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Abstract Analysis of global protein expression, an
approach known as expression proteomics, can offer
important clues for understanding tumor biology that
cannot be obtained by other approaches (e.g., genome or
transcriptome analysis). Using two-dimensional difference
gel electrophoresis (2D-DIGE) and mass spectrometry, we
performed global protein expression studies of bone and
soft tissue sarcomas to develop novel diagnostic and ther-
apeutic biomarkers and allow molecular classification of
the tumors. Among 1500 protein variants identified in the
two-dimensional gel, 67 proteins correctly distinguished
the eight subtypes of 99 histologically classified soft tissue
sarcomas. Hierarchical clustering demonstrated leiomyo-
sarcoma and MFH shared a similar protein expression
profile, and clear cell sarcoma, synovial sarcoma, and
MPNST could be grouped according to their protein

This work was supported by a grant from the Ministry of Health,
Labor and Welfare (AK, TK), a grant from the Ministry of Education,
Science, Sports, and Culture (AK), and a grant from the Program for
Promotion of Fundamental Studies in Health Sciences of the National
Institute of Biomedical Innovation of Japan (TK).

Each author certifies that his or her institution has approved the
human protocol for this investigation and that all investigations were
conducted in conformity with ethical principles of research.

A. Kawai (D<), Y. Suehara, K. Kikuta

Division of Orthopaedic Surgery, National Cancer Center
Hospital, 5-1-1 Tsukiji, Chuo-ku, Tokyo, Japan

e-mail: akawai@ncc.go.jp

T. Kondo, S. Hirohashi
Proteome Bioinformatics Project, National Cancer Center
Research Institute, Tokyo, Japan

Y. Suehara
Department of Orthopaedic Surgery, Juntendo University School
of Medicine, Tokyo, Japan

expression patterns. Pleomorphic leiomyosarcoma and
MFH showed similar tropomyosin isoform expression
patterns. Patients with gastrointestinal stromal tumors
expressing pfetin protein had better survival than those
whose tumors lacked it. We identified 10 protein spots
associated with the chemosensitivity of osteosarcoma to
preoperative chemotherapy. These 10 spots could be new
diagnostic and prognostic markers for osteosarcoma and
new therapeutic targets for the disease. Proteomic analysis
using 2D-DIGE provides novel information on the biology
of bone and soft tissue sarcomas that could be used to
diagnosis and treat these tumors.

Level of Evidence: Level II, diagnostic study. See the
Guidelines for Authors for a complete description of levels
of evidence.

Introduction

Over the past three decades, advances in diagnostic
modalities and treatment methods have substantially
improved the survival rate and postoperative limb function
of patients with bone and soft tissue sarcomas [5, 10, 20,
27, 40]. Wide excision of tumors in conjunction with
multiagent chemotherapy now provides 5-year disease-
specific survivals ranging from 60% to 80% in patients
with localized high-grade sarcomas [2, 5, 27]. Despite this
success, the outcomes of patients who have metastatic
disease at diagnosis or those with tumors showing a poor
response to chemotherapy are still unsatisfactory (5-year
disease-specific survival rates, 20%—40%), even with dose-
intensive or high-dose chemotherapy [9, 18, 19, 33]. For
improving the prognosis of patients with these difficult-to-
treat sarcomas, it is imperative to develop new targeted
therapeutic strategies based on an understanding of the
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biologic mechanisms underlying the metastasis and che-
moresistance of these tumors.

Recent development of high-throughput screening
techniques has allowed global investigations of the
molecular backgrounds associated with the clinicopatho-
logic characteristics of tumors. A DNA microarray-based
approach allows the screening of several thousand mRNAs
in bone and soft tissue sarcomas and can identify the genes
relevant to their histologic diagnosis, clinical features, and
chemosensitivity [39]. Using an oligonucleotide micro-
array approach, Nakayama et al. [31] analyzed gene
expression in 105 soft tissue sarcoma samples and reclas-
sified malignant fibrous histiocytoma (MFH), which has a
wide variety of clinicopathologic features, into pleomor-
phic subtypes of other distinct types of sarcomas. Based on
gene-expression profiles, Ochi et al. [34] identified 60
genes whose expression levels were likely correlated with
the chemosensitivity of osteosarcomas. Mintz et al. [29]
reported 104 genes were differentially expressed between
chemotherapy-sensitive and -resistant osteosarcomas.

Although much evidence suggests genetic abnormalities
play a primary role in the development of tumors, there is
also evidence for the effects of aberrations that cannot be
detected solely by genome (DNA sequencing) or tran-
scriptome (measurement of all mRNA in a population of
cells) analysis: posttranslational modifications of proteins
such as phosphorylation, glycosylation, and degradation,
are aberrantly regulated in many types of cancers and
cannot be predicted by DNA sequencing or measurement
of mRNA expression. It has become evident there is con-
siderable discrepancy between expression of mRNA and
that of protein [4, 12]. Further, proteins are more directly
linked to aberrant tumor phenotypes. These difficulties
underline the potential advantages of monitoring protein
expression in a global manner, an approach known as
expression proteomics. In addition, the results obtained
from proteomic studies will be more easily applicable to
the clinical field with the use of specific antibodies.

We have performed global protein expression studies
using our original high-throughput two-dimensional dif-
ference gel electrophoresis (2D-DIGE) system on several
types of tumors [21, 22]. This approach has proven useful
for classifying soft tissue sarcomas at the protein expres-
sion level and for identifying novel diagnostic and
prognostic markers [37]. Biomarkers specifically expressed
in a specific subgroup of tumors can facilitate a risk-
adopted tailored medical treatment. Examination of the
markers may allow the identification of a high-risk patient
group that may benefit from adjuvant therapy, whereas it
may also help spare low-risk patients unnecessary treat-
ment. Moreover, specifically expressed molecules or
associated pathways could be crucial molecular targets to
allow for more selective therapeutic intervention.
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We report our approach for identifying biomarkers that
associate with clinicopathologic features of bone and soft
tissue sarcomas using global protein expression analysis.

Materials and Methods

We performed protein expression profiling for 99 soft tis-
sue sarcomas: 28 MFHs, 19 rhabdomyosarcomas, 12
synovial sarcomas, 10 leiomyosarcomas, 10 myxoid lipo-
sarcomas, nine gastrointestinal stromal tumors (GIST), six
clear cell sarcomas, and five malignant peripheral nerve
sheath tumors (MPNST) using 2D-DIGE. We used the term
“MFH” to describe tumors diagnosed as storiform and
pleomorphic-type MFH that showed predominant pleo-
morphic features without any findings of a specific type of
differentiation. All tumor samples were obtained from
patients treated at the National Cancer Center Hospital
(Tokyo, Japan). We snap-froze fresh-frozen samples in
liquid nitrogen immediately after resection or biopsy
sampling before any treatment and stored them at —80°C
until use. Tumor samples for immunohistochemical anal-
ysis were preserved in archival paraffin-embedded tissue
blocks. This study was approved by the Institutional
Review Board and conducted according to tenets of the
Declaration of Helsinki.

Protein expression profiles were studied by 2D-DIGE as
described previously [21, 22]. For protein extraction, the
frozen samples were homogenized with urea lysis buffer
(6 M urea, 2 M thiourea, 3% CHAPS, 1% Triton X-100).
After centrifugation at 15,000 rpm for 30 minutes, the
supernatant was used for studies. A mixture of all the
experimental samples was used as an internal control
sample. The internal control and individual samples were
labeled with fluorescent dyes with different excitation and
emission wavelengths (CyDye DIGE Fluor saturation dye;
Amersham Biosciences, Little Chalfont, Buckinghamshire,
UK): Cy3 for the internal control and Cy5 for the indi-
vidual samples. The Cy3-labeled control sample and the
Cy5-labeled individual sample were mixed and coseparat-
ed by two-dimensional polyacrylamide gel electrophoresis.
The first-dimensional separation was performed using an
immobilized pH gradient gel (length 24 cm, p/ range 3-10;
Amersham Biosciences) in accordance with the manufac-
turer’s recommended protocol. The immobilized pH
gradient gels were then equilibrated and transferred to 9%
to 16% polyacrylamide gradient gels measuring 24 cm X
20 cm. The gels were run in an Ettan Dalt II system
(Amersham Biosciences) at 18 W and 18°C for 15 hours.
Each sample was run on triplicate gels and the average spot
intensities were calculated for quantitative analysis.

After electrophoresis, the gels were scanned at appro-
priate wavelengths for Cy3 and Cy5 using a 2-D 2920
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MasterImager (Amersham Biosciences) [21, 22]. The ratio
of Cy5 intensity to Cy3 intensity was calculated for all
spots in each gel with DeCyder software (Amersham
Biosciences) to obtain the standardized spot intensities.
Because the Cy3 image represents the internal standard
sample, this standardization procedure eliminates gel-to-
gel differences. Approximately 1500 protein spots were
visualized by laser scanning (Fig. 1). The standardized spot
intensities were logarithmically transformed and analyzed
with the data-mining package Impressionist (GeneData,
Basel, Switzerland).

We identified informative proteins using a support
vector machine algorithm with leave-one-out crossvalida-
tion. The classification performance of a candidate
classifier was evaluated by multivariate analysis, including
principal component analysis and hierarchical clustering.
Proteins corresponding to the spots of interest were iden-
tified by mass spectrometric analysis using a matrix laser
desorption/absorption/ionization (MALDI) time of flight
mass spectrometer. Protein identification and differential
expression were confirmed by Western blotting using
specific antibodies.

Immunohistochemical analysis was performed accord-
ing to the streptavidin-biotin peroxidase method using a
Strept ABC Complex/HRP kit (DAKO, Tokyo, Japan) on
formalin-fixed paraffin-embedded tissues. Rabbit poly-
clonal antibody against pfetin was kindly provided by
Dr Morton [35]. Two reviewers (YS, AK) reviewed
the results of immunohistochemical staining in a blinded
fashion regarding the clinical data.

We calculated tumor-specific survival time from the first
resection of primary tumor to death from tumor-specific
causes. Patients who died of causes unrelated to the disease
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Fig. 1 Representative two-dimensional image of Cy5-labeled pro-
teins of osteosarcoma. Approximately 1500 protein spots are

visualized by laser scanning. Proteins corresponding to the spots of
interest were picked up and identified by mass spectrometric analysis.

were censored at the time of death. All time to event end
points were computed using the Kaplan and Meier method.
We used the log-rank test to determine differences in sur-
vival between subgroups. We used the Cox proportional
hazards regression to analysis differences in survival after
adjusting for potentially confounding variables (site, size,
differentiation and pfetin).

To identify markers associated with osteosarcoma
chemosensitivity, we analyzed the protein expression pro-
files of 23 biopsy samples of typical osteosarcoma
(conventional central high-grade osteosarcomas that had
developed in long tubular bones in patients with a mean
age of 18 years). All the patients received standard pre-
and postoperative chemotherapy consisting of high-dose
methotrexate, cisplatin, doxorubicin, and ifosfamide. The
histologic effects of preoperative chemotherapy according
to the Huvos grading system [36] were Grade I in seven
cases, Grade II in seven, Grade III in six, and Grade IV in
three. We compared the protein expression profiles of
two distinct groups; nine samples from patients showing a
good response to preoperative chemotherapy (greater than
90% tumor necrosis; Huvos Grades III and IV) and seven
samples from patients showing a poor response (less than
50% tumor necrosis; Huvos Grade I).

Results

Hierarchical clustering using all 1500 protein spots did not
classify the tumors exactly in accordance with the histo-
logic classification. To examine the possible differences in
protein expression between different types of sarcoma, we
selected 67 proteins whose expression was associated with
the existing histologic classification by using a support
vector machine algorithm (Fig. 2). All the tumors were
separable into six clusters. Myxoid liposarcomas and
rhabdomyosarcomas formed tight clusters on two distinct
dendrogram branches. The third and fourth clusters mostly
comprised a mixture of leiomyosarcomas and MFHs. The
third cluster contained a large proportion of leiomyosar-
comas, whereas the fourth cluster contained mostly MFHs
together with two cases of pleomorphic leiomyosarcoma
and a case of CCS. GISTs formed a distinct fifth cluster.
The sixth cluster comprised three different types of sar-
comas (CCS, synovial sarcoma, and MPNST) and three
outlier cases.

Using supervised analysis of pleomorphic and conven-
tional leiomyosarcomas, we found tropomyosin isoforms
were responsible for leiomyosarcoma subtypes. Conven-
tional leiomyosarcoma expressed mainly tropomyosin
isoforms 1 and 2, whereas pleomorphic leiomyosarcoma
largely expressed tropomyosin isoforms 3 and 4 (Fig. 3).
MFH shared an expression pattern of tropomyosin isoforms
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Fig. 2 Hierarchical classification of the 99 soft tissue sarcomas using
the selected 67 proteins. The dendrogram shows the degree of similarity
of protein expression pattern between the tumors. The shorter the
branches, the more similar the two joined tumors. Most tumors formed

Fig. 3A-B Immunohistochemi-
cal staining of tropomyosin
isoform type 4. Representative
photomicrographs of (A) con-
ventional leiomyosarcoma and
(B) pleomorphic leiomyosar-
coma. Tropomyosin isoform 4
is highly expressed in pleomor- ST o7 i
phic leiomyosarcoma, but not in 7
conventional  leiomyosarcoma
(stain, immunohistochemical
staining for tropomyosin isoform
4; original magnification, x200).

A v

(mainly types 3 and 4) similar to that of pleomorphic
leiomyosarcoma.

By comparing the protein expression profiles of two
distinct groups of GISTs—pathologically high-risk and
clinically aggressive cases and pathologically low- or
intermediate-risk and clinically indolent cases—we
identified 43 protein spots whose expression differed
(Wilcoxon test, p < 0.001) between the two groups. Mass
spectrometric identification demonstrated the 43 spots
corresponded to 25 distinct gene products, eight of which
were derived from a potassium channel protein, pfetin.
Western blotting and real-time PCR suggested pfetin
expression inversely correlated (p < 0.0001) with the
development of metastasis. Immunohistochemical analysis
revealed patients with tumors expressing pfetin protein had
better (p < 0.0001) tumor-specific survival than those with
tumors lacking pfetin expression (Fig. 4).

By comparing the protein expression profiles (1465
protein spots) of two distinct groups of osteosarcoma biopsy
samples—a chemosensitive group (good responders; Huvos
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tight clusters corresponding to their histology except leiomyosarcoma
and malignant fibrous histiocytoma. RMS = rhabdomyosarcoma;
MFH = malignant fibrous histiocytoma; GIST = gastrointestinal
stromal tumor; MPNST = malignant peripheral nerve sheath tumor.
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Fig. 4 Tumor-specific survival of 210 patients with MO gastrointes-
tinal stromal tumors according to the expression of pfetin protein in
the primary tumor samples examined by immunohistochemistry.
Patients with tumors expressing pfetin (n = 171) had better
(p < 0.0001) survival (5-year survival, 97.2%) than those with
tumors lacking pfetin expression (n = 39) (5-year survival, 76.5%).
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Fig. 5 Expression pattern of the 10 protein spots that discriminate
good responders (Huvos Grades 111, IV) from poor responders (Huvos
Grade I) among 16 patients with osteosarcoma. Horizontal rows
represent individual protein spots, and vertical columns represent
individual samples. Each cell in the matrix represents the expression
level of a single protein spot in a single sample. Red indicates
overexpression relative to the expression of the control sample,
whereas green indicates underexpression. There are seven spots that
are overexpressed in poor responders and three spots overexpressed in
good responders.

Grades III and IV) versus a chemoresistant group (poor
responders; Huvos Grade I)—we identified 10 protein
spots whose expression differed (Wilcoxon test, p < 0.05)
between the two groups (Fig. 5). Among these 10 spots, the
expression levels of seven spots were higher and those of
three spots were lower in poor responders compared with
good responders. Principal component analysis accurately
divided the osteosarcoma samples into good responder and
poor responder groups based on the expression levels of the
10 selected classifiers (Fig. 6).

Discussion

Many lines of evidence have revealed genetic alterations
such as activation of oncogenes, inactivation of tumor
suppressor genes, and chromosomal translocations play a
primary role in the development of bone and soft tissue
sarcomas [6, 16, 24]. These genetic alterations initiate
changes in a series of signal transduction pathways and
develop malignant tumor cells. Although the initial chan-
ges occur at the DNA level, all the effects are ultimately
expressed as the changes of the protein content. Proteins
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Fig. 6 Principal component analysis of the 16 osteosarcomas on the
basis of the expression profiles of the 10 selected protein spots. It
accurately classifies the osteosarcoma samples into either good
responders (Huvos Grades III, IV) or poor responders (Huvos
Grade I).

are considered the hallmark of genetic alterations. Global
mRNA expression studies are often performed to follow
these changes [29, 30-34]. However, recent comparative
studies of mRNA and protein expression in tumor cells
revealed only a subset of mRNA correlated with protein
abundance [4, 12]. Moreover, posttranslational modifica-
tions, which play important roles in tumor biology, cannot
be predicted only by mRNA examinations. These limita-
tions of mRNA expression studies underline the potential
advantages of monitoring protein expression in a global
manner, an approach known as expression proteomics.
Recently, using MALDI MS tissue profiling, Holt et al.
[14] reported protein peaks that were differentially
expressed in high-grade and low-grade soft tissue sarco-
mas. Among several proteomic technologies, 2D-DIGE has
advantages that make it possible to examine hundreds of
proteins simultaneously estimating their expression and
posttranslational modifications quantitatively [21, 22].
Applications of sensitive fluorescent dyes and laser scan-
ning made it possible to execute large-scale proteomics in a
more efficient, accurate, and reproducible way. In the
present study, we examined the protein expression profiles
of a diverse group of bone and soft tissue sarcomas in
relation to their clinicopathologic features using the
2D-DIGE technique.

A limitation of the current 2D-DIGE is the thoroughness
of the analysis. Although the method reveals global
expression profiles of more than 1000 protein spots quan-
titatively, it cannot uncover proteins expressed in very low
levels. Compared with the cDNA microarray analysis
(20,000 probe sets), the sensitivity of the current 2D-DIGE
analysis (1500 spots) is unsatisfactory. We are now trying
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to improve the sensitivity of 2D-DIGE using a large-format
polyacrylamide gel (24 cm x 38 cm) for two-dimensional
polyacrylamide gel electrophoresis. Preliminary results
demonstrated more protein spots (5000 spots) are quanti-
tatively detected in the large-format two-dimensional gels.
We believe such efforts may overcome some of the
inherent limitations of the proteomics.

We found 67 proteins correctly distinguished the eight
subtypes of 99 soft tissue sarcomas according to their his-
tologic classification. Hierarchical clustering demonstrated
leiomyosarcoma and MFH shared a similar protein
expression profile, some of which was not distinguishable
on the basis of protein expression, and that clear cell
sarcoma, synovial sarcoma, and MPNST were grouped
according to their protein expression patterns. These results
were generally consistent with previous reports based on
histologic and transcriptome analyses [7, 13, 19, 25, 30-32].

Using immunohistochemical analysis, Hasegawa et al.
[13] demonstrated a large subset of MFH expressed poorly
differentiated smooth muscle or myofibroblastic features
and should be regarded as pleomorphic leiomyosarcoma or
pleomorphic myofibrosarcoma. Fletcher et al. [7] exam-
ined 100 cases of so-called MFH histologically and
reclassified 20 of the cases as leiomyosarcomas. Consid-
ering these findings together with recent DNA microarray
and comparative genomic hybridization analyses [25, 31,
32], at least a proportion of MFHs should be reclassified as
a pleomorphic subtype of leiomyosarcoma. In this context,
pleomorphic leiomyosarcoma and MFH shared similar
expression patterns of tropomyosin isoforms.

The similarity of the protein expression profiles of clear
cell sarcoma, synovial sarcoma, and MPNST is consistent
with the biologic associations and similar gene expression
patterns of these tumors. Clear cell sarcoma is also known
as melanoma of soft parts and is derived from neural crest
progenitor cells [19]. Nagayama et al. [30] reported syno-
vial sarcoma and MPNST shared similar expression
patterns of numerous genes related to neural differentiation
and suggested synovial sarcoma might be of neuroecto-
dermal origin. On the basis of protein expression patterns,
our present results appear to support the assumption that
these three tumors are derived from (or differentiate to)
neural or neuroectodermal cells.

Currently, the therapeutic strategy for bone and soft
tissue sarcomas largely depends on the histologic subtype,
grade, and stage of the disease [11, 26]. Although the
systems provide valuable information about the clinical
behavior of the tumors in most cases, there are several
outliers (or patients) in which their clinical course could
not be predicted only on the basis of classic appraisals.
Moreover, the introduction of molecular-targeted drugs has
changed the situation dramatically [8, 28, 41]. Most of
these new drugs target a specific molecule, whose presence
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could not be predicted only from the classic clinicopatho-
logic features. Novel clues for identifying prognostic
markers and therapeutic targets in individual tumors are
urgently required.

GISTs are the most common mesenchymal tumors of
the gastrointestinal tract and are characterized by a wide
spectrum of clinical outcomes [41]. Identification of a high-
risk group of patients who may benefit from adjuvant
therapy such as that including imatinib is an urgent clinical
concern. We found 43 proteins, including eight variants of
pfetin, which was originally reported as a protein highly
expressed in fetal cochlea and brain, were correlated with
the outcome of patients with GIST [35, 38]. Although the
expression of a whole 43-protein set predicted the outcome
of GIST correctly, it seemed difficult to apply the results
directly to a hospital setting. Cutting-edge genome or pro-
teome technologies cannot be transferred easily to ordinary
clinical examinations. A smaller number of targets, mea-
surable by simpler methods such as immunohistochemistry,
is preferable for use in practice. We found expression of
pfetin protein, which could be examined immunohisto-
chemically using paraffin-embedded archival tissues,
predicted (p < 0.0001) disease-specific survival in patients
with GIST [38]. Examination of pfetin expression using
immunohistochemistry may allow the identification of
high-risk patients with GIST who may benefit from adju-
vant treatment such as that including imatinib and minimize
the risk of unnecessary treatment for low-risk patients.

The prognosis of patients with osteosarcoma has
improved markedly as a result of effective chemotherapy.
Dose-intensive multiagent chemotherapy continued for 1
year or so has resulted in long-term survival for the
majority of patients with localized osteosarcoma [27].
Despite this success, however, 30% to 40% of patients,
mainly those with tumors showing a poor response to
preoperative chemotherapy, will experience relapse, most
often with pulmonary metastases, and die [2]. Prediction of
chemosensitivity at the time of diagnosis would therefore
be of great clinical importance. Over the last decade,
considerable efforts have been made for this purpose. Not
only classic parameters such as histologic subtype, tumor
location, and presence of metastatic disease at diagnosis
[1], but also several molecules related to drug metabolism/
transport or tumor development have been reported to
correlate with the chemosensitivity of osteosarcoma [3, 15,
17, 23].

Based on the results of cDNA microarray consisting of
23,040 genes, Ochi et al. [34] identified 60 genes whose
expression was likely correlated with the chemosensitivity
of osteosarcoma and proposed a scoring system based on
the expression levels of these genes. Comprehensive
analysis of expression levels among thousands of genes
enables investigators to identify novel important molecules
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that cannot be predicted from conventional data. Mintz
et al. [29] reported osteosarcoma chemoresistance was
associated with osteoclastogenesis and bone resorption
based on decreased expression of osteoclastogenesis-
inhibitory factors in tumors showing a poor response to
chemotherapy. We report here 10 protein spots associated
with the chemosensitivity (necrosis rate) of osteosarcoma
to preoperative chemotherapy. Although the 10 spots are
currently under investigation, further studies may lead to
new diagnostic or prognostic markers for osteosarcoma and
new therapeutic targets.

Proteomic analysis using 2D-DIGE can provide impor-
tant, novel clues for understanding the biology of bone and
soft tissue sarcomas and for revealing candidate tumor
markers and therapeutic targets.
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