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Abstract

Background: Early detection is essential to improve the outcome of patients with pancreatic cancer. A
noninvasive and cost-effective diagnostic test using plasma/serum biomarkers would facilitate the detection
of pancreatic cancer at the early stage.

Methods: Using a novel combination of hollow fiber membrane-based low-molecular-weight protein
enrichment and LC-MS-based quantitative shotgun proteomics, we compared the plasma proteome between
24 patients with pancreatic cancer and 21 healthy controls (training cohort). An identified biomarker
candidate was then subjected to a large blinded independent validation (1 = 237, validation cohort) using
a high-density reverse-phase protein microarray.

Results: Among a total of 53,009 MS peaks, we identified a peptide derived from CXC chemokine ligand 7
(CXCL?) that was significantly reduced in pancreatic cancer patients, showing an area under curve (AUC)
value of 0.84 and a P value of 0.00005 (Mann-Whitney U test). Reduction of the CXCL7 protein was
consistently observed in pancreatic cancer patients including those with stage 1 and Il disease in the validation
cohort (P < 0.0001). The plasma level of CXCL7 was independent from that of CA19-9 (Pearson’s r = (.289),
and combination with CXCL? significantly improved the AUC value of CA19-9 to 0.961 (P = 0.002).

Conclusions: We identified a significant decrease of the plasma CXCL7 level in patients with pancreatic
cancer, and combination of CA19-9 with CXCL7 improved the discriminatory power of the former for
pancreatic cancer.

Impact: The present findings may provide a new diagnostic option for pancreatic cancer and facilitate early
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detection of the disease. Cancer Epidemiol Biomarkers Prev; 20(1); 160-71. ©2011 AACR.
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Introduction

Pancreatic adenocarcinoma is one of the most aggres-
sive and lethal of diseases. The overall 5-year survival
rate of patients with pancreatic cancer is less than 5%,
which is the lowest among the more common cancers (1,
2), and the disease is the fifth leading cause of cancer
death in Japan and the fourth in the United States, with
greater than 23,000 estimated annual deaths in Japan and
greater than 33,000 in the United States (3, 4). The 5-year
survival rate of patients who were able to undergo
surgical resection reaches 20% to 40% (5, 6), but the
majority of pancreatic cancer patients have already devel-
oped lymph node and/or distant organ metastasis at
their first clinical presentation, and only about 20% of
patients are able to undergo radical resection (7, 8). The
introduction of gemcitabine has significantly improved
the overall survival of patients with unresectable
pancreatic cancer, but their median survival period still
remains about 6 months (9-11). These statistics
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demonstrate that early detection is essential for improv-
ing the outcome of patients with pancreatic cancer.

Computed tomography (CT), magnetic resonance ima-
ging (MRI), and positron emission tomography (PET) are
not cost-effective for the screening of pancreatic cancer
because of the relatively low incidence of the disease. If a
noninvasive and cost-effective screening test employing
plasma/serum markers could be devised, it would sig-
nificantly facilitate the early detection of pancreatic can-
cer. However, no biomarker suitable for screening of
pancreatic cancer is currently available (12). CA19-9 is
an established biomarker useful for the follow-up of
pancreatic cancer patients receiving treatment, but has
not been recommended for cancer screening because of
its insufficient sensitivity and specificity (7, 13). There-
fore, the discovery of a new biomarker that would be able
to supplement CA19-9 has been anticipated.

Recently, advanced proteomic technologies based on
mass spectrometry (MS) have been increasingly applied
to studies of clinical samples to identify new biomarkers
of various diseases (14) including pancreatic cancer (12,
15). Itis anticipated that alterations in the protein content
of clinical samples reflect the biological status of patients
more directly than those in mRNA (16). We previously
developed a new shotgun proteome platform, 2-Dimen-
sional Image Converted Analysis of Liquid chromato-
graphy and mass spectrometry (2DICAL; ref. 17).
2DICAL is highly advantageous for clinical proteomics
because of its high quantification accuracy and through-
put. Using 2DICAL, we have been able to identify several
plasma/serum biomarkers useful for cancer detection
and therapy tailoring (18-20).

The serum/plasma proteome accumulates a large vari-
ety of disease-related alterations and is considered tobe a
rich source of biomarkers. However, for proteomic ana-
lysis of blood samples, the efficient depletion of a handful
of particularly abundant proteins, such as albumin and
immunoglobulin, has been challenging (21). Recently, we
developed a novel method for the pretreatment of
serum/plasma using the high-performance hollow fiber
membrane (HFM) filtration technique (22). This method
employs multistage filtration and cascaded cross-flow
processes, enabling fully automated separation of pro-
teins below a predetermined molecular weight (22). As
the more abundant plasma proteins generally have rela-
tively large molecular weights, they can be efficiently
eliminated using the HFM technique.

To identify new biomarkers that might be useful for the
early detection of patients with pancreatic cancer, we
performed a comprehensive analysis of low-molecular-
weight (LMW) plasma proteins in these patients using a
combination of the HFM and 2DICAL techniques. A large
variety of LMW proteins are known to be secreted from
diseased tissues and can serve as good diagnostic bio-
markers for various diseases (23, 24). Here, we report the
identification and validation of an LMW chemotactic
cytokine, CXC chemokine ligand 7 (CXCL7), as a novel
biomarker for pancreatic cancer.

Patients and Methods

Plasma samples

Plasma samples were collected prospectively from 282
individuals (K. Honda, T. Okusaka, K. Felix, S. Nakamori,
N. Sata, H. Nagai, et al., manuscript submitted) including
healthy volunteers and newcomers to mainly depart-
ments of gastroenterology between August 2006 and
October 2008 at the following 7 hospitals in Japan:
National Cancer Center Hospital (NCCH), Osaka
National Hospital (ONH), Jichi Medical School Hospital,
Osaka Medical College (OMC), Tokyo Medical Univer-
sity Hospital (TMUH), Osaka Medical Center for Cancer
and Cardiovascular Diseases, and Fukuoka University
Hospital. This multi-institutional collaborative study
group was organized by the "Third-Term Comprehensive
Control Research for Cancer” conducted by the Ministry
of Health, Labour and Welfare of Japan, and as part of the
International Cancer Biomarker Consortium (25). The
procedures used for collection and storage were kept
uniform for all plasma samples.

The 282 plasma samples were split into 2 study sets
(referred to as the training and validation cohorts). The
training cohort comprised45individuals including patients
with untreated pancreatic cancer at NCCH (n = 19) and
TMUH (n=5),and healthy controlsatNCCH (n =2), TMUH
(n=9),OMC (n=6),and ONH (n=4). The validation cohort
comprised 237 individuals including 140 patients with pan-
creatic cancer, 10 patients with chronic pancreatitis, and 87
healthy controls. All patients diagnosed as having pancrea-
tic cancer had histologically or cytologically proven ductal
adenocarcinoma. Demographic and laboratory data are
summarized in Table 1. The staging of pancreatic cancer
was in accordance with the TNM classification of the Inter-
national Union against Cancer (UICC).

Blood was collected in a tube with EDTA at the time of
diagnosis. The plasma was separated by centrifugation
and frozen at —80°C until analysis. Samples showing mac-
roscopic evidence of hemolysis were excluded from the
current analysis. Written informed consent was obtained
from every subject before blood collection. The protocol of
this study was reviewed and approved by the institutional
ethics committee boards of each participating institution.

Depletion of high-molecular-weight plasma
proteins

The plasma samples of the training cohort were filtered
through a 0.22-um pore size filter. Five hundred microliters
of the sample was diluted by adding 3.5 mL of 25 mmol/L
of ammonium bicarbonate buffer (pH 8.0). The total 4 mL of
the diluted plasma was processed as previously described
(22). After 1 hour of fully automated operation, LMW
proteins with molecular weights smaller than 60 kDa were
recovered (Supplementary Fig. 51) and lyophilized.

The concentration of B2-microglobulin before and after
HFM treatment was measured using an ELISA kit
(Human Beta-2 Microglobulin ELISA Kit: Alpha Diag-
nostic Intl. Inc.) to ensure consistent recovery.
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Liquid chromatography/mass spectrometry

The HFM-treated samples were digested with sequen-
cing grade-modified trypsin (Promega) and analyzed in
duplicate using a nano-flow high-performance liquid
chromatography (HPLC; NanoFrontier nLC, Hitachi
High-technologies) connected to an electrospray ioniza-
tion quadrupole time-of-flight (ESI-Q-TOF) mass spectro-
meter (Q-Tof Ultima, Waters).

MS peaks were detected, normalized, and quantified
using the in-house 2DICAL software package, as
described previously (17). A serial identification (ID)
number was applied to each of the MS peaks detected
(1 to 53,009). The stability of LC-MS was monitored by
calculating the correlation coefficient (CC) and coefficient
of variance (CV) of every measurement. The mean CC +
SD and CV =+ SD for all 53,009 peaks observed in the 45
duplicate runs were as high as 0.946 + 0.042 and as low as
0.053 + 0.010, respectively.

Protein identification by tandem MS (MS/MS)

Peak lists were generated using the Mass Navigator
software package (version 1.2; Mitsui Knowledge
Industry) and searched against the SwissProt database
(downloaded on April 22, 2009) using the Mascot soft-
ware package (version 2.2.1; Matrix Science). The search
parameters used were as follows. A database of human
proteins was selected. Trypsin was designated as the
enzyme, and up to 1 missed cleavage was allowed. Mass
tolerances for precursor and fragment ions were + 0.6
Da and =+ 0.2 Da, respectively. The score threshold was
set to P < 0.05 based on the size of the database used in
the search. If a peptide was matched to multiple pro-
teins, the protein name with the highest Mascot score
was selected.

Western blot analysis

Primary antibodies used were a rabbit polyclonal
antibody against platelet basic protein (PBP) precursor
(Sigma) and a mouse monoclonal antibody against
human complement C3b-o. (PROGEN). The anti-PBP
antibody recognizes all the known cleaved forms.of
PBP including CTAP-III and NAP-2. Six microliters of
1:10 diluted plasma sample was separated by SDS-
PAGE and electroblotted onto a polyvinylidene difluor-
ide (PVDF) membrane. The membrane was then incu-
bated with the primary antibody and subsequently with
the relevant horseradish peroxidase (HRP)-conjugated
anti-rabbit or anti-mouse IgG, as described previously
(26, 27). Blots were developed using an enhanced
chemiluminescence (ECL) detection system (GE
Healthcare).

Reverse-phase protein microarray

The plasma samples were passed through IgY microbe-
ads (Seppro-IgY12, Sigma-Aldrich) using an automated
Magtration System SA-1 (Precision System Science) in
accordance with the manufacturer’s instructions to
reduce the 12 most abundant plasma proteins. The

flow-through portion was serially diluted 1:50, 1:100,
1:200, and 1:400 using a Biomek 2000 Laboratory Auto-
mation Robot (Beckman Coulter) and randomly plotted
onto ProteoChip glass slides (Proteogen) in quadrupli-
cate in a 6,144-spot/slide format using a Protein Micro-
arrayer Robot (Kaken Genegs). The spotted slides were
incubated overnight with the anti-PBP precursor anti-
body and then with biotinylated anti-rabbit IgG (Vector
Laboratories) and subsequently with streptavidin-HRP
conjugate (GE Healthcare). The peroxidase activity was
detected using the Tyramide Signal Amplification (TSA)
Cyanine 5 System (PerkinElmer). The slides were coun-
terstained with Alexa Fluor 546-labeled goat anti-human
IgG (Invitrogen; spotting control).

The stained slides were scanned on a microarray scan-
ner (InnoScan 700AL; Innopsys). Fluorescence intensity,
determined as the mean value of quadruplicate samples,
was determined using the Mapix software package
(Innopsys). All determined intensity values were trans-
formed into logarithmic variables.

The reproducibility of the reverse-phase protein micro-
array assay was determined by repeating the same
experiment, as reported previously (28). A plasma sam-
ple after reduction of the 12 most abundant plasma
proteins was serially diluted within a range of 25- to
6,400-fold. Each diluted sample was spotted in quadru-
plicate onto glass slides and blotted with the anti-PBP
antibody. In a representative quality control experiment,
the CC value was 0.980 between days and the median CV
was 0.047 among the quadruplicates.

Multiplex assay

The levels of CXCL7 in plasma samples were measured
using a Milliplex Human Cytokine/Chemokine panel IIT
kit (Millipore) in accordance with the manufacturer’s
instructions.

Statistical analysis

Statistical significance of intergroup differences was
assessed with the Wilcoxon test, Mann-Whitney U test,
Welch's t test, or Fisher’s exact test, as appropriate. The
area under the curve (AUC) of the receiver-operating
characteristic (ROC) was calculated for each marker to
evaluate its diagnostic significance. A composite index of
2 markers was generated using the results of multivariate
logistic regression analysis, which also enabled the cal-
culation of sensitivity, specificity, and the ROC curve.
Statistical analyses were performed using an open-source
statistical language R (version 2.7.0) with the optional
module Design package.

Results

Plasma proteins associated with pancreatic cancer
A plasma sample from 1 healthy volunteer was pro-
cessed 3 times using the HFM filtration technique. The
concentration of B2-microglobulin before and after HFM
treatment was measured. The recovery rates were
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