rp may
be a promising new predictive sarcoma marker
for targeted mTOR therapy. We also found that
the mTOR pathway is variably activated in
different sarcoma types and within specific sarcoma
subsets.

Additional longer-term studies testing a large
cohort in a prospective and independent manner
are needed to confirm clinical utility.

Figure 4 (a) Pleomorphic liposarcoma (case no. 19): hematoxylin
and eosin (� 200). (b) Pleomorphic liposarcoma (case no. 19):
strong and diffuse cytoplasmic staining for phospho-S6rp
(�400).
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