
Abstract. Soft tissue sarcomas are rare, heterogeneous,
mesenchymal tumors that have been poorly classified. The
heterogeneity of these aggressive tumors has made consistent
tumor grading difficult and accurately predicting the behavior
of the tumor based on the histological subtype and grade has
been challenging. Molecular profiling of proteins in tissues may
present a new avenue for distinguishing clinical grades and
overall tumor aggressiveness. Direct tissue analysis using
matrix-assisted laser desorption ionization mass spectrometry
is a new technology that permits rapid detection of hundreds
of proteins from intact tissues. We have employed this
technology to profile human soft tissue sarcomas to discover
protein biomarkers that distinguish tumor grade. Profiling was
accomplished on histologically-stained tissue sections, allowing
highly reproducible spectra for each sarcoma grade to be
obtained. Forty-two tissue specimens were analyzed in this
manner. Several proteins specific for high-grade sarcomas were
identified and confirmed with immunohistochemistry. Proteins
present in control tissue, that are suppressed by soft tissue
sarcomas, were also identified. 

Soft tissue sarcomas (STS) are devastating cancers that

account for 0.63% of total cancer cases and 1.15% of cancer

deaths in the United States, with a five-year survival rate of

approximately 60% after diagnosis (1, 2) In 2004,

approximately 8,680 new cases were diagnosed in the

United States, and 3,660 deaths are predicted from STS.

STS are heterogeneous, mesenchymal tumors that arise

from various origins, many of which are idiopathic (3). The

tumors develop mostly as asymptomatic masses originating

in an extremity, but can occur anywhere in the body, such

as the trunk, retroperitoneum, or the head and neck (4).

The current criteria set by The American Joint Committee

on Cancer stages STS on histological grade, tumor size and

depth, and presence of distant metastases. The most

common site of metastasis is the lung parenchyma, and

survival after pulmonary metastasis is <10% at two years

post diagnosis (2). Pulmonary metastasis generally occurs

within two to three years after diagnosis of the primary

tumor (3). Despite improvements in control of local disease,

mortality remains significant for more than 50% of the

patients diagnosed with high-grade STS.

Currently, over fifty histological subtypes of STS exist, the

most common being malignant fibrous histiocytoma (28%),

leiomyosarcoma (12%), liposarcoma (15%), synovial sarcoma

(10%) and malignant peripheral nerve sheath tumors (6%)

(5). The heterogeneity, both intratumoral and extratumoral,

of these aggressive tumors has made diagnosis, staging and

treatment difficult. Anatomic pathology has been used since

1977 to categorize STS, regardless of whether or not the

morphological differences indicate a certain level of tumor

invasiveness or metastatic potential (6). Indeed, these unique

clinical features, associated with the large variety of STS,

have given rise to many histological subtypes, making the

staging and grading criteria used to predict patient outcome

controversial. It has been established that STS is misclassified

in up to 25% to 40% of cases (7-10). Moreover, the current

staging and grading criteria are not applicable to all types of

STS and have no prognostic value for several histological

subtypes (11). Therefore, treatment regimens remain

extremely controversial due to this overwhelming, and often

inaccurate, classification scheme. For this reason, the need

for more objective molecular and biochemical protein

biomarkers is required to improve the accuracy of

conventional anatomic and histological assessments. In this

respect, it is also reasonable to presume that more

generalized grades exist that are based on specific protein

expression profiles. These profiles may translate into disease
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biomarkers that can be incorporated into standard diagnostic

and treatment strategies. To accomplish this goal, we

employed matrix-assisted laser desorption ionization mass

spectrometry (MALDI MS) tissue profiling technology to

identify protein biomarkers that discriminate between high-

grade and low-grade STS.

Tissue profiling by MALDI MS, introduced in 1999,

permits the measurement of protein expression patterns in

cells derived in culture or in fresh tissue samples (12). With

this method, a sample is mounted on a metal target plate,

matrix solution is deposited in an array of small spots and

each dried matrix spot is analyzed by mass spectrometry. A

UV laser is used to desorb and ionize molecules from these

spots. Ionized molecules are accelerated down a flight tube

of a time-of-flight mass spectrometer and the mass-to-

charge (m/z) ratio of each ion is calculated. The data

obtained from such an analysis consist of mass spectra in

which the peaks correspond to the protonated molecular

forms of desorbed peptides or proteins. MALDI MS

produces singly charged protonated molecules for the most

part, so the m/z value represents the molecular weight of the

protein plus one proton. For direct tissue analysis, multiple

matrix spots can be deposited on the tissue surface and the

data collected as a series of mass spectra. Each spectrum

contains signals from many hundreds of proteins and

peptides specific to that tissue region. 

Since its introduction, MALDI MS has become an

effective tool for discovering protein biomarkers from various

types of cancer, including brain, lung and several other

organs. For example, in a study of cancerous tissue from

human prostate, MALDI MS analysis revealed over-

expression of a protein PCa-24 in the cancerous tissue,

indicating its potential role as a biomarker (13). Similar

studies have been carried out in azoxymethane-induced colon

tumors in mice (14) and biopsies obtained from patients with

non-small cell lung carcinoma (15). Several tumor-specific

protein biomarkers were identified in these studies. In the

latter example, protein profiling allowed classification of lung

cancer histologies, predicted survival, and distinguished

primary tumors from metastatic tumors of the lung.

In the present work, to better characterize protein profiles

acquired from potentially diverse tumor types, we employed

a method that allows histological staining and MALDI MS

analysis to be performed on the same tissue section for

microscopic evaluation prior to MALDI MS analysis (16).

Sectioned tissues are transferred to a conductive glass slide

and stained with cresyl violet, a histological dye compatible

with MALDI MS. Regions within the tissue section that

contain compartments of cellular proliferation are identified

under a light microscope and matrix is deposited on these

specific regions. Using this technique, a high level of signal

homogeneity between spectra from morphologically

heterogeneous tissues can be obtained. For STS studies,

MALDI MS tissue profiling facilitated the discovery of

protein biomarkers that differentiated high-grade from low-

grade STS. Additionally, extracellular matrix proteins were

identified that are absent in the sarcoma tissue. Immuno-

histochemical staining for several of these protein species

verified the MALDI MS tissue profiling data. This group of

biomarkers may be useful in standardizing diagnostic and

prognostic criteria for STS, and facilitate our understanding

of the pathomechanisms giving rise to the disease.

Materials and Methods

IRB approval. IRB approval was obtained for procuring STS and

control tissues from adult patients undergoing STS resections at

Vanderbilt University Medical Center (VUMC, TN, USA). Tissues

were also procured from the Cooperative Human Tissues Network

at VUMC. Mass spectra from high-grade STS (30 patients, 100

spectra), low-grade STS (10 patients, 41 spectra) and skeletal

muscle control (6 patients, 21 spectra) were acquired throughout

the course of these studies. Each tumor grade, determined by a

surgical pathologist prior to analysis, is representative of

fibrosarcoma, leiomyosarcoma, liposarcoma, malignant fibrous

histiocytoma, neurosarcomas and synovial sarcoma. 

Tissue sectioning and staining. After surgical excision, the tissue

specimens were divided for routine clinical pathology and research

use. Tissue sections were snap-frozen in liquid N2 and maintained

at –80ÆC until further use. Thin tissue sections (10-12 Ìm thick)

were cut with a Leica Jung cryostat (Leica Microsystems AG,

Welzlar, Germany) at –15ÆC. The glass MALDI target plates were

maintained at –15ÆC within the cryostat chamber. The frozen

sections were transferred to the cold target plates and thaw-

mounted by simply warming the plate. Prior to staining, sections

were dried in a desiccator for at least 30 minutes. Several hundred

microliters of cresyl violet dye were directly deposited on the

sections using a Pasteur pipette and allowed to react for 30

seconds. Excess stain was removed by immersing the plates for 15

seconds in two successive Petri dishes, containing 70% and 100%

ethanol, respectively. The sections were allowed to dry in a

desiccator for about 30 minutes. Photomicrographs of the sections

were obtained under magnification using an Olympus BX 50

microscope (Olympus America Inc., Melville, NY, USA) equipped

with a digital camera. Regions of cellular proliferation were

identified for depositing matrix.

Sample preparation. Matrix (sinapinic acid at 30 mg/mL in a mixture

of 50:50:0.1 acetonitrile/H2O/trifluoroacetic acid by volume) was

deposited in discrete droplets on the various tissue sections. For

droplet deposition, two 200 nL drops of matrix were deposited onto

specific regions of the tissue section after cresyl violet staining (i.e.
regions of cellular proliferation). The first droplet was allowed to

dry before the second droplet was deposited. The section was then

dried in a desiccator for about 30 minutes. 

MALDI MS analyses. Mass spectrometric analyses were performed

in the positive linear mode at +25 kV of accelerating potential on

an Applied Biosystems Inc. (Framingham, MA, USA) Voyager 

DE-STR time-of-flight mass spectrometer. The instrument is

equipped with a 337 nm N2 laser operating at a 20 Hz repetition
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rate. One thousand laser shots were acquired per spot with 2-4

matrix spots per tissue section. Each mass spectrum was externally

calibrated from a protein mixture containing porcine insulin (m/z
5,777.60), bovine cytochrome c (m/z 12,232.0), equine apomyoglobin

(m/z 16,952.0), and bovine trypsinogen (m/z 23,976.0), and internally

calibrated with peaks from hemoglobin alpha (m/z 15,126.3) and

beta (m/z 15,867.2) chains. Mass spectra were processed using Data

Explorer software (Applied Biosystems).

Protein identification
Sample preparation and digestion: Approximately 300 mg of tissue

were suspended in homogenization buffer, homogenized and further

prepared for HPLC separation as described in (17). After separation,

fractions containing the proteins of interest were further separated

using 1-dimensional SDS on a 4-12% Bis Tris precast gel (Invitrogen,

Carlsbad, CA, USA) for 35 minutes at 200 V. All gels were fixed with

50% methanol, 10% acetic acid for 15 minutes and then stained with

Colloidal Blue overnight, followed by destaining with water. Discrete

bands representing the molecular weights of the m/z signals observed

in the MALDI spectra were excised from the gel and equilibrated in

ammonium bicarbonate buffer (0.4 mol/L, 25 ÌL) and reduced with

DTT (5 ÌL, 45 mmol/L) for 15 minutes at 60ÆC and alkylated with

iodoacetimide (5 ÌL, 100 mmol/L) for 15 minutes at room

temperature in the dark. Trypsin (0.05 Ìg) was added and the samples

were digested for 24 hours at 37ÆC. Peptides were extracted using

60% acetonitrile/ 40% 0.1% TFA (3 x 100 mL), pooled and dried.

Samples were reconstituted in 0.1% TFA and desalted using a C18

ZipTiP (Millipore, Bedford, MA, USA), according to the

manufacturer’s protocol, and kept at 4ÆC until further analysis. 

LC-MS/MS analysis: LC-MS/MS analyses were performed on a

ThermoFinnigan LTQ linear ion trap mass spectrometer

equipped with a ThermoFinnigan Surveyor quanterery HPLC

pump and a microelectrospray source (Thermo Electron, San

Jose, CA, USA). Reversed-phased separation of the tryptic

peptides was performed using fused silica capillary tips

(Polymicro Technologies, Phoeniz, AZ, USA; 100 Ìm i.d., 360 Ìm

o.d.) packed with Monitor C18 (5 Ìm, Column Engineering,

Ontario, CA, USA). The HPLC pump was operated at a flow rate

of 175 ÌL/min and was split to achieve a flow through the column

of 700 nL – 1000 nL min–1. Mobile phase A consisted of 0.1%

formic acid and mobile phase B consisted of 0.1% formic acid in

acetonitrile. After equilibrating the column with 100% A, the

peptides were eluted off the column with a gradient of 5% B for

5 minutes, increased to 50% B by 50 minutes, then increased to

80% by 52 minutes, increased to 90% by 55 minutes and held for

1 minutes. The gradient was then returned to 5% B over the next

5 minutes and continued at that composition until the end of the

run at 71 minutes. LTQ ion trap mass spectrometer and HPLC

solvent gradients were controlled by Xcalibur 1.4 software

(Thermo Electron).

MS/MS spectra were acquired using a data-dependent scanning

mode with one full MS scan (400-2000 m/z) followed by three

MS/MS scans of the three most intense precursor masses at 35%

collision energy. Tandem mass spectra from LC-MS/MS analyses

were searched against the human database using SEQUEST

(Thermo Electron) and the data filtered using a custom-designed

software tool (Complete Heirarchical Integration of Protein

Searches, CHIPS) (18) based upon the following filtering criteria:

cross correlation (Xcorr) value of >1.8 for doubly-charged ions, and

>2.5 for triply-charged ions. An RSp (ranking of primary score)

value of <5 and a Sp value (primary score) >350 were also required

for positive peptide identifications that match to the intact protein.

Parallel controls were performed during each step of the protein

identification process (HPLC separation, gel electrophoresis, LC-

MS) using protein standards to verify the efficacy and

reproducibility of the analysis.

Immunohistochemistry
Calcyclin: Tissue sections from control tissue, low- and high-grade

STS were paraffin embedded and sectioned (5 Ìm) in a microtome.

The sections were floated over a warm water bath (40ÆC) and

transferred to a slide and baked overnight. The slides were

depariffinized through 2 changes of xylene for 20 minutes each,

then 2 changes each of 100% and 95% alcohol for 10 minutes each.

The slides were placed in a PBS buffer solution, then incubated in

95ÆC target retrieval solution (TRS, citrate buffer) for 20 minutes

and allowed to cool for 20 minutes in TRS. The slides were

transferred back into PBS buffer. Peroxidase blocking reagent 

(100 ÌL) was placed on each section and allowed to stand for 10

minutes. After a buffer rinse, 100 ÌL of protein block was added

to each section for 10 minutes followed by another buffer rinse. A

1:1000 dilution of S-100A6 (Sigma, St. Louis, MO, USA) was then

added in 100 ÌL portions to each section and left to incubate

overnight at 4ÆC and the slides were rinsed with buffer the

following day. The secondary antibody, a labeled mouse/rabbit dual

polymer with peroxidase, was added for 30 minutes 

(100 ÌL/section). Another buffer rinse was followed by a 3-minute

distilled water step, with 100 ÌL of DI H2O added to each section.

Two more buffer rinses were followed by addition of DAB + 

(100 ÌL/section) for a 10-minute incubation period. The slides were

briefly rinsed in buffer and counterstained with hematoxylin for

approximately 1 minute, followed by a 5-minute water rinse to

remove any excess hematoylin. The slides were cleared of water

through 2 changes each of 95% and 100% alcohol for 10 dips.

Following 1 minute sessions through 2 changes of xylene, the slides

were permanently secured with mounting media and cover glass. 

Calgranulin: Five-micron sections of paraffin-embedded tissues

were placed on charged slides and the paraffin was removed. The

sections were rehydrated and placed in heated Target Retrieval

Solution (DakoCytomation, Carpinteria, CA, USA) for 20 minutes.

Endogenous peroxidase was neutralized with 0.03% hydrogen

peroxide and the samples were treated with diluted rabbit serum

prior to primary antibody addition. The tissues were incubated with

goat anti-Calgranulin (Santa Cruz Biotechnology, Santa Cruz, CA,

USA) diluted 1:500 for 30 minutes. Sections without primary

antibody served as negative controls. The Vectastain ABC Elite

(Vector Laboratories, Inc., Burlingame, CA, USA) System and

DAB+ (DakoCytomation) was used to produce localized, visible

staining. Slides were lightly counterstained with Mayer’s

hematoxylin, dehydrated and coverslipped. 

Macrophage migration inhibitory factor (MIF): Five-micron

sections were placed on charged slides. Endogenous peroxidase

activity was inactivated with 0.03% hydrogen peroxide. The

sections were incubated with rabbit polyclonal anti-MIF (Santa

Cruz Biotechnology) diluted 1:50 for 60 minutes. Sections

without primary antibody served as negative controls. The Dako

Envision+ System, DAB/Peroxidase (DakoCytomation) was

used to produce localized, visible staining. The slides were

lightly counterstained with Mayer’s hematoxylin, dehydrated and

coverslipped. 
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Myosin light chain 2 (MLC-2): Five-micron sections of frozen tumor

tissues were placed on charged slides. The slides were acetone-

fixed and gently rinsed. To minimize nonspecific protein binding,

1.5% rabbit serum was applied to the slides for 20 minutes. The

sections were treated overnight with goat anti-MLC2 (Santa Cruz

Biotechnology) diluted 1:50 at 2ÆC. Endogenous peroxidase was

neutralized with 0.03% hydrogen peroxide. Sections without

primary antibody served as negative controls. The Vectastain ABC

Elite (Vector Laboratories, Inc) System and DAB+

(DakoCytomation) was used to produce localized, visible staining.

Slides were lightly counterstained with Mayer’s hematoxylin,

dehydrated and coverslipped. 

Vimentin: Five-micron sections were placed on charged slides and

the paraffin was removed. The sections were rehydrated and placed

in heated Target Retrieval Solution (DakoCytomation) for 20

minutes. Endogenous peroxidase activity was inactivated with 0.03%

hydrogen peroxide followed by a casein solution (DakoCytomation)

for blocking interfering protein interactions. The sections were

incubated with mouse anti-vimentin (DakoCytomation) diluted

1:100 for 20 minutes. Sections without primary antibody served as

negative controls. The Dako Envision+ System, mouse/HRP

(DakoCytomation) was applied for 30 minutes. Visible results were

produced with DAB and the tissues were counterstained with

Mayer’s hematoxylin prior to coverslipping.

Statistical analyses. All mass spectra were converted to text files and

imported into ProTSData Version 1.1 (Effekta, Steamboat Springs,

CO, USA) for baseline correction and normalization by total ion

current (TIC) in batch mode. A standard weighted-means-

averaging (WMA) algorithm was then applied. The weight value

(W) is a statistically derived function that approaches significance

as the distance between the means (Ì) for each group increases and

the SD (Û) decreases using the formula, W = (Ì1–Ì2)/(Û1+Û2).

Thus, the most significant protein peaks were then used as the top

weighted data-points (m/z intensities) (19, 20). In this way, m/z
values were filtered according to the highest weight which best

differentiated the normal versus cancer groups. Further filtering

was carried out (1) to exclude values with WMAs less than 1.0

(similar in respect to 2 Û from the mean control value), and (2) to

exclude mean intensity differences that fell below two fold (cut-off

value for tissue profiling, data not published). The filtered values

were then used for peak detection, and further evaluated by

plotting the entire spectrum in Origin 7.0. The Tukey method was

used for multiple comparisons to determine the statistical

significance between low-grade, high-grade STS and control tissues

by comparing peak heights (apex) of each specific m/z. Bar graphs

and confidence ranges (±SD) were prepared by entering peak

heights of each statistically different m/z into the software package

InStat (GraphPad Software, San Diego, CA, USA). 

Results

MALDI MS protein profiles from high-grade STS, low-

grade STS and control tissues were acquired, calibrated,

baseline corrected and normalized. Care was taken to

maintain the same instrument settings, cresyl violet staining

conditions and data processing parameters throughout the

study. Averaged spectra representing each condition (high-

grade, low-grade, control) were overlaid and compared to

identify protein species that may discriminate between

tumor grades and healthy control tissues. Figures 1A and

1B show mass spectra from m/z 10,000-16,000 and m/z
16,000–22,000, respectively. These data show relative

abundances of several proteins comparing (1) high-grade to

low-grade STS, and (2) STS to control tissues. Many signals

are differentially expressed between high-grade, low-grade

and control tissues, including m/z 11,651, 10,092, 12,338,

10,835, 14,007, 15,333, 13,775 and 11,305. These proteins

have been identified in other cancers and represent

potential biomarkers that may be useful to distinguish high-

grade from low-grade tumors. 

Proteins that appear differentially expressed in Figure 1

were tested for statistical significance using ANOVA, as

described in the Methods section. Statistically significant m/z
differentiating high-grade STS from low-grade STS and

control tissues are shown in Figure 2. These include m/z
(±S.D.) consistent with proteins previously identified in other

tissues, including calgizzarin (21), calcyclin (21), macrophage

inhibitory factor (22) and calgranulin (23). Several proteins

were also observed that were consistently absent in the

cancerous tissue compared to control tissues, including m/z
18,945 (myosin light chain-1), 21,069 (myosin light chain-2),

and 21,854 (myosin light polypeptide 3). Additionally, m/z
53,660 (vimentin) was found to be up-regulated in both high-

and low-grade STS compared to control tissue. These proteins

were identified as described in the Methods section. Except

for histone H3, relatively high mass accuracy was observed

among each m/z of interest. The S.D. observed for histone H3

(± 10 Da) is mostly the result of the net effect of multiple

post-translational modifications. In keeping with traditional

microscopic observations, histone expression was increased in

the high-grade STS compared to the low-grade STS and

control tissues. These m/z are consistent with histones

previously identified in other tissues (H2A.2 (diacetylated)

(24), H3 (modified) (25), H4 (dimethylated, monoacetylated)

(25) and H2BA (native, http://ca.expasy.org/uniprot/P62807).

The assignment of m/z 13,775 detected in the tissue profiling

experiments to histone H2BA in the Swiss-Prot database is

theoretical and requires further analysis as described in the

Methods section to verify its identification. 

To identify proteins whose levels were suppressed in

cancerous tissues, tissue homogenates were first semi-

purified by high performance liquid chromatography

followed by one-dimensional SDS-PAGE. Discrete gel

bands, whose migrations were consistent with the m/z value

of the masses of interest, were subjected to in-gel digestion

followed by LC-MS/MS analysis. Each protein was matched

by multiple peptide identifications that corresponded in mass

to discriminatory peaks. An example of peptides matching to

the intact protein and score values are shown in Table I.

While altered histone expression is common among different

cancer grades, other proteins differentially expressed in the
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tissue profiling experiments were validated by immuno-

histochemistry when appropriate antibodies were available.

Immunostaining for calcyclin (m/z 10,090), MIF (m/z 12,338),

calgranulin (m/z 10,835), MLC-2 (m/z 21,069) and vimentin

(m/z 53,660) was accomplished on high- and low-grade STS,

and control tissue sections to corroborate observations made

from MALDI MS tissue profiling (Figure 3). In agreement with

the tissue profiling spectra and previous studies, a significant

increase in calcyclin, MIF and calgranulin expression was

observed from the high-grade STS relative to the low-grade and

control tissues. As expected, an increase in vimentin staining

was observed in both STS grades compared to control tissue,

and the expression of MLC-2 was very low in both sarcoma

grades compared to that of the control.

Discussion

Histological staining of high-grade STS, low-grade STS and

control tissue prior to MALDI MS analysis permitted the

acquisition of highly homologous spectra from each tissue

specimen. Data analyses revealed many differences in protein

expression patterns that allowed discrimination between high-

grade and low-grade STS. These data also showed that

several proteins are consistently absent in STS tissue

compared to the healthy tissues. Immunohistochemical

staining of tissues verified several of the results from the

MALDI MS profiling experiments.

A limitation in this study, intrinsic to sarcoma research,

is the low number of STS samples available for study. STS

is a rare form of cancer that accounts for 0.63% of the

total cancer cases in the United States and so the number

of human biopsies is small. Several proteins we found to

be specific for high-grade STS have also been identified in

other highly invasive cancers. A recent study by Cmogorac-

Jurcevic et al. reported a high prevalence of calcyclin

dysregulation in pancreatic carcinoma (26). Another study

has reported overexpression of calcyclin in invasive

margins of colorectal carcinomas (27). Although the

specific function of calcyclin is not completely understood,
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Figure 1. Averaged mass spectra from high-grade STS, low-grade STS, and skeletal muscle control from m/z 10,000-16,000 (Figure 1A) and m/z 16,000-
22,000 (Figure 1B). Protein profiles from each category were externally and internally calibrated, baseline corrected and normalized before averaging
and overlaying, as detailed in the Methods section. Signals with differential expression between tumors and normal tissue upon visual analysis are
highlighted by asterisks. 

Table I. An example of tandem mass spectra from LC-MS-MS analysis
used to search against a non-redundant human database using data
filtered using CHIPS, as described in the Methods section. An RSp value
of < 5 and a Sp value > 350 were also required for positive peptide
identifications that match to the intact protein (data not shown). 

Protein Intact MW  Coverage Peptides 

(Da) Sequenced 

Vimentin 53662.9 36.2% FANYIDK

LGDLYEEEMR

RQVDQLTNDK

EKLQEEMLQR

LQEEMLQR

QDVDNASLAR

NLQEAEEWYK

FADLSEAANR

QVQSLTCEVDALK

LQDEIQNMK

LLEGEESR

ETNLDSLPLVDTHSK
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Figure 2.
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Figure 2. continued
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Figure 2. continued
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Figure 2. Selected mass spectral regions showing the m/z (±S.D.) of differentially-expressed proteins between control tissues, low-grade and high-grade
STS prior to statistical analysis. For figure panels 2A-2H, red lines represent high-grade STS and black-lines represent control tissues. No statistical
differences were observed between low-grade STS and control tissue for the given peaks in panels 2A-2H. For figure panels 2I-2L, black lines represent
control tissues, red lines represent low-grade STS and green lines represent high-grade STS. Peaks that were statistically different were identified as
described in the Methods section. After normalization, peak heights were used to compute statistical significance *=p<0.05, **=p<0.01, ***=p<0.001
comparing control to high-grade STS (panels 2A-2H) and comparing both sarcoma grades to control tissue (panel 2I-2L).

Figure 2. continued



it is a member of the S100 family of genes that share a

similar structure and function in the cell. Generally, these

are small (9-12 kD), structurally homologous calcium-

binding proteins that have multiple cellular functions (28),

including phosphorylation inhibition of annexin, myosin

heavy chain and p53. The S100 family members also

interact with cytoskeletal elements, including microtubules

and actin, leading to dysfunction in microtubule assembly

and increased motility and invasion (29). Our studies also

identified overexpression of calgranulin in high-grade STS,

a protein also shown to exist in cystic fluid and sera from

patients diagnosed with ovarian cancer (30). Additionally,

increased levels of calgranulin were found in the urine and

prostatic cancer tissue (31). These studies suggest a

putative role for calgranulin as a biomarker for several

cancer types from a variety of biological sources.

Macrophage migration inhibitory factor (MIF) has been

recently implicated in regulating tumor migration and

expression of angiogenic factors in hepatocellular

carcinoma (32), as well as in the regulation of host

inflammatory and immune responses. Under normal

physiological conditions, MIF circulates at basal levels in

the serum, and additional MIF is secreted as an immune

response from activated monocytes and macrophages (33-

35). In addition, MIF has been linked to fundamental

processes that control cell proliferation, differentiation,

angiogenesis and tumor progression (36). In one recent

report, MIF was shown to inactivate the tumor suppressing

activity of p53 (37), while overexpression of MIF has

recently been observed in human melanoma (38), breast

carcinoma (39), metastatic prostate cancer (40) and

adenocarcinoma of the lung (41). MIF levels were

significantly higher in the sera from patients with

hepatocellular carcinoma compared to that from controls.

Our studies have also shown that myosin light chain

(MLC)-1 and -2, and myosin light polypeptide-3, abundantly

expressed in control tissues, were not detectable in our

analyses in both low- and high-grade STS. Two recent

reports showed altered expression of myosin in cancer

cachexia (42), and that these events are a selective, specific

process (43). Given that STS invades a variety of tissues,

including bone, skeletal muscle, fat and cartilage, remodeling

of the extracellular matrix is most probably a key event for

hyperplasia and metastasis. Further studies, that examine the

specificity and identify the molecules involved in the STS-

mediated degradation of the extracellular matrix, may shed

light into STS invasion and reveal therapeutic targets that

may be used to inhibit tumor growth.

Vimentin was found to be overexpressed in both sarcoma

grades compared to control tissues, consistent with its

current role as a clinical marker for sarcomas (44-47). A

member of the type III family of intermediate filaments,

vimentin, plays a key role in the dynamic remodeling of the

cell during development of the neoplastic phenotype (48),

and has recently been reported to serve as a protein marker

to predict resistance to topoisomerase inhibitors (i.e.
etoposide) in neuroblastoma (49). Vimentin is one of the

substrates cleaved by caspases and is part of the execution

phase of apoptosis (50). The significant increase of vimentin

expression may represent a molecular mechanism to renew

the caspase-cleaved vimentin in order to maintain cell

integrity and counteract apoptosis.

Results from present and future studies stemming from

this research will have significant scientific and clinical

implications. Clinically, protein markers for sarcomas can

be used to more accurately correlate individual tumor

biology and patient outcome and more accurately define

tumor grades. This would greatly assist the clinician in

designing a more appropriate patient treatment strategy

based upon established protein biomarkers. Overexpression

of specific proteins in high-grade STS, such as calcyclin, may

lead to the release of this protein into the patient’s

bloodstream or urine. Detection of these biomarkers in the

serum and/or urine could serve as reliable markers to

differentiate tumor grade, or to aid in tumor surveillance

after treatment. Non-specific blood tests already exist that

are suggestive of several orthopaedic disorders, such as

expression of alkaline phosphatase for Paget’s Disease (51).

Moreover, the relatively large tissue masses that make up

STS (often several centimeters in diameter) increase the

likelihood of passive protein diffusion into the circulation

as compared to other tumor types. 

Because the predicted survival of STS patients after

pulmonary metastasis is poor (<10% survival at two years),

the ability to ascertain whether the primary tumor has

pulmonary metastatic potential would be highly significant.

Further studies, using MALDI MS tissue profiling to

compare protein expression patterns between the primary

tumor and pulmonary metastatic tumor, might reveal such

protein markers. This work may also have important

therapeutic value since STS may range from histological

subtypes that are very responsive to cytotoxic chemotherapy

to subtypes that are quite resistant to current agents. A

major deterrent to the use of adjuvant chemotherapy has

been the risk of causing adverse toxic effects in patients

who do not otherwise respond to therapy. By identifying

biomarkers associated with high-grade and pulmonary
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Figure 3. Immunohistochemical staining (40X magnification) for high-
grade STS biomarkers and MLC-2 from (A) skeletal muscle control, (B)
low-grade STS (C) and high-grade STS. Note that the abundance of
immunostaining staining observed from the high-grade STS section
compared to control tissue is comparable to the MALDI MS profiling data.
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metastatic STS, therapeutic interventions specifically

directed to STS might be considered.
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