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Serum peptidome profiling in patients with gastric cancer
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Abstract To identify discriminating protein patterns in

serum samples between gastric cancer patients (early and

advanced stages) and healthy controls. We used magnetic

bead-based separation followed by matrix-assisted laser

desorption ionization (MALDI) time-of-flight (TOF) mass

spectrometry (MS) to identify patients with gastric cancer.

In total, serum samples from 62 gastric cancer patients (32

in the training set and 30 in the test set; 19 of which had

early-stage tumors and 43 of which had advanced-stage

tumors) and 64 healthy controls (32 in the training set and

32 in the test set) were analyzed. The mass spectra, ana-

lyzed using ClinProTools software, distinguished between

cancer patients and healthy individuals based on three

different algorithm models. In the training set, patients with

gastric cancer could be identified with a mean sensitivity of

94.7% and a mean specificity of 99%. Similar results were

obtained with the test set, showing 79.3% sensitivity and

86.5% specificity. Our study demonstrates the high sensi-

tivity and specificity of screening serum protein patterns

using MALDI-TOF MS for the identification of patients

with gastric cancer.
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Introduction

Gastric cancer is the fourth most common cancer and the

second most common cause of cancer-related death

worldwide [1]. It affects approximately one million indi-

viduals, with 8,70,000 deaths annually, and it remains a

global killer with a shifting burden from the developed to

the developing world. Almost two-thirds of gastric cancer

cases occur in developing countries and 42% of cases occur

in China alone [2]. Gastric cancer mortality rates are higher

in rural areas than in urban areas and are higher in men than

in women, according to the data from the Center of Health

Information Statistics (CHIS) under the Ministry of Public

Health, China [3]. The factors that influence in incidence of

gastric cancer in China have been reported to be lifestyle,

nutrition and diet, education, and the health care system.

Despite the remarkable decline in gastric cancer mortality
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during the last two decades due to dramatic improvements

in socialeconomic factors, gastric cancer is still the pre-

dominant form of cancer and remains a significant cancer

burden in China with a poor prognosis [3, 4].

Most gastric cancer patients are diagnosed with

advanced-stage disease for which treatment options are

limited contributing to the overall 5-year survival rate of less

than 25% [5]. Early detection and accurate preoperative

staging of an early gastric cancer offer the best prognosis and

are essential for planning optimal therapy [1]. In Japan,

experience has shown that the detection and treatment for

gastric cancer in its early stages can significantly improve

disease outcome and patient survival [6, 7]. Because of the

limited sensitivity and specificity of the commonly used

gastric tumor markers, which include carcinoembryonic

antigen (CEA), CA 19-9, and a-fetoprotein antigen (AFP)

[8], there is an urgent need to identify novel biomarkers for

early diagnostic screening purposes.

An effective, clinically useful biomarker should be

measurable in a readily accessible body fluid, such as

serum, urine, or saliva [9]. The discovery of biomarkers in

body fluids has been advanced by the recent introduction of

mass spectrometry (MS)-based screening methods, such as

surface-enhanced laser desorption/ionization time-of-flight

(SELDI-TOF) MS, and matrix-assisted laser desorption/

ionization time-of-flight (MALDI-TOF) MS. The analysis

of MS-based serum proteomic patterns is a well established

diagnostic tool in routine clinical practice [10]. The SEL-

DI-TOF MS analysis of various body fluids was first used

to investigate a variety of different cancer types (e.g.,

ovarian, lung, prostate, bladder, breast, brain, and liver)

[11–14], and this method has been applied to the identifi-

cation of gastric cancer patients in many cases via serum

protein profiling [15–18]. However, spectra generated by

SELDI-TOF MS usually show limited peak and binding

capacity due to the smaller surface area of the plane protein

chip [19]. Moreover, SELDI-TOF MS does not allow for

direct identification of the discriminatory proteins and

suffers from low reproducibility and accuracy [20–23]. As

for clinical diagnostic studies using MS-based proteomic

approaches, MALDI-TOF MS has been the most com-

monly used method due to its relative ease-of-use, its high

automation and throughput potential, and good sensitivity

[24]. Moreover, magnetic bead-based purification approa-

ches were developed to reduce costs and make serum

profiling suitable for general MS analysis. Using magnetic

beads, multiple MALDI-TOF measurements can be made

using the same preparation.

Identifying differentially expressed peptides and pro-

teins by MS, together with software-generated models that

are capable of discriminating between the spectra of

patients with gastric cancer and healthy controls, could

lead to the identification of potential new marker molecules

for gastric cancer. Here, we report an initial clinical study

using magnetic bead-based purification approaches coupled

with MALDI-TOF MS for the analysis of sera from

patients with gastric cancer as well as from healthy con-

trols. The identified marker molecules could aid the early

diagnosis of this disease.

Materials and methods

Patients and sample preparation

The study protocol was approved by the ethics committee

and the human research review committee of Xi’an Jiao-

tong University. A total of 62 serum samples (39 men and

23 women; 19 with early-stage disease and 43 with

advanced-stage disease) from gastric cancer patients were

collected at the First Affiliated Hospital of Xi’an Jiaotong

University. Their average age was 59 (ranging from 32 to

78). All of the patients had recently been diagnosed. The

histotypes of gastric carcinoma patients were as follows: 24

with poorly differentiated adenocarcinoma, 16 with mod-

erate differentiated adenocarcinoma, 12 with tubular ade-

nocarcinoma, and 10 with mucinous adenocarcinoma.

The 64 healthy control serum samples, consisting of 33

males and 31 females, ranging in age from 31 to 78, with

an average age of 51.7, were obtained from health donors

recruited for this study. All of the samples used in this

study were collected between January and April, 2009. All

blood samples were drawn while the patients or healthy

controls were seated and non-fasting. The samples were

collected in 10 cc serum separator tubes and were kept at

4�C for 1 h, then centrifuged at 3,000g for 20 min at 4�C.

The serum samples were distributed into 500 ll aliquots

and stored at –80�C until use.

MS analysis: WCX fractionation and MALDI-TOF MS

Magnetic bead-based weak cation-exchange chromatogra-

phy (MB-WCX) (ClinProt
TM

purification reagent sets from

Bruker Daltonics, Bremen, Germany) was used for pepti-

dome separation of samples. MB-WCX purifications were

performed according to the manufacturer’s protocol for

serum, using a Bruker Magnetic Separator (8-well,

#65554). The protocol was adapted with regard to sample

and binding solution volumes. With the magnet lowered,

5 ll serum samples were diluted in 10 ll binding solution

in a standard thin wall PCR tube, added to 10 ll of MB-

WCX beads and then carefully mixed using the mixing

feature of the robot. After thorough stirring, samples were

incubated at room temperature for 5 min, then the tubes

were placed into the magnetic separator to collect the beads

on the wall of the tube until the supernatant was clear
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(*1 min). The supernatant was then removed and the

magnet was lowered again. The magnetic beads were

washed three times in MB-WCX washing solution, lifting

and lowering the magnet as needed. Following the stepwise

application of sample and MB-WCX separation, we eluted

the peptide fraction from the magnetic beads with 5 ll of

elution solution and 4 ll of stabilization buffer. To prepare

the MALDI target, we spotted 1 ll of a mixture containing

10 ll of 0.3 g/l a-cyano-4-hydroxy cinnamic acid in 2:1

ethanol/acetone (v/v) and 1 ll of the eluted peptide fraction

onto the MALDI AnchorChip
TM

(Bruker Daltonics). To

evaluate the reproducibility of each serum sample, samples

were spotted in triplicate.

Data processing with ClinProt software

Air-dried targets were measured immediately using a cali-

brated Autoflex III MALDI-TOF MS (Bruker), FlexControl

software (version 3.0; Bruker) and optimized measuring

protocols. For matrix suppression up to 700 Da, mass cali-

bration was performed with a standard calibration mixture of

peptides and proteins (mass range, 1,000–10,000 Da). All

measurements were performed in a blinded manner,

including the analysis of patient and control sera, which was

performed using a mixed approach. The Flex analysis soft-

ware (version 3.0; Bruker) was applied for data analysis.

Clinprotools software (version 2.2; Bruker) was used for the

recognition of peptide patterns. This program uses a standard

data preparation workflow including spectra pretreatment,

peak picking and peak calculation operation.

For statistical analysis, three different algorithms of

mathematical models were used: Genetic Algorithm (GA),

Supervised Neural Network (SNN), and Quick Classifier

(QC). Each model selects and weights a combination of

protein peaks that provide high distinguishing ability

between the cancer patients and healthy controls and are

briefly described. The GA algorithm derives from evolu-

tionary survival in which the best peak clusters are combined

into a new feature, and the poor clusters are discarded. This

process is iteratively repeated until the optimal peak com-

bination is found. The SNN algorithm maximizes the dis-

tance of multiple local peak clusters specific to each group.

Clusters that provide greater separation are prioritized over

those with low separation. Finally, the QC algorithm gen-

erates an average spectrum for each group with weighted

P values for each peak. Based on the peak weights, spectra

are categorized into either group along with a likeliness

value. In this study, the gastric cancer and healthy control

groups were subdivided into a training set (32 gastric cancer

patients and 32 healthy controls) and a testing set (30 gastric

cancer patients and 32 healthy controls) to test the robustness

of the classification model.

Sensitivity and specificity, also known in statistics as

classification function, are statistical measures of the per-

formance of a binary classification test. Specificity relates

to the ability of the test to identify negative results. Sen-

sitivity measures the proportion of actual positives, which

are correctly identified as such (e.g., the percentage of sick

people who are correctly identified as having the condi-

tion). Specificity measures the proportion of negatives,

which are correctly identified (e.g., the percentage of

healthy people who are correctly identified as not having

the condition). In the training set, the sensitivity and

specificity were correctness of self-checking. However, in

the test set, both measures were correctness of predicting.

Results

In this study, we analyzed the serum peptidome fingerprints

of all 62 gastric cancer patients (19 with early-stage disease

and 43 with advanced-stage disease) and 64 healthy con-

trols (Table 1). We evaluated changes at the peptidome

level in the serum samples of 32 gastric cancer patients

compared with 32 healthy controls in the training set. By

analyzing the spectra (screened from two groups in the

training set) using the ClinProTools software 2.2, we were

able to identify proteomic patterns that can clearly distin-

guish between gastric cancer patients and healthy controls.

MALDI spectrum generation and assay reproducibility

Using MB-WCX magnetic beads on pre-fractionated serum

samples and MALDI-TOF MS revealed, on average, up to

Table 1 Detailed information

on the gastric cancer patients

and healthy controls in the data

sets

TNM stage Overall

no. of cases

Training set,

no. of cases

Test set,

no. of cases

Gastric cancer patients

Stage I–IV 62 32 30

Early stage: Stage I ? II 19 11 8

Advanced stage: Stage III ? IV 43 21 22

Healthy controls 64 32 32
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119 peaks, of which 46 significant m/z peaks with a P value

for the Wilcoxon rank sum test of \0.001 were detected

between the gastric cancer group and the healthy controls

in the training set (Table 2). Overall, the gastric cancer

patients (red) and healthy controls (green) demonstrated

protein profiles from 1 to 10 kDa (Fig. 1). Within this mass

range, large numbers of differentially expressed proteins or

peptides could be detected.

To evaluate the reproducibility and stability of the mass

spectra, the Gel view of mass spectra of three different

samples (three spectra for each sample), two of which were

from gastric cancer patients and one was from a healthy

control, showed closely reproducible peaks (Fig. 2). In

addition, mass spectra were different among the different

samples, even if they were both from gastric cancer

patients.

Peak selection and model testing

Utilizing data from the training set, three different classi-

fication models for gastric cancer patients and healthy

controls were generated using GA, SNN, and QC algo-

rithms that could discriminate both groups with high sen-

sitivity and specificity (Table 3). Analyzing the training set

based on the GA algorithm model, gastric cancer patients

could be discriminated from healthy controls with 97.1%

sensitivity and 98.5% specificity. The sensitivity and

specificity of the SNN model was 98.6 and 100%,

respectively, and these values were 88.4 and 98.5% for the

QC model. The SNN model used five peaks with following

m/z values (with mean expression levels in gastric cancer

patients and healthy controls): 3,316.09 (marker 1; 11.7 vs.

4.6), 6,629.59 (marker 2; 19.41 vs. 8.81), 3,217.15 (marker

Table 2 Information on the 46 discriminating m/z peaks between gastric cancer patients and healthy controls

m/z P m/z P m/z P m/z P

3,316.09 \0.000001 4,122.53 \0.000001 6,304.44 9.42 9 10-5 3,192.1 1.15 9 10-3

6,622.59 \0.000001 3,308.63 \0.000001 8,913.4 1.03 9 10-4 2,660.69 1.41 9 10-3

3,217.15 \0.000001 4,248.53 \0.000001 8,687.24 1.33 9 10-4 7,822.5 1.63 9 10-3

3,951.98 \0.000001 4,169.65 1.09 9 10-6 4,072.25 1.43 9 10-4 3,918.04 1.63 9 10-3

6,431.45 \0.000001 9,285.78 1.39 9 10-6 7,468.92 1.43 9 10-4 4,395.89 1.64 9 10-3

4,193.85 \0.000001 6,389.31 3.28 9 10-6 4,711.41 1.5 9 10-4 8,763.11 2.29 9 10-3

6,528.84 \0.000001 4,017 4.47 9 10-6 2,862.83 2.49 9 10-4 6,088.21 3.52 9 10-3

6,486.39 \0.000001 1,331.04 1.45 9 10-5 1,617.63 3.91 9 10-4 5,263.98 4.46 9 10-3

4,209.86 \0.000001 4,566.66 2.87 9 10-5 1,466.45 6.54 9 10-4 1,969.15 5.79 9 10-3

4,266.53 \0.000001 3,506.97 5.19 9 10-5 3,263.1 6.92 9 10-4 1,011.35 7.73 9 10-3

3,934.72 \0.000001 2,210.96 5.67 9 10-5 8,628.01 8.39 9 10-4

4,053.89 \0.000001 4,153.15 6.73 9 10-5 1,519.62 9.85 9 10-4

Fig. 1 A comparison of the

mass spectra in the mass range

from 1,000 to 9,000 Da

obtained from all gastric cancer

patients (red) and all healthy

controls (green). m/z, mass-to-

charge ratio
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3; 4.84 vs. 2.81), 3,951.98 (marker 4; 5.27 vs. 8.26), and

6,431.45 (marker 5; 7.06 vs. 3.55), among them, four peaks

were up-regulated in gastric cancer patients except

3,951.98 (marker 4; 5.27 vs. 8.26).

The P values of which were all \0.000001, and the

3,316.09 peak was the most significant of the 46 discrim-

inated peaks. These five peaks, as well as their receiver

operating characteristic (ROC) curves and the area under

the curve (AUC) values, are displayed in Fig. 3. Further-

more, the GA model was based on 25 peaks, which con-

tained five SNN peaks, and the QC model was based on 13

peaks, which contained five SNN peaks. Overall, a mean

sensitivity value of 94.7% and a mean specificity value of

99% could be achieved in the training set.

Analysis of spectra from the completely blinded test set

(30 gastric cancer patients and 32 healthy controls) accu-

rately discriminated gastric cancer patients from healthy

controls with a mean sensitivity of 79.3% and a mean

specificity of 86.5%. Then, the three models mentioned

above were used to compare patients with different tumor

stages separately from the healthy controls. Early-stage

tumors in particular could be discriminated from healthy

controls with a mean sensitivity of 71.7%. The mean sen-

sitivity for advanced-stage tumors was 87.1%. Results for

Fig. 2 The Gel view of mass

spectra from two gastric cancer

patients (D13 & D14) and one

healthy control (C1) (three

spectra per sample) in the mass

range from 1,000 to 10,000 Da,

showing low variability

between replicates of each

sample

Table 3 Algorithm for the

separation of gastric cancer

patients and healthy controls

Sensitivity % Specificity % Algorithm

Training set

32 gastric cancer patients & 32 healthy controls

97.1 98.5 GA

98.6 100 SNN

88.4 98.5 QC

Mean value 94.7 99

Test set

30 gastric cancer patients & 32 healthy controls

81.3 87.5 GA

81.6 91.7 SNN

75 80.2 QC

Mean value 79.3 86.5

Early stage

Stage I ? II & 32 healthy controls from the test set

80 87.5 GA

71.7 91.7 SNN

63.3 80.2 QC

Mean value 71.7 86.5

Advanced stage

Stage III ? IV & 32 healthy controls from the test set

94.7 87.5 GA

89.3 91.7 SNN

77.3 80.2 QC

Mean value 87.1 86.5
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different tumor stage, based on the three different algo-

rithm models, are shown in Table 3.

Discussion

Despite the great urgency to identify clinically useful bio-

markers for early gastric cancer detection, to date no specific

biomarkers have been identified facilitating the early

detection and large-scale screening of gastric cancer [25]. An

alternative approach to address this problem would be to use

proteomic technologies. Recent advances in proteomic

technologies, including both MS and protein microarrays,

have enabled large-scale screening of proteins in tissues and

serum from patients that are applicable for biomarker dis-

covery [26]. Human serum contains a complex array of

Fig. 3 Depiction of the five peaks of the supervised neural network

(SNN)-based model used to distinguish between serum from gastric

cancer patients and controls. The chosen indicator peaks had

estimated molecular masses ranging from 3,000 to 6,500 Da. This

model was sufficient to discriminate gastric cancer patients (peaks in

red, marked with P) from healthy controls (peaks in green, marked

with C). Receiver operating characteristic (ROC) curves for each

selected peak are shown together with their area under the curve

(AUC) values and P values
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peptides. Some of these peptides may function as biomark-

ers, with their presence/absence or relative abundances

being correlated with health status and thus useful for

prognosis or diagnosis [27–29]. The low-molecular-weight

(LMW) serum proteome contains an enormous wealth of

biomarker information that has not yet been investigated.

Moreover, MS exhibits optimal performance in the LMW

range [10]. The SELDI MS approach has predominantly

been reported for the profiling of high-molecular weight

proteins ([10–20 kDa), whereas MALDI-TOF MS approa-

ches, not using on-target peptide/protein purification, have

also been applied for low-mass proteins and peptides

(1–15 kDa) [24]. Thus, MALDI-TOF MS has been applied

to serum proteomic profiling studies of a variety of different

diseases [5].

MB-MALDI-TOF MS (magnetic bead-based fraction-

ation followed by MALDI-TOF MS) could greatly increase

the sensitivity of the mass spectra [30]. The profiling kit

involving MB-WCX was developed for the enrichment and

purification of peptides and proteins from complex bio-

logical samples (e.g., human serum) prior to MALDI-TOF

MS analysis and is thereby suitable for sample preparation

in the context of protein and peptide profiling studies.

Moreover, the MB-WCX method is confirmed suitable for

the fractionation of low-molecular-mass range peptides

(1–10 kDa). In fact, many studies confirmed that the MB-

WCX method in combination with MALDI-TOF MS was a

highly sensitive and reproducible approach for serum

profiling of different cancers [30–32]. In addition, MALDI

protein profiling combined with advanced bioinformatics

(using software such as the ClinProTools software used in

this study) can be employed to identify biomarker patterns

for human diseases, as well as being used to improve the

reproducibility of mass spectra, offering the potential for

clinical proteomic studies. In this study, we used the MB-

MALDI-TOF MS technique combined with ClinProTools

software (version 2.2) to analyze the serum proteomic

profiles of patients with gastric cancer and generated

numerous discriminating m/z peaks, which could accu-

rately distinguish cancer patients from healthy individuals.

Our findings confirmed that this method is suitable for

serum proteomic analysis.

To date, most studies to identify serum biomarkers for

the detection of gastric cancer have employed SELDI-TOF

MS [15–18], there are only a few reports in which the

MALDI-TOF MS approach was used. Ebert et al. [5] gen-

erated mass spectra from the sera of 14 patients with gastric

cancer and 14 healthy controls by MALDI-TOF MS and

identified one peak with a m/z value of 1,466 Da that was

significantly up-regulated in the tumor sera compared with

the control sera. They subsequently identified a MALDI-

MS/MS spectrum of 1,466 Da corresponding to the partial

sequence of fibrinopeptide A [5]. However, increased

fibrinopeptide A serum levels are not specific to gastric

cancer and can also been found in hepatocellular, ovarian,

and urothelial cancers [33–35]. In 2008, Chang et al.

identified five mass peaks that correlated with stomach

cancer, with peaks corresponding to m/z values of 2187,

2387, and 3572 showing down-regulation (with sensitivities

of 85, 88, and 79%) and peaks corresponding to m/z values

of 2,753 and 4,132 showing up-regulation (with sensitivities

of 47 and 68%), by comparing spectra generated from

gastric juice samples between 34 gastric cancer patients and

106 healthy controls [26]. In the study by Chang et al. [26],

samples were taken from gastric juice rather than sera and

some of the identified biomarkers showed low sensitivity.

Using MALDI-TOF–MS, several previous studies also

dealt with the identification of peptide peaks and the

determination of their expression levels [36–38]. Using 28

gastric cancer patients and 16 healthy controls, Gao et al.

reported that seven peaks (viz. 4268.05, 5636.53, 5248.49,

5754.25, 2933.15, 1450.13, and 1349.4 m/z) could be used

as candidate biomarkers for gastric cancer [37]; among

these peaks, four peaks (viz. 2933.15, 5248.49, 5754.25,

1349.4) were also identified in our study, despite all being

non-significant with the P values of 0.34, 0.46, 0.056 and

0.38, respectively. Based on 20 gastric cancer patients and

20 healthy controls, Li et al. asserted that the two most

significant peaks be 2,863.71 and 4,965.08 m/z [38]; the

2,863.71 m/z was similar to 2,862.83 m/z (Table 2) in our

study. The discrepancy among different studies can be

attributed to multiple factors, such as the varied sample

sizes, the inherent complexity of gastric cancer, and the

difference in disease stages and histotypes of gastric cancer

patients used in these studies. To verify the varied results,

identification of candidate biomarkers may be the best way.

In our study, we identified 46 potential biomarkers for

distinguishing gastric cancer patients from healthy controls.

Some discriminating m/z peaks were up-regulated in gastric

cancer patients (e.g., 3316.09, 6629.59, 3217.15, 6431.45),

while others were down-regulated (e.g., 3,951.98). Three

different algorithms all showed high sensitivity and speci-

ficity, not only in the training set but also in the test set. A set

of five discriminating m/z peaks (m/z: 3316.09, 6629.59,

3217.15, 3951.98, 6431.45) can be used as the diagnostic

biomarkers to distinguish gastric cancer patients from heal-

thy controls. On average, values of 94.7% sensitivity and

99% specificity were obtained in the training set, and values

of 79.3% sensitivity and 86.5% specificity were obtained in

the test set, both of which showed high predictive accuracy.

However, since the number of samples in the early-stage

tumor group was low, further studies using greater numbers

of samples are required to confirm these results.

In conclusion, our findings demonstrate that screening

for serum protein patterns using MB-MALDI-TOF MS

shows high sensitivity and specificity in identifying
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patients with gastric cancer. Because of the high-through-

put capability of this approach, the identified differentially

expressed protein panel may improve the early detection of

gastric cancer. However, expanding the data set of gastric

cancer patients with different tumor stages, especially

early-stage tumors, will aid the identification of clinically

useful markers for early gastric cancer detection.
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