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Abstract

Purpose: We aimed to identify novel prognostic biomarkers for Ewing’s sarcoma by investigating
the global protein expression profile of Ewing’s sarcoma patients.

Experimental Design: We examined the proteomic profile of eight biopsy samples from Ewing’s
sarcoma patients using two-dimensional difference gel electrophoresis. Three patients were alive
and continuously disease-free over 3 years after the initial diagnosis (good prognosis group) and
five had died of the disease within 2 years of the initial diagnosis (poor prognosis group).
Results: The protein expression profiles produced using two-dimensional difference gel electro-
phoresis consisted of 2,364 protein spots, among which we identified 66 protein spots whose
intensity showed >2-fold difference between the two patient groups. Mass spectromettic protein
identification showed that the 66 spots corresponded to 53 distinct gene products. Pathway
analysis revealed that 31 of 53 proteins, including nucleophosmin, were significantly related to
bone tissue neoplasms (P < 0.000001). The prognostic performance of nucleophosmin was
evaluated immunohistochemically on an additional 34 Ewing’s sarcoma cases. Univariate and
multivariate analyses revealed that nucleophosmin expression significantly correlated with overall
survival (P ¢0.01).

Conclusions: These results establish nucleophosmin as a candidate of independent prognostic
marker for Ewing’s sarcoma patients. Measuring nucleophosmin in biopsy samples before treat-
ment may contribute to the effective management of Ewing's sarcoma. :

Ewing’s sarcoma is the second most common primary
malignant bone tumor in children and adolescents. Despite
significant progress regarding intensive chemotherapy proto-
cols and local control measures, 30% to 40% of patients with
localized Ewing's sarcoma and 80% of patients with metastatic
Ewing’s sarcoma at diagnosis die due to disease progression
within 5 years (1). More intensified first-line chemotherapy
regimens or combinations of chemotherapeutic agents improve
clinical outcome compared with conventional chemotherapy
(2, 3). However, such therapies may result in serious toxicity,
including fatal gastrointestinal toxicity, grade 3 or 4 infections,
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and severe myelosuppression (4-6). The patients could thus
benefit from less aggressive regimens by avoiding the higher
risk of toxicity associated with overtreatment. Indeed, approx-
imately two-thirds of patients with localized Ewing's sarcoma
are cured with conventional therapy alone (7, 8). Therefore, the
identification of prognostic factors may lead to the develop-
ment of risk-adapted treatment strategies for Ewing’s sarcoma.

Clinical factors currently evaluated have limited prognostic
value; the presence of metastases at diagnosis, which is the most
unfavorable prognostic factor for Ewing’s sarcoma, concerns only
~ 25% of Ewing's sarcoma patients (9). The prognostic value of
other clinical and pathologic features that correlated with
prognosis of Ewing's sarcoma, including the site and size of the
lesion and the age of the patient (1, 10), has decreased following
recent advances in treatment (11). For instance, in earlier studies,
tumors >8 cm were associated with a worse prognosis (12),
whereas tumor size is not assumed as definitive prognostic factor
in studies using the more intensive EW92 protocol (13).

In recent years, high-throughput screening technologies such
as array-based comparative genomic hybridization analysis
and ¢DNA microarray technology have been used to identify
up-regulated or down-regulated genes with prognostic value
for Ewing's sarcoma (14-19). These comprehensive studies
suggested the presence of a poor prognosis signature at
diagnosis and identified several genes that may be involved in
the process of invasion and metastasis in Ewing’s sarcoma.

Emerging technologies that examine the overall features of
the expressed proteins, that is, proteomics, have identified
many candidate proteins associated with early diagnosis (20),
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Translational Relevance

In Ewing's sarcoma, a novel prognostic modality haslong
been desired to select the patients that would benefit from
intensified treatment. We performed a proteomic study
using incisionally biopsied samples before treatment. A
comparative protein expression study in 8 patients identi-
fied nucleophosmin as a novel prognostic biomarker. A
subsequent immunohistochemical study on a further
34 cases established the correlation between higher nucle-
ophosmin expression and poor prognosis. In our study,
nucleophosmin was identified as a novel candidate prog-
nostic biomarker through the use of modern global protein
expression modalities. Our study suggests the possible use
of nucleophosmin expression for personalized medicine for
Ewing's sarcoma patients.

differential diagnosis {21), prognosis {22, 23), and response
to chemotherapy (24) in various diseases but have not been
vigorously employed in the study of Ewing's sarcoma.

In this study, we performed a proteomic study using biopsy
samples from Ewing's sarcoma patients. We found that
nucleophosmin expression significantly correlated with pro-
gression of Ewing's sarcoma. Although aberrant expression of
nucleophosmin has been implicated in various other malig-
nancies (25-29), this proteomic study shows its aberrant
expression and prognostic utility in Ewing's sarcoma.

Materials and Methods

Patients and clinical information. This study included a total of
eight frozen incisional biopsy samples taken before treatment at the
time of diagnosis from 8 Ewing's sarcoma patients treated between June
1996 and December 2006. These samples were snap-frozen in liquid
nitrogen and stored at -80°C until use. The dlinical information of
the patients is summarized in Table 1. This project was approved by
the ethical review board of the National Cancer Center after signed
informed consent was obtained from all patients. All cases were
reviewed and histopathologically diagnosed by a certified pathologist
(N.T. and T.8.). Clinical staging was determined based on diagnostic
imaging criteria according to the Musculoskeletal Tumor Society
Surgical staging system (30). Primary tumor size was measured at the
greatest tumor dimension on radiographic images, including computed
tomography scans and magnetic resonance imaging.

From the 8 cases included in the study, 3 patients were alive and
continuously disease-free (CDF) in the follow-up period of at least
3 years from diagnosis and 5 patients were dead of disease (DOD)
within 2 years from initial diagnosis. All 5 patients in the latter group
developed distant metastases within 7 months from initial diagnosis.

A previous report indicated that Ewing's sarcoma patients with early
relapse, defined as relapse within 2 years after initial diagnosis, had
shorter survival (31). We grouped the Ewing's sarcoma samples into
two groups: the samples from patients that were alive and CDF over
3 years post-diagnosis were defined as the good prognosis group (Table 1,
samples 1-3). The samples from patients that were DOD within 2 years
were defined as the poor prognosis group (Table 1, samples 4-8).

For the nucleophosmin immunohistochemical expression study, we
examined 34 tissues paraffin-embedded before treatment from 34
independent cases (Table 2, samples 9-42). These patients were treated
between June 1981 and December 2005 at the National Cancer Center
and Keio University Hospital. This project was approved by the ethical
review boards of the National Cancer Center and Keio University
Hospital after signed informed consent was obtained from all patients
in this study. The clinical information concerning the cases used in the
immunohistochemical study is summarized in Table 2.

Rearrangement analysis. Total RNA from tumors was extracted by
the guanidinium thiocyanate method (ISOGEN, Nippon Gene).
Samples were ground in a microcentrifuge tube. cDNA was generated
using a first-strand cDNA synthesis kit (Pharmacia Biotech). Total RNA
(1-5 pg) was transcribed. PCR was carried out in a 100 mL reaction
mixture containing 1 to 7 plL cDNA template, 200 mmol/L deoxy-
nucleotide triphosphates, 0.5 mmol/L of each oligonucleotide primer,
and 2.5 units Taq polymerase in a 10 mmol/L Tris-HCl (pH 8.8)
containing 50 mmol/L KCI and 1.5 mmol/L MgCl,. The oligonucleo-
tide primers used for the PCR were ESBP-1 (EWS specific), ESBP-2
(FLI-1 specific), and primers specific for ERG, E1AF, and ETV1 (32).
PCR was done in 35 cycles under the following protocol: denaturation
at 94°C for 1 min, annealing at 65°C for 1 min, and elongation
at 72°C for 1 min. The amplified products were visualized on 1%
agarose gels.

Protein expression profiling. Frozen samples were crushed to powder
with a Multi-beads shocker (Yasui Kikai) with liquid nitrogen. The
frozen powder was then treated with urea lysis buffer (6 mol/L urea,
2 mol/L thiourea, 3% CHAPS, 1% Triton X-100). After centrifugation at
15,000 rpm for 30 min, the supernatant was recovered and used in the
subsequent protein expression studies.

Two-dimensional difference gel electrophoresis was done as de-
scribed previously (33). In brief, the internal control sample was
prepared by mixing a portion of all individual samples. Five micro-
grams of the internal control sample and of each individual sample
were labeled with Cy3 and Cy5, respectively (CyDye DIGE Fluor
saturation dye; GE Healthcare Biosciences) according to the manufac-
turer’s instructions. The differently labeled protein samples were mixed
and separated by two-dimensional difference gel electrophoresis. The
first dimension separation was achieved using IPG DryStrip gels (24 cm

Case Age/sex Primary

Table 1. Clinicopathologic features of the cases, the frozen samples of which were examined by proteomics

Size Sample Stage* Metastatic site

Metastasis time Foliow-up period Follow-up

no. (y) site (cm) source (first development) after diagnosis (mo) after diagnosis (mo) status

1 M/19  Thigh 8  Biopsy L None None 88 CDF
2 F/18 Chest wall 4 Biopsy L None None 70 CDF
3 F/9 Parietal Bone 4  Biopsy L None None 46 CDF
4 M/62  Thigh 8  Biopsy M Lymph node, Brain At diagnosis 12 DOD
5 F/28 Humerus 6 Biopsy L Lung 7 6 DOD
6 M/32  Thigh 15  Biopsy M Lung At diagnosis 10 DOD
7 M/12  THum 11 Biopsy L Bone 7 7 DOD

*Stages I and II defined as localized disease (L) and stage 111 defined as metastatic disease (M).
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length, pl range between 4 and 7; GE Healthcare Biosciences). The
second dimension separation was achieved by SDS-PAGE on large-
format gels (38 cm length, Bio-craft, Itabashi; ref. 33). The gels
were scanned using laser scanners (Typhoon Trio; GE Healthcare
Biosciences) at appropriate wavelengths (Fig. 1A). For all spots, the
intensity of the Cy5 image was normalized by that of the Cy3 image
in the identical gel so that gel-to-gel differences were compensated
using the Progenesis PG240 software {Nonlinear Dynamics). System
reproducibility was verified by comparing the protein profiles
obtained from three independent separations of the same sample
(Table 1, case 1). Scatter plot analysis revealed that the standardized
intensity of >96.6% of the spots ranged within a 2-fold difference
(R = 0.9103; Fig. 1B).

Protein identification by mass spectrometry. The proteins
corresponding to the spots detected were identified using mass spectro-
metry according to our previous report (33). In brief, 100 pg Cy5- or
Cy3-labeled proteins were separated by two-dimensional PAGE,
recovered as gel plugs, and digested with modified trypsin (Promega).
The trypsin digests were subjected to liquid chromatography (Paradigm
MS4 dual solvent delivery system; Michrom BioResources) and mass
spectrometry using a Finnigan LTQ linear ion trap mass spectrometer
(Thermo Electron) equipped with a nano-electrospray ion source (AMR,
Megro). The Mascot software (version 2.1; Matrix Science) was used to
search for the mass of the peptide ion peaks against the SWISS-PROT
database (Homo sapiens, 12867 sequence in Sprot_47.8 fasta file).

Functional classification of the identified proteins. Functional classi-
fication of the identified proteins was cartied out according to their
classification in Gene Ontology.®

Pathway analysis. Pathway analysis of the identified proteins was
done using the MetaCore software analysis tool (GeneGo). MetaCore
identifies networks based on a manually curated database containing
known molecular interactions, functions, and disease interrelationships
using proteome data. The pathways were identified by the probability
that a random set of proteins with the same size as the input list would
give rise to a particular mapping by chance. The identified networks
were traced using the Metacore pre-filter tool. The Disease tab tool
was used to automatically trace key proteins associated with disease
networks stored in Metacore and to list the P value for each disease
listed.

Immunohistochemical study. Nucleophosmin expression was exam-
ined immunohistochemically on paraffin-embedded tissues. In brief,
4-nm-thick tissue sections were autoclaved in 10 mmol/L citrate buffer
(pH 6.0) at 121°C for 30 min and incubated with an antibody against
nucleophosmin (sc¢-53175; Santa Cruz Biotechnology; 1:500 dilution)
at room temperature. Immunostaining was done using the Envision
Plus detection system (DAKO). Two observers (N.T. and KK.) evaluated
the staining in a blinded fashion for clinical data.

Statistical analysis. Hierarchical clustering was done using the
Expressionist software {Genedata).

Statistical computations were done using the StatView version 5.0
statistical package (SAS Institute). Survival time was defined as the
period from diagnosis to last follow-up (or death). Survival rate was
estimated by the Kaplan-Meier method (34). The relationship between
survival and other variables was investigated using the log-rank test for
categorical variables and a score test based on the Cox proportional
hazards model for continuous variables. A multivariate model was
fitted using Cox regression with significant variables at the univariate
level (P < 0.01; ref. 35). Following a large-scale cooperative study by
the Japanese Musculoskeletal Oncology Group (36), in which age
<16 years and tumor size <10 cm were shown to have a significantly
worse clinical outcome by univariate survival analysis, we selected these
cutoff values for this analysis.

S http://www.geneontology.org
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Results

We generated and compared the protein expression profiles
between three good prognosis and five poor prognosis Ewing's
sarcoma cases using two-dimensional difference gel electropho-
resis. We detected 2,364 protein spots that appeared in all the
images of the Cy3-labeled internal control sample. Among these
2,364 spots, 66 showed significantly (>2-fold ratic of means)
different intensity between the two groups. The localization of
the 66 spots on the two-dimensional image is shown in Fig. 1C.
Using hierarchical clustering, the 66 spots were classified into
two major groups, cluster A (7 spots) and cluster B (59 spots;
Fig. 2). The intensity of the 7 spots belonging to cluster A was
decreased, whereas that of the 59 spots of cluster B was increased
in the poor prognosis group.

Mass spectrometric analysis resulted in the identification of
53 distinct gene products (6 proteins in cluster A and 47
proteins in cluster B) corresponding to the 66 protein spots
(Fig. 2; Supplementary Table S1).

Although all six proteins in cluster A belonged to different
functional categories as classified in Gene Ontology, most of the
proteins in cluster B were divided into eight main categories:
cytoskeletal/structural protein, transcription/translation, signal
transduction, transport, antiapoptosis, response oxidative stress,
acute-phase response, and cell proliferation (Fig. 2).

We further explored the biological significance of the altered
protein expression pattern in cluster B based on a manually
curated database containing known molecular interactions,
functions, and disease interrelationships using MetaCore. We
found that 31 (65.9%) of 47 proteins were functionally linked
with each other and that the identified network of the 31
proteins was significantly related to bone tissue neoplasms
(P < 0.000001; Fig. 2).

In the 31 proteins of cluster B, nucleophosmin was included.
Although aberrant expression of nucleophosmin has been
implicated in various other malignancies (25-29), its associ-
ation with Ewing's sarcoma has not been reported previously.
Therefore, we validated the correlation of nucleophosmin with
prognosis using immunohistochemistry in an additional 34
Ewing's sarcoma cases. Two patterns of nucleophosmin-positive
staining were observed, both nuclear: a dot-like pattern and
a diffuse-like pattern (Fig. 3). Similar to previous reports
(25, 37), cases with nuclear staining for nucleophosmin were
considered as nucleophosmin positive (23 of 34 cases; Table 2),
whereas cases without staining for nucleophosmin were
considered as nucleophosmin negative.

In the follow-up period (median, 57.5 months; range, 8-179
months), 13 of 34 patients were alive and CDF and 21 patients
were DOD (Fig. 4A).

The group of nucleophosmin-positive cases included a
significantly higher number of DOD patients compared with
the nudeophosmin-negative group (P < 0.01, log-rank test;
Fig. 4B), showing that nucleophosmin expression correlates
with prognosis.

Following univariate analysis, nucleophosmin positivity
(P < 0.01) and clinical stage (presence of metastatic disease
at diagnosis; P < 0.01) significantly correlated with shorter
overall survival. No other factors examined, including the
tumor size, age at diagnosis, sex, chemotherapy regimens,
tumor resectibility, and primary site, were associated with
overall survival (Table 3).
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Table 2. Clinicopathologic features of the 34 Ewing’s sarcoma cases examined immunohistochemicaily
Case Sex/age Primary Size Sample Stage* Metastatic site Metastasis time Follow-up period
no. y) site {cm) source (first development) after diagnosis (mo) after diagnosis (mo)
9 M/9 Fibula 9 Biopsy L None None 93
10 M/14 Clavicle 15 Biopsy L None None 177
11 M/49 Femur 11 Biopsy L None None 141
12 M/16 Arm 3 Biopsy L None None 93
13 M/25 Rib 5.5 Biopsy L None None 75
i4 M/9 Talus 2 Biopsy L None None 70
15 M/1 Tibia -1 Biopsy L None None 179
16 F/36 Femur -1 Biopsy L None None 174
17 M/13 Tibia —1 Biopsy L None None 166
18 F/22 Fibula 6 Biopsy L None None 108
19 M/18 Rib 6.5 Biopsy L None None 105
20 M/35 Thigh 8 Biopsy L None None 126
21 F/36 Arm 4 Biopsy L None None 101
22 M/15 Thigh 16 Biopsy L Lung 8 11
23 M/17 Rib 10 Biopsy L Multiple bone 7 8
24 M/18 Back 25 Biopsy L Lung 6 8
25 M/22 Femur 10 Biopsy L Bone 2 14
26 M/37 Ilium 25 Biopsy M Lung At diagnosis 22
27 F/24 Sacrum 10 Biopsy L Bone 3 22
28 M/11 Femur 10 Biopsy L Bone, brain, lung 1 32
29 F/22 Humerus 18 Biopsy L Bone 19 32
30 F/20 Femur 5 Biopsy L Lung 41 75
31 M/21 Parietal bone 5 Biopsy L Lung 69 94
32 F/19 Humerus 7 Biopsy L Lung, bone 43 121
33 M/17 Vertebra 10 Biopsy L Lung 12 45
34 F/16 Tibia 20 Biopsy M Lung At diagnosis 16
35 M/18 Fibula 7 Biopsy L Bone, lung 9 21
36 M/23 Pelvis 13 Biopsy M Lung At diagnosis 17
37 M/29 Thigh 16 Biopsy M Chest At diagnosis 12
38 F/63 Paravertebra 17 Biopsy L None None 71
39 F/20 Lower leg 10 Biopsy L Lung, lymph node 9 14
40 F/56 Forearm 5 Biopsy M Lung At diaghosis 11
41 M/7 Paravertebra 4 Biopsy L Brain 15 16
42 F/11 Paravertebra 6 Biopsy L Lung 17 22
NOTE: Chemotherapy agents: VACD, vincristine (VCR), actinomycin D (ACT), cyciophosphamide (CYC), and doxorubicin (DOX); IE, ifosfamide
(IFO) and etoposide (ETO); THP, therarubicin; CDDP, cisplatin; BLM, bleomycin; MTX, methotrexate; DTIC, dacarbazine. NT, not tested.
*Stages I and II defined as localized disease (L) and stage III defined as metastatic disease (M).
tTumor size cannot be evaluated.

We investigated whether nucleophosmin expression signifi-
cantly correlated with the original tumor site and the tumor
respectability status, Of the 34 cases in this study, 21 originated
at an extra-axial and 13 at an axial site. Nucleophosmin
expression did not correlate with the original tumor site (P =
0.87, Fisher's test). Of the 21 extra-axial tumors, 14 were
nucleophosmin positive, and nucleophosmin expression cor-
related with poor prognosis (P < 0.05, log-rank test). Of the 13
axial tumors, 9 were nucleophosmin negative; again, nucleo-
phosmin expression significantly correlated with poor progno-
sis (P < 0.01, log-rank test). Therefore, nucleophosmin
expression correlated with poor prognosis independent of the
original tumor site.

There was no significant difference regarding the prognosis
between the resectable (26 of 34) and nonresectable cases (P =

Clin Cancer Res 2009;15(8) April1, 2009

0.1219, log-rank test). Among the resectable tumors, 16 were
nucleophosmin positive and had worse prognosis than the
remaining 10 nucleophosmin-negative tumors (P < 0.01, log-
rank test).

Multivariate analysis done on nucleophosmin staining and
clinical stage, identified as significant prognostic factors by
univariate analysis, revealed that both significantly correlated,
as separate variables, with overall survival (P = 0.0063; relative
risk, 7.768; 95% confidence interval, 1.783-33.841 and P =
0.0039; relative risk, 5.964; 95% confidence interval, 1.773-
20.060, respectively; Table 3).

On a second univariate analysis, we found that nucleophos-
min positivity was also a strong negative predictor of overall
survival in the 29 of 34 patients that had localized disease at
diagnosis (P < 0.01; log-rank test; Fig, 4C).’
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Table 2. Clinicopathologic features of the 34 Ewing’s sarcoma cases examined immunohistochemically (Cont'd)
Follow-up Nucleophosmin Fusion Chemotherapy Chemotherapy Operation Radiation
status positivity gene agents
CDF - NT VCD + I-based regimens VCR, CYC, DOX, IFO, etc Amputation -
CDF - NT VAIA VCR, ACT, IFO, DOX Wide resection +
CDF - NT VAIA VCR, ACT, IFO, DOX Wide resection -
CDF - NT VCD + I-based regimens VCR, CYC, DOX, IFO, etc Wide resection -
CDF - NT VCD + I-based regimens VCR, CYC, DOX, IFO, etc Wide resection -
CDF + NT VCD + I-based regimens VCR, CYC, DOX, IFO, etc - +
CDF + NT VAC VCR, ACT, CYC Amputation +
CDF - NT VACA VCR, ACT, CYC, DOX Amputation +
CDF - EWS/ERG CYVADIC CYC, VCR, DOX, DTIC Wide resection +
CDF - EWS/FLI1 type 2 KS-1 ETO, CDDP, THP, IFO Wide resection -
CDF - EWS/FLI1 KS-1 ETO, CDDP, THP, IFO Wide resection +
EWSex10/FLI-1ex6
CDF + NT KS-1 ETO, CDDP, THP, IFO Wide resection -
CDF + Not detected KS-1 ETO, CDDP, THP, IFO Wide resection -
DOD + NT National Cancer Institute VCR, DOX,CYC + IFO, ETO Wide resection +
protocol (VAC + IE)
DOD + EWS R1 ACT + CDDP ACT, CDDP - +
rearrangement
DOD + NT VACA VCR, ACT, CYC, DOX Intralesional resection +
DOD + NT VAIA VCR, ACT, IFO, DOX - -
DOD - NT National Cancer Institute VCR, DOX,CYC + IFO, ETO - +
protocol (VAC + IE)
DOD + NT National Cancer Institute VCR, DOX,CYC + IFO, ETO - +
protocol (VAC + IE)
DOD + NT VAC VCR, ACT, CYC Amputation +
DoD + NT VAIA VCR, ACT, IFO, DOX Wide resection +
DOD + NT Ti1 CYC, DOX,MTX, VCR + BLM, Wide resection -
CYC, ACT + CYC, DOX, MTX
DoD + NT National Cancer Institute VCR, DOX,CYC + IFO, ETO - +
protocol (VAC + IE)
DOD + NT Ti1 CYC, DOX,MTX, VCR + BLM, - +
CYC, ACT + CYC, DOX, MTX
DOD + NT Ti1 CYC, DOX,MTX, VCR + BLM, Marginal resection +
CYC, ACT + CYC, DOX, MTX
DOD + EWS/FLI1 type 2 KS-1 ETO, CDDP, THP, IFO Wide resection -
DOD + EWS/FLI1 type 1 KS-1 ETO, CDDP, THP, IFO Wide resection +
DOD + NT KS-1 ETO, CDDP, THP, IFO - +
DOD + EWS/FLI1 type 2 KS-1 ETO, CDDP, THP, IFO Intralesional resection +
DOD + NT KS-1 ETO, CDDP, THP, IFO Intralesional resection +
DOD - EWS/FLI1 type 1 KS-1 ETO, CDDP, THP, IFO Marginal resection +
DOD + NT KS-1 ETO, CDDP, THP, IFO Wide resection -
DOD + Not detected KS-1 ETO, CDDP, THP, IFO Marginal resection -
DOD + EWS/FLI1 type 1 KS-1 ETO, CDDP, THP, IFO Intralesional resection +
Discussion the gel-based proteomics system for cancer research and applied

The identification of novel prognostic biomarkers for Ewing's
sarcoma is required to improve the management of Ewing's
sarcoma. Global genomic and transcriptomic expression studies
conducted to identify prognostic biomarkers for Ewing's
sarcoma resulted in the identification of MTA1, CDH11 (14),
STEAP1, NKX2-2, and CCND1 (15), gains in chromosomes 14,
8, and 12 and deletions of 1p as genetic lesions implicated in
the progression of Ewing's sarcoma (16-18). Although these
comprehensive studies may have the potential to further
increase our understanding of the biology of Ewing's sarcoma
and to lead to the development of practical tumor markers to
support individualized therapy, practical prognostic biomarkers
of Ewing'’s sarcoma are presently not used in a clinical setting.

Proteomic studies have unique advantages on other omics
studies. The proteome is a functional translation of the genome,
directly regulating cell phenotypes, and is thus a
rich source of biomarkers. With this notion, we have established
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it to the Ewing's sarcoma proteomic study presented here. This is
the first report using a proteomic approach to develop prognostic
biomarkers for Ewing's sarcoma.

We identified 6 down-regulated and 47 up-regulated proteins
in Ewing's sarcoma cases with poor prognosis. Functional
classification revealed that these identified proteins belonged
to a variety of functional pathways, including cytoskeletal/
structural organization, transcription/translation, signal trans-
duction, transport, antiapoptosis, response-oxidative stress,
acute-phase response, and cell proliferation. The results of
functional classification may suggest that the proteomic
alterations observed may be a part of global series of
functionally interconnected molecular lesions that include
transcriptional and translational aberrations, which, taken
together, include both the causes and the results of carcino-
genesis and cancer progression.

This proteome study identified or confirmed the presence of
several molecular aberrations concerning Ewing's sarcoma. The

Clin Cancer Res 2009;15(8) April 1, 2009
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47 proteins found to be up-regulated included neuron-specific
enolase, which has been found to be associated with poor
prognosis in Ewing’s sarcoma (38, 39).

Nucleophosmin was included in the 47 proteins found to be
up-regulated. Nucleophosmin overexpression has been related
to carcinogenesis and tumor progression in prostate (25),

gastric {26), colon (27), ovarian (28), and urinary bladder
carcinomas (29). However, the association of nucleophosmin
with Ewing's sarcoma has not been reported previously,
including, importantly, in previous genomic and transcrip-
tomic studies of Ewing’s sarcoma (14 - 19). This may be due to
discordance between mRNA and protein expression, the fact

A

Individual
sample

Cy3 lahel

Internal control

sample

'y3 lahel

\ Mix /
|

2D-PAGE

CyS scan

Cy3 scan Overlay

w

Standardized intensity fexpd) Standardized intensity {exp2)

“xd; 99, 8%

“x2: 96.8%]
%

FR=0.9263 x2
{ Total 2386 spols) x4
x2 R=¢.9103

7x4 {Total 2386 spog

i

<x2: U0.6%
<xd: 99.4%

ity (expl} Standardized intensity {exp3)

Isoelectric point

Clin Cancer Res 2009;15(8) April1, 2009

83
2890

Fig. 1. Identification of proteins
differentially expressed in Ewing's sarcoma.
A, schematic workflow of sample
preparation for quantitative analysis, Protein
lysates are labeled with fluorescent dyes of
different wavelengths of excitation and
emission: Cy3-labeled samples are
simultaneously mixed and divided into
Cyb-labeled samples. Then, mixture of
Cy3- and Cyb-labeled lysates are
coseparated by two-dimensional difference
gel electrophoresis. The gel is scanned with
two wavelengths; each specific either for
Cy3 or Cy5 dye. B scattergram of
expression profile of Ewing'’s sarcoma
tissues. Comparison of data from three
independent experiments revealed the high
reproducibility of protein expression
profiling. C, representative two-dimensional
image of proteins detected in Ewing’s
sarcoma tissues: The 66 spots identified in
this study are circled and numbered. The
spot numbers correspond to those in Fig. 2
and SupplementaryTable St.
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Fig. 3. Nucleophosmin expression was observed in Ewing’s sarcoma by immunohistochemistry. A to C, H&E staining of Ewing’s sarcoma cases. Strongly stained
nucleophosmin nuclear expression was observed in tumor cells. D, dot-like pattern staining. £ diffuse-like pattern staining. £ not observed stained nucleophosmin nuclear

expression. Case numbers correspond to those in Table 2. Magnification, x400.

that a different patient population was studied, or, finally, the
fact that transcriptome and proteome studies cannot uncover
entire genome data. These results, therefore, also suggest that
studies using proteomic tools are able to reveal unique
molecular aspects of Ewing's sarcoma.

Network analysis showed that nucleophosmin is linked
with four proteins (c-myc, nuclear factor-«xB, Spl and p53),
which have also been found to be implicated in poor
prognosis in Ewing’s sarcoma (Supplementary Fig. S1). c¢-
myc has been identified as a potential EWS-ets target gene
(40) and as promoting malignant progression of Ewing's
sarcoma (41). Activation of nuclear factor-«B was found to
contribute to resistance of Ewing’s sarcoma cells to apoptosis
(42). Coexpression of Sp1 with EWS-ets oncoprotein enhances
activation of vascular endothelial growth factor, the expression
of which was shown to be a negative predictor of survival in
Ewing's sarcoma (43). Aberrations in p53 were found in
~10% of Ewing's sarcoma cases and were associated with
shorter survival (44, 45). Taken together, these observations
suggest that nucleophosmin can be a single biomarker
probably by linking these functionally different proteins.
Ewing's sarcoma is characterized by a translocation between
the EWS gene and a member of the ETS family of
transcriptional factors (46). The EWS/ETS fusion protein has
an altered transcriptional activity and modulates the expres-
sion of several downstream target genes (47, 48). The
association between the EWS/ETS fusion protein and nucle-
ophosmin should be further investigated.

Nucleophosmin may be used as a novel prognostic
biomarker of patients with Ewing's sarcoma. We found that
nucleophosmin expression correlated with clinical outcome
in 34 Ewing's sarcoma patients. Univariate and multivariate
analyses revealed that nucleophosmin expression along with
clinical stage (presence of metastases at diagnosis) was an
independent prognostic factor in Ewing's sarcoma patients.
Furthermore, nucleophosmin expression was also a significant
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Fig. 4. Kaplan-Meier estimated overall survival curves are illustrated for all patients
(n = 34; A), for all patients based on nucleophosmin positivity (8), and for patients
with localized disease (n = 29) by nucleophosmin positivity (C). Statistically
significant differences in overall survival periods were observed between the
nucleophosmin-positive and nucleophosmin-negative cases both for all cases

(P < 0.01, log-rank test) and the cases with localized disease (P < 0.01, log-rank test).
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Table 3. Univariate and multivariate analyses of prognostic factors

Variable Univariate survival analysis Multivariate survival analysis
No. cases No. alive Univariate P Risk ratio (95% P Relative risk (95%
confidence interval) confidence interval)
Age at diagnosis (y)
<16 9 5 0.3209 1
=16 25 8 1.738 (0.583-5.180)
Sex
M 22 10 0.5325 1
F 12 3 0.517 (0.207-1.288)
Primary site
Extremity 21 10 0.212 1
Axial 13 3 1.736 (0.730-4.126)
Tumor size (cm)*
<10 16 7 0.0182 1
>10 15 2 2.952 (1.202-7.251)
Clinical stage
Localized 29 13 <0.01 1 0.0039 1
Metastatic 5 0 5.238 (1.697-16.164) 5.964 (1.773-20.060)
Chemotherapy regimens
Including IE 17 4 0.0629 1
Not including IE 17 9 0.425 (0.955-5.791)
Tumor resectibility
Resectable 26 12 0.1219 1
Nonresectabie 8 1 2.004 (0.200-1.244)
Nucleophosmin immunohistochemistry
Negative 11 9 <0.01 1 0.0063 1
Positive 23 4 7.425 (1.715-32.147) 7.768 (1.783-33.841)

*Tumor size could not be evaluated in 3 Ewing’s sarcoma cases.

prognostic factor in patients with localized disease. Ap-
plying these findings in a dinical setting poses the next
challenge. As the incisional biopsy is a procedure done
routinely in establishing the diagnosis in Ewing's sarcoma,
the immunohistochemical examination of nucleophosmin
expression can be done without any additional invasive
examinations.

Although previous reports have suggested a possible asso-
ciation between nucleophosmin and malignancies, the func-
tional role of nucleophosmin in Ewing's sarcoma is still
unclear. Nucleophosmin overexpression has been reported to
be involved in human tumorigenesis (49, 50). In one study, it
led to increased proliferation and inhibition of apoptosis in
tumor cells; overexpression of nucleophosmin reduced the
percentage of cells in the G, phase and increased the S-phase
population in the p53-negative cells but induced cell cycle
arrest in normal cells. Conducting further basic research on
the function of nucleophosmin will pave the way for further
understanding of the molecular background of Ewing's
sarcoma and, hopefully, for novel diagnostic and therapeutic
applications.
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To develop a prognostic biomarker for esophageal squamous cell
carcinoma (ESCC), we examined the proteomic profile of ESCC
using two-dimensional difference gel electrophoresis (2D-DIGE),
and identified proteins associated with prognosis by mass spec-
trometry. The prognestic performance of the identified proteins
was examined by immunohistochemistry in additional cases, We
identified 22 protein spots whose intensity was statistically differ-
ent between ESCC cases with good (N = 9; survived more than 5
years without evidence of recurrence) and poor (N = 24; died
within 2 years postsurgery) prognosis, within the patient group
that had two or more lymph node metastases. Mass spectrometric
protein identification resulted in 18 distinct gene products from
the 22 protein spots. Transglutaminase 3 (TGM3) was inversely
correlated with shorter patient survival. The prognostic perform-
ance of TGM3 was further examined by immunohistochemistry in
76 ESCC cases. The 5-year disease-specific survival rate was
64.5% and 32.1% for patients with TGM3-positive and TGM3-
negative tumors, respectively (p = 0.0033). Univariate and multi-
variate analyses revealed that TGM3 expression was an independ-
ent prognostic factor among the clinicopathologic variables exam-
ined. It is noteworthy that the prognostic value of TGM3 was
shown to be higher than those of the lymph node metastasis, intra-
mural metastasis and vascular invasion status. These results estab-
lish TGMS3 as a novel prognostic biomarker for ESCC for the first
tine. Examination of TGM3 expression may provide novel thera-
peutic strategies to prevent recurrence of ESCC.

© 2008 Wiley-Liss, Inc.

Key words: esophageal cancer; prognosis; proteomics; TGM3
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Esophageal cancer is the 8th most common cancer’ and the 6th
leading cause of cancer death worldwide.” Despite the use of mod-
ern surgical techniques in combination with radio- and chemother-
apy, early recurrence is common and the overall 5-year survival
rate remains below 40%.%~ Although the use of adjuvant and neo-
adjuvant chemotherapies has improved the survival times of esoph-
ageal cancer patients,6 these treatment modalities cause serious
side effects in a large number of patients and only benefit a limited
number of patients in terms of overall survival times. On the other
hand, 45-52% of patients with resectable esophageal cancer treated
with surgery alone survive for more than 5 years.”® The patients
who can be completely cured by surgery alone receive unnecessary
and harmful combination therapy. The response to treatment such
as surgery or chemo-radiotherapy is variable, even when the
patients are at the same clinical stage, and is not predicted by the
existing diagnostic modalities. Accurate risk stratification is there-
fore of paramount importance to either avoid potential morbidity
due to over-treatment or prevent further progression of disease.

Global mRNA expression studies have identified the gene clus-
ters associated with the progression of esophageal cancer,”™! sug-
gesting that multiple gene and protein alterations are implicated. 2
These alterations can be considered as potential biomarkers for
detecting cancer, determining prognosis, and monitoring disease
progression or therapeutic response. However, none of them has
been proven to be clinically useful, and the response to treatment
such as surgery or chemo-radiotherapy is not predicted by the
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existing diagnostic modalities. Practical biomarkers to predict
response to treatment have long been desired to optimize thera-
peutic strategies and improve clinical outcomes.

The proteome is a functional translation of the genome. The
genomic aberrations of cancer cells are transcribed to the tran-
scriptome, translated to the proteome, then determining cancer
phenotypes. In this sense, the proteome is a functional translation
of the genome, directly regulating tumor behavior. It is obvious
that proteomic features more directly reflect the tumor characters
than genomic contents do. Proteomic studies can generate unique
data about the final products of genome information. Many lines
of evidence demonstrated discordance between mRNA and pro-
tein expression.'*!* In addition, examining DNA sequences and
measuring mRNA expression do not accurately predict the status
of post-translational modifications such as phosphorylation and
glycosylation, which play a key role in regulating the malignant
behavior of cancer cells. Taken together, the proteome can be a
rich source for biomarker identification.

In this study, we performed a proteomic study to identify bio-
markers to predict the clinical outcome of esophageal squamous
cell carcinoma (ESCC) patients. We used laser microdissection to
recover tumor cells and neighboring normal epithelial cells from
surgical specimens of esophageal cancer cases, and subjected the
recovered cells to proteomic analysis using two-dimensional dif-
ference gel electrophoresis (2D-DIGE). We took particular note of
postoperative prognosis in advanced esophageal cancer treated
with surgery alone, and discovered prognostic biomarker candi-
dates to optimize the existing surgical treatment strategy. As a
result, transglutaminase 3 (TGM3) was identified as a prognostic
biomarker candidate. The prognostic performance of TGM3 was
successfully validated by immunohistochemistry in 76 additional
ESCC cases. This is the first report concerning the prognostic
value of TGM3 expression in ESCC. By measuring TGM3 expres-
sion in primary tumors, we will be able to refine the prognostic
protocol and optimize current therapeutic strategies.

Material and methods
Patients and clinical information

We examined primary tumor tissues from 82 ESCC patients
who underwent surgery at the National Cancer Center Hospital
consecutively from 1998 to 2002. All patients underwent curative
resection, and were not treated with chemo- or radiotherapy. The
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TABLE 1 - CLINICOPATHOLOGICAL DATA OF THE 58 ESOPHAGEAL CANCER CASES EXAMINED

All cases Good prognosis group Poor prognosis group P
Number of cases 58 34 24
Age (mean * SD) (yn) 62.3 =84 599 +95 63.0 + 6.3 0.447
Gender 0.015!
Male 50 26 24
Female 8 8 0
Histologic differentiation 0.416
Well differentiated 21 15 6
Moderately differentiated 25 14 11
Poorly differentiated 12 5 7
Tumor location 0.316
Upper 5 ) 4
Middie 25 13 12
Lower 28 20 8
Macroscopic classification 0.974
1 1 { 0
2 34 20 14
3 23 13 10
Tumor size (mean + SD) (cm) 62 +22 6.0+19 64 *24 0.673
Number of LN metastases <0.001"
0 13 13 0
1 12 12 0
2 5 1 4
3 7 2 5
>4 21 6 15
SCC (mean * SD) (ng/ml) 1.5+15 1.3+1.2 1.7 1.7 0.303
CEA (mean x SD) (ng/ml) 30+ 14 28+ 1.1 33£18 0.200
Lymphatic invasion 0.025"!
Negative 22 16 6
Positive 36 18 18
Vascular invasion 0.024!
Negative 20 16 4
Positive 38 18 20
Intramural metastasis 0.007"
Absent 50 33 17
Present 8 1 7
Prognosis
Good prognosis group® 34
Poor prognosis group 24

!Considered to be significant (p < 0.05).~“Survived more than 5 years without evidence of recurrence.~ Died within 2 years postsurgery.

patients were newly diagnosed with thoracic ESCC and were fol-
lowed up for at least 5 years after surgery. The overall clinicopa-
thological data of the cases are summarized in Table I, while in-
formation on the individual cases is available in Supplemental Ta-
ble SI. Two or three tissue fragments, less than 10 mm’ in
volume, were grossly obtained from primary tumors. Matched
normal mucosal tissues located at least 5 cm away from the tumor
margins were also included in this study. The resected tissues
were snap-frozen in liquid nitrogen and stored at —80°C until use.
The recovered specimens were histologically examined and the
clinicopathological stage was determined according to the Interna-
tional Union against Cancer tumor-node-metastasis (TNM) classi-
fication.'® All cases were classified as T3NO-1MO. This study was
approved by the ethics committee of the National Cancer Center
and written informed consent was obtained from the patients.

The patients that survived more than 5 years without evidence
of recurrence were categorized in the good prognosis group (N =
39) while the patients that died within 2 years post surgery were
categorized in the poor prognosis group (N = 28). The proteomic
profiles of these two sample groups were compared.

We performed immunohistochemistry on 76 cases, which
included 14 cases that were not categorized in either group. The
clinicopathological data of the 76 esophageal cancer cases are
demonstrated in Table II.

Laser microdissection

Specific cell populations were recm]'ered by laser microdisgec—
tion according to our previous reports 718 (Fig, 1a). A 1 mm? of
microdissected area, recorded during microdissection, was recov-

ered from hematoxylin-stained tissues for each 2D-DIGE gel. As
tamor tissues could not be recovered in 9 cases (Supplemental Ta-
ble S1) because of poor preservation, we finally examined 58 tu-
mor tissues and 53 normal epithelium tissues.

2D-DIGE and image analysis

2D-DIGE was performed as previously described.'”® In brief,
a common internal control sample was created by mixing a small
portion of all protein samples used in this study, which was la-
beled with Cy3 fluorescent dye (CyDye DIGE Fluor saturation
dye, GE Healthcare Biosciences, Uppsala, Sweden). Individual
samples were labeled with Cy5 fluorescent dye (CyDye DIGE
Fluor saturation dye, GE Healthcare Biosciences). These differ-
ently labeled protein samples were mixed together and separated
by two-dimensional gel electrophoresis (2D-PAGE) according to
their isoelectric point and molecular weight. The first dimension
separation was achieved using a 24 cm-length immobiline gel
(PG, pl 4-7, GE Healthcare Biosciences) and Multiphor II (GE
Healthcare Biosciences), while the second dimension separation
using a home-made gradient gel with GiantGelRunner (Biocraft,
Tokyo, Japan), with a separation distance of 36 cm. The gels were
scanned using a laser scanner (Typhoon Trio, GE Healthcare Bio-
sciences) at the appropriate wavelength for Cy3 or Cy5. For all
protein spots, the CyS intensity was normalized with the Cy3 in-
tensity in the same gel using the Progenesis SameSpots software
version 3 (Nonlinear Dynamics, Newcastle, UK), so that gel-to-
gel variations were canceled out (Fig. 1b). We monitored the sys-
tem reproducibility by running the same sample twice (case 15;
Supplemental Table S1). The scatter plot showed that the intensity
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TABLE II - UNIVARIATE AND MULTIVARIATE ANALYSIS OF PROGNOSTIC FACTORS AND RELATIONSHIP BETWEEN
CLINICOPATHOLOGIC VARIABLES AND TGM3 EXPRESSION

Multivariate analysis of

Correlation with

N h > Disease-specific tumor-specific survival itivi ativ A
Variable :Iyuz?:é; survi\r')al by C(?x regression TG(:?/(‘\?&ZZ!S\ ¢ TG(]:B Rssids‘)‘ ¢ TGNE:'E&%SSIOH
Syr{%) Log-rank (P) P Relative risk 95% CI

All cases 76 52.6 48 28

Age (yr) 0.4599 0.345
<65 42 57.1 29 13
>65 34 47.1 19 15

Gender 0.0597 0.548
Male 64 484 9 3
Female 12 75.0 39 25

Histologic differentiation 0.1551 0.884
Well 25 64.0 15 10
Nonwell 51 47.0 33 18

Tumor location 0.5276 0.198
Upper 5 40.0 5 0
Middle, lower 71 535 43 28

Macroscopic classification 0.5805 0.079
1,2 43 55.8 23 20
3 33 48.3 25 8

Tumor size (cm) 0.5669 0.311
<6.0 37 56.6 26 11
>6.0 39 48.7 22 17

Pathologic N status 0.0013"  0.025! 4.101 1.197-14.044 0.527
pNO 18 88.9 13 5
pN1 58 41.3 35 23

SCC (ng/ml) 0.3090 0.987
<L5 61 55.7 38 23
>1.5 15 40.0 10 5

CEA (ng/ml) 0.1402 0.548
<5 67 55.2 41 26
>5 9 29.6 7 1

Lymphatic invasion 0.0084' 0351 1.472 0.654-3.313 0.450
Negative 30 70.0 21 9
Positive 46 41.2 27 19

Vascular invasion 0.0082!  0.228 1.608 0.743-3.478 0.158
Negative 31 742 23 8
Positive 45 37.8 25 20

Intramural metastasis 0.0072'  0.778 1.142 0.452-2.884 0.229
Absent 68 57.3 45 23
Present 8 12.5 3 5

TGM3 0.0033"  0.015' 0.430 0.218-0.848
Negative 28 321
Positive 48 64.5

Abbreviation: 95% CI, 95% confidence interval.

Considered to be significant (p < 0.05).-"Fisher’s exact test for categorical variables and Mann-Whitney U test for continuous variables.

value of 95% of protein spots was scattered within a 2-fold value
difference, and that the correlation coefficient was 0.8352, demon-
strating the high reproducibility of our profiling method (Fig. 1¢).
The spot intensity data were exported from the Progenesis Same-
Spots software as Excel files, amenable to data analysis.

Data analysis

As a preprocess of data analysis, raw intensity data for each
experiment were log2 transformed and then Z score transforma-
tion was applied to standardize the distribution of the intensity
data.'® Hierarchical clustering was performed with the Euclidean
distance and unweighted pair group methods, using the arithmetic
average (UPGMA) method on the standardized data to reveal the
global features of the proteomic profiles acquired. To identify the
spots that had different intensity between the 2 groups, the z-test
was used for each spot. As the obtained p-value list possibly
included false positive results due to multiple tests, we estimated
the false discovery rate (FDR) following the Benjamini-Hochberg
procedure according to the previous report.” We subsequently
selected the spots so that the FDR is less than 0.05. For the
comparison of normal tissues with tumors, we chose the spots the
intensity ratio of group means was at least 4 times above the afore-
mentioned FDR criteria.

Mass spectrometric protein identification

The proteins corresponding to the protein spots detected were
identified by mass spectrometry according to our previous
report,?! Cy5-labeled proteins separated by 2D-PAGE were recov-
ered in gel plugs and digested with modified trypsin (Promega,
Madison, WI). The trypsin digests were subjected to liquid chro-
matography coupled with tandem mass spectrometry, a Finnigan
LTQ linear ion trap mass spectrometer (Thermo Electron, San
Jose, CA) equipped with a nano-electrospray ion source (AMR,
Tokyo, Japan). The Mascot software (version 2.1, Matrix science,
London, UK) was used to search for the mass of the peptide ion
peaks against the SWISS-PROT database (Homo sapiens, 16,529
sequence in Sprot_52.5 fasta file). Proteins with a Mascot score of
34 or more were subjected to protein identification. When multiple
proteins were identified in a single spot, the proteins with the high-
est number of peptides were considered as those corresponding to
the spot.

Pathway analysis of expression data

Pathway analysis of the protein expression pattern was per-
formed using the MetaCore software (GeneGo, St. Joseph, MI).
MetaCore identifies networks based on a manually curated
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Hematoxylin / Laser microdissection

a Hematoxylin & Eosin
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< 4.0 fold difference: 3613/3623 (89.7%)

107 1 10 10°

Standardized intensity (exp.1)

1072

Ficure 1 — (a) Laser microdissection of ESCC. Tissue sections were stained with hematoxylin and eosin for histological observation, while
neighboring serial sections were stained with hematoxylin alone for the proteomic study. (b) The extracted proteins were labeled with fluores-
cent dyes and separated by 2D-DIGE. (¢) Scattergram of 2 independent experiments demonstrating the high reproducibility of 2D-DIGE.

database containing known molecular interactions, functions, and
disease interrelationships using proteome data sets. The pathways
are identified by the probability that a random set of proteins the
same size as the input list would give rise to a particular mapping
by chance.

Immunohistochemistry and tissue microarray

Immunohistochemical staining for TGM3 was performed on
methanol-fixed, paraffin-embedded tissue sections from 76 cases
(Supplemental Table S1) using the Dako REAL EnVision Detec-
tion System (DAKO, Glostrup, Denmark) following the manufac-
turer’s instructions. The sections were deparaffinized, dehydrated
and blocked by 3 mL/L. H,O; in methanol for 30 min to remove
endogenous peroxidase activity. The sections were autoclaved in
10 mM citrate buffer (pH 6.0) at 121°C for 10 min. The primary
antibody used was a rabbit polyclonal, mono-specific antibody
against TGM3 (HPAQ004728; Atlas antibodies, Stockholm, Swe-
den) at a dilution of 1:100. One pathologist (Y. N.) and one medi-
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cal doctor (N. U.) reviewed the sections stained with anti-TGM3
antibody in a blinded fashion regarding clinical data. The normal
esophageal epithelium served as an internal positive control. Cases
in which more than 10% tumor cells were positively stained with
anti-TGM3 antibody were considered as TGM3 positive, while
cases with less than 10% TGM3 positive tumor cells were consid-
ered as a TGM3 negative. Staining was evaluated at the dominant
differentiation area of the tumor if considerable tumor heterogene-
ity was present.

We examined TGM3 expression using our home-made tissue

microarray containing 59 normal tissues and 323 tumor tissues
(Supplemental Table S2).

Statistical analysis

The correlation between TGM3 expression and clinicopatholog-
ical features was evaluated using the Fisher’s exact test for cate-
gorical variables and the Mann-Whitney U test for continuous var-
iables. The disease-specific survival time was calculated from the
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first resection of the primary tumor to death of disease-specific
causes. All time-to-event end points were computed by the
Kaplan-Meier method.?* Potential prognostic factors were identi-
fied by univariate analysis using the log-rank test. Independent
prognostic factors were evaluated using the Cox’s proportional
hazards regression model. p value differences of <0.05 were con-
sidered to be significant. Statistical analyses were performed using
the SPSS 11.0 statistical package (SPSS, Chicago, IL).

Results

2D-DIGE generated quantitative expression profiles that
included 3,623 protein spots per sample. Based on the overall sim-
ilarity of the acquired protein expression profiles, the samples
were divided into 2 groups: tumor tissues and normal epithelial
tissues .(Supplemental Fig. S1); that is, the proteomic profiles
reflected the tissue origin of the sample. Considerable differences
were observed between the proteomic profile of tumors and nor-
mal tissues; we found 200 protein spots that matched the criteria
of an FDR < 0.001 and a fold difference >4 between the tissue
groups. The intensity of 33 of these spots indicated increased pro-
tein expression levels while the remaining 167 spots indicated
decreased expression in tumor tissues. All proteins corresponding
to these 200 protein spots were identified (Supplemental Table
53).

The samples were not grouped according to the prognosis group
to which they belonged based on their overall protein expression
features. Similarly, no protein spots with significantly different in-
tensity between these two groups were observed. However, the
gender, the number of lymph node metastases, the lymphatic and
vascular invasion status, and the intramural metastasis status were
significantly different between the patients groups with different
prognosis (Table I).

The number of lymph node metastases is one of the major prog-
nostic factors in esophageal cancer.”” We classified the patients
based on their lymph node metastasis status into the good and bad
prognosis group, and found 22 protein spots with significantly dif-
ferent intensity between the two groups (FDR < 0.05). The local-
ization of the 22 spots on the two-dimensional image is shown in
Figure 2a (enlarged image in Supplemental Fig. S2). Mass spec-
trometric protein identification revealed that the 22 protein spots
corresponded to 18 distinct gene products (Table III, Fig. 2b and
Supplemental Table S4). Pathway analysis using a MetaCore soft-
ware analysis tool showed that 17 of the 18 identified proteins
were part of a network (Fig. 2¢) in which STATI, p53 and HNF4
seemed to be key proteins. TGM3 was connected to STATI
through Sp1, which directly regulates TGM3 expression®* and is
an intermediary of p53, which is known to be a prognostic factor
of several malignancies including esophageal cancer.”> TGM3
spots seemed 3 times in the list of the 22 protein spots with consis-
tently lower intensity in the poor prognosis group.

To further validate the prognostic value of TGM3 expression in
ESCC, we examined the expression of TGM3 in 76 ESCC cases
using immunohistochemistry. Both cytoplasmic and nuclear
TGM3 staining were observed, depending on the case (Fig. 3a,
enlarged image in Supplemental Fig. S3), although only the for-
mer has been reported previously?®*’ and was considered as indi-
cating positive staining in this study.

The 5-year disease-specific survival rate was significantly
higher in the 48 TGM3-positive compared with the 28 TGM3-neg-
ative cases (64.5 versus 32.1%; p = 0.0033; Fig. 3b, Table II).
Multivariate analysis revealed that TGM3 expression was an inde-
pendent predictor of disease-specific survival (Table II). The im-
munohistochemical expression of TGM3 did not correlate with
any other clinicopathological variables (Table II).

In tissue microarray analysis, TGM3 was shown to be expressed
in all normal squamous epithelia and squamous cell carcinomas
examined, including those arising in the skin, lung, oral cavity and
uterus. In addition, TGM3 was expressed in a few cases of non-
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squamous epithelia and nonsquamous cell carcinomas, including
those arising in the breast, prostate and thyroid gland (Fig. 3¢).

Discussion

A variety of treatments is currently available for esophageal
cancer.® The choice of treatment is crucial, as the response is
diverse between the 6patients, even when they are diagnosed at the
same clinical stage.” Treatment-related complications may easily
lead to serious and occasionally fatal adverse reactions, such as
myocardial infarction, heart failure, and pneumonia.zg‘29 There-
fore, by predicting response to treatment and optimizing individu-
alized therapy, we will be able to improve the clinical outcome of
esophageal cancer patients.

Novel prognostic modalities have long been desired to improve
the management of ESCC. Global genomic and transcriptomic
expression studies have been conducted to detect prognostic mo-
lecular biomarkers for ESCC.*%*! However, these studies did not
result in the identification of novel practical biomarkers, because
they used too many molecules to predict clinical outcome, and did
not perform sufficient verification experiments in clinical-scale
sample sets using practical methods such as immunohistochemis-
try. Although proteomics has much potential to reveal the molecu-
lar background of esophageal cancer, this is the first report to
employ proteomics to identify prognostic biomarkers in esopha-
geal cancer, and to successfully establish TGM3 as a single prog-
nostic biomarker.

The prognosis of esophageal cancer patients may be affected by
various factors, including those used in TNM classification and
the presence of intramural metastasis and vascular invasion.”
Therefore, the molecular background of tumors from patients with
similar prognosis could vary even when they have the same T and
M stage, as in this study. Indeed, we did not identify any protein
spots with different intensity between the good and poor prognosis
groups. We assuined that this was probably due to the high hetero-
geneity of the molecular background of the tumors. With this
notion, we subsequently focused our analysis on comparing the
proteomic profiles. of  patients with - different survival periods
within the patient group that had two or more lymph node metasta-
ses at the time of pathological diagnosis. This analysis is clinically
significant because this patient group generally has poor prognosis
and is in more need of the development of suitable prognostic bio-
markers. As a consequence, we successfully identified 22 protein
spots that had different intensity between the aforementioned
patient subgroups. These observations suggest that following a
strategy that is based on the use of such clinically relevant param-
eters is an effective way to identify the proteins that correlate with
the malignant potential of tumors.

We identified 18 proteins of prognostic value in the primary
tumors, Network analysis revealed that 17 of them were linked
through the STAT1, p53 and HNF4 transcription factors, all of
which are aberrantly regulated in esophageal cancer. Suppression
of the EGF-STAT! pathway leads to progression of esophageal
cancer.>? p53 immunoreactivity has been detected in 34-67% of
ESCC cases,*>>® and is significantly correlated with cancer-spe-
cific death.”> HNF4alpha expression significantly correlates with
MUCH4 expression,>” which is a mediator of tumor growth and me-
tastasis by acting as a ligand for the ErbB2 tyrosine kinase recep-
tor.* 8% These observations suggest that a limited number of tran-
scription factors may affect a large number of genes, resulting in
poor prognosis for esophageal cancer.

We considered that TGM3 was a strong prognostic biomarker
candidate, because its immunohistochemical expression clearly
correlated with clinical outcome in our study and it has also been
shown to be potentially relevant to ESCC.?” TGM3 expression has
been previously correlated with certain malignant phenotypes in
ESCC. Liu et al. reported TGM3 expression and histological grade
are inversely correlated in ESCC,”’ while it should be noted
that Mendez er al. reported that TGM3 expression is inversely
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Ficure 2 — Identification of proteins differentially expressed in ESCC. (@) A representative two-dimensional gel image showing the localiza-
tion of proteins of ESCC tissues. The 22 spots identified in this study are circled and numbered. The spot numbers correspond to those in Figure
2b, Table 111, and Supplemental Table S2. The image is shown enlarged in Supplemental Figure S2. (b) Hierarchical clustering of the 33 ESCC
cases based on the intensity of the 22 protein spots. Purple, poor prognosis group; brown, good prognosis group. Right, spot numbers and protein
names. (¢) Pathway analysis of the identified proteins. Seventeen of eighteen of the identified proteins were shown to be part of a network by
pathway analysis using the MetaCore software analysis tool.
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Ficure 3 — Validation of the differential expression of TGM3 in relation to prognosis. (@) Immunohistochemistry; TGM3 was expressed in
all normal esophageal epithelia and 63% cancer tissues. The image is shown enlarged in Supplemental Figure S3. (b) Kaplan-Meier survival
curves for ESCC patients in relation to TGM3 expression. Patients with positive TGM3 expression had significantly better (p = 0.0033) progno-
sis than patients with negative TGM3 expression. (¢) Tissue microarray data. TGM3 was expressed in normal squamous epithelia and squamous
cell carcinomas arising in a range of tissues (a detailed list is shown in Supplemental Table 2), and some adenocarcinomas and their normal

counterparts.

correlated with lymph node metastasis of oral squamous cell carci-
noma.*! Although Liu ef al. reported that TGM3 expression corre-
lated with histological grade in ESCC,?” we did not observe any
correlation between TGM3 expression and the clinico-pathologi-
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cal parameters examined, including the tumor stage. This discord-
ance is probably due to the different antibody used, the different
surgical procedure followed,*? and the different clinical back-
ground of the patients included in the studies. A multi-institutional
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validation study that will take into account such differences will
be required to firmly establish TGM3 as a practical prognostic bio-
marker. In oligomicroarray analysis in ESCC, the TGM3 gene
was reported to be suppressed and to correlate with lymph node
metastasis.>! Although these reports suggested that TGM3 may be
involved in cancer progression, they have not shown the prognos-
tic or other practical value of TGM3 expression examination in
ESCC. Genome and transcriptome studies have listed many bio-
marker candidates included TGM3,>! without, however, detecting
or proposing single biomarkers of potential practical use. In this
study, we detected the proteins associated with the survival of
ESCC patients using a proteomic approach, and subsequently
selected TGM3 as an individual prognostic biomarker candidate.
We then showed that the positive or negative immunohistochemi-
cal expression of TGM3 in our study corresponds to TGM3
expression as assessed by the proteomics tools we employed, and
thus can be used to assess the expression level of TGM3 (Fig. 3a)
in practice.

TGMS3 plays a key role in epidermal terminal differentiation
through cross-linking structural proteins such as involucrin, lori-
crin and small proline-rich proteins.*> Although the role of TGM3
has been well established in the differentiation of skin keratino-
cytes,44 little information is available concerning its involvement
in esophageal epithelium. TGM3 stabilizes the cornified envelope
of cells, a process that precedes the transition of keratinocytes to
corneocytes by apoptosis. Therefore, down-regulation of TGM3 in
ESCC may interrupt the potentially critical initiation of apoptosis,
thereby favoring tumor cell survival.

UEMURA ET AL.

TGM3 expression was decreased in ESCC tissues compared
with normal tissues; all normal tissues strongly expressed TGM3
compared to only 63% of the ESCC tissues. This observation is
consistent with previous microarray studies***® that indicated that
TGM3 is down-regulated in many types of malignancies com-
pared with the corresponding normal tissues, suggesting that the
reduced expression of TGM3 may play a common role in the car-
cinogenesis of not only ESCC but also other carcinomas.

In conclusion, we performed the first esophageal cancer proteo-
mics study that uses a large-scale clinical sample set that includes
prognostic information, and identified TGM3 expression as a
novel prognostic indicator in ESCC. The use of a common internal
control sample in 2D-DIGE, and the use of laser microdissection
contributed to accurate protein expression profiling. The immuno-
histochemical examination of TGM3 expression may help identify
patients with high risk for recurrence, and may improve the clinical
outcome of these patients through closer postoperative follow-up
and additional treatment. Our results therefore provide the possibil-
ity for the development of novel strategies for ESCC management.
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