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Proteomics-based approaches allow us to investigate
the biology of cancer beyond genomic initiatives. We
used histology-based matrix-assisted laser desorp-
tion/ionization (MALDI) imaging mass spectrometry
to identify proteins that predict disease outcome in
gastric cancer after surgical resection. A total of 181
intestinal-type primary resected gastric cancer tissues
from two independent patient cohorts were analyzed.
Protein profiles of the discovery cohort (n � 63) were
directly obtained from tumor tissue sections by
MALDI imaging. A seven-protein signature was asso-
ciated with an unfavorable overall survival indepen-
dent of major clinical covariates. The prognostic sig-
nificance of three individual proteins identified
(CRIP1, HNP-1, and S100-A6) was validated immuno-
histochemically on tissue microarrays of an indepen-
dent validation cohort (n � 118). Whereas HNP-1 and
S100-A6 were found to further subdivide early-stage
(Union Internationale Contre le Cancer [UICC]–I) and
late-stage (UICC II and III) cancer patients into differ-

ent prognostic groups, CRIP1, a protein previously

2720
unknown in gastric cancer, was confirmed as a novel
and independent prognostic factor for all patients in
the validation cohort. The protein pattern described
here serves as a new independent indicator of patient
survival complementing the previously known clini-
cal parameters in terms of prognostic relevance.
These results show that this tissue-based proteomic
approach may provide clinically relevant information
that might be beneficial in improving risk stratifica-
tion for gastric cancer patients. (Am J Pathol 2011, 179:

2720–2729; DOI: 10.1016/j.ajpath.2011.08.032)

Although the incidence of gastric cancer has declined
worldwide over the past 30 years, especially in Western
countries, it remains the second leading cause of cancer-
related death and accounts for 9.7% of cancer deaths
globally.1,2 Despite complex treatment regimens and fur-
ther understanding of its biology and possible causes,
surgery is the only potentially curative treatment for gas-
tric cancer.3 Patients with stage I disease have a good
prognosis, whereas those with stage IV disease show a
poor prognosis. Interestingly, the prognosis varies widely
in patients with stage II or III disease for as-yet undeter-
mined biological reasons.4

The clinical and biological behavior of individual gas-
tric cancer patients cannot be understood through the
analysis of individual or small numbers of genes, so
cDNA microarray analysis has been used with some suc-
cess to simultaneously investigate thousands of RNA ex-
pression levels and attempt to identify patterns associ-
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ated with biological characteristics.5–7 However, mRNA
expression is often poorly correlated with levels of protein
expression, and such analyses cannot detect important
posttranslational modifications of proteins such as pro-
teolytic processing, phosphorylation, or glycosylation, all
of which are important processes in determining protein
function.8 Accordingly, comprehensive analysis of pro-
tein expression patterns might improve our ability to un-
derstand the molecular complexities of tumor tissues.

Matrix-assisted laser desorption/ionization (MALDI) im-
aging mass spectrometry, or MALDI imaging, is a pow-
erful tool for investigating protein patterns through the
direct (in situ) analysis of tissue sections.9 Similarly to
immunohistochemistry, MALDI imaging has advantages
over other assay methods (ie, those requiring homogeni-
zation) because it is morphology driven.10 This charac-
teristic allows to directly evaluate tumor cells, to deter-
mine correlations with other morphological features, and
to assay smaller patient tumor tissue specimens, such as
surgical or endoscopic biopsy specimens.11 These fea-
tures make it an interesting tool for tissue analysis and
molecular histology.12 In addition, MALDI imaging can de-
termine the distribution of hundreds of compounds in a
single measurement without any need for labeling.13 The
great potential of a highly sensitive and molecularly specific
technology such as MALDI imaging to the field of oncology
is currently being realized. Until now, this technique has
been successfully applied to various types of cancer tis-
sues, including human non–small-cell lung cancer, gliomas,
and ovarian, prostate, and breast cancer.14–19 Analysis of
the resulting complex mass spectrometry data sets using
modern biocomputational tools has resulted in the identifi-
cation of both disease state, response prediction, and pa-
tient prognosis-specific protein patterns.18–20

To explore the possibility of using tissue-based pro-
teomic analysis as a predictor of outcome in resected gas-
tric cancer, we used MALDI imaging for direct tissue anal-
ysis of protein expression to identify proteins that predict
disease outcome in patients with intestinal gastric cancer.

Materials and Methods

Study Population and Tissues

All tissues investigated in this study were obtained from
patients (n � 181) who underwent gastrectomy between
1991 and 2005 at the Surgery Department at the Tech-
nische Universität München. Histological classification
was performed according to the World Health Organiza-
tion and the TNM classification systems designed by the
Union Internationale Contre le Cancer (UICC).21,22 All
tumors analyzed in this study were intestinal-type tumors
according to the Lauren classification system.23 Fol-
low-up data were available for all patients, and the overall
survival was calculated from the date of surgical resec-
tion to the date of death or last follow-up. This study was
approved by the Institutional Review Board and the Eth-
ics Committee of the Faculty of Medicine of the Technis-

che Universität München with informed consent from all
subjects and patients. The clinicopathological data of all
patients are listed in Table 1.

Discovery Cohort

Fresh-frozen tissue samples were obtained from 63 primary
resected gastric carcinoma patients that were matched to
UICC-T status (T � 2). Patients were on average 66.5 years
of age (range, 33–85 years), and their median overall sur-
vival time was 33.1 months (range, 0–53.4 months). The
tissues were snap-frozen and stored in liquid nitrogen. This
discovery cohort was used for tissue-based proteomic anal-
ysis by MALDI imaging.

Validation Cohort

The patient cohort of the validation set comprised 118 tumor
samples and was provided in triplicate in formalin-fixed
paraffin-embedded tissue microarrays from the Institute of
Pathology of the Technische Universität München. The clin-
icopathological data of this independent sample set are
also included in Table 1. The patients’ median overall sur-
vival time was 54.7 months (range, 0–135.5 months), and
their mean age was 66.4 years (range, 41–80 years). The
validation of the proteins was performed in this independent
patient cohort by immunohistochemical analyses.

MALDI Imaging for Discovery of Survival-
Related Proteins

Frozen tissue sections from the discovery cohort were cut
on a cryostat (CM1950, Leica Microsystems, Wetzlar,
Germany) at a 12-�m thickness onto indium-tin-oxide–
coated glass slides (Bruker Daltonics, Bremen, Ger-
many). After brief washing in both 70% and 100% ethanol
pro analysis solutions, slides were coated with sinapinic
acid matrix solution (Sigma-Aldrich, Taufkirchen, Ger-
many) at 10 mg/mL in water/acetonitrile 40:60 (v/v) with
0.2% trifluoroacetic acid pro analysis (TFA) by an auto-
mated spraying device (ImagePrep, Bruker Daltonics).

For mass spectrometric measurements, tumor areas
were defined using the FlexControl 3.0 and FlexImaging
2.1 software packages (both Bruker Daltonics). Spectra
were acquired using the Ultraflex III MALDI-TOF/TOF
(Bruker Daltonics) in positive linear mode, whereas ions
were detected in a mass range of m/z 2500 to 25,000 with
a lateral resolution of 70 �m. A ready-made protein stan-
dard was used for spectra calibration (Bruker Daltonics).

After the MALDI experiments, the glass slides were
incubated in 70% ethanol to elute the matrix and were
then stained with hematoxylin and eosin. Finally, the
stained slides were scanned with a digital slide scanning
system (Mirax Desk, Carl Zeiss MicroImaging, Göttingen,
Germany) and co-registered to the MALDI imaging re-
sults to align mass spectrometric data with the histolog-
ical features of the very same sections.

Tumor-specific spectra were selected using the FlexImag-
ing software (Bruker Daltonics). A total of 80 spectra per case
were picked randomly and were imported into the ClinPro-

Tools 2.2 software (Bruker Daltonics), on which the data un-
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derwent normalization, recalibration (both to enable compara-
bility of measurements), and peak picking. After processing,
the data were exported for further statistical analyses.

Protein Identification

Ten cryosectioned slices (25 �m each) of three different
tissue specimens underwent protein extraction with
aqueous 0.1% TFA and ultrasonication. The extracted
proteins were separated on an mRP-C18 column (Agilent
Technologies, Santa Clara, CA), and the fractionated ali-
quots were collected in a 96-well-plate. The HPLC frac-
tions were manually spotted onto a PAC target (Bruker
Daltonics) and analyzed by MALDI-MS (Ultraflex I, Bruker
Daltonics) to locate fractions containing the m/z species of
interest. Fractions of interest underwent tryptic digestion,
and the resulting peptides were separated on a nano-RP-
HPLC column (PepMap, LC Packings, Sunnyvale, CA),
which was connected to a linear quadrupole ion trap mass
spectrometer (LTQ Orbitrap XL, Thermo Scientific, Wal-
tham, MA) equipped with a nano-ESI ion source. All ob-

Table 1. Correlation of Spectral Features and Their Respective Id

Discovery cohort (n � 6

No. of
patients

MALDI imaging m/z

3445
(HNP-1) 6278

8406
(CRIP1) 8453

1
(S1

Sex* 0.257 0.348 0.953 0.383 0
Male 46
Female 17

Age† 0.114 0.220 0.159 0.564 0
Primary tumor† — — — —

pT1 0
pT2 63
pT3 0
pT4 0

Regional lymph
nodes†

0.730 0.572 0.059 0.396 0

pN0 18
pN1 24
pN2 16
pN3 5
pNx 0

Distant
metastasis‡

0.976 0.321 0.089 0.687 0

M0 54
M1 9

Resection
status‡

0.675 0.238 0.055 0.129 0

R0 53
R1 9
Rx 1

Grading† 0.389 0.685 0.720 0.389 0
G1 0
G2 16
G3 47

Overall survival§ 0.075 0.009 0.018 0.022 0

Bold print values indicate that the P value is �0.05.
*P value calculated by t-test.
†P value calculated by Spearman’s rank correlation.
‡P value calculated by Mann-Whitney U test.
§P value calculated by univariate Cox proportional hazard regression
¶Union Internationale Contre le Cancer (UICC) stage I.
�UICC stages II and III.
tained MS/MS spectra were searched in the NCBInr human
sequence database using Mascot (v2.2.06, Matrix Science,
London, UK). The final evaluation of the protein/peptide
identification results was done using the Scaffold 3 software
framework (Proteome Software, Portland, OR).

Validation of Proteins by Immunohistochemistry

Immunohistochemical staining of the 3-�m tissue microar-
ray sections was performed using an automated stainer
(Discovery XT) and a DAB Map kit (both, Ventana Medical
Systems, Tucson, AZ). The dilutions used for primary antibod-
ies against HNP-1 (BMA Biomedicals, Augst, Switzerland),
CRIP1 (AbD Serotec, Oxford, UK), and S100-A6 (Thermo Sci-
entific) were 1:400, 1:100, and 1:100, respectively.

The analysis of the immunohistochemical staining was
conducted with an image analysis platform (Definiens
Enterprise Image Intelligence Suite, Definiens AG, Mu-
nich, Germany). For this purpose, all stained slides were
scanned at �20 objective magnification by a digital slide
scanner (Mirax Desk, Carl Zeiss MicroImaging), and the
images were imported into the image analysis software.

d Proteins with Clinicopathological Parameters for Patients

Validation cohort (n � 118)

No. of
patients

Immunohistochemistry antigens

11353 11613
HNP-1

(m/z 3445)
CRIP1

(m/z 8406)
S100-A6

(m/z 10098)

0.579 0.951 0.448 0.092 0.259
89
29

0.290 0.947 0.009 0.152 0.678
— — 0.248 0.375 0.224

15
54
44
5

0.400 0.305 0.016 0.964 0.023

36
35
35
9
3

0.036 0.616 0.517 0.779 0.038

87
31

0.448 0.150 0.196 0.624 0.361

81
26
11

0.033 0.104 0.168 0.388 0.018
1

36
81

0.012 0.026 0.0862¶ 0.016 0.0766�
entifie

3)

signals

0098
00-A6)

.002

.039
—

.081

.005

.011

.227

.013

.

Specific rule sets were then defined to detect and quan-
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tify the immunohistochemical staining intensities of se-
mantic classes. Whereas the quantified parameter for
CRIP1 and S100-A6 staining was the brown intensity of
the tumor cells, the area of the peptide expressing gran-
ulocytes was the quantified parameter for HNP-1.

Statistical Analysis

Correlations between the investigated parameters and
clinicopathological features were determined as outlined
in Table 1.

The m/z species associated with overall survival, ob-
tained by MALDI imaging, were identified by corrected
multiple testing using the Significance Analysis of Mi-
croarrays (SAM) package with a maximum false discov-
ery rate of 0.1.24 To investigate the predictive power of
the combined MALDI imaging signals, all patients were
clustered into two groups by hierarchical clustering. The
dendrogram was calculated using the Ward linkage
method based on a weighted Euclidean distance. Each
weight corresponded to the reciprocal of the respective
m/z species’ univariate P value. The correct classification
rate of this protein pattern to one of the groups was tested
by establishing a classification model based on a support
vector machine, running with standard parameters (ker-
nel � radial, cost � 1) and a 10-fold cross-validation.

Multivariate analyses for the assessment of clinical pa-
rameter influences were done by Cox regression with P
values calculated by the Wald test. Kaplan-Meier curves
were calculated by defining favorable and unfavorable

Figure 1. MALDI imaging reveals cell type-specific profiles, as shown in thi

individual patient’s tissue. In this study, one example of differentially expressed
visualization), was found to correlate significantly with the patients’ overall survival
prognostic groups using an intensity-based threshold
score, which maximized overall survival differences be-
tween both respective groups while minimizing imbal-
ances in group sizes. Differences between the curves
were assessed using the log-rank test.

All statistical analyses were performed within the R
statistical environment (R Foundation for Statistical Com-
puting, Vienna, Austria), in which P values �0.05 were
considered statistically significant and values between
0.05 and 0.1 were considered trends.

Results

MALDI Imaging Reveals Seven
Survival-Associated Proteins

To detect protein signals associated with overall survival
in gastric cancer, we acquired the cancer protein profiles
of 63 patients using MALDI imaging mass spectrometry
in the discovery cohort. This strategy allowed the histol-
ogy-directed acquisition of cancer cell-specific protein
spectra from the measured tissue samples. On average,
we could resolve between 150 and 200 peaks per case
within the mass range of m/z 2500 to 25,000 and a mass
accuracy of �3 m/z. For example, a representative tumor
peak (m/z species) and the morphological features of an
individual patient’s tissue sample are shown in Figure 1.

After setting the false discovery threshold to 0.1 and
excluding correlated features, we found seven m/z spe-

rison of gastric carcinoma (red) and normal gastric mucosa (green) from an
s compa

masses (m/z 8406), exclusively present in cancer cells (right inset, red
.
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cies at an average of m/z 3445, m/z 6278, m/z 8406, m/z
8453, m/z 10098, m/z 11353, and m/z 11613, which were
associated with patient survival (see Supplemental Fig-
ures S1 at http://ajp.amjpathol.org). Correlations to clini-
copathological parameters are listed in Table 1.

The influence of each m/z species on survival was then
studied in more detail. Univariate Cox regression showed
that, with the exception of m/z 3445 (P � 0.075), which

Figure 2. M/z 3445 and 10098, as measured by MALDI imaging and id

Kaplan-Meier analyses in the immunohistochemical validation confirmed their p
UICC stage I cancer (C, n � 29) for HNP-1 and in those with UICC stages II an
indicates a prognostic trend, all signals exhibit a strong
nonfavorable effect on survival. The value m/z 6278 (P �
0.009) has the highest prognostic value, followed by m/z
11353 (P � 0.012), m/z 10098 (P � 0.013), m/z 8406
(P � 0.018), m/z 8453 (P � 0.022), and m/z 11613 (P �
0.026) (Table 1). Setting intensity thresholds for each
single m/z signal resulted in poor and good prognosis
groups which all differed significantly in terms of overall

as HNP-1 and S100-A6 correlate with the survival of patients (A, B).
entified

rognostic value although this effect was only observed in patients with

d III for S100-A6 (D, n � 68).

http://ajp.amjpathol.org
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survival (all P � 0.05). A selection of Kaplan-Meier
graphs for the long-and short-term survivor groups are
depicted in Figures 2, A and B, and 3A (for all Kaplan-
Meier graphs, see Supplemental Figure S2 at http://ajp.
amjpathol.org).

Multivariate Cox regression models of each respective
m/z species, with nodal and resection status as well as
distant metastasis status as covariables, showed that m/z
6278, m/z 8453, m/z 10098, and m/z 11613 are indepen-
dent prognostic factors (all P � 0.05), whereas m/z values
of 3445 (P � 0.063) and 8406 (P � 0.07) showed slight
dependencies (Table 2). In contrast, m/z 11353 does not
exert an independent influence on survival (P � 0.16).

Identification of Three Survival-Related Protein
Markers-HNP-1, CRIP1, and S100-A6

Protein identification of m/z 3445 was performed by
tissue extraction and fractionation followed by bot-
tom-up tandem mass spectrometry. Human neutrophil
peptide-1 (HNP-1) was identified with a Mascot Score
of 109. Protein scores above 56 indicate identity or
extensive homology (P � 0.05) (see Supplemental Fig-
ure S3 at http://ajp.amjpathol.org). In addition, this
mass has already been reported as HNP-1 in several

Figure 3. CRIP1, a previously unknown protein in gastric cancer, was fou
Immunohistochemical validation confirmed this by showing a strong relation
(D, B), as calculated by Kaplan-Meier analysis (n � 114).
other studies.11,20
Signal m/z 8406 (�3 m/z) has previously been identi-
fied by our group as Cysteine-rich intestinal protein 1
(CRIP1).25 Similarly, the signal at m/z 10098 corresponds
to the calcium binding protein, S100-A6, as previously
shown by Schwartz et al.18

The other four molecular species have remained un-
identified and require further elucidation efforts.

Validation on an Independent Patient Cohort by
Immunohistochemistry Confirms the Prognostic
Relevance of the Identified Protein Markers

Based on the results of the discovery study, we validated
the predictive power of the identified proteins CRIP1,
S100-A6, and HNP-1 using an independent test cohort
comprising 118 patients.

Although univariate analysis indicated a significant
correlation of CRIP1 (P � 0.016) on patient survival for all
UICC stages, slight associations were found for HNP-1
and S100-A6 for certain subgroups. S100-A6 slightly in-
fluenced survival in UICC stages II to III patients (P �
0.077) and HNP-1 slightly influenced survival in UICC
stage I patients (P � 0.086). These findings are in line with
the Kaplan-Meier analyses, as shown in Figure 2. Next, the
global prognostic value of CRIP1 was further investigated in

ALDI imaging as a novel prognostic factor in the discovery cohort (A, C).
tween the high expression of CRIP1 (E) and poor survival (B) and vice versa
nd by M
a multivariate analysis. CRIP1 was found to be the strongest

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
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variable, besides nodal status (P � 0.032), to indicate the
outcome of patients (P � 0.044), therefore confirming its
high predictive power (Table 2). This finding is also shown
in the Kaplan-Meier analyses together with immunohisto-
chemical examples of low and high expression of CRIP1 in
Figure 3. Similarly, S100-A6 has a significant independent
effect on survival in stage II and III patients (P � 0.031).

Seven-Protein Signature Predicts Outcome in
Patients Independently of Clinical Parameters

To improve prognostic ability further, all seven markers
were combined to establish a survival prediction model.
Therefore, unsupervised clustering was applied to dis-
criminate patients into two groups according to their sev-
en-protein signature (Figure 4A). The difference in patient
outcome between both groups was assessed by univar-

Table 2. Multivariate Survival Analyses

Covariable
Hazard

ratio

95%
Confidence

interval
P

value

MALDI imaging
m/z 3445 (HNP-1) 1.032 0.998–1.070 0.063

Nodal status 2.304 1.382–3.840 0.001
Distant metastasis 0.724 0.163–3.220 0.670
Resection status 1.398 0.273–7.160 0.690

m/z 6278 1.332 1.088–1.630 0.006
Nodal status 2.869 1.661–4.960 0.000
Distant metastasis 0.661 0.165–2.640 0.560
Resection status 0.531 0.092–3.080 0.480

m/z 8406 (CRIP1) 1.458 0.970–2.190 0.070
Nodal status 2.477 1.459–4.210 0.001
Distant metastasis 0.521 0.109–2.490 0.410
Resection status 0.772 0.116–5.160 0.790

m/z 8453 3.626 1.275–10.31 0.016
Nodal status 2.579 1.527–4.360 0.000
Distant metastasis 0.760 0.185–3.130 0.700
Resection status 0.643 0.121–3.420 0.600

m/z 10098 (S100-A6) 1.219 1.012–1.470 0.037
Nodal status 2.522 1.469–4.330 0.001
Distant metastasis 0.407 0.078–2.130 0.290
Resection status 1.042 0.171–6.350 0.960

m/z 11353 1.177 0.939–1.480 0.160
Nodal status 2.091 1.231–3.550 0.006
Distant metastasis 0.585 0.138–2.480 0.470
Resection status 1.668 0.326–8.530 0.540

m/z 11613 1.694 1.082–2.650 0.021
Nodal status 2.570 1.529–4.320 0.000
Distant metastasis 0.584 0.121–2.820 0.500
Resection status 0.867 0.137–5.470 0.880

Seven-protein signature 4.031 1.691–9.610 0.002
Nodal status 2.501 1.521–4.110 0.000
Distant metastasis 0.725 0.183–2.870 0.650
Resection status 1.165 0.260–5.220 0.840

Immunohistochemistry
CRIP1 (m/z 8406) 1.570 1.012–2.440 0.044

Primary tumor 1.660 0.939–2.950 0.081
Nodal status 1.670 1.045–2.670 0.032
Distant metastasis 1.090 0.437–2.720 0.860
Resection status 1.030 0.363–2.950 0.950

S100-A6 (m/z 10098)* 3.800 1.130–12.81 0.031
Primary tumor 1.720 0.611–4.860 0.300
Nodal status 2.190 0.865–5.570 0.098
Distant metastasis 1.120 0.310–4.050 0.860
Resection status 1.670 0.355–7.830 0.520

Data are calculated by Cox proportional hazard regression. Bold print
indicates that the P value is �0.05.

*Union Internationale Contre le Cancer (UICC) stages II and III only.
iate Kaplan-Meier analysis (P � 0.002) (Figure 4B) and
multivariate Cox regression (P � 0.002) (Table 2). This
analysis indicated the strong predictive value of the sig-
nature independent of nodal or distant metastasis and
resection status.

The discriminatory power of this pattern (Figure 4C)
between the two tumor subgroups was assessed by
cross-validation of a classification model (support vector
machine), which achieved a classification accuracy of
98% (95% CI, 91% to 100%).

A combination of mass signals representing the three
identified proteins was found sufficient to be a significant
indicator for patient survival, and even independent from
clinical parameters. However, the full signature adds sig-
nificantly more prognostic information (see Supplemental
Figure S4 at http://ajp.amjpathol.org).

Discussion

Previous studies have defined prognostic subsets of gas-
tric cancer based on gene or microRNA expression pat-
terns.5–7,26 However, mRNA expression cannot always
indicate which proteins are expressed or how their activ-
ity might be modulated after translation.27,28 Accordingly,
analysis of the proteome in tumor tissues might better
reflect the underlying pathological state of cancers than
gene expression patterns. A few tissue-based reports in
gastric cancer have shown that proteomic patterns with
surface-enhanced laser desorption/ionization-TOF can
distinguish cancer patients from non-cancer pa-
tients.29,30 A very recent report in gastric cancer demon-
strated that protein profiles obtained from endoscopic
biopsy samples via MALDI imaging can distinguish path-
ological early stage tumors from more advanced tu-
mors.11 However, none of the mentioned studies per-
formed prognostic evaluations of the protein patterns.
This study is the first to show that tissue-based proteomic
profiling by MALDI imaging is able to identify protein
patterns that predict patient survival in intestinal-type
gastric cancer. Previously known and, more importantly,
previously unknown protein biomarkers were identified,
among them HNP-1, CRIP1, and S100-A6. Interestingly,
both HNP-1 and CRIP1 have been described in the con-
text of the immune system.31,32 It is known from clinical
and experimental studies that the immune system is a
significant determinant of epithelial tumorigenesis and
further development.33

Cysteine-rich intestinal protein 1 (CRIP1), a so-far-un-
known protein in gastric cancer, was found in this study
to be an independent prognostic factor in the validation
cohort (Table 2). Human CRIP1 belongs to the LIM family
and is a tissue-specific developmentally regulated pro-
tein that is involved in protein–protein interactions during
transcription.34–37 CRIP1 has been suggested to play a
role in the host defense system also, and differential
expression of CRIP1 can change cytokine patterns and
the immune response.32 In this context, an elevated level
of CRIP1 in tumor cells may be sensible as it has been
proposed that immune cells are actively recruited by
tumors to exploit their pro-angiogenic and pro-metastatic

effects. This is supported by gene expression analyses

http://ajp.amjpathol.org
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where mRNA of CRIP1 has been found to be overex-
pressed in various tumor types, including colorectal, pan-
creatic, prostate, breast, and cervical cancers.38–42

However, this is the first study that describes CRIP1 to
affect patient survival. No other significant correlations to
major clinical parameters were found for CRIP1 in our
study. Because the functional characterization of CRIP1
is currently inadequate, the precise role of CRIP1 in can-
cer cells is unclear and requires further investigation.

HNP-1 is an antimicrobial peptide that is expressed in
human neutrophils of the innate immune system and is
found to be present in a variety of tumor types, including
gastric and colon cancer.30,31,43 The link between a
chronic active inflammatory process, where neutrophils
make up a significant portion of the inflammatory cell
infiltrate, and the onset of carcinoma has been convinc-
ingly demonstrated at the gastric and intestinal mucosal
level.44 It has been shown in cancers that a strong pres-
ence of infiltrating innate immune cells, such as neutro-
phils, correlates with increased angiogenesis and poor
prognosis, whereas an abundance of infiltrating lympho-
cytes correlates with favorable prognosis.33 This is re-
flected in several serum based studies that investigated

Figure 4. The prognostic power of a combined pattern was investigated by
branches of the tree were found to represent a good (blue) and a poor progn
of major clinicopathological parameters (Table 2).
the ratio between neutrophils and lymphocytes in differ-
ent cancer types as in renal cell carcinoma or breast
cancer.45,46 However, this study is the first to show the
prognostic significance of HNP-1 in gastric cancer tis-
sues. The results of this study underscore the assump-
tions that the immune system and associated proteins,
represented here by HNP-1 and CRIP1, play key roles in
tumor behavior and therefore in clinical outcomes in can-
cer patients.

In contrast, S100-A6, a calcium-binding protein, has
not been reported to be linked to the immune system.
Among many versatile functions of S100-A6, it has been
mainly described to be involved in cytoskeleton rear-
rangement, as actin binding proteins, like annexins, have
been identified as its target (see Supplemental Figure S5
at http://ajp.amjpathol.org).47 In this context, interactions
with tumor associated proteins such as annexin A2 and
p53 may indicate a role of S100-A6 in cancer progression
and metastasis.48,49 Indeed, increased levels of S100-A6
have been found to be associated with metastasis or
survival in colon and pancreatic cancer, respec-
tively.50,51 Similarly, our study showed a significant cor-
relation of S100-A6 expression with clinical parameters
such as regional lymph node metastasis, distant metas-

ing all patients according to the seven protein signals (A, C). The main two
up (red) (B). Moreover, this pattern predicts patient outcome independently
cluster
tasis, tumor cell differentiation, and prognosis. This is

http://ajp.amjpathol.org
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highly concordant with a recent study in gastric cancer
demonstrating the association between S100-A6 expres-
sion and various clinicopathological features including
clinical patient outcome.52 Unfortunately, little is still
known about the exact mechanism of S100-A6 with re-
gard to an aggressive tumor phenotype. Nevertheless,
our observations support the general findings that
S100-A6 plays an important role in the progression and
prognosis in gastric cancer patients.

The other four molecular species have remained un-
identified so far and require further elucidation efforts.
Because there is so far no universal strategy in MALDI
imaging proteomics for identifying the molecular nature
of a peak, each protein requires an individual identifica-
tion approach and elaborate protocol adaptations.53,54

We shifted the emphasis of our study to the combina-
tion of these molecular species that are directly related to
prognosis, as it has been reported that individual markers
may vary for a variety of reasons but that, at a statistically
significant level, a signature would remain more robust.55

The seven-protein signature described was found to be a
new independent indicator of patient survival and may
complement previously known clinical parameters such
as lymph node metastasis and stage in terms of prog-
nostic relevance.

Importantly, the amount of tissue required for MALDI
imaging is much smaller than any other available method
using molecular profiling techniques such as array-
based gene expression profiling. Thus, our study shows
that protein profiles can be obtained from smallest
amounts of unprocessed fresh frozen tissue samples,
which are readily collectable in a clinical setting, to ac-
curately predict prognosis. Since such small tissue sam-
ples can be used, it would be of great interest to analyze
the protein expression patterns of tissue samples from
small endoscopic biopsies or to attempt to derive pat-
terns associated with response to specific treatments
and correlate these findings with the risk of progression
to cancer. If these data are confirmed in larger numbers
of patients, tissue-based proteomics profiling by MALDI
imaging could have implications for the clinical manage-
ment of patients with gastric cancer.
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