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Sequencing of the human genome has greatly impacted the
proteomics-based analysis of disease by providing a frame-
work for understanding the proteome of diseased cells,
tissues, and biological fluids. Consequently, there is a grow-
ing interest in applying proteomics technologies to define
protein pathways involved in various diseases, to identify new
biomarkers that correlate with diseases, ideally in their early
stages, and to accelerate the development of new therapeutic
targets. However, disease-related proteomics applications
require that we improve our ability to separate and charac-
terize the components of complex protein mixtures in such a
way as to boost both throughput and sensitivity. In response
to these demands, the proteomics technologies have been
improved markedly over recent years. Today, proteomics,
in all its various forms, is proving to be invaluable to our
understanding of the biochemistry of health and disease and
will likely play a central role in the evolution of personalized
medicine. In this special issue, we include reports of novel
research findings together with several reviews that highlight
advances in key areas.

The first two papers of this special issue focus on lung
cancer. The first paper, by H. C. Gong et al., addresses the
profiling of receptor tyrosine kinase pathway activation and
the role of key genetic mutations in human lung tumor
cell lines and human lung tumors. The authors defined
molecular pathways which may assist in development of
targeted lung tumor therapies. Within the second paper,
Q. Zhang et al. used proteomic profiling to delineate
expression and subcellular localization of multiple forms of
aldehyde dehydrogenase in lung adenocarcinoma cell lines.
The next two papers focus on pancreatic cancer. The third
paper, by R. S. Kwon and D. M. Simeone, reviews the use of

protein-based biomarkers for the diagnosis of cystic tumors
of the pancreas. The fourth paper, by M. Abulaizi et al.,
utilizes a three-step proteomic protocol (immunodepletion
of abundant serum proteins, followed by fractionation by
RP-HPLC and further separation by 2D-PAGE) to discover
candidate early detection biomarkers of pancreatic cancer.

The next two papers focus on breast cancer, with the
fifth paper, by D. E. Misek and E. H. Kim, reviewing the
development of protein biomarkers for the early detection
of breast cancer. The sixth paper, by J. He et al., addresses
LC-MS/MS identification of protein biosignatures in breast
tumors, as protein-based markers that correctly classify
tumor subtypes and predict therapeutic response would be
of great clinical utility in guiding patient treatment. The next
two papers are both by M. S. Sabel et al., and focus on
melanoma. The seventh paper reviews the use of proteomics
for the discovery of new prognostic and predictive biomark-
ers. The eighth paper explores the clinical utility of serum
autoantibodies that were detected in melanoma patients. The
investigators profiled serum antibodies against melanoma-
associated antigens to identify those that may predict nodal
positivity, a widely accepted index of metastatic disease.

The ninth paper, by E. H. Kim and D. E. Misek, reviews
the use of glycoproteomics to identify cancer biomarkers.
The tenth paper, by A. Vivekanandan-Giri et al., uti-
lized glycoproteomics to identify novel urinary glycoprotein
biomarkers of chronic kidney disease. The issue concludes
with two papers that report on novel approaches and related
considerations. The eleventh paper, by I. Kiyokawa et al.,
describes the development of a new surface coating for
urinary collection tubes that minimizes the amount of urine
protein adsorption onto the walls of the collection tube.
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Within the final paper of this special issue, T. Hagiwara
et al. examine the utility of a solid-phase hexapeptide ligand
library in combination with conventional plasma proteomics
modalities for comprehensive profiling of intact plasma
proteins.

David E. Misek
Tadashi Kondo

Mark W. Duncan
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We profiled receptor tyrosine kinase pathway activation and key gene mutations in eight human lung tumor cell lines and 50
human lung tumor tissue samples to define molecular pathways. A panel of eight kinase inhibitors was used to determine whether
blocking pathway activation affected the tumor cell growth. The HER1 pathway in HER1 mutant cell lines HCC827 and H1975
were found to be highly activated and sensitive to HER1 inhibition. H1993 is a c-MET amplified cell line showing c-MET and
HER1 pathway activation and responsiveness to c-MET inhibitor treatment. IGF-1R pathway activated H358 and A549 cells are
sensitive to IGF-1R inhibition. The downstream PI3K inhibitor, BEZ-235, effectively inhibited tumor cell growth in most of the cell
lines tested, except the H1993 and H1650 cells, while the MEK inhibitor PD-325901 was effective in blocking the growth of KRAS
mutated cell line H1734 but not H358, A549 and H460. Hierarchical clustering of primary tumor samples with the corresponding
tumor cell lines based on their pathway signatures revealed similar profiles for HER1, c-MET and IGF-1R pathway activation and
predict potential treatment options for the primary tumors based on the tumor cell lines response to the panel of kinase inhibitors.

1. Introduction

Lung cancer is the leading cause of cancer-related deaths
worldwide, resulting in 1.61 million new cases and 1.38
million deaths per year according to the Global cancer
statistics estimation in 2011 [1]. Lung cancer is generally
classified histologically into two major types, small cell lung
cancer (SCLC) and nonsmall cell lung cancer (NSCLC).
Approximately 85–90% of lung cancers are NSCLC repre-
senting three major subtypes based on tumor cell size, shape,
and composition, with adenocarcinoma accounting for 40%,
squamous cell lung carcinoma 25–30%, and large-cell lung
carcinoma accounting for 10–15% of all lung cancers [2, 3].
Although less than optimal, current conventional treatment
for lung cancer consists of surgery for operable candidates
and chemotherapy for disease-advanced patients with the
mean survival for most advanced lung cancer patients less
than one year [4]. During the last decade, considerable
progress has been made in the treatment of NSCLC due

to the emergence of new targeted therapies specific to
the oncogenic tyrosine kinase pathways activated in tumor
cells. For example, two epidermal growth factor receptor
(HER1) tyrosine kinase inhibitors (TKI), Gefitinib (Iressa)
and Erlotinib (Tarceva), have been FDA approved for the
treatment of locally advanced or metastatic NSCLC that
has failed at least one prior chemotherapy regimen [5, 6].
Other receptor tyrosine kinase (RTK) pathway inhibitors,
such as Sunitinib (Sutent), which targets the platelet-derived
growth factor receptors and vascular endothelial growth
factor receptors, as well as Crizotinib, a hepatocyte growth
factor RTK inhibitor, are in advanced clinical trials for
NSCLC [7, 8].

The advances made in targeted therapy for NSCLC are
based on understanding the mechanism by which mutated
genes confer a neoplastic phenotype on tumor cells and how
the targeted interruption of these oncogenic pathways leads
to clinical response. Thus, analysis of a pathway-focused
panel of biomarkers in fresh tumor tissue samples collected
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from patients could pave the way for determining if the
markers are associated with the optimal clinical therapy
and may provide predictive value in identifying responsive
patients. In addition, drug combinations targeted against
the receptors affecting downstream signaling molecules may
overcome pathway activation and drug resistance often seen
in NSCLC therapy. Difficulties in predicting efficacy in
targeted therapy is due to the limited knowledge of the
activated oncogenic pathways in the patient’s tumor so
that the appropriate inhibitor(s) are not prescribed. Thus,
preclinical cellular response profiling of tumor tissue samples
has become a cornerstone in the development of novel
cancer therapeutics. To this end, we have developed and
trademarked a channel enzyme enhanced reaction (CEER)
assay methodology to profile some of the major oncogenic
pathways activated in cancer cells and have used this
assay together with genotyping to characterize the activated
oncogenic pathways in eight human NSCLC tumor cell lines
as well as 50 fresh-frozen NSCLC samples collected from
patients. The aim of this study was to assess the potential
to prospectively classify lung cancer patients into different
treatment groups based on correlation of pathway activation
profiles, gene mutational status, and clinical features between
the patient tumor samples and the tumor cell lines. In
addition, we evaluated the efficacy of a panel of eight kinase
pathway inhibitors to block the pathway activation and
proliferation of these eight lung tumor cell lines and used the
results to identify treatment options for the 50 lung cancer
patients.

2. Materials and Methods

2.1. Human Lung Tumor Cell Lines, Lung Cancer Tissue Sam-
ples, and Kinase Inhibitors. Eight NSCLC cell lines, HCC827,
H1975, H1734, H1993, H358, H1650, A549, and H460,
were selected, and they represent the major NSCLC cancer
subtypes, adenocarcinoma and large-cell lung carcinoma.
The cell lines were purchased from ATCC (Table 1). Fifty
lung adenocarcinomas samples were collected from patients
operated on for lung cancer at the University of Michigan.
Collection and use of all tissue samples were approved by
the Human Subjects Institutional Review Boards of the
University of Michigan. The demographic information of the
patients is shown in Supplementary Table 1. The primary
tumor samples were snap frozen and cryostat-sectioned
to identify regions representing >70% tumor cellularity
for subsequent pathway analysis. The samples (∼2 cubic
millimeters in size) were shipped to Prometheus Laboratories
on dry ice for analysis. Eight kinase inhibitors representing
a diverse panel of potential cancer therapeutics were pur-
chased from Selleck Chemicals (Houston, TX). The collec-
tion included specific as well as multiple RTK inhibitors,
that is, compounds targeting the cellular kinase pathways:
HER1/2/4 (epidermal growth factor receptors) inhibitors
(Erlotinib for HER1, Lapatinib for HER1/2, Gefitinib for
HER1/2/4, and BIBW-2992 is an irreversible inhibitor
for HER1/2); c-MET (hepatocyte growth factor receptor)
inhibitor, PF-2341066; IGF-1R (insulin-like growth factor-
1 receptor) inhibitor BMS-536924; MEK (mitogen-activated

protein kinase kinase) inhibitor, PD-325901, and PI3K
(phosphatidylinositol-3-kinase) and mTOR (mammalian
target of rapamycin) inhibitor BEZ-235.

2.2. Preparation of Lysates from Cell Lines and Primary
Tumor Samples. Tumor cells were cultured in their respective
growth medium recommended by ATCC plus 10% fetal
bovine serum (FBS). Cells were grown in 35 mm 6-well cell
culture plates until reaching 80% confluence. After washing
the cells with phosphate buffered saline (PBS) 3 times, the
cell culture plate was placed on ice and then the plate was
carefully tilted on its side for 10 sec to completely remove
all residual media. Then, 150 μL of ice cold lysis buffer was
added to each plate and the plate was then left on ice for
5 min. The lysed cells were scraped off and together with
the crude lysate transferred to a 1.5 mL centrifuge tube. The
mixture was vortexed in the tube, placed on ice for 15 min
and then centrifuged at 14,000 rpm for 15 min at 4◦C. The
supernatant was transferred to another centrifuge tube and
stored at −70◦C until analysis. The frozen tumor samples
were similarly processed by the addition of 4 volumes of
ice-cold lysis buffer per tissue volume and homogenized
in a Powergren High Throughput Homogenizer (Fisher
Scientific) at a speed setting of 7 for 2 min. The homogenate
was transferred to a 1.5 mL centrifuge tube and centrifuged
at 14,000 rpm for 15 min, at 4◦C. The supernatant from
the tumor lysate was harvested and stored at −70◦C until
analysis.

2.3. Profiling of Signaling Pathways Using the CEER Assay in
Tumor Cell Lines and Tissue Samples. The principle of the
CEER assay is based on the capture of the target protein
by a target-specific antibody printed in two dilutions on the
surface of a microarray slide. Measurement of the activation
status of the captured target protein is revealed by the
formation of a unique immunocomplex, requiring the colo-
calization of two detecting enzyme-conjugated antibodies
on the same target protein captured on the microarray
surface as illustrated in Supplemental Figure 1. Formation
of this complex is initiated by the binding of the first
detecting antibody, which is coupled to glucose oxidase
(GO), to an epitope on the captured target protein that
is different from the epitope recognized by the capture
antibody, followed by the binding of a second detecting
antibody, which is coupled to horseradish peroxidase (HRP),
to a phosphorylated tyrosine (p-Tyr) residue on the target
protein. Upon the addition of glucose, the immobilized GO
on the captured target protein produces H2O2 and due to the
close proximity, the locally generated H2O2 is then utilized
by the HRP coupled to the p-Tyr-specific second detecting
antibody to generate a chemical signal that can be amplified
with biotinyl-tyramide. The sensitivity and specificity for the
detection of the phosphorylated target protein are greatly
enhanced by this collaborative reaction and amplification
process, which is mediated by the simultaneous binding of
three different antibodies on the same target protein [9] (for
details of the CEER assay method to profile the tumor cell
lines and tissue samples see Supplemental Methods).
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Table 1: Clinical features of the eight lung tumor cell lines.

Name ATCC Cat. no. Type Source

HCC827 CRL-2868 Adenocarcinoma Primary, lung epithelial

H1975 CRL-5908 Adenocarcinoma Primary, lung epithelial

H1734 CRL-5891 Adenocarcinoma Primary, lung epithelial

H1993 CRL-5909 Adenocarcinoma Metastatic, lymph node

H358 CRL-5807 Bronchioalveolar carcinoma Primary, lung epithelial

H1650 CRL-5883 Bronchioalveolar carcinoma Metastatic, pleural effusion

A549 CCL-185 Adenocarcinoma Primary, lung epithelial

H460 HTB-177 Large-cell carcinoma Metastatic, pleural effusion

2.4. Inhibition of Activated Signaling Pathways in Tumor Cell
Lines by Kinase Inhibitors. The tumor cells were cultured in
their respective growth medium with 10% FBS in 35 mm 6-
well cell culture plates until they reached ∼80% confluence.
The cells were then starved overnight in serum-free medium,
followed by a 4-hour treatment with various concentrations
of the kinase inhibitor. Afterwards, cell lysates were prepared
from the treated cells as before and aliquots of the lysates
subjected to the CEER assay.

2.5. Inhibition of Tumor Cell Line Growth by Kinase Inhibitors.
The tumor cells were seeded into 96-well cell culture plates
and maintained in culture for 24 hours. After washing, the
cultured cells were incubated in their respective medium
containing 5% FBS and various concentrations of the
indicated inhibitor for 48 hr. Determination of tumor cell
growth inhibition was performed by adding 100 μL of the
combined Cell Titer-Glo Buffer and Cell Titer-Glo Substrate
Labeling Reagent (Promega) to each well of the plates,
followed by incubation at room temperature for 10 min
to stabilize the luminescence. The luminescent signal from
the cell samples was detected by using an M5 microtiter
plate reader. For studies involving treatment with more than
one inhibitor, the selected inhibitor that showed more than
25% inhibition of tumor cell growth at 10 μM concentration
when treated individually was further tested in combination
treatment with another inhibitor. A 5 μM concentration of
each inhibitor was combined to make a 10 μM dose, and
the same half log dilution was made as in the single drug
treatment for adding to the cells. Tumor cells were treated for
48 hr and cell viability was measured as in the single inhibitor
treatment.

2.6. Anchorage-Independent Inhibition of Tumor Cell Line
Growth by Kinase Inhibitors. A single cell suspension of 3000
cells from each of the eight tumor cell lines in 1 mL mixture
of 1.2% Agarose (Seaplaque; FMC, Rockland, ME) in DMEM
(Life Technologies, Carlsbad, CA) plus 10% FBS was added
on top of 1% soft agarose that had been allowed to gel
previously in the wells of a 35 mm 6-well cell culture plate.
The plates were kept at 4◦C for 2 hr to solidify the cell-
containing layer. The plates were then incubated at 37◦C in
a CO2 incubator with 2 mL of medium containing various
concentrations of the kinase inhibitor. The medium with
the inhibitor was changed every 3 days. After 2 weeks, cell

colonies larger than 10 cells were scored under a Nikon
inverted-phase microscope [10].

2.7. Genotyping of Lung Tumor Tissue Samples. Genomic
DNA was isolated from human tumor tissue samples using
the DNeasy kit (Qiagen, Valencia, CA). Primers and probes
for all of the measured SNPs were obtained from the ABI
TaqMan SNP Genotyping Assay (Applied Biosystems), using
the Assay-by-Design service for which we provided the
sequences, or the Assay-on-Demand service when the assays
were already designed by Applied Biosystems. Reactions were
performed in 5 μL volume and contained 10 ng DNA, 1x
TaqMan Universal Mastermix (Applied Biosystems), 200 nM
of each probe and 900 nM of each primer. Cycling conditions
on the ABI PRISM 7900HT Sequence Detection System
(Applied Biosystems) were 10 min at 95◦C, followed by 40
cycles of 15 sec at 95◦C and 1 min at 60◦C. After cycling,
the endpoint fluorescence was measured and the amplified
sequences determined by DNA sequencing analysis. Alleles
were assigned using the SDS 2.1 software (Applied Biosys-
tems).

2.8. Lung Tumor Tissue Sample Clustering Analysis and Heat
Map Generation. Hierarchical clustering analysis was per-
formed on the 50 lung tumor tissue samples to explore
whether the pathway activation profiles determined by the
CEER assay and the gene mutational analysis done for
these samples could segregate them into distinct subsets
that are similar to the pathway activation and mutational
signatures of the tumor cell lines. The general construction
of a hierarchical agglomerative classification was achieved
by using an algorithm to find the two closest objects and
merge them into a cluster, and then find and merge the
next two closest points, where a point is either an individual
object or a cluster of objects. A heat map of one-dimensional
hierarchical clustering result was generated in the analysis
to demonstrate the sample clustering structure based on
pathway activation signatures and mutational status.

3. Results

3.1. Profiling of the Activated Kinase Pathways in Tumor Cell
Lines. The activated cell signaling pathways for eight lung
tumor cell lines were profiled using the CEER assay. The
assay measured the activated (p-Tyr) HER1, HER2, HER3,
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c-MET, IGF-1R, c-Kit, PI3K, and SHC levels in the cells
based on the number of cells being assayed. The tumor
cells were cultured in presence of 10% FBS and harvested
at about 80% confluence for preparation of cell lysates and
signaling pathway profiling. Serial dilutions of tumor cell
lysates equivalent to 10–10,000 cells were assayed, and the
raw data captured on the slides are shown in Figure 1(a) and
a graphic representative of the data is shown in Figure 1(b).
As seen in Figure 1(b), the dose-response curves representing
the level of activation in each RTK pathway is inversely
proportional to the number of cells being assayed. The more
activated the pathway, the less number of cells are needed to
generate the maximal signal. Thus, the relative activation of
the activated pathways can be determined based on the EC50

value of the number of cells being assayed in each pathway
activation curve (see Supplemental Table 2).

As shown in Figure 1(b), each of the eight tumor cell
lines exhibited a distinct RTK activation pattern. The lung
adenocarcinoma cell line, HCC827, exhibited the greatest
number of activated RTK pathways, with HER1, c-MET,
and HER2 being highly activated, PI3K being moderately
activated, and HER3 as well as IGF-1R being lowly activated.
The other adenocarcinoma cell line H1975 showed only
moderate activation of HER2, c-MET, and SHC pathways
and a low activation of the IGF-1R pathway. The remain-
ing adenocarcinoma cell line H1734 exhibited a moderate
activation of the HER1 pathway and a very low activation
of the HER2 and c-MET pathways. By contrast, the adeno-
carcinoma cell line H1993 from a metastatic tumor showed
a very potent activation of the c-MET pathway, with also
a high activation of the HER2 and SHC pathways, and a
moderate activation of the HER3 and HER1 pathways. Both
primary and metastatic bronchioalveolar carcinoma cell lines
H358 and H1650 showed a moderate activation of the HER1
and HER2 pathways, with H358 also exhibited a moderate
activation of the c-MET and IGF-1R pathways. The large-cell
carcinoma cell line A549 exhibited a moderate activation of
the HER1 and IGF-1R pathways with a low activation of the
c-MET and HER2 pathways, whereas the metastatic large-cell
carcinoma cell line H460 showed only a very low activation
of the IGF-1R pathway.

3.2. Inhibition of Activated Signaling Pathways in Tumor
Cell Lines by Kinase Inhibitors. Profiling of the eight tumor
cell lines showed that the HER1 and HER2 pathways are
highly activated in the HCC827 cells and thus treatment of
these cells with an irreversible HER1/2 inhibitor BIBW-2992
should be able to block the activation of these pathways.
Indeed, the data presented in Figure 2, showed that a
potent dose-dependent inhibition of the HER1 and HER2
pathways in the HCC827 cells was observed by treatment
with BIBW-2992. Other HER1 and/or HER2 pathway-
activated cell lines, H1975 and H1650, were likewise had
these pathway activations blocked by the treatment with
BIBW-2992. What is remarkable is that the H1975 cell line
harbors the T790M and L858R mutations in the HER1 gene
(information obtained from the Sanger Institute website),
which confer resistance to HER1 kinase inhibitors, Gefitinib

and Erlotinib, responded to the irreversible HER1 kinase
inhibitor BIBW-2992. Two other additional HER1 and/or
HER2 pathway-activated cell lines, H358 and H1734, also
had their activation blocked by the HER1/2 kinase inhibitors,
Gefitinib and Lapatinib, respectively. In the c-MET amplified
cell line H1993, activation of this pathway was blocked by the
treatment with PF-2341066, a c-MET kinase inhibitor. The c-
MET inhibitor also inhibited the HER1 signaling pathway in
this cell line, most likely due to crosstalk between the HER1
and c-MET pathways. Treatment with the IGF-1R kinase
inhibitor BMS-536924 was able to block the activated IGF-
1R pathway exhibited by the A549 and H460 cell lines.

3.3. Inhibition of Tumor Cell Line Proliferation by Kinase In-
hibitors. Since one purpose of this study was to correlate
the activated RTK pathways and gene mutations found in
the tumor cell lines with the appropriate kinase inhibitors
to determine whether treatment with the inhibitors could
inhibit the growth of these cells, the eight tumor cell lines
were treated with the selected kinase inhibitors and the
results shown in Figure 3. As expected, the lung adenocar-
cinoma cell line HCC827, which exhibited highly activated
HER1 and HER2 pathways as well as HER1 mutation,
responded exceedingly well to the HER1 inhibitors, Erlotinib
and Gefitinib. In addition, two other HER1/2 inhibitors, Lap-
atinib and BIBW-2992, were able to inhibit the proliferation
of this cell line. By contrast, the specific c-MET inhibitor PF-
2341066 (Crizotinib) was not able to inhibit the proliferation
of this cell line even though it exhibited the activated c-
MET pathway. This is not surprising because it has been
shown that Crizotinib is effective in treating patients carrying
the ALK/EML4 fusion gene and this drug response is not
correlated with c-MET amplification. Moreover, inhibition
of proliferation by BMS-536924, an IGF-1R inhibitor, in
the HCC827 cells could be due to crosstalk between c-
MET and IGF-1R pathways. The proliferation of two other
HER1 and HER2 pathway-activated adenocarcinoma cell
lines, H1734 and H1975, was also inhibited by Erlotinib.
Moreover, the irreversible HER1/2 kinase inhibitor, BIBW-
2992, was also able to potently inhibit the growth of the
H1975 cell line, which harbored the T790M and L858R
mutations in the HER1 gene and thus rendering the cells
resistant to Gefitinib and Lapatinib treatment. In addition,
the IGF-1R inhibitor BMS-536924 was also able to inhibit
the growth of this cell line. In regard to the metastatic
adenocarcinoma cell line H1993, which exhibited a potently
activated c-MET pathway, the c-MET inhibitor PF-2341066
was able to block its proliferation very effectively. What is
more, the downstream MEK inhibitor PD-325901 was also
able to block the proliferation of the H1993 cells whereas
the irreversible HER1/2 inhibitor BIBW-2992 and the PI3K
inhibitor BEZ-235 were able to block the proliferation of
this cell line but only weakly. Proliferation of the carcinoma
cell line H358, which exhibited a moderate activation of the
HER1, HER2, and IGF-1R pathways, was weakly blocked by
the HER1/2 inhibitors, Lapatinib and Gefitinib, but the IGF-
1R inhibitor BMS-536924 was able to inhibit its proliferation
more effectively. Surprisingly, growth of the H358 cell line
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Figure 1: Continued.



6 International Journal of Proteomics

Figure 1: Profiling of the activated (p-Tyr) RTK signaling pathways in the lung tumor cell lines. (a) Slide images of the CEER assay
obtained from the eight tumor cell lines (please see the supplemental data and methods for experimental details available online at doi:
10.1155/2011/215496). (b) Graphical representation of the activated (p-Tyr) RTK pathways in the lung tumor cell lines profiled by the CEER
assay. The cells were cultured in the presence of 10% FBS in their respective medium until 80% confluence and cell lysates were prepared
in lysis buffer. The activation signal was determined from the harvested lysate. In each cell line the activated pathways are shown in RFU
(relative fluorescent units) based on the lysate obtained from the number of cells being assayed.
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Figure 2: Inhibition of signaling pathway activation in lung tumor cell lines by kinase inhibitors. Lung tumor cells were cultured in 10% FBS
until reaching ∼80% confluence and then the cells were starved in serum-free medium for overnight, followed by 4-hour treatment with the
inhibitors. Cell lysates were then prepared and used for determination of the pathway activation signals by the CEER assay.

was not inhibited by the c-MET inhibitor PF-2341066, even
though it exhibited a moderately activated c-MET pathway.
Growth of the metastatic carcinoma cell line H1650, which
harbored moderately activated HER1 and HER2 pathways,
was inhibited by the irreversible HER1/2 inhibitor BIBW-
2292. Proliferation of the large-cell carcinoma cell line A549,
which exhibited moderately activated HER1 and IGF-1R
pathways, was inhibited by the PI3K inhibitor BEZ-235 and
by the IGF-1R inhibitor BMS-536924 and weakly by the MEK
inhibitor PD-325901. Growth of the remaining metastatic
large-cell carcinoma cell line H460, which harbored the
PIK3CA gene mutation and an activated IGF-1R pathway,
was inhibited by the PI3K inhibitor BEZ-235 but weakly
inhibited by the IGF-1R inhibitor BMS-536924.

3.4. Anchorage-Independent Growth Inhibition of Tumor Cell
Lines by Kinase Inhibitors. Since anchorage-independent
growth is a hallmark of transformed cells, we wanted
to ensure that the kinase inhibitors which were able to

strongly block tumor cell proliferation in tissue culture were
also able to inhibit the same tumor cells’ proliferation in
an anchorage-independent manner. As seen in Figure 4,
Erlotinib, which inhibited the growth of HCC827 cells
cultured in anchorage-dependent cell culture plates, was
also able to reduce the size of the cell colonies grown in
agar plates in an anchorage-independent fashion. Similarly,
reduction of cell colony size formation was also observed
by the treatment with the irreversible HER1/2 inhibitor
BIBW-2992 in H1975 and H1650 cells as seen when these
cells were grown in an anchorage-dependent manner. Large
colony formation of H1993 cells, whose proliferation in
tissue culture was potently blocked by treatment with the
c-MET kinase inhibitor PF-2341066, was also inhibited by
treatment with the same inhibitor. Proliferation of cell colony
size in the H1734 cells was potently blocked by treatment
with the downstream MEK inhibitor PD-325901 as seen
when these cells were grown in cell culture. Likewise, the
IGF-1R kinase inhibitor BMS-536924 was able to reduced
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Figure 3: Inhibition of lung tumor cell growth by kinase inhibitors. Lung tumor cells were cultured in 5% FBS plus increasing concentrations
of the indicated inhibitors, ranging from 0.01–10 μM, for 48 hours. Determination of cell proliferation was performed with the CellTiter-Glo
Luminescent Cell Viability Assay.
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Figure 4: Inhibition of anchorage-independent growth of lung tumor cell lines by selected inhibitors. Each selected cell line was treated
with the indicated inhibitor at 0.1 μM and 1 μM concentrations for two weeks and cell colony size formation was scored under the Nikon
inverted-phase microscope.

cell colony size formation, dose dependently in the H358,
A549 and H460 cells.

3.5. Inhibition of Tumor Cell Line Growth by a Combination
of Two Kinase Inhibitors. Tumor cells often rely on signaling
from multiple pathways and, hence, treating patients with a
single agent can seldom eradicate tumor growth [11]. A com-
mon clinical practice is to treat patients with combination
therapies. In order to identify therapeutics with synergistic
effects, we selected four tumor cell lines out of the eight and
treated them with a combination of two kinase inhibitors,
one inhibiting the appropriate RTK and the other inhibiting
a downstream signaling pathway. As seen in Figure 5, the
H1975 cells, whose growth was moderately inhibited by
the HER1/2 RTK inhibitor BIBW-2992, but only weakly
inhibited by the downstream MEK inhibitor PD-325901 and
the downstream PI3K inhibitor BEZ-235, responded more
effectively to a combination of BIBW-2992 with either PD-
325901 or BEZ-235 with almost 100% growth inhibition of
this cell line at 10 μM concentration whereas a combination

of the two downstream inhibitors, PD-325901 and BEZ-
235, was much less effective. Likewise, combination of PD-
325901 or BEZ-235 with the c-MET inhibitor PF-2341066
was more effective in blocking the proliferation of the H1993
cells, which exhibited a potently activated c-MET pathway,
then by treating this cell line with the c-MET inhibitor
PF-2341066 alone. Interestingly, a combination of both
downstream kinase inhibitors, PD-325901 and BEZ-235, was
the most effective in blocking the proliferation of this cell
line. In the bronchioalveolar cell line H358, which exhibited
HER1 and HER2 activation, treatment with the HER1
inhibitor Erlotinib in combination with either one of the
two downstream inhibitors, PD-325901 or BEZ-235, showed
synergistic inhibition of cell proliferation. A combination
of the two downstream inhibitors, PD-0325901 and BEZ-
235, was also highly effective. The same phenomenon was
observed in the metastatic bronchioalveolar cell line H1650
when it was treated with the irreversible HER1/2 inhibitor
BIBW-2992 in combination with one of the downstream
inhibitor BEZ-235 or a combination of the two downstream
inhibitors, PD-325901 and BEZ-235.
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Figure 5: Inhibition of lung tumor cell growth by a combination of two kinase inhibitors. Lung tumor cell lines were cultured in 5% FBS plus
increasing concentrations of the indicated single kinase inhibitor or a combination of the two indicated kinase inhibitors. Determination of
cell proliferation was performed with the CellTiter-Glo Luminescent Cell Viability Assay.

3.6. Clustering of Tumor Tissue Samples with Tumor Cell Lines.
Profiling of the 50 human lung tissue samples using the
CEER assay revealed distinct activated signaling pathways
in each of the tissue samples as shown in the heat map
in Figure 6(a) (see also Supplemental Table 3). Based on
these results, unsupervised one-dimensional clustering of
the 50 lung tumor tissue samples with the corresponding
cell lines H1993, H1975, HCC827, H1734, H1650, H358,
H460, and A549, could be performed as shown in Figure 6(b)
because a significant degree of shared pathway activation
exists between the primary tumor tissue samples and the
tumor cell lines. Clustering of the tumor tissue samples
with their corresponding cell lines provides potential insight
into targeted therapy based on the drug treatment results
obtained from the tumor cell lines.
3.7. Gene Mutation Analysis of Tumor Tissue Samples. Mu-
tation analysis of three frequently mutated genes (KRAS,
P53, and STK11) in 50 human lung tissue samples further

supported the clustering of human tumor samples into the
cell line groups (see Supplemental Table 3). For example,
patient samples LC16, LC44, and LC23 were originally
aligned with tumor cell line H358 based on CEER assay
profiling. This alignment was supported by the finding that
these three tissue samples also harbored the G34A and G37T
KRAS mutations as was found in the H358 cell line. Similarly,
the original alignment of patient samples LC45 with cell line
H1734 and LC21 with cell line A549 was substantiated by
finding the same G34A and G37T KRAS mutations in both
patient samples and cell lines. In addition, alignment of the
patient sample LC15 with cell line H460 is supported by
the finding of the A183T KRAS mutation in both patient
sample and cell line. Likewise, the alignment of patient
samples LC6, LC31, and LC13 with cell lines H1975 and
H1734 was substantiated by the finding of the C726G and
G818T P53, mutations in both patient samples and cell lines.
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(a) (b)

Figure 6: (a) Heat Map representing the activated signaling pathways found in the 50 lung tumor tissue samples and eight lung tumor cell
lines. Each row constitutes all the pathway markers determined from an individual tumor sample organized in color columns. Green and red
denote markers that are present at lower and higher levels, respectively. (b) Clustering of the 50 lung tumor samples with the corresponding
lung tumor cell lines based on the similarities in the markers between the tissue samples and the cell lines.

Also, the alignment of patient samples LC32 and LC23 with
cell line H1650 was supported by the finding of the same
P53 mutations in both patient samples and cell line. Lastly,
the alignment of patient sample LC25 with the H1993 cell
line was supported by the finding of the C109T and G595T
STK11 mutations in both patient sample and cell line. Thus,
clustering of the patient tissue samples with the tumor cell
lines based on mutational status of the KRAS, P53 and STK11
genes was also consistent with the clustering based on the
RTK pathway signatures.

4. Discussion

Current lung cancer treatments are less than optimal, with a
mean survival of less than one year for advanced lung cancer
patients, regardless of treatment regimen [2]. Emerging new
treatment modalities are generally targeted to inhibit specific
tyrosine kinases activated in the tumor cells through basically
two independent approaches [3]. The first approach is to
use a highly specific monoclonal antibody to target the
membrane growth factor receptor kinase that is responsible
for tumor cell growth, and the resulting antibody/antigen
complex invokes the host immune system to kill the tumor
cells. This approach is exemplified by the treatment of
HER2 receptor-positive breast cancer with Herceptin, a
humanized monoclonal antibody against this receptor [4].
However, the high cost of monoclonal antibody drugs could
be a disadvantage for this approach. The second approach

is to develop cell-penetrating small organic molecules that
target the specific tyrosine kinases in the signaling pathways
of the tumor cells. This approach is best exemplified by the
use of Gleevec to block the activation of the BCR-ABL fusion
kinase in chronic myelogenous leukemia [5]. The design and
synthesis of small molecule tyrosine kinase inhibitors have
been greatly facilitated by the availability of crystal structures
for the tyrosine kinases in the past decade and effective
kinase inhibitors have thus been produced by many large
and small pharmaceutical companies. Nevertheless, without
prior knowledge of the activated kinase signaling pathways
responsible for propagating and metastasis of the tumor cells,
it is not possible to apply the targeted therapy approach with
the available kinase inhibitors. Therefore, we have selected a
panel of eight lung tumor cell lines that harbored the most
frequently detected gene mutations: P53, KRAS, STK11,
and HER1 as representative examples that cover the major
human lung cancer subtypes.

Mutation analysis has provided valuable information
in guiding targeted therapy for cancer patients. A good
example is found in cancer patients who carry a KRAS gene
mutation because these patients have been shown to be
nonresponsive to anti-HER1 therapeutics. Therefore, KRAS
mutation testing is becoming routinely performed in patients
who are being considered for anti-HER1 therapy with either
Cetuximab or Panitumumab in Europe and the United States
[12, 13]. Our current study further confirmed an important
role of gene mutation analysis in guiding the use of drugs
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to treat lung cancers. For example, it has been reported
that cancers from patients with lung adenocarcinoma that
harbored mutations within the tyrosine kinase domain of
the HER1 gene often responded initially to TKI drugs such
as Gefitinib and Erlotinib [14, 15] but usually developed
drug-resistance later [16–18]. Indeed, the HCC827, H1975,
and H1650 lung tumor cell lines employed in this study
harbored the HER1 gene mutation and they were found to
be sensitive to HER1 inhibitor treatment. By contrast, KRAS
gene mutation is associated with resistance to HER1 tyrosine
kinase inhibitors [19, 20]. This phenomenon is substantiated
by our finding that the A549 and H460 cells, which harbored
the KRAS mutated gene, did not respond to treatment with
HER1 inhibitors but they are sensitive to the downstream
PI3K inhibitor BEZ-235.

Although targeted therapy based on association of
somatic mutation analysis and drug sensitivity has greatly
facilitated lung cancer treatment, the profiling of oncogenic
signal transduction pathways in human tumor cells and
tissues offers yet another complementary approach to guide
therapeutic treatment [21–25]. Traditional signaling path-
way profiling in tumor tissue samples by immunohistochem-
istry (IHC) staining or Western blotting methods are neither
quantitative nor sensitive enough to have utility when only
small amount of tumor tissue samples is available. The CEER
assay is an assay that we have developed to overcome the
low sensitivity and specificity issues associated with these
traditional methods. The CEER assay uses a multiplexed,
proximity-based, collaborative immunoassay platform that
can provide clinical information on a limited amount of
tissue samples with high sensitivity and specificity. The
principle of the assay is based on the formation of a unique
immunocomplex that requires the colocalization of two
detecting antibodies against a target protein once the protein
is captured on the microarray surface. It is the formation of
this complex that enables the generation of a highly specific
and sensitive signal to reveal the activation status of the target
protein. We have compared CEER with the conventional
IHC/FISH and Western blotting and found that the CEER
assay provided more quantitative information in regard to
the oncogenic kinases [26]. Using this assay, the activated
HER1, HER2, HER3, c-MET, IGF-1R, PI3K, and SHC
pathways present in the eight lung tumor cell lines as well as
the 50 human lung tumor tissue samples were profiled. Cell
lines that exhibited one or more of these activated pathways
were treated with the corresponding kinase inhibitors and
the results demonstrated that this matching approach is
effective in inhibiting the pathway activation and growth
of these cell lines under both anchorage-dependent and
anchorage-independent culture conditions. Moreover, in
those cell lines in which significant growth inhibition could
not be achieved with a single kinase inhibitor treatment
(H1993, H358, and H1650), a combination treatment with
two kinase inhibitors, one targeting the RTK and the other
targeting a downstream kinase, was effective in blocking
their proliferation. However, we noted that there was no
direct correlation between the IC50 value of the drug with

the level of the corresponding pathway activation because
we only measured a subset of pathway biomarkers. There
might be other important pathways which may contribute to
tumor growth. Another aspect is that the mutational status
of tumor cells also plays an important role in driving the
tumor growth. Nevertheless, characterization of the activated
signaling pathways and mutational status as well as their cell
growth inhibition by kinase inhibitors in the lung tumor
cell lines could facilitate the target-focused treatment of lung
cancers.

Pathway profiling using the CEER assay and gene
mutational analysis of the 50 tumor tissues collected from
lung cancer patients clearly showed some similarities in
the biomarkers between the lung tumor tissue samples and
tumor cell lines. Therefore, the panel of pathway biomarkers
and mutated genes can discriminate and cluster different
tumor tissue samples with the corresponding tumor cell
lines in both supervised and unsupervised clustering analysis
and this information could be used to guide treatment
options based on the drug sensitivity of the tumor cell lines.
However, it is important to interpret the data with caution
due to the small sample size of the tumor tissue samples.
Prospective validation studies with sufficient sample size and
enough analytical power are essential to substantiate the
role of these pathway biomarkers in cancer diagnosis and
treatment. The ultimate validation of this approach is the
patient’s response to drug treatment based on the biomarker
prediction. Irrespective of the slow progress made towards
curing cancer, we have gained much knowledge through
translational research by using new molecular and biological
technology. We believe that the continuing gain in knowledge
of lung cancer biology will provide the foundation for im-
provement in lung cancer treatment.
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We have explored the potential of proteomic profiling to contribute to the delineation of the range of expression and subcellular
localization of aldehyde dehydrogenases (ALDHs) in lung adenocarcinoma. In-depth quantitative proteomics was applied to 40
lung adenocarcinoma cell lines resulting in the identification of the known members of the ALDH family. Substantial heterogeneity
in the level and occurrence of ALDHs in total lysates and on the cell surface and in their release into the culture media was observed
based on mass spectrometry counts. A distinct pattern of expression of ALDHs was observed in cells exhibiting epithelial features
relative to cells exhibiting mesenchymal features. Strikingly elevated levels of ALDH1A1 were observed in two cell lines. We also
report on the occurrence of an immune response to ALDH1A1 in lung cancer.

1. Introduction

Aldehyde dehydrogenases (ALDHs) constitute a large family
of enzymes that catalyze the oxidation of endogenous and
exogenous aldehydes to carboxylic acids. The different family
members exhibit heterogeneous tissue distribution and have
been localized predominantly in the cytosol and mitochon-
dria. ALDHs have been investigated primarily based on their
gene expression, their immunohistochemical localization
and based on their activity. Cell sorting techniques have been
utilized to enrich for cells expressing these enzymes based
on activity. The relevance of ALDHs to cancer stems in part
from the role they may play during carcinogenesis, their
association with therapeutic resistance, and more recently
from a distinct pattern of expression of ALDH1A1 and
ALDH3A1 in cancer stem cells, which has been exploited
as a means to define this cell population in tumors [1–3].
Several studies have pointed to evidence for epithelial to
mesenchymal transitions in cancer stem cells, defined, in

part, based on their ALDH expression or activity [4, 5].
While ALDH1 and 3 dominate the cancer stem cell literature,
other ALDHs have also been explored. High-level expression
of ALDH1B1 was observed in colon cancer by immunohis-
tochemistry [6]. Moderate to strong staining for ALDH4A1,
ALDH5A1, and ALDH6A1 was observed in most cancer
tissue in Protein Atlas (http://www.proteinatlas.org/). Strong
expression of ALDH7A1 has been found in human prostate
cancer cell lines, primary tumors, and matched bone metas-
tases, with evidence of its functional involvement in the for-
mation of bone metastases [7]. Comparative analysis of hep-
atocellular carcinoma tissue and adjacent nontumor tissue
identified changes in ALDHs1-3 proteins in tumor tissue [8].

Several studies have explored the biological significance
of ALDHs specifically in lung cancer and have provided sup-
portive evidence for the association between ALDH activity
and lung cancer stem cells [9]. Flow cytometric analysis
of a panel of lung cancer cell lines and patient-derived
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tumors revealed the occurrence of a subpopulation of cells
with elevated ALDH activity in most non-small cell lung
cancers, which correlated with ALDH1A1 expression [10].
Immunohistochemical staining of a large panel of primary
tumors revealed a significant correlation between ALDH1A1
expression and poor prognosis in patients, including those
with early stage disease [10]. Likewise, in another study,
expression of ALDH1 was found to be positively correlated
with the stage and grade of lung tumors and related to
a poor prognosis for patients with early-stage lung cancer
[11]. Expression analysis of sorted cells revealed elevated
Notch pathway transcript expression in ALDH-positive cells.
Suppression of the Notch pathway resulted in a significant
decrease in ALDH-positive lung cancer cells with concordant
reduction in tumor cell proliferation and clonogenicity [10].
Downregulation of ALDH isozymes affects cell growth, cell
motility, and gene expression in lung cancer cells [12]. Other
ALDHs have also been explored in lung cancer. ALDH3B1
is expressed in a tissue-specific manner and in a limited
number of cell types. ALDH3B1 expression was found to
be upregulated in a high percentage of human tumors,
particularly lung tumors [13].

In general, most studies of ALDHs in lung cancer have
focused on particular members of the family. In-depth
proteomic profiling allows delineation of proteins expressed
in tumor cells and in subcellular compartments. In this
study we applied quantitative in-depth proteomic profiling
to assess the occurrence of ALDHs in whole lysates of
40 lung adenocarcinoma cell lines and to examine their
association with the cell surface and the extent of their release
into culture media. ALDH1A1 was further explored as a
tumor antigen that induces an autoantibody response in lung
cancer.

2. Methods
2.1. Lung Adenocarcinoma Cell Line Culture. Cells were
grown in DMEM media (Invitrogen) containing 0.1% of
dialyzed fetal bovine serum (FBS) (Invitrogen) and 13C-
lysine instead of regular lysine, for 7 passages (1 : 2) according
to the standard SILAC protocol [14]. Incorporation of 13C
Lys isotope exceeded 90% of the total protein lysine content.
The same batch of cells was used for extracting cell surface
proteins and for analysis of conditioned media and whole-
cell lysate proteins. The secreted proteins were obtained
directly from the cell conditioned media after 48 h of culture.
Cells and debris were removed by centrifugation at 5000×g
and filtration through a 0.22 μM filter. Total extracts of cells
were obtained by sonication of ∼2× 107 cells in 1 mL of PBS
containing the detergent octyl glucoside (OG) (1% w/v) and
protease inhibitors (complete protease inhibitor cocktail,
Roche Diagnostics, Germany) followed by centrifugation at
20,000×g.

2.2. Capture of Cell Surface Proteins. To isolate cell surface
proteins, ∼2 × 108 cells were biotinylated in the culture
plate after extensive PBS rinsing, with 10 mL of 0.25 mg/mL
of Sulfo-NHS-SS-BIOTIN in PBS at room temperature
(23-24◦C) for 10 min. The residual biotinylation reagent

was quenched with 10 mM lysine. Protein extraction was
performed in a solution containing NP 40 detergent 2% (v/v)
with cell disruption by sonication followed by centrifugation
at 20,000×g. Biotinylated proteins were chromatograph-
ically isolated by affinity chromatography using 1 mL of
UltraLink Immobilized NeutrAvidin (Pierce) according to
manufacturers’ instruction. Proteins bound to the column
were recovered by reduction of the biotinylation reagent with
5 mL of a solution containing 65 μMol of DTT and 1% octyl
glucoside (OG) detergent for 1 h at 37◦C. Eluted proteins
were subsequently alkylated with 200 μMol of iodoacetamide
at room temperature.

2.3. Fractionation of Cell Extracts. Cell surface, conditioned
media, and total extract were fractionated by reversed-
phase chromatography, using, respectively 500 μg, 1 mg, and
1 mg of total protein. All the cell extracts were reduced
and alkylated with iodoacetamide prior to chromatography.
Separation was performed in a POROS R1/10 column
(Applied Biosystems—4.6 × 50 mm) at 2.7 mL/min using
a linear gradient of 10 to 80% of organic solvent over
30-minute run. Solvent system used was aqueous solvent,
5% acetonitrile/95% water/0.1% of trifluoroacetic acid;
organic solvent, 75% acetonitrile/15% isopropanol/10%
water/0.095% trifluoroacetic acid. Fractions were collected at
a rate of 3 fractions/minute.

2.4. Protein Identification by LC-MS/MS. Protein digestion
and identification by LC-MS/MS was performed as described
previously [15]. Briefly, each one of the reversed-phase
fractions was individually digested in-solution digestion with
trypsin (400 ng/fraction) and grouped into 24 to 27 pools
for each cell line and each compartment (i.e., cell surface,
conditioned media, and soluble whole-cell lysate) based
on chromatographic features. Pools were individually ana-
lyzed by LC-MS/MS in a LTQ-Orbitrap mass spectrometer
(Thermo-Finnigan) coupled to a nanoflow chromatography
system (Eksigent) using a 25 cm column (PicoFrit 75 μM ID,
New Objectives, packed in-house with Magic C18 resin) over
a 90-minute linear gradient. Acquired data was automatically
processed by the Computational Proteomics Analysis System
(CPAS) [16]. The tandem mass spectra were searched against
version 3.57 of the human IPI database. A variable modifica-
tion of 6.020129 mass units was added to lysine residues for
database searching to account for incorporation of the heavy
lysine isotope. We applied the tools PeptideProphet [17] and
ProteinProphet [18] to estimate the significance of peptide
and protein matches. Identifications with a PeptideProphet
probability of greater than 0.2 were selected and submitted
to ProteinProphet. The latter infers a minimal set of proteins
that explain the peptide evidence, assigning a probability to
each protein based on the combined peptide probabilities.
The derived protein identifications were filtered at a <5%
error rate based on the probability that the best match
obtained would fall in the distribution of random database
matches [19]. A spectral counting method [20] was used to
estimate protein enrichment for each compartment.
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Unique Total
Media 29 1350
Surface 24 136
TCE 34 1539

100 200 300 400 5011

Figure 1: Extent of peptide coverage of ALDH1A1 in cell line H522 in the TCE, media, and cell surface, across the ALDH1A1 protein
sequence. Blue bar: dbSNP; red bar: N-acetylserine; black bar: conflict, V->I at 162; tan bar: non-Cys-containing tryptic peptide; orange
bar: Cys-containing tryptic peptide; light tan bar: N-linked non-Cys-containing tryptic peptide; light orange bar: N-linked Cys-containing
peptide.
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Figure 2: Differential expression of ALDH1A3, ALDH1B1, and ALDH18A1 between cell lines with epithelial and cell lines with mesenchymal
features based on MS/MS counts. A Mann-Whitney test was performed using MS/MS counts of epithelial and mesenchymal cell lines.
ALDH1A3 and ALDH1B1 have significantly higher expression from TCE in epithelial cells as compared to mesenchymal ones, with a P value
of 0.007 and 0.030, respectively. ALDH18A1 has significant higher expression from the cell surface in epithelial as compared to mesenchymal
with a P value of 0.042.

2.5. Two-Dimensional Polyacrylamide Gel Electrophoresis (2D
PAGE). Proteins derived from the extracts of the cultured
H522 lung adenocarcinoma cell line were separated into two
dimensions as described previously [21]. Briefly, cultured
NCI-H522 cells were lysed in solubilization buffer (8 M
urea (Bio-Rad), 2% Nonidet P-40, 2% carrier ampholytes,
pH 4–8 (Gallard/Schlesinger, Carle Place, NY), 2% ß-
mercaptoethanol, and 10 mM PMSF). 200 μg of solubi-
lized proteins were applied onto isoelectric focusing gels.
Isoelectric focusing was performed using pH 4–8 carrier
ampholytes at 700 V for 16 h, followed by 1000 V for an
additional 2 h. The first-dimension gel was loaded onto the
second-dimension gel, after equilibration in 125 mM Tris
(pH 6.8), 10% glycerol, 2% SDS, 1% DTT, and bromophenol
blue. For the second-dimension separation, a gradient of
11–14% acrylamide (Crescent Chemical, Hauppauge, NY)
was used. The resolved proteins were transferred to an
Immobilon-P polyvinylidene difluoride (PVDF) membrane
(Millipore, Bedford, Mass). Protein patterns in some gels
were visualized directly by silver staining or Sypro Ruby
staining.

2.6. Western Blotting and Image Analysis. After transfer,
membranes were incubated with a blocking buffer consisting
of PBS and 0.1% Tween-20 containing 1.8% nonfat dry milk
for 2 h. The membranes were incubated for 1 h at room tem-
perature with serum obtained from either patients or control
individuals as a source of primary antibody at a 1 : 100
dilution. Some additional membranes were incubated with
an antibody to ALDH1A1 to visualize the protein. After three
washes with washing buffer (PBS containing 0.1% Tween 20),
the membranes were incubated with horseradish peroxidase-
conjugated sheep anti-human IgG (Amersham Biosciences,
Piscataway, NJ) at a dilution of 1 : 1000 for 1 h at room
temp. Immunodetection was accomplished by enhanced
chemiluminescence (Amersham Biosciences) followed by
exposure on Hyperfilm MP (Amersham Biosciences). Films
were digitized with a Kodak CCD camera. The spots on each
image were detected and quantified as previously described
[21]. After immunoblotting, all membranes were Coomassie
Blue stained, and the patterns obtained were compared to
those of the films in order to determine the locations of
reactive spots. Spot integrated intensities were normalized
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DFC1032 24 219
HCC4017 24 194
HCC2935 18 173
PC9 16 116
H820 17 76
HCC4011 18 72
HCC4019 11 71
HCC827 15 58
HCC 4006 14 43
H1792 15 39
H1703 2 17
DFC1024 9 15
H522 2 15
H1373 7 8
H1819 5 8
H1944 2 6
H1385 1 6
H1355 1 5
H1437 1 4
H1650 3 3
H1693 1 3
H1395 1 2
H969 1 2
H2291 2 2

Cell line Unique Total

100 200 300 400 5121

Figure 3: Extent of peptide coverage of ALDH1A3 across cell lines based on spectral counts from MS data.

by dividing by the intensity of a reference HSP27 protein
spot. HRP-conjugated goat anti-mouse secondary antibody
was spiked into the sheep anti-human cocktail at a 1 : 1000
dilution to facilitate detection.

2.7. Statistical Analysis. The data was analyzed using one-
sided Rank-Sum tests.

3. Results
3.1. Occurrence of ALDHs among Lung Adenocarcinoma Cell
Lines and in Subcompartments. Comprehensive proteomic
profiling of 40 lung cancer cell lines resulted in the identi-
fication of known members of the ALDHs family in one or
more cell lines. There was substantial heterogeneity in the
abundance of individual family members among cell lines
and in their occurrence and distribution between whole-
cell lysates, on the cell surface and their release into the
media of cultured cells (Table 1). ALDH1A1, ALDH1A3,
ALDH2, ALDH3A1, ALDH7A1, and ALDH9A1 had more
than 1,000 total MS counts each in total cell extracts across
cell lines. ALDH1A1 and ALDH3A1 exhibited discordant
expression with an overall total of MS counts for ALDH1A1
exceeding that of ALDH3A1 (Table 1), with some cell lines
yielding high MS counts for ALDH1A1 with low counts or
undetectable for ALDH3A1. The highest MS counts were
observed for ALDH2 and ALDH1A1. However, whereas
ALDH2 was relatively uniformly distributed across cell lines,
expression of ALDH1A1 was more limited to just a few cell

lines. Notably, cell line H522 yielded extremely high MS
counts for ALDH1A1 relative to most other cell lines, and
relative to other ALDHs (Table 2). Several ALDH proteins
for which we provide evidence of expression in lung cancer
cell lines (Table 1) were previously not characterized in lung
cancer. ALDH9A1 was identified in most cell lines and was
among the most abundant ALDH proteins identified based
on spectral counts.

3.2. Occurrence of ALDHs in the Extracellular Compartment.
We sought to determine the occurrence of ALDHs on the
cell surface and their release into culture media. Whereas
all ALDH proteins were identified in total cell extracts
(TCE), for most proteins a significant fraction was observed
in both the cell surface fraction (Surf) and the media
(Med) (Table 1). For example, ALDH1A1 in H522 was
predominant in both the TCE and Med (Table 2) whereas
other proteins (e.g., ALDH3A2 and ALDH5A1) displayed a
substantial proportion of protein abundance on the cell sur-
face (Table 1). We examined whether MS data was suggestive
of the occurrence of cleavage forms of ALDHs in the media or
on the cell surface. However, the data obtained pertaining to
peptide representation of the proteins was not suggestive of
cleavage, or alternatively spliced forms of proteins associated
with the cell surface or, for that matter, with their release into
the media as exemplified for ALDH1A1 in H522 (Figure 1).

3.3. Differential Expression of ALDHs Based on Epithe-
lial/Mesenchymal Features. Twenty-five of the 40 cell lines
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Table 1: Identified Aldehyde Dehydrogenases in the total cell extracts (TCE), Media (Med) and the cell surface (Surf) across 40 lung
adenocarcinoma cell lines based on mass spectrometry (MS/MS counts for corresponding peptides).

Gene symbol Protein description
MS/MS
counts
(TCE)

MS/MS
counts
(Med)

MS/MS
counts
(Surf)

Unique
peptides

Chromosome Length MW

ALDH16A1
Aldehyde dehydrogenase family 16

member A1
31 79 81 19 19 802 85127

ALDH18A1
Delta-1-pyrroline-5- carboxylate

synthase
354 5 344 20 10 795 87302

ALDH1A1 Retinal dehydrogenase 1 4961 2640 1463 37 9 500 54731

ALDH1A2 Retinal dehydrogenase 2 10 1 1 5 15 480 53060

ALDH1A3
Aldehyde dehydrogenase family 1

member A3
1267 256 299 31 15 512 56108

ALDH1B1
Aldehyde dehydrogenase X,

mitochondrial
843 22 384 29 9 517 57217

ALDH1L1
Aldehyde dehydrogenase family 1

member L1
5 3 3 8 3 505 55394

ALDH1L2
Aldehyde dehydrogenase family 1

member L2, mitochondrial
11 0 51 15 12 923 101776

ALDH2
Aldehyde dehydrogenase,

mitochondrial
4964 889 1665 32 12 517 56381

ALDH3A1
Aldehyde dehydrogenase, dimeric

NADP-preferring
1149 44 116 27 17 453 50379

ALDH3A2 Fatty aldehyde dehydrogenase 772 44 457 23 17 485 54848

ALDH3B1
Aldehyde dehydrogenase family 3

member B1
3 0 20 6 11 468 51840

ALDH3B2
Aldehyde dehydrogenase family 3

member B2
3 0 0 2 11 385 42670

ALDH4A1
Delta-1-pyrroline-5- carboxylate

dehydrogenase, mitochondrial
256 0 41 22 1 563 61719

ALDH5A1
Succinate-semialdehyde

dehydrogenase, mitochondrial
437 8 192 19 6 535 57215

ALDH6A1
Methylmalonate-Semialdehyde

dehydrogenase [acylating],
mitochondrial

131 0 13 17 14 535 5784

ALDH7A1
Alpha-aminoadipic semialdehyde

dehydrogenase
2268 95 563 29 5 510 55235

ALDH8A1
Aldehyde dehydrogenase family 8

member A1
2 0 0 2 6 487 53401

ALDH9A1
4-trimethylaminobutyral dehyde

dehydrogenase
1096 98 365 22 1 491 53374

investigated could be classified as either epithelial or mes-
enchymal based on their morphology and their expression
of vimentin and E-cadherin. ALDH protein expression was
examined in relation to cell line epithelial/mesenchymal
characteristics. ALDH1A3, ALDH1B1, and ALDH18A1
exhibited statistically significant differences in their MS
counts in epithelial versus mesenchymal cell lines (Table 3,
Figure 2). Whereas the stem cell markers ALDH1A1 and
ALDH3A1, did not yield statistically significant differences
between epithelial and mesenchymal cell lines, a very high
number of MS spectral counts were observed for ALDH1A1
in the two mesenchymal cell lines H522 and H1703 (Table 3).
The extent of peptide coverage for ALDH1A3, ALDH1B1,
and ALDH18A1 between epithelial and mesenchymal cell
lines appears to be related to the total number of MS

counts rather than to epithelial/mesenchymal characteristics,
as shown in Figure 3 for ALDH1A3 in TCE.

3.4. Lung Cancer Sera Exhibit IgG-Based Reactivity to
ALDH1A1. H522 tumor cell line proteins were separated
by 2D PAGE and transferred onto Immobilon-P PVDF
membranes, and the membranes were used to screen
individual lung cancer and control sera for autoantibodies
directed against H522 proteins. Sera from 25 lung cancer
patients (9 adenocarcinomas, 6 small cell, and 10 squamous
lung cancers) and 25 age- and sex-matched healthy controls
were investigated. Two neighboring spots, both with similar
apparent molecular weight (approximately 55 kDa) but
slightly different isoelectric points (6.6 and 6.45, resp.), were
observed to exhibit frequent reactivity in lung cancer patients
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Table 2: Identified Aldehyde Dehydrogenases in cell line H522.

Gene symbol MS/MS counts (TCE) MS/MS counts (Med) MS/MS counts (Surf)

ALDH16A1 4 1 1

ALDH18A1 31 0 6

ALDH1A1 2053 1706 173

ALDH1A3 0 0 1

ALDH1B1 39 0 24

ALDH1L2 0 0 3

ALDH2 29 3 47

ALDH3A1 0 0 8

ALDH3A2 3 0 2

ALDH4A1 15 0 0

ALDH5A1 15 0 5

ALDH7A1 164 2 26

ALDH9A1 21 0 8

Table 3: Occurrence of ALDH1A1, ALDH3A1, ALDH1A3, ALDH1B1 and ALDH18A1 in cell lines with epithelial or mesenchymal features.

Cell Lines EMT ALDH1A1 ALDH3A1 ALDH1A3 ALDH1B1 ALDH18A1

TCE Med Surf TCE Med Surf TCE Med Surf TCE Med Surf TCE Med Surf

H1437 Epithelial 82 2 0 0 6 2 0 0 0 33 0 9 18 0 16

H1650 Epithelial 0 0 0 0 0 0 3 0 0 11 0 5 4 0 0

H3255 Epithelial 0 0 0 0 0 0 0 0 0 2 0 0 8 0 5

HCC4019 Epithelial 0 0 0 0 0 0 93 0 19 29 0 6 0 0 0

DFC1032 Epithelial 0 0 0 0 0 3 247 112 77 17 0 7 0 0 16

HCC827 Epithelial 0 0 0 0 0 2 65 0 0 81 1 14 14 0 5

H1573 Epithelial 0 0 0 129 0 0 0 0 0 6 0 0 1 0 13

HCC4011 Epithelial 0 0 0 0 0 0 91 10 5 40 0 12 12 0 13

H1819 Epithelial 0 0 0 0 0 0 8 0 0 6 0 3 6 0 9

H1395 Epithelial 8 0 0 4 3 8 0 0 0 49 0 12 9 0 4

H969 Epithelial 134 108 33 7 1 0 0 0 0 11 0 6 62 0 20

H820 Epithelial 0 0 0 0 0 4 67 2 14 171 14 66 27 3 17

H2291 Epithelial 0 0 0 0 0 0 3 0 2 7 0 19 8 2 22

HCC4017 Epithelial 0 0 0 0 0 0 234 93 5 35 1 3 9 0 8

HCC2935 Epithelial 5 0 0 0 6 0 205 8 73 16 0 3 2 0 11

H1299 Mesenchymal 0 0 0 4 0 0 0 0 2 3 0 5 0 0 3

H23 Mesenchymal 0 0 0 0 0 0 0 0 0 0 0 13 0 0 0

H838 Mesenchymal 0 0 0 0 0 1 0 0 2 0 0 2 0 0 0

H2030 Mesenchymal 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

H650 Mesenchymal 0 0 0 0 0 0 0 0 0 6 0 4 0 0 0

DFC1024 Mesenchymal 0 0 0 0 0 0 17 0 42 20 0 6 2 0 5

H1355 Mesenchymal 34 2 0 0 0 13 0 0 1 11 0 7 17 0 11

H2405 Mesenchymal 2 0 0 0 0 41 0 0 0 2 0 9 5 0 4

H522 Mesenchymal 2053 1706 173 0 0 8 0 0 1 39 0 24 31 0 6

H1703 Mesenchymal 1665 354 78 0 0 7 0 0 18 20 1 30 10 0 15

(Figure 4). The data for the more acidic spot was highly
correlated to the more basic spot values, giving a Spearman’s
rank correlation of 0.62 with a P value of 2.3 × 10−6. The
more basic spot was excised from gels on two occasions
and digested with trypsin, with the resulting tryptic digests
subjected to mass spectrometric analysis. We obtained 46 and
45 spectra matching the aldehyde dehydrogenase 1A1 protein

(NP 000680, gene symbol ALDH1A1) on the two runs.
These matches amounted to 26 and 22 distinct peptides, with
MASCOT search engine scores of 1503 and 1464, respec-
tively. The more acidic spot was also identified as ALDH1A1,
with 21 matching peptides and MASCOT score of 1329.

Spot integrated intensities on the films were measured
and analyzed by one-sided Rank-Sum tests. We obtained
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Figure 4: Occurrence of autoantibodies to ALDH1A1 in lung-
cancer. A rectangle marks the location of ALDH1A1 in a silver-
stained 2D gel of H522 lysate, also shown in a close-up below (A).
The acidic and basic ALDH1A1 reactive spots in Western blots
hybridized with subject sera (B and C) are indicated with arrows.

estimated P values of 0.0018 (basic) and 0.0026 (acidic)
from 10000 permuted data sets, indicating greater reactivity
in lung cancer patients compared to healthy controls.
Two receiver operating characteristic (ROC) curves were
constructed, each using the data for a single protein spot
(either the more basic or more acidic spot). For the more
basic spot, an AUC of 0.69 was obtained. An AUC of 0.68
was obtained for the more acidic spot.

4. Discussion
Comprehensive proteomic profiling delineated the range of
expression and localization of ALDHs in total cell lysates,
the cell surface, and their release into the media of cultured
lung adenocarcinoma cell lines. A striking finding is the
extent to which ALDHs localize to the cell surface and/or
are released into the media. The evidence obtained based on
the peptides identified for various ALDHs does not suggest
the occurrence of distinct forms of ALDHs in different
compartments, thus the mechanisms involved and the role of
ALDHs localized to the cell surface or release into the media
largely remain to be determined.

We observed a distinct pattern of expression of ALDHs in
cell lines exhibiting epithelial versus mesenchymal features.
In other studies, ALDH expression was found to mark
pancreatic cancer cells that have stem cell and mesenchymal
features [22]. ALDH expression was analyzed by immunohis-
tochemistry in 269 primary surgical specimens of pancreatic
adenocarcinoma and examined for association with clinical
outcomes and in paired primary tumors and metastatic
lesions from eight pancreatic cancer patients who had par-
ticipated in a rapid autopsy program. The clonogenic growth

potential of ALDH-positive pancreatic adenocarcinoma cells
was assessed in vitro by a colony formation assay and by
tumor growth in immunodeficient mice. ALDH-positive
tumor cells were detected in 90 of the 269 primary surgical
specimens, and their presence was associated with worse
survival. Six of the eight patients with matched primary
and metastatic tumor samples had ALDH-negative primary
tumors, and in four of these six patients, the matched
metastatic lesions contained ALDH-positive cells which
expressed genes consistent with a mesenchymal state [22].

The extent to which mesenchymal features correlate
with a stem cell phenotype reflected in a common ALDH
expression pattern remains to be determined. In our studies,
ALDH1A1 and ALDH3A1, which have been associated with
stem cell features, exhibited distinct expression patterns
among the cell lines analyzed. ALDH3A1 did not yield a sig-
nificant association with a mesenchymal phenotype whereas
ALDH1A1 exhibited strikingly high expression based on MS
counts in two cells lines with a mesenchymal phenotype.
Moreover, ALDH1A3, ALDH1B1, and ALDH18A1 exhibited
a statistically significant difference in their protein expres-
sion between cell lines with epithelial and mesenchymal
features.

We utilized lysates from H522, a lung adenocarcinoma
cell line that expresses high levels of ALDH1A1 to charac-
terize the humoral immune response in lung cancer. We
obtained evidence for autoreactivity against two forms of
ALDH1A in sera from subjects with lung cancer relative to
healthy controls. The reactivity observed was not limited to
lung adenocarcinoma, as sera from subjects with squamous
cell lung cancer and small cell lung cancer exhibited similar
reactivity. An immune response to ALDH1A1 has been
reported in other studies. ALDH1A1 was identified as a
novel CD8+ T-cell-defined tumor antigen in squamous cell
carcinoma of the head and neck [23]. Mass spectral analysis
of peptides in tumor-derived lysates was used to determine
that the CTL line recognized the HLA-A2 binding ALDH1A1
(88–96) peptide. ALDH1A1(88–96) peptide-specific CD8(+)
T cells recognized only HLA-A2(+) cell lines which over
expressed ALDH1A1 and cells transfected with ALDH1A1
cDNA. In another study, sera from three of five patients with
lung adenocarcinoma and none of ten controls with lung
tuberculosis were found to exhibit IgG-based seroreactivity
against aldehyde dehydrogenase identified in A549 lung
adenocarcinoma cell line lysate using an approach similar to
the approach for IgG reactivity against ALDH1A1 utilized in
this study [24].
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Proteomics is a powerful method used to identify, characterize, and quantify proteins within biologic samples. Pancreatic cystic
neoplasms are a common clinical entity and represent a diagnostic and management challenge due to difficulties in accurately
diagnosing cystic lesions with malignant potential and assessing the risk of malignant degeneration. Currently, cytology and other
biomarkers in cyst fluid have had limited success in accurately distinguishing both the type of cystic neoplasm and the presence
of malignancy. Emerging data suggests that the use of protein-based biomarkers may have greater utility in helping clinicians
correctly diagnose the type of cyst and to identify which cystic neoplasms are malignant. Several candidate proteins have been
identified within pancreatic cystic neoplasms as potential biomarkers. Future studies will be needed to validate these findings and
move these biomarkers into the clinical setting.

1. Background

Pancreatic cysts are increasing in prevalence as cross-
sectional imaging has become widely utilized. In recent
population-based studies using magnetic resonance imaging
(MRI) [1–4] and computerized tomography (CT) scans
[5, 6], the estimated prevalence of cystic lesions ranges
from 2.6% to as high as 44.7%. An autopsy study of
300 patients from Japan reported a prevalence of 24.3%
[7]. Not surprisingly, the number of evaluations for these
lesions is increasing [8, 9]. Management of these increasingly
prevalent lesions can utilize a significant amount of health
care resources in the form of diagnostic studies and surgical
resections. Therefore, developing an accurate and cost-
effective diagnostic test to assist in patient management is a
clear priority.

This paper will focus on cystic neoplasms which are
distinguished by the presence of mucinous or nonmucinous
epithelium. Ninety percent of all cystic neoplasms are
comprised of serous cystadenomas (SCAs), a non-mucinous

lesion, as well as mucin-producing cystic tumors comprised
of mucinous cystic neoplasms (MCNs) and intraductal
papillary mucinous neoplasms (IPMNs) [10]. Rare cystic
neoplasms include solid pseudopapillary lesions, lymphoep-
ithelial cysts, and cystic degeneration of pancreatic ductal
adenocarcinoma or neuroendocrine tumors (see Table 1).
The most common nonneoplastic cyst is a pancreatic
pseudocyst which is associated with acute pancreatitis and
has no epithelium.

SCAs are characterized by bland cuboidal glycogen-rich
epithelium. They tend to occur predominantly in women
(87%) with a median age in the early 50s [11, 12]. SCAs are
usually comprised of microcystic components, with a classic
honeycomb appearance, though they can be macrocystic
in appearance [12]. Up to 30% of these lesions will have
a characteristic central scar. Their malignant potential is
considered so low that they are generally not resected unless
symptomatic.

MCNs have columnar mucinous epithelium with sur-
rounding ovarian stroma (defined as hypercellular spindle
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Table 1: Types of pancreatic cystic neoplasms.

Mucinous

Mucinous cystic neoplasm

Intraductal papillary mucinous neoplasm (IPMN)

Non-mucinous

Serous cystadenoma

Solid pseudopapillary neoplasm

Lymphoepithelial cysts

Cystic degeneration of ductal adenocarcinoma

Cystic neuroendocrine tumor

Cystic acinar cell carcinoma

cell bundles that lay just beneath the epithelium and
usually show positive staining for estrogen and progesterone
receptors) [13, 14] and typically present as large solitary
macrocystic lesions in the body or tail of the pancreas [15].
They are thought to be separate from the main pancreatic
duct but can be connected in up to 20% of cases [14]. They
occur almost exclusively in women (95–98%) [14] during the
fourth or fifth decades of life [15]. The rate of malignancy
ranges from 6–30% at the time of resection [15–17]. Risk
factors for malignancy include older age, the presence of a
mural nodule with the cyst, and cyst size >4 cm [14, 15, 17].
The five-year survival is 100% in patients with benign disease
and 60% in those patients that develop invasive carcinoma
[17, 18]. Recurrence appears to occur only with invasive
disease [15, 19].

IPMNs are characterized by columnar papillary muci-
nous epithelium that involves the main pancreatic duct,
the side branch ducts (SB-IPMN) or both (mixed IPMN).
IPMNs tend to occur more frequently in the head of the
pancreas than the body and tail. Males have a slightly
higher predilection for IPMNs than females do. The risk of
malignancy is much higher in main duct disease (mean 70%)
than side-branch disease (mean 25%) [20]. The reported
overall 5-year survival rate for resected noninvasive IPMN
ranges from 77 to 100%, whereas 5-year survival rate for
invasive IPMN ranges from 30% to 75% [21].

Recently, IPMNs have been categorized into four epithe-
lial subtypes—gastric, intestinal, pancreaticobiliary, and
oncocytic, based upon cell morphology and expression
patterns of glycoproteins containing mucin (MUC) [22].
Combinations of epithelium subtypes may be present within
an individual lesion and therefore each IPMN is classified by
the dominant component [22]. Based upon recent studies,
these categories may explain the clinical behavior of the
different IPMN subtypes [23, 24]. Gastric-type IPMNs
primarily are located in the side branches and express
MUC5AC but not MUC1 or MUC2 [23]. These rarely
undergo malignant transformation [23], but if they do,
they develop into tubular adenocarcinomas, which have a
survival that is almost as poor as ductal adenocarcinoma
[24]. Intestinal-type IPMNs are located mainly in the main
pancreatic duct and express both MUC2 and MUC5AC [22].
These have a high frequency of malignant transformation

to colloid carcinoma, which has a better prognosis than
ductal adenocarcinoma [23, 24]. When compared to the
other subtypes of IPMN, pancreaticobiliary-type IPMN is
noted to occur more frequently in women than men and
at a later age (mean 69.2 y versus 60.3–65.6 y) [23]. By
immunohistochemistry, they express MUC1 and MUC5AC
[22, 23] and may progress to tubular adenocarcinoma [23,
24]. The oncocytic-type IPMNs also express MUC5AC and
MUC1 [22]. These tend to develop in people at a younger
age than the other IPMN subtypes [23]. While these can
progress to malignancy (oncocytic adenocarcinoma), they
tend to be noninvasive [23] and have better survival than
ductal adenocarcinoma [23, 24].

To date, the subtypes of mucinous tumors (MCN and
IPMN) can only reliably be distinguished by surgical pathol-
ogy. There are no presurgical tests that distinguish these cyst
types with a high level of accuracy. Moreover, the triggers
or markers for malignant transformation are unknown and
the timeline to transformation remains unclear. As such,
our knowledge of the natural history of these lesions is still
limited.

In 2006, International Consensus Guidelines were devel-
oped by a team of experts to define management of cystic
mucinous neoplasms [20]. For cystic neoplasms, the decision
to undergo surgical resection versus surveillance should be
tempered by patient’s wishes, comorbidities, life expectancy,
and the risk of malignancy versus the risk of surgery. If the
patient is an appropriate surgical candidate, the guidelines
suggest resection of all MCNs and any IPMN which involve
the main duct, or side branch IPMN lesions that are symp-
tomatic, have a solid component, or are >3 cm in size [20].
They recommend yearly surveillance for lesions <10 mm,
and surveillance every 6–12 months for lesions 10–20 mm
and every 3–6 months for lesions >20 mm. The surveillance
interval can be lengthened after two years of no change [20].
A retrospective study of 147 patients demonstrated that the
algorithm proposed by the guidelines had a sensitivity and
negative predictive value of 100% but a specificity of 23%
[25]. Other studies have shown similar results [26–30]. The
algorithm therefore seems reasonably sensitive to identify
those who do not need surgery, but given the low specificity,
there remains a fairly high resection rate for patients with
benign disease [21].

The clinical challenges of managing patients with pan-
creatic cystic neoplasms have several layers of complexity.
First, one must differentiate between mucinous and non-
mucinous cysts. This differentiation is important because
their clinical management is different. Non-mucinous
lesions generally do not require follow-up, whereas because
of their premalignant potential, mucinous neoplasms are
either resected or monitored in a surveillance program.
Second, once a mucinous lesion is identified, one should
distinguish between MCN and IPMN (in particular focal SB-
IPMN) since the former should be resected whereas the latter
can be monitored. This can be a difficult task in part because
MCNs occasionally have communication with the main duct
which is sometimes difficult to accurately identify by cross-
sectional imaging or EUS [10, 20]. Moreover, there is no
preoperative test that can identify the characteristic ovarian
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stroma of MCNs [10], and even on surgical pathologic
analysis, the stroma may not be uniformly present, partic-
ularly with malignant transformation [31]. Third, amongst
the mucinous lesions, one must differentiate between those
that have high-grade dysplasia and cancer and those that
are benign in order to appropriately refer those patients
to surgery who would most benefit from resection. This
differentiation would allow more selective recommendation
of surgical resection for those who truly need it. Finally,
given that the natural history of these lesions remains to be
clarified, one must be able to identify those lesions that will
go onto malignant transformation. To date, no single test
or tests adequately addresses these challenges and as such, a
biomarker or set of biomarkers are needed in order to address
all four of these challenges.

Current tests have limited ability to distinguish between
mucinous and non-mucinous lesions or to identify malig-
nant cysts (Figure 1). Cross-sectional radiologic imaging is
limited in its ability to distinguish between the different
types of cysts. The accuracy of CT and MRI to determine
the correct histology ranges from 40–60% [32, 33]. New
advances in CT and MRI technology that provide more
detailed images may account for a modest increase in accu-
racy up to 84% [34]. Morphology by endoscopic ultrasound
is also limited in its ability to distinguish between types of
cystic tumors, with a sensitivity and specificity of 56% and
45%, respectively [35]. Furthermore, the accuracy of EUS
morphology is limited by a lack of interobserver agreement
[36].

Endoscopic ultrasound allows for fine needle aspiration
of cyst fluid analysis. The tests of choice for diagnostic
evaluation include cytology and carcinoembryonic antigen
(CEA). Fluid cytology can be limited due to luminal contam-
ination, highly variable amounts of extracellular mucin, and
scant cellularity within the cyst [37]. The overall accuracy
of cytology in identifying mucinous lesions is around 50%
[35, 38]. There are no cytological findings which currently
distinguish MCN from IPMN [39, 40]. Cytology has a
specificity that approaches 100% but lower sensitivity in
identifying the presence of malignancy [38, 41, 42]. To date,
cyst fluid CEA remains the most accurate test to distinguish
mucinous from non-mucinous cysts [35]. A prospective,
multicenter study determined that a CEA >192 ng/mL had
a 75% sensitivity and 85% specificity in distinguishing
between mucinous and non-mucinous cysts. Its overall
accuracy of 79% was higher than morphology, cytology, and
other tumor markers previously identified in pancreatic cysts
such as CA72-4 [43], CA19-9 [44], and CA 15-3 [35, 45].
However, fluid CEA is limited by the fact that there is broad
overlap between types of lesions. In addition, this test is
unable to distinguish between types of mucinous cysts, nor
is there any correlation between elevated concentrations and
risk of malignancy [46].

2. Biomarkers for Cystic Neoplasms

As a result of these current limitations, there has been
considerable interest in finding other biomarkers that can

better distinguish mucinous lesions and identify patients
with tumors of higher malignant potential (i.e., with high-
grade dysplasia or carcinoma) who would benefit most from
surgical resection. The general approach that has been taken
is to aspirate cyst fluid and use a variety of techniques to
try to create highly sensitive and specific assays to identify
subjects with high grade dysplasia or frank malignancy [47].
Pancreatic cyst fluid would appear to be an ideal source for a
biomarker development due to its relative ease at obtainment
by endoscopic ultrasound, which has a low complication
rate when performed by an experienced endoscopist, and the
presumed localization of relevant biological material from
cyst epithelium [48].

There is a considerable interest in genetic material within
cyst fluid and its potential as to serve as biomarkers. DNA
mutations, such as K-ras, and allelic loss amplitude of a
proprietary list of specific pancreatic cancer-related genes
within cyst fluid have been studied as surrogate markers for
mucinous and malignant cysts [49]. In a multicenter study
of 113 patients, the authors reported that the presence of
a cyst fluid K-ras mutation had a high specificity of 95%
but low sensitivity of 45% for diagnosing mucinous cysts.
The combination of a K-ras mutation followed by allelic loss
showed a high specificity of 96% but a low sensitivity of 37%
in diagnosing malignant cysts [49]. Subsequent studies have
reported mixed correlation between these DNA mutations
and final surgical pathology [50–52]. The added benefit over
existing tests remains unclear, and as such, the role for DNA
analysis will need to be clarified [46, 53].

MicroRNAs (miRNAs) are small (22 nucleotides) non-
coding RNAs that regulate the stability and translation
of mRNA transcripts. Deregulation of miRNA expression
has been identified in several human cancers, including
pancreatic adenocarcinoma [54–59]. Using a panel of 12
miRNAs that are upregulated in pancreatic cancer, Habbe
et al. described the identification of abnormal miRNA
expression in surgical histology from 15 noninvasive IPMNs
compared to normal pancreatic tissue [60]. Moreover, they
established the feasibility of identifying miRNA in pancreatic
juice. The two miRNAs with the highest expression, miR-21
and miR-155, both of which have been shown in laboratory
studies to inhibit apoptosis, had higher expression in the
IPMNs (6 of 10, 60%) than normal controls (0 of 5), though
this did not reach statistical significance due to a small
number of samples. There was also an increased frequency of
miR-155 expression in IPMN lesions with pancreaticobiliary
and intestinal epithelium. Further studies will be required to
validate these findings and to define the true utility of using
miRNAs as biomarkers in pancreatic cyst fluid.

3. Protein-Based Biomarker Strategies

Another strategy for biomarker development is to identify
specific proteins already known to be involved in pancreatic
cancer. One group used multiplex assays with 54 proteins
associated with pancreatic cancer to demonstrate differential
protein expression between noninvasive IPMN and SCA (34
out of 51 proteins, 67%) and noninvasive MCN and SCA



4 International Journal of Proteomics

(a) (b)

(c) (d)

Figure 1: These images highlight the limitations of cross-sectional imaging and endoscopic ultrasound (EUS) in differentiating cyst types.
By CT ((a)+(c)) and by EUS ((b)+(d)), the two cysts look very similar. The cyst in (a) and (b) was a macrocystic serous cystadenoma and
the cyst in (c) and (d) was a mucinous cystadenoma. The histology of both was confirmed by surgical resection.

(13 out of 51 proteins, 25%) [61]. When using a panel of 14
proteins, the accuracy of distinguishing IPMNs from SCAs
was 92% [61]. Another group took a more specific approach
and examined the role of Prostaglandin E(2), which they
had shown to have increased expression in pancreatic cancer
tissue over normal pancreatic tissue [62], in distinguishing
between types of mucinous cysts. From fluid obtained from
58 resected cystic lesions, they demonstrated that cyst fluid
PGE(2) concentrations were greater in IPMNs versus MCNs
(2.2 ± 0.6 versus 0.2 ± 0.1 pg/mol, P < 0.05) and that the
mean level of PGE(2) increased with the degree of dysplasia
in IPMN lesions [63]. However, there was noted to be an
overlap in PGE(2) concentrations in benign MCNs (n =
11) and SCAs (9n = 5), thereby limiting the utility of this
biomarker in the clinical setting. These studies demonstrate
that targeting proteins associated with pancreatic cancer
show potential in identifying appropriate biomarkers for
cystic lesions and will require further investigation and
validation.

As described above, immunohistochemistry of surgical
pathology has demonstrated differential mucin profiles in

IPMN [64, 65] and it would seem logical to expect mucin
profiles in cyst fluid to identify lesions at risk for malig-
nancy. A recent study has demonstrated differential mucin
expression in cyst fluid from 40 surgically resected IPMNs
using enzyme-linked immunosorbent assays [66]. Patients
with high grade dysplasia or carcinoma (n = 19) were
categorized as “high risk.” Cyst fluids MUC2 and MUC4
were elevated in high-risk patients as compared to low
risk patients (10 ± 3.0 ng/mL versus 4.4 ± 1.2 ng/mL, P =
0.03; 20.06 ± 10.6 ng/mL versus 4.5± 1.4 ng/mL, P = 0.03,
resp.). There was no difference in MUC1 or MUC5AC
concentrations between the two groups. Cysts with gastric
epithelium (n = 23) had statistically significant lower
expressions of MUC2, MUC4, and MUC5AC compared to
pancreatic cystic tumors without gastric epithelium. Cysts
with intestinal epithelium (n = 8) had statistically significant
higher elevations of MUC2 compared to nonintestinal
cysts and a trend towards higher MUC4 concentrations.
There was no discernible difference in MUC concentrations
in pancreaticobiliary epithelium cysts compared to those
without pancreaticobiliary epithelium. These findings have
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not yet been validated; however, this study highlights the
potential for risk stratification based upon MUC expression
in cyst fluid.

Other proteins previously identified in pancreatic cancer
have also been studied to more accurately identify IPMN
harboring malignancy. Mutant K-ras protein has been
identified in cyst fluid using mass spectrometry [67]. The
expression of Plectin-1, a marker found to be increased in
ductal adenocarcinoma, has also been identified in fluid from
malignant mucinous cysts [68]. Cytokine IL-1β is markedly
elevated in high-risk patients compared to low risk patients
in a small number of IPMNs [69]. These findings have yet to
be validated and are thus far experimental in nature.

4. Proteomics of Cyst Fluid

Proteomics is an attractive method for identifying proteins
within the cyst fluid which can differentiate mucinous cysts
or identify malignancy with greater accuracy. Traditionally,
proteins are separated by two-dimensional gel electrophore-
sis with subsequent mass spectrometric identification of
protein spots or by protein digestion and mass spectrometric
identification of peptide sequences. Proteomics overcomes
the shortcoming of using DNA or mRNA analysis, whose
changes may not reflect actual protein expression [70, 71]
or include posttranslational modifications. Furthermore,
proteomic analysis may provide information on the patho-
genesis of these lesions.

The challenge of using proteomics is the complexity of
the proteome. The method can identify a large number of
proteins but interpretation of the results may be clouded
by the signal of the most abundant proteins, and thus
proteins present in very small concentrations may not be
easy to identify. Within the pancreatic cyst fluid itself, the
vast variety of proteins are a reflection of cyst epithelium,
luminal contamination (if fluid is obtained by transgastric or
transduodenal aspiration), plasma proteins, mucus, and pos-
sibly pancreatic enzymes, if there is a connection of the cyst
to the pancreatic ductal system. Protein concentration yield
may be subject to degradation by endogenous peptidases
[72] or post-translational modifications [73]. Proteomics
has been used to successfully identify potential biomarkers
in the tissue [74, 75], serum [76], and pancreatic juice
[77, 78] of patients with pancreatic ductal adenocarcinoma.
A method to perform proteomic analysis using paraffin-
embedded archival slides of a noninvasive IPMN carcinoma-
in-situ has also been described [79].

Interest in using proteomics in pancreatic cyst fluid
analysis is growing. The feasibility of proteomic analysis
of pancreatic cyst fluid was established by Scarlett et al.
[80]. In this proof of concept study, cyst fluids from 10
patients (including 3 ductal adenocarcinomas, 2 mucinous
cystadenoma, and 1 IPMN) were analyzed using SELDI-
TOF mass spectrometry. Reproducible protein profiles were
demonstrated amongst the adenocarcinoma patients with
differential expression in twelve protein peaks identified.
These findings suggest that proteomics is a viable method for
identifying potential biomarkers within cyst fluid.

Two recent studies advanced the use of proteomic
analysis to identify biomarkers in cyst fluid. Ke et al. used
small volumes (<40 μL) from EUS fine needle aspirates and
grouped patients according to their cytology results ((a)
benign: no evidence of benign mucinous epithelium, atypical
cells or carcinoma; (b) benign mucinous epithelium; (c)
atypical/suspicious; (d) malignant) [81]. Fluid was analyzed
using MALDI-TOF mass spectrometry with LC/MS/MS pro-
tein identification, 2D gel electrophoresis, or GeLC/MS/MS
(tryptic digestion of proteins fractionated by SDS-PAGE and
identified by LC/MS/MS). The first two techniques proved to
be unsatisfactory, presumably from endogenous peptidases
which splintered native proteins in numerous locations [81].
Mass spectrometry yielded homologs within three families
of proteins associated with pancreatic cancer, including
mucins, CEACAMs, and S100s. The authors conclude that
LC/MS/MS mass spectrometry provides useful information
on biomarkers within cyst fluid using small volumes of fluid.

The same technique was used by Cuoghi et al. in a study
of 8 patients who underwent surgical resection for symp-
tomatic pancreatic neoplasms. Fluid was aspirated directly
from the surgical specimens, thereby avoiding potential gas-
trointestinal luminal contamination. Proteins were separated
by SDS-PAGE and then analyzed by LC/MS/MS. The total
number of proteins identified in the cyst samples ranged
from 220 to 727. They identified 38 proteins unique to
neuroendocrine tumors, 18 unique to serous cystadenomas,
92 unique to MCNs, and 29 unique to IPMNs. Analysis of
known proteins revealed that several proteins identified in
the mucinous lesions (MCNs and IPMNs) were previously
reported to be upregulated pancreatic cancer-associated
proteins. The findings were confirmed by immunohisto-
chemistry for two of the identified proteins, olfactomedin-4
(OLFM4) and the cell surface glycoprotein MUC18. Clearly,
proteomics shows great promise in identifying potential
biomarkers (see Table 2). Further studies and refinement of
technique will hopefully yield reliable candidate biomarkers
that can be validated in clinical studies.

5. Glycoproteomics

Glycoproteomics specifically examines carbohydrate modifi-
cation or glycosylation of proteins. Aberrant glycosylation is
a hallmark for tumorigenesis and tumor progression and not
surprisingly, many previously identified biomarkers are gly-
coproteins. The advantage of glycoproteomics is the focused
isolation of glycoproteins by specific binding of glycosylation
sites. This specificity reduces the complexity of sample
protein populations. As such, this method significantly
increases the detection sensitivity for low abundance proteins
[84]. Analytic approaches have been broadly categorized as
glycoprotein-based analysis or glycopeptide-based analysis
[84, 85]. The former begins with enrichment of glycoproteins
using lectin and separation techniques to enrich the protein
fractions. The latter uses glycopeptides that are digested and
then deglycosylated. Peptide identification is then performed
by mass spectrometry.
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Table 2: Potential biomarkers identified to date in pancreatic cyst
fluid.

Genetic biomarkers References

DNA-based

K-ras [49]

Allelic loss amplitude [49]

RNA-based

miR-21 [60]

miR-155 [60]

Protein-based biomarkers

Prostaglandin E(2) [63]

Interleukin-1β [69]

MUC1 [81, 82]

MUC2 [66]

MUC4 [66]

MUC5AC [81–83]

MUC5B [81]

MUC6 [81, 83]

MUC16 [81]

MUC18 [83]

CA 19-9 [82]

Plectin-1 [68]

S100-A6, 8, 9, 11 [81]

CEACAM 1, 5, 6, 7 [81]

BGP-1 [83]

Tspan-8, 27, 28 [83]

CD55 [83]

E-cad [83]

Glutathione S-transferase P [83]

Olfactomedin-4 [83]

Prostate stem cell antigen [83]

Pyruvate kinase isozymes M1/M2 [83]

Ras-related protein Rab-8A [83]

Rho-related GTP-binding protein RhoC [83]

Trefoil factor 1,2 [83]

VE-cadherin [83]

Protein-Z-dependent protease inhibitor [83]

von Willebrand antigen 2 [83]

Glycoproteomics has already shown promise as a
biomarker development tool in pancreatic cancer. A tech-
nique using lectin affinity chromatography, liquid sepa-
ration, and characterization by mass spectrometry was
demonstrated in serum of patients with pancreatic cancer
[85]. Sialylated plasma protease C1 inhibitor was shown
to be downregulated in cancer serum. Downregulation of
the N83 glycosylation sites was also observed. Ninety-two
individual glycosylation sites with 41 glycoproteins were
identified and 202 glycan peaks with 104 unique carbohy-
drate structures were detected during glycan profiling using
different separation techniques. Forty-five oligosaccharides
were found altered in pancreatic cancer serum of which
44 were distinct in the cancer sample [85]. Based on
these promising results, glycoprotein microarrays have been

created as a high throughput tool to differentiate serum
samples from patients with pancreatic cancer, from chronic
pancreatitis and normal subjects [86, 87].

This approach has been expanded to the use of glyco-
proteomics in cystic neoplasms. Using a novel antibody-
lectin sandwich array (ALSA) that targets glycan moieties on
proteins [88], Haab et al. measured protein expression and
glycosylation of MUC1, MUC5AC, MUC16, CEA, and other
proteins associated with pancreatic cancer in 53 cyst fluid
samples from surgically resected lesions (17 MCN, 15 IPMN,
15 SCA, and 9 pseudocysts) [82]. Wheat germ agglutination
of MUC5AC was markedly elevated in MCN and IPMN but
not SCAs or pseudocysts. CA19-9 could distinguish between
MCN and IPMN with a sensitivity and specificity of 82%
and 93%, respectively. MUC1 was elevated in serous lesions
compared to pseudocysts and mucinous cysts. MUC5AC in
combination with CA19-9 (sensitivity 87%, specificity 86%)
outperformed fluid CEA (37% sensitivity, 80% specificity)
in distinguishing mucinous from nonmucinous cysts. This
study shows that glycan variants of proteins within cyst
fluid may prove to be useful biomarkers and highlights
an area warranting further evaluation. Validation studies
are currently in progress. In addition, it remains to be
determined if this approach will be useful in separating
malignant and non-malignant lesions.

6. Conclusions

The clinical management of pancreatic cystic neoplasms is
difficult due to the lack of sufficiently sensitive and specific
diagnostic tests to differentiate cyst types and the presence
of malignancy. Pancreatic cyst fluid provides an appealing
source for improved biomarker development, particularly
by proteomic analysis. Preliminary work with cyst fluid
glycosylated mucins show promise in distinguishing muci-
nous from non-mucinous cysts and differentiating types of
mucinous cysts. Cyst fluid homologs of mucin, CEACAMs
and S100s, and other proteins associated with pancreatic
tumorigenesis have been identified as potential biomarkers
for malignancy within cyst fluid. These results will all
need to be studied and validated in larger more adequately
sized test and training sets of pancreatic cyst fluid for full
biomarker development. Given that the field is currently
limited by the lack of adequate numbers of pancreatic cyst
fluid samples for analysis, it will be important that resources
for fluid samples are further developed. As we close our
gaps in knowledge regarding natural history of mucinous
cysts and the relationship between epithelial subtypes and
prognosis, biomarkers will likely play a prominent role in the
management of cystic neoplasms.
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[22] T. Furukawa, G. Klöppel, N. Volkan Adsay et al., “Classifica-
tion of types of intraductal papillary-mucinous neoplasm of
the pancreas: a consensus study,” Virchows Archiv, vol. 447, no.
5, pp. 794–799, 2005.

[23] T. Furukawa, T. Hatori, I. Fujita et al., “Prognostic relevance
of morphological types of intraductal papillary mucinous
neoplasms of the pancreas,” Gut, vol. 60, no. 4, pp. 509–516,
2010.

[24] M. Mino-Kenudson, C. F. del Castillo, and Y. Baba, “Prognosis
of invasive intraductal papillary mucinous neoplasm depends
on histological and precursor epithelial subtypes,” Gut. In
press.

[25] M. Pelaez-Luna, S. T. Chari, T. C. Smyrk et al., “Do consensus
indications for resection in branch duct intraductal papillary
mucinous neoplasm predict malignancy? A study of 147
patients,” The American Journal of Gastroenterology, vol. 102,
no. 8, pp. 1759–1764, 2007.

[26] R. S. Tang, B. Weinberg, D. W. Dawson et al., “Evaluation
of the guidelines for management of pancreatic branch-duct
intraductal papillary mucinous neoplasm,” Clinical Gastroen-
terology and Hepatology, vol. 6, no. 7, pp. 815–819, 2008.

[27] J. R. Rodriguez, R. Salvia, S. Crippa et al., “Branch-duct
intraductal papillary mucinous neoplasms: observations in
145 patients who underwent resection,” Gastroenterology, vol.
133, no. 1, pp. 72–79, quiz 309-10, 2007.

[28] R. Salvia, S. Crippa, M. Falconi et al., “Branch-duct intraductal
papillary mucinous neoplasms of the pancreas: to operate or
not to operate?” Gut, vol. 56, no. 8, pp. 1086–1090, 2007.

[29] S. Tanno, Y. Nakano, T. Nishikawa et al., “Natural history
of branch duct intraductal papillary-mucinous neoplasms of
the pancreas without mural nodules: Long-term follow-up
results,” Gut, vol. 57, no. 3, pp. 339–343, 2008.

[30] K. Nagai, R. Doi, T. Ito et al., “Single-institution validation
of the international consensus guidelines for treatment of
branch duct intraductal papillary mucinous neoplasms of the
pancreas,” Journal of Hepatobiliary Pancreatic Surgery, vol. 16,
no. 3, pp. 353–358, 2009.

[31] M. Sugiyama and Y. Atomi, “Recent topics in mucinous
cystic tumor and intraductal papillary mucinous tumor of the
pancreas,” Journal of Hepatobiliary Pancreatic Surgery, vol. 10,
no. 2, pp. 123–124, 2003.

[32] B. C. Visser, B. M. Yeh, A. Qayyum, L. W. Way, C. E.
McCulloch, and F. V. Coakley, “Characterization of cystic
pancreatic masses: relative accuracy of CT and MRI,” The
American Journal of Roentgenology, vol. 189, no. 3, pp. 648–
656, 2007.



8 International Journal of Proteomics

[33] W. E. Fisher, S. E. Hodges, V. Yagnik et al., “Accuracy of
CT in predicting malignant potential of cystic pancreatic
neoplasms,” HPB, vol. 10, no. 6, pp. 483–490, 2008.

[34] N. I. Sainani, A. Saokar, V. Deshpande, C. Fernández-Del
Castillo, P. Hahn, and D. V. Sahani, “Comparative perfor-
mance of MDCT and MRI with MR cholangiopancreatogra-
phy in characterizing small pancreatic cysts,” The American
Journal of Roentgenology, vol. 193, no. 3, pp. 722–731, 2009.

[35] W. R. Brugge, K. Lewandrowski, E. Lee-Lewandrowski et al.,
“Diagnosis of pancreatic cystic neoplasms: a report of the
cooperative pancreatic cyst study,” Gastroenterology, vol. 126,
no. 5, pp. 1330–1336, 2004.

[36] N. A. Ahmad, M. L. Kochman, C. Brensinger et al., “Interob-
server agreement among endosonographers for the diagnosis
of neoplastic versus non-neoplastic pancreatic cystic lesions,”
Gastrointestinal Endoscopy, vol. 58, no. 1, pp. 59–64, 2003.

[37] M. B. Pitman and V. Deshpande, “Endoscopic ultrasound-
guided fine needle aspiration cytology of the pancreas: a
morphological and multimodal approach to the diagnosis of
solid and cystic mass lesions,” Cytopathology, vol. 18, no. 6, pp.
331–347, 2007.

[38] J. L. Frossard, P. Amouyal, G. Amouyal et al., “Performance
of endosonography-guided fine needle aspiration and biopsy
in the diagnosis of pancreatic cystic lesions,” The American
Journal of Gastroenterology, vol. 98, no. 7, pp. 1516–1524, 2003.

[39] L. J. Layfield and H. Cramer, “Fine-needle aspiration cytology
of intraductal papillary-mucinous tumors: a retrospective
analysis,” Diagnostic Cytopathology, vol. 32, no. 1, pp. 16–20,
2005.

[40] E. B. Stelow, M. W. Stanley, R. H. Bardales et al., “Intra-
ductal papillary-mucinous neoplasm of the pancreas. The
findings and limitations of cytologic samples obtained by
endoscopic ultrasound-guided fine-needle aspiration,” The
American Journal of Clinical Pathology, vol. 120, no. 3, pp. 398–
404, 2003.

[41] F. Maire, A. Couvelard, P. Hammel et al., “Intraductal papillary
mucinous tumors of the pancreas: the preoperative value
of cytologic and histopathologic diagnosis,” Gastrointestinal
Endoscopy, vol. 58, no. 5, pp. 701–706, 2003.

[42] D. B. Williams, A. V. Sahai, L. Aabakken et al., “Endoscopic
ultrasound guided fine needle aspiration biopsy: a large single
centre experience,” Gut, vol. 44, no. 5, pp. 720–726, 1999.

[43] A. J. Alles, A. L. Warshaw, J. F. Southern, C. C. Compton, and
K. B. Lewandrowski, “Expression of CA 72-4 (TAG-72) in the
fluid contents of pancreatic cysts. A new marker to distinguish
malignant pancreatic cystic tumors from benign neoplasms
and pseudocysts,” Annals of Surgery, vol. 219, no. 2, pp. 131–
134, 1994.

[44] C. L. H. Snozek, R. C. Mascarenhas, and D. J. O’Kane, “Use
of cyst fluid CEA, CA19-9, and amylase for evaluation of
pancreatic lesions,” Clinical Biochemistry, vol. 42, no. 15, pp.
1585–1588, 2009.

[45] D. Rubin, A. L. Warshaw, J. F. Southern, M. Pins, C. C.
Compton, and K. B. Lewandrowski, “Expression of CA
15.3 protein in the cyst contents distinguishes benign from
malignant pancreatic mucinous cystic neoplasms,” Surgery,
vol. 115, no. 1, pp. 52–55, 1994.

[46] A. Khalid and W. Brugge, “ACG practice guidelines for the
diagnosis and management of neoplastic pancreatic cysts,” The
American Journal of Gastroenterology, vol. 102, no. 10, pp.
2339–2349, 2007.

[47] N. B. Kiviat and C. W. Critchlow, “Novel approaches to
identification of biomarkers for detection of early stage
cancer,” Disease Markers, vol. 18, no. 2, pp. 73–81, 2002.

[48] W. G. Park, “Screening for pancreatic cancer: what can cyst
fluid analysis tell us?” F1000 Medicine Reports, vol. 3, p. 3,
2011.

[49] A. Khalid, M. Zahid, S. D. Finkelstein et al., “Pancreatic cyst
fluid DNA analysis in evaluating pancreatic cysts: a report of
the PANDA study,” Gastrointestinal Endoscopy, vol. 69, no. 6,
pp. 1095–1102, 2009.

[50] M. S. Sawhney, S. Devarajan, P. O’Farrel et al., “Comparison
of carcinoembryonic antigen and molecular analysis in pan-
creatic cyst fluid,” Gastrointestinal Endoscopy, vol. 69, no. 6,
pp. 1106–1110, 2009.

[51] J. Shen, W. R. Brugge, C. J. Dimaio, and M. B. Pitman, “Molec-
ular analysis of pancreatic cyst fluid: a comparative analysis
with current practice of diagnosis,” Cancer Cytopathology, vol.
117, no. 3, pp. 217–227, 2009.

[52] J. Sreenarasimhaiah, L. F. Lara, S. F. Jazrawi, C. C. Barnett,
and S. J. Tang, “A comparative analysis of pancreas cyst fluid
CEA and histology with DNA mutational analysis in the
detection of mucin producing or malignant cysts,” Journal of
the Pancreas, vol. 10, no. 2, pp. 163–168, 2009.

[53] M. A. Anderson, R. S. Kwon, and J. M. Scheiman, “PANDA
cyst-fluid analysis: eats, shoots and leaves?” Gastrointestinal
Endoscopy, vol. 69, no. 6, pp. 1103–1105, 2009.

[54] S. Ali, K. Almhanna, W. Chen, P. A. Philip, and F. H. Sarkar,
“Differentially expressed miRNAs in the plasma may provide
a molecular signature for aggressive pancreatic cancer,” The
American Journal of Translational Research, vol. 3, no. 1, pp.
28–47, 2011.

[55] J. Hao, S. Zhang, Y. Zhou, X. Hu, and C. Shao, “MicroRNA
483-3p suppresses the expression of DPC4/Smad4 in pancre-
atic cancer,” FEBS Letters, vol. 585, no. 1, pp. 207–213, 2011.

[56] J. Hao, S. Zhang, Y. Zhou, C. Liu, X. Hu, and C. Shao,
“MicroRNA 421 suppresses DPC4/Smad4 in pancreatic can-
cer,” Biochemical and Biophysical Research Communications,
vol. 406, no. 4, pp. 552–557, 2011.

[57] N. Ikenaga, K. Ohuchida, K. Mizumoto et al., “MicroRNA-
203 expression as a new prognostic marker of pancreatic
adenocarcinoma,” Annals of Surgical Oncology, vol. 17, no. 12,
pp. 3120–3128, 2010.

[58] J. K. Park, J. C. Henry, J. Jiang et al., “miR-132 and miR-212
are increased in pancreatic cancer and target the retinoblas-
toma tumor suppressor,” Biochemical and Biophysical Research
Communications, vol. 406, no. 4, pp. 518–523, 2011.

[59] X. J. Zhang, H. Ye, C. W. Zeng, B. He, H. Zhang, and Y.
Q. Chen, “Dysregulation of miR-15a and miR-214 in human
pancreatic cancer,” Journal of Hematology and Oncology, vol. 3,
article 46, 2010.

[60] N. Habbe, J. B. M. Koorstra, J. T. Mendell et al., “MicroRNA
miR-155 is a biomarker of early pancreatic neoplasia,” Cancer
Biology and Therapy, vol. 8, no. 4, pp. 340–346, 2009.

[61] P. J. Allen, L. X. Qin, L. Tang, D. Klimstra, M. F. Brennan,
and A. Lokshin, “Pancreatic cyst fluid protein expression
profiling for discriminating between serous cystadenoma and
intraductal papillary mucinous neoplasm,” Annals of Surgery,
vol. 250, no. 5, pp. 754–760, 2009.

[62] P. L. Crowell, C. M. Schmidt, M. T. Yip-Schneider, J. J. Savage,
D. A. Hertzler, and W. O. Cummings, “Cyclooxygenase-
2 expression in hamster and human pancreatic neoplasia,”
Neoplasia, vol. 8, no. 6, pp. 437–445, 2006.

[63] C. M. Schmidt, M. T. Yip-Schneider, M. C. Ralstin et al.,
“PGE(2) in pancreatic cyst fluid helps differentiate IPMN
from MCN and predict IPMN dysplasia,” Journal of Gastroin-
testinal Surgery, vol. 12, no. 2, pp. 243–249, 2008.



International Journal of Proteomics 9

[64] S. Yonezawa, A. Nakamura, M. Horinouchi, and E. Sato, “The
expression of several types of mucin is related to the biological
behavior of pancreatic neoplasms,” Journal of Hepatobiliary
Pancreatic Surgery, vol. 9, no. 3, pp. 328–341, 2002.

[65] N. V. Adsay, K. Merati, O. Basturk et al., “Pathologically
and biologically distinct types of epithelium in intraductal
papillary mucinous neoplasms: delineation of an ”intestinal”
pathway of carcinogenesis in the pancreas,” The American
Journal of Surgical Pathology, vol. 28, no. 7, pp. 839–848, 2004.

[66] A. V. Maker, N. Katabi, M. Gonen et al., “Pancreatic cyst
fluid and serum mucin levels predict dysplasia in intraductal
papillary mucinous neoplasms of the pancreas,” Annals of
Surgical Oncology, vol. 18, no. 1, pp. 199–206, 2010.

[67] Q. Wang, R. Chaerkady, J. Wu et al., “Mutant proteins
as cancer-specific biomarkers,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 108,
no. 6, pp. 2444–2449, 2011.

[68] D. Bausch, M. Mino-Kenudson, C. Fernández-Del Castillo,
A. L. Warshaw, K. A. Kelly, and S. P. Thayer, “Plectin-1 is
a biomarker of malignant pancreatic intraductal papillary
mucinous neoplasms,” Journal of Gastrointestinal Surgery, vol.
13, no. 11, pp. 1948–1954, 2009.

[69] A. V. Maker, N. Katabi, L. X. Qin et al., “Cyst fluid interleukin-
1beta (IL1beta) levels predict the risk of carcinoma in
intraductal papillary mucinous neoplasms of the pancreas,”
Clinical Cancer Research, vol. 17, no. 6, pp. 1502–1508, 2011.

[70] S. P. Gygi, Y. Rochon, B. R. Franza, and R. Aebersold,
“Correlation between protein and mRNA abundance in yeast,”
Molecular and Cellular Biology, vol. 19, no. 3, pp. 1720–1730,
1999.

[71] Q. Tian, S. B. Stepaniants, M. Mao et al., “Integrated genomic
and proteomic analyses of gene expression in Mammalian
cells,” Molecular and Cellular Proteomics, vol. 3, no. 10, pp.
960–969, 2004.

[72] M. E. Forgue-Lafitte, R. Arambam, and J. Bara, “Proteases
present in some pancreatic cyst fluids may affect mucin
immunoassay by degrading antibodies and antigens,” Pan-
creas, vol. 39, no. 7, pp. 1070–1076, 2010.

[73] M. Tyers and M. Mann, “From genomics to proteomics,”
Nature, vol. 422, no. 6928, pp. 193–197, 2003.

[74] A. R. Shekouh, C. C. Thompson, W. Prime et al., “Appli-
cation of laser capture microdissection combined with two-
dimensional electrophoresis for the discovery of differentially
regulated proteins in pancreatic ductal adenocarcinoma,”
Proteomics, vol. 3, no. 10, pp. 1988–2001, 2003.

[75] J. Shen, M. D. Person, J. Zhu, J. L. Abbruzzese, and D. Li,
“Protein expression profiles in pancreatic adenocarcinoma
compared with normal pancreatic tissue and tissue affected by
pancreatitis as detected by two-dimensional gel electrophore-
sis and mass spectrometry,” Cancer Research, vol. 64, no. 24,
pp. 9018–9026, 2004.

[76] J. Koopmann, Z. Zhang, N. White et al., “Serum diagnosis
of pancreatic adenocarcinoma using surface-enhanced laser
desorption and ionization mass spectrometry,” Clinical Cancer
Research, vol. 10, no. 3, pp. 860–868, 2004.

[77] M. Gronborg, J. Bunkenborg, T. Z. Kristiansen et al., “Com-
prehensive proteomic analysis of human pancreatic juice,”
Journal of Proteome Research, vol. 3, no. 5, pp. 1042–1055,
2004.

[78] C. Rosty, L. Christa, S. Kuzdzal et al., “Identification of
hepatocarcinoma-intestine-pancreas/pancreatitis-associated
protein I as a biomarker for pancreatic ductal adenocarcinoma
by protein biochip technology,” Cancer Research, vol. 62, no.
6, pp. 1868–1875, 2002.

[79] W. Cheung, M. M. Darfler, H. Alvarez et al., “Application of
a global proteomic approach to archival precursor lesions:
deleted in malignant brain tumors 1 and tissue transglu-
taminase 2 are upregulated in pancreatic cancer precursors,”
Pancreatology, vol. 8, no. 6, pp. 608–616, 2008.

[80] C. J. Scarlett, J. S. Samra, A. Xue, R. C. Baxter, and R. C. Smith,
“Classification of pancreatic cystic lesions using SELDI-TOF
mass spectrometry,” ANZ Journal of Surgery, vol. 77, no. 8, pp.
648–653, 2007.

[81] E. Ke, B. B. Patel, T. Liu et al., “Proteomic analyses of
pancreatic cyst fluids,” Pancreas, vol. 38, no. 2, pp. e33–e42,
2009.

[82] B. B. Haab, A. Porter, T. Yue et al., “Glycosylation variants
of mucins and CEACAMs as candidate biomarkers for the
diagnosis of pancreatic cystic neoplasms,” Annals of Surgery,
vol. 251, no. 5, pp. 937–945, 2010.

[83] A. Cuoghi, A. Farina, K. Z’graggen et al., “Role of proteomics
to differentiate between benign and potentially malignant
pancreatic cysts,” Journal of Proteome Research, vol. 10, no. 5,
pp. 2664–2670, 2011.

[84] Y. Tian and H. Zhang, “Glycoproteomics and clinical applica-
tions,” Proteomics, vol. 4, no. 2, pp. 124–132, 2010.

[85] J. Zhao, D. M. Simeone, D. Heidt, M. A. Anderson, and D. M.
Lubman, “Comparative serum glycoproteomics using lectin
selected sialic acid glycoproteins with mass spectrometric
analysis: application to pancreatic cancer serum,” Journal of
Proteome Research, vol. 5, no. 7, pp. 1792–1802, 2006.

[86] J. Zhao, T. H. Patwa, W. Qiu et al., “Glycoprotein microarrays
with multi-lectin detection: unique lectin binding patterns as a
tool for classifying normal, chronic pancreatitis and pancreatic
cancer sera,” Journal of Proteome Research, vol. 6, no. 5, pp.
1864–1874, 2007.

[87] C. Li, D. M. Simeone, D. E. Brenner et al., “Pancreatic cancer
serum detection using a lectin/glyco-antibody array method,”
Journal of Proteome Research, vol. 8, no. 2, pp. 483–492, 2009.

[88] B. B. Haab, “Antibody-lectin sandwich arrays for biomarker
and glycobiology studies,” Expert Review of Proteomics, vol. 7,
no. 1, pp. 9–11, 2010.



Hindawi Publishing Corporation
International Journal of Proteomics
Volume 2011, Article ID 628787, 13 pages
doi:10.1155/2011/628787

Research Article

The Application of a Three-Step Proteome Analysis for
Identification of New Biomarkers of Pancreatic Cancer

Mayinuer Abulaizi,1, 2 Takeshi Tomonaga,1, 3 Mamoru Satoh,1, 2 Kazuyuki Sogawa,1, 2

Kazuyuki Matsushita,1, 2 Yoshio Kodera,2, 4 Jurat Obul,1 Shigetsugu Takano,5

Hideyuki Yoshitomi,5 Masaru Miyazaki,5 and Fumio Nomura1, 2

1 Department of Molecular Diagnosis, Graduate School of Medicine, Chiba University, Chiba 260-8670, Japan
2 Clinical Proteomics Research Center, Chiba University Hospital, Chiba 260-8677, Japan
3 Laboratory of Proteome Research, National Institute of Biomedical Innovation, Osaka 567-0085, Japan
4 Laboratory of Biomolecular Dynamics, Department of Physics, Kitasato University School of Science, Sagamihara 252-0373, Japan
5 Department of General Surgery, Graduate School of Medicine, Chiba University, 260-8670 Chiba, Japan

Correspondence should be addressed to Mayinuer Abulaizi, ablizmaynur@gmail.com

Received 31 May 2011; Accepted 2 August 2011

Academic Editor: Tadashi Kondo

Copyright © 2011 Mayinuer Abulaizi et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

We searched for novel tumor markers of pancreatic cancer by three-step serum proteome analysis. Twelve serum abundant
proteins were depleted using immunoaffinity columns followed by fractionation by reverse-phase high-performance liquid
chromatography. Proteins in each fraction were separated by two-dimensional gel electrophoresis. Then the gel was stained by
Coomassie Brilliant Blue. Protein spots in which the expression levels were significantly different between cancer and normal
control were identified by LC-MS/MS. One hundred and two spots were upregulated, and 84 spots were downregulated in
serum samples obtained from patients with pancreatic cancers, and 58 proteins were identified by mass spectrometry. These
candidate proteins were validated using western blot analysis and enzyme-linked immunosorbent assay (ELISA). As a result of
these validation process, we could confirm that the serum levels of apolipoprotein A-IV, vitamin D-binding protein, plasma retinol-
binding protein 4, and tetranectin were significantly decreased in patients with pancreatic cancer.

1. Introduction

Pancreatic cancer is one of the most lethal malignancies, with
a 5-year survival rate of only 4-5% [1]. The major reasons
for the poor prognosis may be late diagnosis and limited
therapeutic options; early diagnosis of pancreatic cancer is
a pressing clinical problem.

Serum levels of the conventional tumor markers includ-
ing carcinoembryonic antigen (CEA) and the Lewis blood
group carbohydrate antigen (CA19-9) often remain in nor-
mal range at early stages of this malignancy [2]. Therefore,
search for novel biomarkers of pancreatic cancer is needed.

Recent advances in proteomic technologies have pro-
vided promising ways to discover and identify novel bio-
markers in various fields of clinical medicine. Although there
has been long and uncertain path from marker discovery to

clinical utility [3], sophisticated technologies have facilitated
the discovery of potential tumor markers with improved
sensitivities and specificities for the diagnosis of cancer
patients [4]. Also, proteome analysis can lead to biomarkers
that may be useful in the prediction of clinical response to
anticancer therapy [5].

Surface enhanced laser desorption/ionization time-of-
flight mass spectrometry (SELDI-TOF MS) is a represen-
tative example of a proteomics technique for the high-
throughput fingerprinting of serum proteins and peptides
and biomarker discovery [6]. Using this technology, we could
detect and identify novel diagnostic markers for alcohol
abuse [7] and also a new prognostic marker for pancreatic
cancer [8].

One of the technical challenges in serum proteome analy-
sis is that serum contains thousands of proteins and peptides
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that are present in a large dynamic concentration [9]. Indeed,
22 abundant proteins such as albumin, immunoglobulins,
and transferring constitute up to 99% of the protein content
of plasma [10]. In proteomic studies searching for low-
abundance serum proteins or peptides, depletion of those
abundant proteins and further fractionation of samples will
be necessary.

We recently conducted a three-step proteome analysis
involving removal of 12 abundant proteins and subsequent
reversed-phase high-performance liquid chromatography
fractionation and one-dimensional electrophoresis: we suc-
cessfully identified three proteins including YKL-50 as a
promising biomarker of sepsis [11].

Proteomics in pancreatic cancer research including ser-
um or plasma biomarker search has been reviewed [12]. A
three-step approach as-we used in this study has not been
tried in biomarker search for pancreatic cancers before.

In this study, we applied this three-step proteome analysis
to find novel biomarkers of pancreatic cancer.

2. Method

2.1. Patients Studied. Serum samples were obtained preop-
eratively from a total of 32 patients diagnosed with primary
invasive pancreatic ductal carcinoma who had surgery at the
Department of General Surgery, Chiba University Hospital.
Clinical data of 32 patients are summarized in Table 1(a).
Serum samples were also obtained from apparently healthy
and age-matched subjects who had medical checkup at
the Port-square Kashiwado Clinic, Kashiwado Memorial
Foundation (Table 1(b)). All samples were frozen by liquid
nitrogen and were stored at −80◦C until analysis. Written
informed consent was obtained from all the subjects. The
ethics committee of our institute approved the protocol.

2.2. A Three-Step Serum Proteome Analysis

2.2.1. Immunoaffinity Subtraction of Highly Abundant Pro-
teins from Human Serum. Serum samples obtained from
4 patients with pancreatic cancer (Nos 1∼4 in Table 1(a))
were pooled. Sera obtained from 4 age-matched healthy
volunteers were also pooled (Nos 1∼4 in Table 1(b)). As the
first step of proteome analysis, the twelve most abundant
proteins (albumin, Immunoglobulin G, transferrin, fibrino-
gen, Immunoglobulin A, Immunoglobulin M, apolipopro-
tein A-I, apolipoprotein A-II, haptoglobin, α1-acid glyco-
protein and α2-macroglobulin) were removed from serum
by passage through a commercially available immunoaffinity
column, the ProteomeLab IgY12HC LC10 (Beckman coulter,
Inc. Fullerton, CA. USA.) Ninety microliters of each pooled
sample was subjected to the immunoaffinity subtraction as
we previously described [11]. The combined flow-through
fractions were concentrated by Vivaspin2 spin concentrators
(molecular weight cutoff, 10 kDa, Vivascience, Hannover,
Germany) and were stored at −80◦C until use.

In addition, sera from 32 patients with pancreatic cancer
and 32 healthy volunteers were used for validation. Eight
healthy controls and 8 of relatively advanced cases (Nos 1∼8
in Tables 1(a) and 1(b)) were chosen for first validation and

24 of them (Nos 9∼32 in Tables 1(a) and 1(b)) were used for
the second validation experiment.

2.3. HPLC Separation of Immunoaffinity-Subtracted Serum
Samples. Immunoaffinity-subtracted serum samples pre-
pared as described above were separated by reverse-phase
HPLC in an automated HPLC system, the SHISEIDO
Nanospace SI-2 (Shiseido Fine Chemicals, Tokyo, Japan)
essentially as we described before [11]. A total of 40 fractions
were collected at 0.5 min intervals from 19.6 to 39.6 min.
Each fraction was immediately lyophilized by a centrifugal
vacuum concentrator and stored at −80◦C until further
analysis.

2.4. Two-Dimensional Gel Electrophoresis. The IEF gels
(70 mm length, Inner 2.5 mm diameter and pH ranges from
3 to 10) were prepared as previously described [13, 14]. The
lyophilized samples (from fraction 6 to fraction 25) were
dissolved with 15 μL sample preparation buffer and proteins
were separated by two-dimensional gel electrophoresis with
agarose gels in the first dimension as described by Oh-Ishi
et al. [13].

2.5. In-Gel Digestion and LC-MS/MS. CBB stained 2-DE
images of pooled serum samples obtained from patients with
pancreatic cancer were compared with those obtained from
healthy volunteers. Differentially expressed protein bands
were excised from the gel and were subjected to in-gel tryptic
digestion as previously reported [14]. Digested peptides
were injected into a trap column: 0.3× 5 mm L-trap column
(Chemicals Evaluation and Research Institute, Saitama,
Japan) and an analytical column: 0.1 × 50 mm Monolith
column (AMR, Tokyo, Japan), which was attached to a HPLC
system (Nanospace SI-2; Shiseido Fine Chemicals, Tokyo,
Japan). The flow rate of a mobile phase was 1 μL/min. The
solvent composition of the mobile phase was programmed
to change in 35 min cycles with varying mixing ratios of
solvent A (2% v/v CH3CN and 0.1% v/v HCOOH) to solvent
B (90% v/v CH3CN and 0.1% v/v HCOOH): 5–50% B
20 min, 50–95% B 1 min, 95% B 3 min, 95–5% B 1 min, 5%
B 10 min. Purified peptides were introduced from HPLC
to an LTQ-XL (Thermo Scientific, CA, USA), an ion trap
mass spectrometer (ITMS), via an attached Pico Tip (New
Objective, MA, USA). The MS and MS/MS peptide spectra
were measured in a data-dependent manner according to
the manufacturer’s operating specifications. The Mascot
search engine (Matrixscience, London, UK) was used to
identify proteins from the mass and tandem mass spectra
of peptides. Peptide mass data were matched by searching
the Human International Protein Index database (IPI, July
2008, 72079 entries, European Bioinformatics Institute)
using the MASCOT engine. The minimum criterion of the
probability-based MASCOT/MOWSE score was set with 5%
as the significant threshold level. When the candidates had
SEQUEST scores lower than 100 or when the SEQEUST score
was computed by using fewer than one peptides fragment,
we inspected the raw MS and MS/MS spectra of peptides
to judge their qualities (see Figures a–f in Supplementary
Material available online at doi: 10.1155/2011/628787).
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Table 1

(a) Clinical features of pancreatic cancer patients.

No Gender Age (years) UICC-stage Tumor size (mm) TP (g/dL) ALB (g/dL) Che (U/L) T-Cho (mg/dL)

1 M 66 III 35 6.7 4.3 270 220

2 M 66 III 39 6.6 4.4 359 198

3 M 79 IV 10 6.2 3.8 179 155

4 M 71 III 18 6.8 4.0 207 210

5 M 65 III 35 7.0 3.7 189 131

6 M 78 III 50 6.6 4.4 359 198

7 M 66 IIA 30 6.3 4.1 267 176

8 M 62 IV 10 5.9 3.6 171 169

9 M 38 IA 10 6.7 4.0 289 179

10 M 50 IB 30 7.3 4.6 408 203

11 M 63 IIA 18 6.6 3.9 260 138

12 M 62 IIA 38 6.0 3.4 124 149

13 M 54 IIA 24 7.0 4.5 198 162

14 M 73 IIA 25 6.7 4.1 242 176

15 F 76 IIA 26 5.0 3.3 162 95

16 M 63 IIB 15 7.1 4.2 175 163

17 M 65 IIB 32 5.8 3.5 227 113

18 M 68 IIB 80 6.8 4.0 316 217

19 M 71 IIB 24 7.5 4.1 221 144

20 M 74 IIB 27 7.0 4.3 319 178

21 F 68 IIB 27 6.5 4.0 223 177

22 M 63 IIB 26 6.9 4.3 262 219

23 F 68 IIB 27 6.1 3.5 339 163

24 M 61 IIB 30 6.2 4.0 200 176

25 F 74 IIB 40 6.6 3.8 221 170

26 M 62 IIB 60 8.3 3.5 140 155

27 F 73 IIB 35 5.9 3.2 130 169

28 F 59 IIB 18 7.2 4.4 356 130

29 M 73 IIB 50 5.7 3.3 127 135

30 F 62 IIB 25 6.8 4.1 255 293

31 F 71 III 25 6.8 4.2 294 159

32 F 78 III 50 5.9 3.3 197 182

Ave ± SD 66± 8.6 30.9± 15.0 6.6± 0.6 3.9± 0.4 240.2± 75.6 171.9± 6.6

UICC: international union against cancer, M: male, F: female. TP: total protein. ALB: albumin. Che: cholinesterase. T-Cho: total cholesterol. Ave:
average. SD: standard deviation.
From number 1 to 4 were used for 2-DE, from number 1 to 8 were for first western blot, from number 9 to 32 were for second western blot.

(b) Clinical features of healthy controls.

No Gender Age (years) TP (g/dL) ALB (g/dL) Che (U/L) T-Cho (mg/dL)

1 M 62 7.5 4.7 401 203

2 M 61 7.7 5.1 396 269

3 M 64 7.2 4.4 284 229

4 M 73 7.6 4.7 216 203

5 M 57 8.3 5.0 430 301

6 M 57 6.7 4.8 328 253

7 M 65 7.2 4.8 375 230

8 M 64 7.2 4.6 327 296
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(b) Continued.

No Gender Age (years) TP (g/dL) ALB (g/dL) Che (U/L) T-Cho (mg/dL)

9 M 55 6.9 4.6 300 211

10 M 71 7.1 4.7 290 267

11 F 64 8.1 5.4 293 192

12 M 71 7.2 4.5 233 213

13 M 55 7.2 4.5 365 227

14 M 68 7.4 4.4 300 255

15 F 67 7.0 4.5 279 172

16 F 71 7.0 4.5 297 220

17 M 60 6.7 4.2 284 183

18 M 61 7.0 4.7 260 198

19 M 55 6.4 3.9 304 176

20 F 70 7.6 4.7 398 225

21 M 70 7.3 4.6 257 250

22 F 67 7.4 4.5 304 194

23 M 60 7.0 4.4 338 234

24 F 77 8.1 5.0 416 274

25 F 62 7.5 4.6 284 169

26 F 64 7.2 4.5 280 208

27 M 65 7.4 4.6 264 231

28 M 61 7.8 4.3 319 239

29 M 61 7.3 4.6 309 271

30 M 66 7.5 5.0 375 278

31 F 65 7.6 4.5 339 288

32 M 73 7.1 4.4 306 211

Ave ± SD 64.4± 5.7 7.3± 0.4 4.6± 0.3 317± 53.4 230.3± 36.9

M: male, F: female. TP: total protein. ALB: albumin. Che: cholinesterase. T-Cho: total cholesterol. Ave: average. SD: standard deviation.
From number 1 to 4 were used for 2-0 E, from number 1 to 8 were for first western blot, from number 9 to 32 were for second western blot.

2.6. Western Blot Analysis. Western blotting was performed
as we previously described [15].

Briefly, immunoaffinity-subtracted serum samples were
separated on SDS-PAGE in 10–20% polyacrylamide gra-
dient gel (DRC, Tokyo, Japan) and were transferred to
polyvinylidene fluoride membranes (0.45 μm thickness, Mil-
lipore, Bedford, MA) at 10 V for overnight. The following
antibodies commercially available were used as primary anti-
bodies; mouse anti-human ApoA-IV antibody (BML Inc.,
Tokyo, Japan), mouse anti-human GC antibody (LifeSpan,
Inc., UK), mouse monoclonal anti-human RBP4 antibody
(Abnova.Com., Taipei, Taiwan) and mouse anti-human
CLEC3B antibody (BioPorto, Grusbakken 8, DK-2820 Gen-
tofte, Denmark). Antigens on the membrane were detected
with enhanced chemiluminescence detection reagents (GE
Healthcare). Band intensities of the western blot images
were quantified by TotalLab TL12 imaging analysis software
(Shimadzu Co., Ltd. Kyoto, Japan) and were presented by
arbitrary units.

2.7. Other Procedures. In addition to western blotting, ELISA
was conducted in some marker candidates using human

ApoA-IV ELISA kit (Millipore, Missouri, USA), GC ELISA
kit (immundiagnostik AG, Bensheim), and RBP4 ELISA
kit; (R & D systems). Their optical density was measured
at 450 nm using a microplate reader (iMark Microplate
Reader S/N 10288). Serum levels of CEA and CA19-9 were
determined by established commercially available kits.

2.8. Statistical Analysis. Statistical analysis was conducted
using KaleidaGraph 4.0 J (Synergy Software, Reading, PA)
and IBM SPSS Statistics 18 (SPSS Inc., IL, USA). Significance
was defined as P < 0.05.

3. Results

3.1. Discovery and Identification of Differentially Expressed
Proteins by a Three-Step Proteome Analysis. To discover
and identify novel serum markers for pancreatic cancer,
we employed a comparative three-step proteome analysis
of the pooled serum samples obtained from patients with
pancreatic cancer and healthy volunteers. As the first step, 12
abundant proteins were removed by immunosubtractions.
The immunoaffinity-subtracted samples were separated by
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Figure 1: Comparison of 2-DE images of the same fraction of
healthy volunteer control and pancreatic cancer patient sample.
Electrophoresis was performed on the same gel and at the same
condition. Figure 1 is an example of Coomassie blue-stained gel
displaying spots from depleted and fractionated serum from control
(left, n = 4, pooled) and pancreatic cancer patients (right, n =
4, pooled). (Fraction number is 10th). Double circles indicate
increased spot in pancreatic cancer. Single circle indicates decreased
spot in pancreatic cancer.

RP-HPLC, and 20 fractions (fractions Nos 6–25) were
subjected to 2-DE. A representative example is shown in
Figure 1. By comparing the 2-DE images of the proteins
included in the 20 fractions, a total 186 spots were found
to be differently expressed. Subsequent LC-MS/MS could
identify 100 proteins. Excluding keratins, complements and
trypsin, 58 proteins were selected; 37 of them were upregu-
lated and 21 were downregulated (Tables 2(a) and 2(b)).

3.2. Validation of Marker Candidates by Western Blotting. Out
of the 58 proteins listed in Tables 2(a) and 2(b), we focused
on 19 proteins the alterations of which at serum level have
not been studied in detail before, and also antibodies to be
used for validation studies are available. Initial validation
was conducted using 8 serum samples (nos. 1–8 in Table 1)
obtained from relatively advanced cases with pancreatic
cancer including the four cases used for the three-step
analysis. Western blotting of the 19 proteins indicated in
Tables 2(a) and 2(b) revealed that expression of 7 proteins
were found to be significantly decreased in patients with
pancreatic cancers compared with controls: they were inter-
alpha trypsin inhibitor heavy chain H1 (ITIH1), hemopexin
precursor (HPX), alpha-1B-glycoprotein precursor (A1BG),
apolipoprotein A-IV precursor (ApoA-IV), vitamin D-
binding protein precursor (GC), plasma retinol-binding
protein precursor (RBP4), and tetranectin (CLEC3B).

We then conducted the second validation study to test
whether differential expression of the 7 protein candidates
described above is reproducible using another set of serum
samples obtained from 24 patients with pancreatic cancers
including cases with relatively early stages (nos. 9–32 in
Table 1(a)). As shown in Figure 2(a) the expression levels
of the four proteins ApoA-IV, GC, RBP4, and CLEC3B

were greater in cancer patients than in controls. The differ-
ences were statistically significant assessed by densitometry
Figure 2(b).

3.3. Validation of Marker Candidates by ELISA. ELISA kits
were commercially available for GC, ApoA-IV, and RBP4.
Their serum levels were determined in the 15 pairs of serum
samples obtained from relatively early stages of patients used
for the second validation by western blotting. Serum ApoA-
IV levels of patients with pancreatic cancer (107.8±99.9 AU)
were significantly lower than those in healthy volunteers
(195.2 ± 66.9 AU, P = 0.008) Figure 3(a). GC levels were
significantly lower in the patient group with pancreatic
cancer (25.4 ± 10 UA) when compared with healthy group
(34.3 ± 10.3 AU, P = 0.03) Figure 3(b). Also, serum RBP
levels in the patients (43.0± 5.9 AU) were significantly lower
than in the controls (50.2± 4.2, P = 0.0004) Figure 3(c).

3.4. Comparison of the Marker Candidates with CEA and
CA19-9. Figure 4 shows the receiver-operating characteristic
curve (ROC) analysis for the three marker candidates
determined by ELISA and those for CEA and CA19-9. The
areas under the curves for ApoA-IV, GC, RBP4, CA19-9,
and CEA were 0.79, 0.72, 0.85, 0.88, 0.58, 0.88, 0.89, and
0.89, respectively. Also, AUCs of the combination assay of
GC/CA19-9, ApoA-IV/CA19-9, and RBP/CA19-9 were 0.88,
0.89, and 0.89, respectively.

In Tables 3(a) and 3(b), serum levels of ApoA-IV, GC and
RBP4 determined by ELISA are listed together with CEA and
CA19-9. There were 7 cases in which serum CA19-9 level was
not elevated. Out of these 7 cases, ApoA-IV levels were below
the lower reference interval value (mean SD) in 2 cases. Also,
GC levels were below the lower reference interval value in one
case.

4. Discussion

The sequencing of the human genome has opened the door
for comprehensive analysis of all the messenger RNA (tran-
scriptome) and proteins (proteome). Messenger RNA con-
centrations, however, are not necessarily predictive of cor-
responding protein concentrations. Indeed, a recent report
indicates that the sharing rate between cDNA microarray and
proteome-based profilings is limited for the identification of
candidate biomarkers in renal cell carcinoma [16]. Therefore,
proteome analysis is one of the prerequisite for development
of novel biomarkers. Proteomic studies in pancreatic cancers
have been conducted by many research groups as reviewed
[12, 17]. Hwang et al. found by using 2-DE/MS that phos-
phoglycerate kinase (PGK) 1, a secretable glycolytic enzyme
involved in angiogenesis, is overexpressed in serum samples
of pancreatic cancer patients, as compared to controls [18].
More recently, using the two-dimensional image-converted
analysis of liquid chromatography and mass spectrometry
(2DICAL) and a “glyco capturing” through concanavalin A-
agarose, Ono et al. identified a novel prolyl-hydroxylation
of fibrinogen alpha chain in plasma samples obtained from
patients with pancreatic cancers [19].
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Table 2

(a) Proteins upregulated in pancreatic cancer.

Protein’s name
Experimental Theoretical

Score(1) Queries
Validation

mass (Da) mass (Da) matched(2)

Histidine-rich glycoprotein precursor 80000 59541 150 3 WB(3)

Plasminogen precursor 100000 90510 331 8

IGHM protein 50000 52754 105 2

TF Serotransferrin precursor 75000 77000 601 14 WB

Isoform LMW of Kininogen-1 precursor 70000 47853 242 6

F2 Prothrombin precursor (Fragment) 90000 69992 486 8

Alpha-1B-glycoprotein precursor 43000 54239 590 8 WB

Vitronectin precursor 62000 54271 581 8 WB

Hepatocyte growth factor-like protein precursor 85000 80268 284 6 WB

Plasma kallikrein precursor 90000 71323 246 8

Ceruloplasmin precursor 115000 122128 1452 49

Isoform 1 of Ficolin-3 precursor 34400 32883 58 1

Transthyretin precursor 95000 15877 4489 13

Serum amyloid P-component precursor 24000 25371 2293 12

Antithrombin III variant 61000 52658 1984 20

SERPINC1 protein 61000 29074 1147 11

Carbonic anhydrase 1 30800 28852 679 10 WB

Isoform 1 of C-reactive protein precursor 26000 25023 169 6

Apolipoprotein A-1 31600 30759 225 4

Isoform 1 of Inter-alpha-trypsin inhibitor heavy chain H3 138000 75031 529 12

Leucine-rich alpha-2-glycoprotein precursor 47000 38154 549 8

Isoform 1 of N-acetylmuramoyl-L-alanine amidase precursor 68900 67957 193 4

Xaa-Pro dipeptidase 53700 54513 144 3

Inter-alpha (globulin) inhibitor H4 130500 103261 1242 26 WB

Vitamin K-dependent protein S precursor 84000 75074 136 4 WB

Serpin peptidase inhibitor, clade D (Heparin cofactor), 72000 57034 374 9

Isoform 1 of Fibronectin precursor 200000 262442 553 14 WB

Alpha-1-antichymotrypsin precursor 62800 50566 3315 33 WB

Kallistatin precursor 59600 48511 123 2

Plastin-2 72000 70245 215 5

Corticosteroid-binding globulin precursor 62500 45112 52 1

Myosin-1 31600 222976 96 2

Isoform 1 of Serum albumin precursor 73000 69321 261 9

Cholinesterase precursor 83000 72836 50 1

AMBP protein precursor 200000 38974 68 1

Plasma protease C1 inhibitor precursor 87000 55119 1168 15

Apolipoprotein B-100 precursor 300000 515241 3982 117
(1)

MOWSE score of candidate proteins.
(2)Number of peptide fragments yielding informative MS/MS.
(3)WB: western blot.

(b) Proteins downregulated in pancreatic cancer.

Protein’s name
Experimental Theoretical

Score(1) Queries
Validation

mass (Da) mass (Da) matched(2)

Plasma retinol-binding protein precursor 19000 22995 373 8 WB(3)

Coagulation factor XII precursor 75000 67774 140 5

Tetranectin precursor 19000 22552 61 1 WB

Hyaluronan-binding protein 2 precursor 68000 62630 195 6
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(b) Continued.

Protein’s name
Experimental Theoretical

Score(1) Queries
Validation

mass (Da) mass (Da) matched(2)

Vitamin D-binding protein precursor 55000 52883 284 14 WB

Hemopexin precursor 75000 51643 635 8 WB

Lumican precursor 100000 38405 120 6 WB

Isoform 1 of Gelsolin precursor 80000 85644 1360 23 WB

Afamin precursor 80000 69024 307 7

Carboxypeptidase N catalytic chain precursor 49000 52253 244 12 WB

Inter-alpha-trypsin inhibitor heavy chain H1 precursor 200000 101326 812 13 WB

Histone H4 25700 11360 59 1

JUP JUP protein 100000 81675 90 3

apolipoprotein A-IV precursor 42000 45371 2188 35 WB

Inter-alpha-trypsin inhibitor heavy chain H2 precursor 200000 106370 1636 26 WB

Pigment epithelium-derived factor precursor 50000 46313 529 11

Angiotensinogen precursor 56300 53121 986 13

SERPINF2 protein 58000 55029 75 2

Actin, cytoplasmic 1 100000 41710 208 5

Thrombospondin-1 precursor 175000 129300 152 4

Alpha-2-macroglobulin precursor 180000 163175 559 18
(1)

MOWSE score of candidate proteins.
(2)Number of peptide fragments yielding informative MS/MS data. The minimum significant threshold level of the probability-based MASCOT/MOWSE
score was set at 5%.
(3)WB: western blot.

In this study, the three-step procedure was carried out to
discover novel markers of pancreatic cancer. The outline of
the three-step procedures is shown in Figure 5.

As a first step, serum samples were subjected to antibody-
based immunoaffinity column that simultaneously removes
12 abundant serum proteins. The concentrated flow-through
was then fractionated using reversed-phase HPLC. Proteins
obtained in each HPLC fraction were further separated by
2-DE. A total of 58 differentially expressed proteins were
identified. As results of initial validation by western blotting
in relatively advanced cases and further validation including
the less advanced cases by western blotting, the expression
levels of the four proteins ApoA-IV, GC, RBP4, and CLEC3B
were greater in cancer patients than in controls. Out of these
four proteins, ELISA were available in apolipoprotein A-IV,
retinol-binding protein precursor (RBP4), and vitamin D
binding protein (GC). Serum levels of these 3 proteins were
significantly lower in patients with pancreatic cancer than
in healthy volunteers. In ROC analyses, the area under the
curves for these three proteins was not significantly greater
than that for CA19-9, but it is noteworthy that among the
4 cases of pancreatic cancers in which serum levels of both
CEA and CA19-9 were within the reference intervals, at least
one of ApoA-IV, RBP4, and GC was found to be decreased
in 2 cases, suggesting that these candidate markers could be
complementary to the conventional markers in diagnosis of
pancreatic cancer.

ApoA-IV is present in human intestinal epithelial cells
and is secreted as a chylomicron and VLDL apoprotein [20].

Retinol binding protein 4 (RBP4) is a 21-kDa protein
synthesized in the liver and adipose tissue; its major function
is to deliver retinol to tissue [21]. Fabris et al. determined
serum RBP levels in patients with pancreatic cancer and
found that the levels decreased concomitant with zinc
and prealbumin levels [22]. Serum zinc levels were not
significantly correlated with RBP4 levels in the present study
(data not shown).

Vitamin D-binding protein is a plasma protein involved
in vitamin D transport and other function. Although
diagnostic role of this protein in pancreas cancer has not
been reported yet, inhibitory role of vitamin D binding
protein-macrophage activating factor (DBP-maf) in
pancreatic carcinogenesis has been pointed out [23].

Tetranectin binds to kringle 4 of plasminogen, enhancing
the plasminogen activation by tissue-type plasminogen acti-
vator in the presence of poly-D-lysine [24] Low serum levels
of tetranectin (CLEC3B) are associated with increased risk of
second-line chemoresistance in patients with ovarian cancer
[25]. Also, in colorectal cancer, significantly shorter survival
was found for patients with CLEC3B levels below a cut-off
point of compared to patients with levels above [26].

Thus, the results of this study show that four serum
proteins, apolipoprotein A-IV, vitamin D binding protein,
retinol-binding protein 4, and tetranectin are significantly
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Figure 2: (a) Magnified views of 2-D gel images and western blotting analysis of ApoA-IV, GC, plasma retinol binding protein 4 RBP4, and
CLEC3B in serum samples. Coomassie blue-stained 2-D gel images from pooled control and pancreatic cancer displaying the protein spots
for ApoA-IV, GC, RBP4, and CLEC3B are shown in left panels (a1), (a2), (a3) and (a4). Western blotting of these four proteins are shown
in the right panel (b1), (b2), (b3) and (b4). (b) Quantitation of differentially expressed serum proteins in pancreatic cancer and healthy
volunteers by Western blot analysis. Intensities of each band were calculated by TotalLab TL 120 software. Closed circles indicate healthy
volunteers and closed squares indicate patients with pancreatic cancer. Significance of the differences were calculated by using Wilcoxon
Mann-Whitney test. Panel A: ApoA-IV levels of serum were significantly lower in the depleted sera of pancreatic cancer when compared
with the depleted sera of healthy volunteers (P < 0.0001). Panel (B, C and D) are for proteins GC, RBP4, and CLEC3B and their serum levels
were likewise lower in the pancreatic cancer patients. Their P values are lower than 0.0001, 0.001, and 0.009, respectively.
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Figure 3: Quantitation of differentially expressed proteins in pancreatic cancer by ELISA. ELISA was performed using human ApoA-IV
ELISA kit vitamin D binding protein ELISA kit and RBP4 ELISA kit, in serum samples obtained from 15 patients with pancreatic cancers
and 15 control subjects. Analysis was performed by using Wilcoxon Mann-Whitney test. Closed circles indicate control and closed squares
indicate cancer. (a): ApoA-IV levels of serum of patient with pancreatic cancer group (107.76 ± 25.8 AU) were lower than those in healthy
group (185.27 ± 16.0 AU, P = 0.01); (b): GC levels were significantly lower in the patient group with pancreatic cancer (25.35 ± 9.8 UA)
when compared with healthy group (34.40± 10.2 AU, P = 0.03); (c): RBP4 levels were lower in the pancreatic cancer group (42.99± 1.5 AU)
than healthy group (50.7± 1.00 AU, P < 0.001).

decreased in patients with pancreatic cancer. It was notable
that these changes were observed in some patients in whom
conventional tumor markers for this malignancy were not
altered.

The reasons why serum levels of these proteins were
decreased in pancreatic cancer patients are not clear at the
moment. It is unlikely that the alterations were entirely due to
malnutrition because serum levels of the 4 proteins were not
significantly correlated with their serum albumin levels. It is
possible that some negative mediators originated from tumor
and/or the cancer-tissue microenvironments were regulating
their production. It is unlikely that the alterations were due

to biliary obstruction because the extent of the alterations
of the four markers were not related to the extent of biliary
obstruction (data not shown). Alterations of these four
proteins in chronic pancreatitis as well as biliary tract diseases
remain to be studied. Also, it remains to be determined
whether serum levels of these four proteins are changed in
other gastroenterological cancers.

Although exact mechanisms responsible for the reduc-
tion remain to be investigated, alterations of serum levels of
apolipoprotein A-IV, vitamin D binding protein, tetranectin,
and retinol binding protein may have complementary role in
diagnosis of pancreas cancer.
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Figure 4: Receiver operating characteristic (ROC) curves for CA19-9, CEA, ApoA-IV, GC, RBP4 Their AUCs are described in the text.



International Journal of Proteomics 11

Table 3

(a) Serum tumor marker levels in patients with pancreatic cancer.

Gender Age (years) UICC-stage
Tumor size

(mm)
CA19-9
(U/mL)

CEA
(ng/mL)

ApoA-IV (AU) GC (AU) RBP4 (AU)

M 38 IA 10 26.2 2.3 262.1 35.9 54.2

M 50 IB 30 46.5 2.3 8.5 34.3 43.9

M 63 IIA 18 157 1.1 10.2 26.7 37.0

M∗ 62 IIA 38 9 5 70.7 25.1 41.5

M∗ 54 IIA 24 11 1.4 87.5 11.3 42.5

M 73 IIA 25 15.5 3.5 203.5 13.6 49.5

F∗ 76 IIA 26 13.3 1.5 70.7 33.1 43.2

M 65 IIB 32 1579 3.4 352.1 24.3 36.7

M∗ 74 IIB 27 10.9 3.4 0 28.0 35.3

F 74 IIB 40 43 3.2 54 25.8 38.9

F 68 IIB 27 302 2.1 82.8 40.8 36.4

M 61 IIB 30 10 1.4 134.7 27.3 46.2

M 63 IIB 15 1080 — 144.6 23.9 53.3

M∗ 73 IIB 50 13.9 2.1 23.2 1.8 43.1

F 62 IIB 25 11.5 1.1 111.7 28.4 43.1

Ave ± SD 63.7± 1 0.4 27.8± 9.9 221.9± 466.2 63.7± 10.4 107.8± 99.9 25.4± 10 50.2± 4.2

CA19-9: carbohydrate antigen, CEA: carcinoembryonic antigen, ApoA-IV: apolipoprotein A-IV, GC: vitamin D-binding protein, RBP4: plasma retinol
binding protein 4.
The stars indicate the patient who had a normal CA19-9 level and a low ApoA-IV.
Ave: average. SD: standard deviation. AU: arbitrary unit.

(b) Serum tumor marker levels in healthy controls.

Gender Age (years) CA19-9 (u/mL) CEA (ng/mL) ApoA-IV (AU) GC (AU) RBP4 (AU)

M 71 33.9 2.2 157.4 29.5 47.7

M 55 0.1 4.7 243.8 35.0 48.5

M 55 6.4 1 223.0 35.3 54.3

M 55 0.1 3.5 237.1 33.0 48.1

M 60 7.7 0.8 237.1 23.9 44.1

M 60 37.4 7 214.0 39.6 48.8

M 61 7.6 4.8 277.0 16.8 49.7

F 77 7.1 1.1 294.5 24.2 43.7

M 61 7.8 1.3 80.6 33.4 55.3

F 61 6 3 210.1 45.8 56.3

F 65 2.9 2.1 65.7 61.7 53.3

M 66 5.1 0.7 156.7 33.8 44.7

F 62 11.7 1.7 122.9 33.0 50.9

F 64 8.4 1.2 222.9 38.7 50.3

F 71 24.4 2.6 184.7 30.5 56.3

Ave ± SD 62.9± 6.3 11.1± 11.5 2.5± 1.8 195.2± 66.9 34.3± 10.3 50.2± 4.2

CA19-9: carbohydrate antigen, CEA: carcinoembryonic antigen, ApoA-IV: apolipoprotein A-IV, GC: vitamin D-binding protien, RBP4: plasma retinol
binding protein
Ave: average. SD: standard deviation. AU: arbitrary unit.
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(4 pancreatic cancer, 4 healthy volunteers)

Western blot and ELISA

Three-step proteome analysis

Immunodepletion of 12 major proteins (Beckman column)

40 fractionation (reversed-phase HPLC)

Agarose 2-DE/CBB staining

In-gel digestion, LC-MS/MS analysis

Serum 90 μL

Figure 5: Outline of the procedure for the three-step serum
proteome analysis.
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Advances in breast cancer control will be greatly aided by early detection so as to diagnose and treat breast cancer in its preinvasive
state prior to metastasis. For breast cancer, the second leading cause of cancer-related death among women in the United States,
early detection does allow for increased treatment options, including surgical resection, with a corresponding better patient
response. Unfortunately, however, many patients’ tumors are diagnosed following metastasis, thus making it more difficult to
successfully treat the malignancy. There are, at present, no existing validated plasma/serum biomarkers for breast cancer. Only
a few biomarkers (such as HER-2/neu, estrogen receptor, and progesterone receptor) have utility for diagnosis and prognosis.
Thus, there is a great need for new biomarkers for breast cancer. This paper will focus on the identification of new serum protein
biomarkers with utility for the early detection of breast cancer.

1. Introduction

Advances in breast cancer control will be greatly aided by ear-
ly detection, thereby facilitating diagnosis and treatment of
breast cancer in its preinvasive state prior to metastasis.
Breast cancer is the most frequently occurring malignancy
and the second leading cause of cancer-related death for
women in the United States [1]. The most efficacious screen-
ing modality utilized in the clinic is mammography though
lesions less than 0.5 cm in size remain undetectable by
present technology. Importantly, however, even though a
breast lesion may be detected, given the low sensitivity/spec-
ificity of mammography, approximately 4-fold more women
(than those with breast malignancies) have resultant biop-
sies. Five-year survival of women with breast cancer is high-
ly correlated with tumor stage, with tumor detection at very
early stages (stages 0 and I) having an approximate 98%
5-year survival. Five-year survival for stage II tumors is
approximately 85%, stage III approximately 60%, and stage
IV approximately 20%. Overall, breast cancer has an approxi-
mate 80% 5-year survival, with 207,090 new cases and 39,840
deaths expected in women in the United States in 2010 [1].

Early detection of breast cancer does allow for increased
treatment options, including surgical resection, with a cor-

responding better patient response. Surgical resection may
involve lumpectomy or mastectomy with removal of some
of the axillary lymph nodes. Following early detection, radi-
ation therapy, chemotherapy (before or after surgery), and
hormone therapy (tamoxifen [2] and aromatase inhibitors
[3–5]) also have utility for therapeutic intervention. Targeted
biologic therapy with trastuzumab (Herceptin) [6] or lapa-
tinib (Tykerb) [7, 8] also has utility to treat HER2/neu-pos-
itive breast tumors. Unfortunately, however, in the absence of
good serum/plasma biomarkers many breast cancer patients
are diagnosed too late in the disease process (i.e., after the
tumors metastasize) for surgical resection to be an effective
option. Thus, these patients are typically offered various
therapeutic treatment modalities dependent upon tumor
subtype (ER+ or ER−; HER2+ or HER2−). The available
treatment modalities may include hormonal (antiestrogen),
taxane (docetaxel or paclitaxel) or nontaxane chemotherapy.
In general, women with metastatic breast cancer are provided
one therapeutic modality until treatment failure and are then
switched to another therapeutic modality.

The origin of most breast cancer cases is not known.
However, many risk factors have been identified, including
female gender, increasing patient age, family history of breast
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cancer at an early age, early menarche, late menopause, older
maternal age at first live childbirth, prolonged hormone re-
placement therapy, exposure to therapeutic chest irradiation,
benign proliferative breast disease, and genetic mutations in
genes such as BRCA1/2 [9]. The overwhelming majority of
breast masses detected by palpation and/or by mammogra-
phy are epithelial lesions, which include benign fibrocystic
change, hyperplasia, carcinoma in situ, and infiltrating mam-
mary carcinoma. Although several histologic types and sub-
types of mammary carcinomas exist, >95% are either ductal
or lobular carcinomas [10], with the majority (75%–80%) of
mammary carcinomas being ductal carcinomas [11, 12].

A number of genetic alterations have been identified in
breast tumors. The most frequent genomic aberrations iden-
tified are gains along chromosomes 1q, 8q, 17q, 20q, and
11q and losses along 8p, 13q, 16q, 18q, and 11q [13–18].
Interestingly, many of these chromosomal segments harbor
known proto-oncogenes and/or tumor suppressor genes
such as BRCA1, BRCA2, HER2-neu, C-MYC, and Cyclin D-
1. Low-grade (grade 1) infiltrating ductal carcinomas have
relatively few numbers of chromosomal alterations with the
highest frequency of aberrations occurring as losses on 16q
and gains on 1q.

It is generally accepted that estrogen receptor-positive
(ER+) and ER-negative (ER−) breast cancers are two different
disease entities. ER− tumors tend to be of high grade, have
more frequent p53 mutations, and have worse prognosis
compared with ER+ disease. Both ER+ and ER− tumors can
be either HER2 positive or negative. Low-grade tumors are
typically ER positive, almost always HER2 nonamplified,
and frequently overexpress cyclin D-1 [10]. In contrast,
high-grade (grade 3) tumors tend to be ER negative, have
frequent loss of p53 function, usually overexpress C-MYC
and commonly overexpress HER2 [13–15, 19]. In the high-
grade tumors, loss of p53 function is usually due to 17p13
deletion, mutation or inactivation, while overexpression of
HER2 is usually because of 17q12 amplification [20–28].

Although early detection of cancer has improved survival
for a number of cancers, including breast cancer [29], colon
cancer [30–32], prostate cancer [33, 34], and cervical cancer
[35], existing serum biomarkers for breast cancer are not
adequate for early detection. The possibility of early detec-
tion of breast cancer may be realized through both noninva-
sive (i.e., imaging technologies) and invasive means (patient
serum profiling). To date, gains in the early detection of
breast cancer have been largely made due to routine mam-
mography and/or by palpation (either self-examination or
by physician or nurse practitioner). Imaging technologies
(mammography, digital mammography, and magnetic reso-
nance imaging (MRI)) have been adopted clinically for mass
screening purposes, but there is resistance for seeking such
services on a yearly basis, given the relative complexity and
high cost-to-benefit ratio of these imaging methodologies.
As a result, there has been much interest in development and
validation of serum-based biomarkers for the early detection,
risk stratification, prediction, and disease prognosis of breast
cancer. This paper will focus on recent developments in iden-

tification of new serum protein biomarkers with potential
utility for the early detection of breast cancer (Table 1).

2. Autoantibodies and Breast Cancer

The humoral immune response to cancer in humans has
been well demonstrated by identification of autoantibodies
to a number of different intracellular and surface antigens in
patients with various tumor types [36–39]. A tumor-specific
humoral immune response directed against oncoproteins
[40, 41], mutated proteins such as p53 [42, 43], or other
aberrantly expressed proteins have all been described. While
it is currently unknown whether the occurrence of such anti-
bodies is beneficial, knowledge of potential tumor antigens
that may evoke tumor-specific immune responses may have
utility in early cancer diagnosis, in establishing prognosis and
in immunotherapy against the disease.

Several approaches are currently available for the iden-
tification of tumor antigens. In contrast to identification of
tumor antigens based on analysis of recombinant proteins
(which do not contain posttranslational modifications as
found in tumors or tumor cell lines), it may be preferable
to utilize a proteomics-based approach for the identification
of tumor antigens. This may facilitate the identification of
autoantibodies to naturally occurring proteins, such as in
lysates prepared from tumors and tumor cell lines, and may
uncover antigenicity associated with aberrant posttransla-
tional modification of tumor cell proteins. Such a proteomics
approach was implemented for the identification of breast
tumor antigens that elicit a humoral response against pro-
teins that are expressed in the SUM-44 breast cancer cell line.
2D PAGE was used to simultaneously separate individual
cellular proteins from the SUM-44 cell line. The separated
proteins were transferred onto PVDF membranes. Sera from
breast cancer patients were screened individually for anti-
bodies that reacted against the separated proteins by Western
blot analysis. Proteins specifically reacting with sera from the
breast cancer patients were identified by mass spectrometry.
Le Naour and colleagues [36] have shown that a humoral
response directed against RS/DJ-1 occurred in 13.3% of
newly diagnosed breast cancer patients. None of the 25
healthy controls (0%) or 46 patients (0%) with hepatocel-
lular carcinoma exhibited autoantibodies to RS/DJ-1. Only
2/54 (3.7%) samples of sera from lung adenocarcinoma
patients demonstrated autoantibodies to RS/DJ-1.

In breast cancer, besides RS/DJ-1 [36], autoimmunity has
also been shown against a number of other cellular proteins.
These proteins include p53 [44–47], heat shock protein 60
[48, 49], heat shock protein 90 [50, 51], and mucin-related
antigens [49, 52–54]. The presence of p53 autoantibodies
have been observed in 15% of patients with breast cancer
and were shown to be associated with a poor prognosis
[44, 45, 47]. However, p53 autoantibodies have also been
found in patients with other malignancies and inflammatory
conditions [42, 43], thus the humoral response to p53 is not
specific to breast cancer. A humoral response to the 90 kDa
heat shock protein has also been associated with poor sur-
vival in breast cancer [51]. In contrast, the presence of MUC1



International Journal of Proteomics 3

Table 1: Current promising biomarkers for the detection of breast cancer.

Name of biomarker Technology used for discovery Type Reference

RS/DJ-1 Humoral response autoantibody [36]

p53 Humoral response autoantibody [44–47]

HSP60 Humoral response autoantibody [48, 49]

HSP90 Humoral response autoantibody [50, 51]

Mucin-related Humoral response autoantibody [49, 52–54]

CA 15-3 Serum profiling serum protein [55, 56]

RS/DJ-1 Serum profiling serum protein [36]

HER-2/neu Serum profiling serum protein [72]

α-2-HS-glycoprotein Nipple aspirate fluid profiling Ductal protein [90]

Lipophilin B Nipple aspirate fluid profiling Ductal protein [90]

beta-globin Nipple aspirate fluid profiling Ductal protein [90]

Hemopexin Nipple aspirate fluid profiling Ductal protein [90]

Vitamin D-binding protein Nipple Aspirate Fluid Profiling Ductal protein [90]

autoantibodies has been associated with a reduced risk for
disease progression in patients with breast cancer [53, 54].
While the antigenic epitope on MUC1 (or, for that matter,
any of the other breast tumor antigens discussed above) is
unknown, MUC1 has been shown to be aberrantly glyco-
sylated frequently in breast cancer [54]. At present, CA 15-
3 (a soluble or secreted form of MUC1) has utility as a
circulating marker for breast cancer [55, 56]. Serial mea-
surements of CA 15-3 have utility to detect recurrences
and to monitor the treatment of metastatic breast cancer
[55–57]. Additionally, the CA 15-3 concentration at initial
presentation does have prognostic significance [58–62].

In order to circumvent many of the difficulties associ-
ated with 2D-PAGE (namely, inadequate resolution, slow
throughput, and limited dynamic range), protein microar-
rays were developed that have the capability to screen pa-
tient’s sera for autoantibodies directed against tumor anti-
gens [63–66]. In comparison to traditional ELISAs that use
single purified recombinant proteins, the protein microar-
rays are capable of presenting and analyzing >1000 tumor
antigens simultaneously. In addition, as these tumor antigens
are typically derived from diseased tissues or disease-related
cells, they possess disease-related, potentially antigenic, post-
translational modifications not normally expressed by the
particular cells or tissue. In this technology, proteins from
diseased tissues or disease-related cell lines are separated
by 2-dimensional liquid chromatography (chromatofocusing
or ion exchange HPLC in the first dimension, followed by
reverse phase HPLC in the second dimension). Following
separation, all fractions (≥1700 fractions) from each sep-
aration are printed onto nitrocellulose-coated microscope
slides and are subsequently probed with sera from patients
or control subjects [63–66]. As each reactive fraction may
contain a number of different proteins, each reactive fraction
would need to be further assessed to determine the tumor
antigen of interest.

More recently, Ramachandran et al. [67, 68] developed
a novel protein microarray technology, termed nucleic acid
protein programmable array (NAPPA). NAPPA arrays are
generated by printing full-length cDNA encoding the target

proteins at each feature of the array. The proteins are then
transcribed and translated by a cell-free system and immobi-
lized in situ using epitope tags fused to the proteins. Although
this technology circumvents many of the difficulties of tra-
ditional protein microarrays (i.e., the need to resolve com-
plex protein lysates), the printed proteins on the array lack
all normal posttranslational modifications. Thus, any anti-
genicity resulting from aberrant modification of tumor pro-
teins is not assessed. Anderson and colleagues [69] utilized
the NAPPA arrays to screen 4988 candidate tumor antigens
with sera from patients with early stage breast cancer for
autoantibodies. Twenty-eight of these antigens were con-
firmed using an independent serum cohort (n = 51 cases/38
controls, P < 0.05). Using all 28 antigens, a classifier was iden-
tified with a sensitivity of 80.8% and a specificity of 61.6%
(AUC = 0.756). Although the sensitivity and specificity are
not high, these 28 recombinant protein antigens may be
considered as potential biomarkers for the early detection of
breast cancer.

It is not clear why only a subset of patients with a par-
ticular tumor type develop a humoral response to particular
tumor antigens. Immunogenicity may depend on the level
of expression, posttranslational modification, or other types
of protein processing, the extent of which may be variable
among tumors of a similar histological type. Other factors
that may influence the immune response include variability
among tumors and individuals in major histocompatibility
complex molecules and in antigen presentation. Although
a number of autoantibodies have been identified in breast
cancer, in most cases, they occur in less than 50% of patient’s
sera. Therefore, they are not likely to be effective individually
for the early detection of breast cancer but may show efficacy
if utilized as a panel of biomarkers.

3. Detection of Altered Plasma Protein
Expression for Identification of Breast
Cancer-Specific Biomarkers

There has been great interest in the hypothesis that tumor-
specific proteins may be found in patient’s circulation, and
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they may have utility for the early detection of cancer. For
example, proteins such as CA125 in ovarian cancer and
prostate-specific antigen (PSA) in prostate cancer have been
used clinically as diagnostic markers of cancer. CA125 is a
mucin commonly employed as a diagnostic marker for
epithelial ovarian cancer. PSA is secreted primarily by pros-
tate epithelial cells into the seminal plasma and is one of the
best characterized examples of a secreted glycoprotein used
in cancer diagnostics.

There are a number of reports that have described aber-
rantly expressed proteins in the serum of breast cancer
patients. The most widely used serum marker in breast can-
cer diagnostics is CA 15-3, which detects soluble forms of the
mucin MUC1. MUC1 is normally found in the apical mem-
brane of normal secretory epithelium. Following malignant
transformation, however, MUC1 may be localized through-
out the external surface of the entire plasma membrane. In
addition, changes in MUC1 glycosylation have been reported
during neoplastic transformation [70, 71]. Although MUC1
is expressed in normal and neoplastic breast epithelium,
the clinical utility of MUC1 measurements is confined to
measurements of shed or soluble forms (termed CA 15-3),
released from the cell surface by proteolytic cleavage. Unfor-
tunately, CA 15-3 is not suitable for early detection, as serum
levels are rarely increased in patients with early or localized
breast cancer. The main utility for CA 15-3 is for monitoring
therapy in patients with metastatic breast cancer.

Le Naour and coworkers [36] have evaluated RS/DJ-1
as a serum biomarker of breast cancer. In normal tissue,
expression of RS/DJ-1 was observed in epithelium, smooth
muscle, blood vessels, and nerves. All 15 (100%) invasive
ductal carcinomas and 3 (100%) invasive lobular carcinomas
showed some level of cytoplasmic and nuclear reactivity in
the neoplastic cells. Significantly elevated levels of serum
RS/DJ-1 was observed in the sera of 11/30 patients with
newly diagnosed breast cancer, as compared to serum from
25 healthy subjects. However, these authors did not evaluate
serum RS/DJ-1 levels in patients with other types of breast
lesions. Thus, it is unknown whether the increased serum
RS/DJ-1 levels are cancer-specific.

In another study [72], significantly higher serum HER-
2/neu levels were found in patients with tissue overexpression
of HER-2/neu. Univariate analysis showed that HER-2/neu
serum levels were prognostic factors in disease-free survival
and overall survival only in patients with tissue overexpres-
sion. When only patients with HER-2/neu overexpression
in tissue were studied, tumor size, nodal involvement, and
tumor markers (at least one positive) were found to be in-
dependent prognostic factors for both disease-free survival
and overall survival.

4. Use of Mass Spectrometric Methodologies
for Identification of Breast Cancer-Specific
Biomarkers

Methodologies have been developed to directly analyze the
proteins contained within complex protein mixtures, such as
that found within human biofluids (plasma or serum, nipple

aspirate fluid, ductal lavage fluid, saliva, etc.). Among these
technologies, some, like SELDI (Surface-Enhanced Laser
Desorption and Ionization) are mass spectrometry-based.
A number of investigators have used SELDI-TOF mass spec-
trometry to interrogate serum [73–81] and nipple aspirate/
ductal lavage fluid [82–89] from patients with breast cancer.
In one study, serum samples from women with or without
breast cancer were analyzed using SELDI protein chip mass
spectrometry [77]. Using a case-control study design, serum
samples from 48 female patients with primary invasive breast
cancer were compared with samples from 48 age- and sex-
matched healthy controls. To increase the number of iden-
tifiable proteins, patient’s serum was profiled on IMAC30
(activated with nickel) ProteinChip surfaces. Differences in
protein intensity between breast cancer cases and controls
were measured by the Mann-Whitney U test and adjusted for
confounding variables in a multivariate logistic regression
model. Three peaks, with mass-to-charge ratio (m/z) 4276,
4292 and 8941 were found that showed significant decreased
expression in cancer sera, as compared to control sera (P <
0.001). One drawback of the SELDI technology, however, is
that given the limited dynamic range of SELDI, it is likely that
distinctive features observed in serum with this approach
represent relatively abundant proteins that are not necessarily
specific to breast cancer. Further, SELDI has difficulties in
providing the identification of the distinctive proteins when
used to directly profile complex protein mixtures.

5. Mass-Spectrometric Profiling of Nipple
Aspirate Fluid or Ductal Lavage Fluid

Other mass spectrometric profiling methods have been
utilized to profile proteins found in nipple aspirate fluid [90]
and ductal lavage fluid in order to identify breast cancer-
specific biomarkers. These investigators [90] analyzed paired
nipple aspirate fluid samples from 18 women with stage I
or stage II unilateral invasive breast cancer and 4 healthy
volunteers using ICAT (isotope-coded affinity tag) labeling,
followed by SDS-PAGE. Gel slices were cut from each sam-
ple, with subsequent analysis by liquid chromatography tan-
dem mass spectrometry (LC-MS/MS). They identified 353
peptides from the tandem mass spectra. Alpha-2-HS-gly-
coprotein was found to be underexpressed in nipple aspirate
fluid from tumor-bearing breasts, while lipophilin B, beta-
globin, hemopexin and vitamin D-binding protein were all
overexpressed. Unfortunately, these authors only identified
abundant proteins whose over- or underexpression was
somewhat modest. Moreover, these authors did not analyze
nipple aspirate fluid from patients with inflammatory breast
disease. Thus, conclusions cannot be drawn regarding breast
cancerspecificity of protein expression.

6. N-linked Glycan Profiling for Biomarker
Identification in Breast Cancer Serum

Glycoproteins are the most heterogeneous group of post-
translational modifications known in proteins. Glycans show
a high structural diversity reflecting inherent functional
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diversity. N- and O-oligosaccharide variants on glycopro-
teins (glycoforms) can lead to alterations in protein activity
or function that may manifest itself as overt disease [91, 92].
Many clinical biomarkers and therapeutic targets in cancer
are glycoproteins [93–95], such as CA125 in ovarian cancer,
HER2/neu in breast cancer, and prostate-specific antigen
(PSA) in prostate cancer. The human epidermal growth
factor receptor 2 (HER2/neu) is a transmembrane glycopro-
tein, where the presence of HER2 overexpression appears
to be a key factor in malignant transformation and is pre-
dictive of a poor prognosis in breast cancer. CA125 is a mucin
commonly employed as a diagnostic marker for epithelial
ovarian cancer. Although CA125 has been used as an ovarian
cancer marker for a long time, many of its O- and N-glycan
structures have only recently been characterized [96]. PSA is
secreted primarily by prostate epithelial cells into the seminal
plasma. It is one of the best characterized examples of a
secreted glycoprotein used in cancer diagnostics, and its gly-
coforms have been described [97]. The alteration in protein
glycosylation that occurs through varying the heterogeneity
of glycosylation sites or changing glycan structure of proteins
on the cell surface and in body fluids has been shown to
correlate with the development or progression of cancer and
other disease states [98]. It has been reported that the gly-
cosylation of PSA secreted by the tumor prostate cell line
LNCaP differs significantly from that of PSA from seminal
plasma (normal control). These carbohydrate differences
allow a distinction to be made between PSA from normal and
tumor origins and provide a valuable biochemical tool for
diagnosis of prostate cancer [99].

There is growing evidence that glycan structures on
glycoproteins are modified in breast cancer [100–109]. Breast
cancer-associated alterations have been demonstrated for
fucosylation groups and for sialylations on the plasma pro-
tein α-1-proteinase inhibitor [106]. Increased GlcNAc β1-
6Man α1-6Man β-branching in asparagine-linked oligosac-
charides has been observed in human tumor cells. The levels
of the β1-6 branched oligosaccharides were evaluated in
a series of benign and malignant human breast biopsies.
Normal human breast tissue and benign lesions showed low
expression but 50% of the primary malignancies examined
showed significantly elevated β1-6 branching [107]. Sub-
sequently, L-PHA (a lectin that binds specifically to the
β1-6 branched oligosaccharides) lectin histochemistry was
performed on paraffin sections of human breast tissues.
All breast carcinomas and epithelial hyperplasia with atypia
demonstrated significantly increased L-PHA staining as
compared to fibroadenomas and hyperplasia without atypia
[108]. More recently, L-PHA reactive glycoproteins were
identified from matched normal (nondiseased) and malig-
nant tissue isolated from patients with invasive ductal breast
carcinoma [109]. Comparison analysis of the data identified
34 proteins that were enriched by L-PHA fractionation
in tumor relative to normal tissue for at least 2 cases of
ductal invasive breast carcinoma. Of these 34 L-PHA tumor
enriched proteins, 12 were common to all 4 matched cases
analyzed.

Abd Hamid and coworkers [110] analyzed fluorescently
tagged serum N-glycans of advanced breast cancer patients

using exoglycosidases and LC-MS/MS. They found that the
expression of a trisialylated triantennary glycan containing
an α-1,3-linked fucose was increased in the presence of breast
cancer. Kyselova and coworkers. profiled the permethylated
N-glycans in sera of breast cancer patients at different
stages (stages I to IV) using MALDI TOF/TOF MS in one
study [111]. In a second study, they profiled reduced and
methylated serum N-glycans of late-stage breast cancer
patients using nanoliquid chromatography (LC) chip/time-
of-flight (TOF) MS [112]. In both studies, they found an
increase in fucosylation in both core and branched segments
of N-glycans in the presence of breast cancer. In the latter
study, they found a decrease in expression of a biantennary-
monosialylated N-linked glycan and an increase in expres-
sion of a fucosylated triantennary-trisialylated N-linked
glycan in the presence of Stage IV breast cancer. These gly-
cosylation changes in a tumor-secreted protein may reflect
fundamental activity changes in the enzymes involved in
the glycosylation pathway, either through altered levels of
enzymes or altered enzymatic activity. Importantly, the
changes in glycan structure may serve as early detection
biomarkers of breast cancer.

7. Summary

Early detection of breast cancer, so as to diagnose and treat
cancer in its preinvasive state prior to metastasis, may greatly
impact the treatment and prognosis of patients with this
common, but deadly, malignancy. Unfortunately, at present,
suitable biomarkers have not been identified for the early
detection of breast cancer. Biomarker discovery for this
disease is still very much in its discovery phase. Multiple
approaches have been developed, as described above, that
hold promise for the identification of serum biomarkers.
The protein biomarkers that have been identified to date do
not possess the requisite sensitivity/specificity to have utility
individually as a biomarker for the early detection of breast
cancer but ultimately may have utility within a panel of pro-
tein biomarkers. Additionally, other emerging technologies,
such as genetically engineered mouse models of breast cancer
may have utility to identify panels of serum biomarkers
that can be further explored in human sera. In order to
determine the utility of any promising protein biomarkers,
the candidates will need to be tested and validated by
multiple independent studies using an adequately sized
test and training set of sera samples from very early-stage
breast cancer. Development of such resources, including
serum from patients with nonmalignant breast lesions and
prospective serum collection from individuals at high risk
of being diagnosed with breast cancer as well as serum from
patients with other breast lesions and other types (nonbreast)
of malignancies is of critical need for the identification of
biomarkers with utility for the early detection of breast can-
cer. Up until now, serum/plasma collection has been pri-
marily performed in individual laboratories, using hetero-
geneous sample collection methods. The Human Proteome
Organization (HUPO) has conducted a study to assess ef-
ficacious serum collection methods. These findings have
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lead to efforts presently being made by the National Cancer
Institute, through the Early Detection Research Network,
to develop suitable serum resources for both the discovery
phase and the subsequent validation phase of biomarkers for
the early detection of cancer. With the ultimate development
of these standardized resources, it is expected that suitable
biomarkers would be validated and have utility for the early
clinical detection of breast cancer within the next five-to-ten
years.
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[38] A. O. Güre, N. K. Altorki, E. Stockert, M. J. Scanlan, L. J. Old,
and Y. T. Chen, “Human lung cancer antigens recognized by
autologous antibodies: definition of a novel cDNA derived
from the tumor suppressor gene locus on chromosome
3p21.3,” Cancer Research, vol. 58, no. 5, pp. 1034–1041, 1998.
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Protein-based markers that classify tumor subtypes and predict therapeutic response would be clinically useful in guiding patient
treatment. We investigated the LC-MS/MS-identified protein biosignatures in 39 baseline breast cancer specimens including 28
HER2-positive and 11 triple-negative (TNBC) tumors. Twenty proteins were found to correctly classify all HER2 positive and 7
of the 11 TNBC tumors. Among them, galectin-3-binding protein and ALDH1A1 were found preferentially elevated in TNBC,
whereas CK19, transferrin, transketolase, and thymosin β4 and β10 were elevated in HER2-positive cancers. In addition, several
proteins such as enolase, vimentin, peroxiredoxin 5, Hsp 70, periostin precursor, RhoA, cathepsin D preproprotein, and annexin 1
were found to be associated with the tumor responses to treatment within each subtype. The MS-based proteomic findings appear
promising in guiding tumor classification and predicting response. When sufficiently validated, some of these candidate protein
markers could have great potential in improving breast cancer treatment.

1. Introduction

Chemotherapy has long been used to treat all types of
cancer. Although survival benefits from adjuvant systemic
chemotherapy in breast cancer have been thoroughly doc-
umented [1], success is not uniform with many still dying
after the initial chemotherapy. The unpredictable tumor
response to chemotherapy in any given patient and the
significant toxicity manifested in all demand a better strategy
for delivering cancer therapy.

In selective subtypes of breast cancer, therapies targeting
specific signal transduction and/or metabolic pathways have

been successful. For example, Herceptin for HER2/neu pos-
itive breast cancer [2, 3] and poly(ADP ribose) polymerase
(PARP) inhibitors for triple-negative breast cancer with
defective DNA-repair [4, 5] are among the recent successes of
targeted therapy. The success of target therapy has led to an
explosion of interest in developing tailored systemic therapy.

Breast cancer is a heterogeneous disease molecularly, his-
tologically, and clinically. Clinical outcomes from the same
treatment vary widely even among patients with tumors
of identical stage and histology. Breast cancers developed
from an accumulation of genetic alterations may partially
explain the differences observed including tumor responses



2 International Journal of Proteomics

to anticancer agents [6]. Recently gene expression analysis
has identified five subtypes of breast cancer which overlaps
with clinical tumor classification according to the expression
of three biomarkers, estrogen receptor (ER), progesterone
receptor (PR), and epidermal growth factor receptor 2
(HER2). Clinically these three markers are prognostically
and therapeutically important in guiding treatment selection
[7–10]; however, they do not fully reflect the complexity and
heterogeneity of breast cancer and do not always predict
the outcome of the treatment. For example, Herceptin as
a single agent or in combination with chemotherapy has
been shown to reduce recurrent disease and to save lives in
patients with HER2-positive breast cancer, yet a significant
number of HER2 overexpression tumors do not respond to
the treatment [11]. Additional molecular targets are expected
to improve tailored treatment in the future.

Proteomics has been employed in recent years to identify
new disease-related biomarkers for cancer diagnosis and
implementation of tailored treatment [12–15]. The tumor
proteomes representing a global protein expression of cancer
may provide new insights into the molecules that govern
the dynamic cellular activities of tumor cells. Therefore, we
choose to study breast tumor protein signatures in breast
cancer classification and in predicting tumor response to
treatment.

Previously we used SELDI mass spectrometry to profile
tumor response to neoadjuvant treatment and found that
significant m/z profile differences existed between cancers
of nonresponders (tumor regression rate ≤25%) and others
(tumor regression rate >25%) [16]. In this current study we
have applied the LC-MS/MS technology to study the breast
cancer proteomes in human tissues and identify unique
proteins that may have the potential to separate two subtypes
of breast cancer (TNBC versus HER2+) and to predict drug
responses within each subtype.

2. Materials and Methods

2.1. Collection of Breast Tumor Tissues and Classification
of Response. Breast tumors were collected, processed, and
banked as previously described [16]. This study was ap-
proved by the UCLA institutional review board (IRB).
Tumors from 39 consented patients with locally advanced
breast cancer were collected from a neoadjuvant clinical trial
[17]. Eleven were triple-negative breast tumors (TNBC, ER-
/PR-/HER2-), and 28 were HER2-positive tumors (HER2+).
The tumor specimens were uniformly collected according to
a standard operating procedure established in our laboratory.
Baseline tumor specimens were obtained by either core
needle biopsy or surgical biopsy before starting the neoadju-
vant Taxotere/Carboplatin/±Herceptin treatment (TC ±H).
Evaluation of tumor response to the treatment was measured
both by pathologic examination of surgically removed tissue
and by clinical assessment including physical examina-
tion and/or imaging studies. The pathological response of
the tumor was reported as either pathologically complete
response (pCR) or having residual tumor. Because a baseline
tumor size by pathologic evaluation was not possible in

patients receiving neoadjuvant treatment, the clinically or
imaging-measured tumor size prior to chemotherapy was
used as the baseline tumor size. Pathological assessment after
chemotherapy including tumor size, lymph node staging,
and tumor biomarkers was performed on the specimen
obtained from the definitive breast cancer surgery [16].
The tumor regression rate (TRR) was used to evaluate
tumor response induced by neoadjuvant therapy, and it was
calculated as follows: (baseline tumor size − residual tumor
size)/baseline tumor size × 100%, where the baseline tumor
size was measured clinically, and the postchemotherapy
residual invasive tumor size was measured pathologically.
The tumor response was categorized into three groups:
responders (TRR > 75%, R), intermediate responders
(25% < TRR ≤ 75%, IR), and nonresponders (TRR ≤ 25%,
NR).

2.2. Protein Extraction and Abundant Protein Depletion.
Protein extraction from tumors and depletion of abundant
proteins from tumor lysates were performed as previously
described [16]. Briefly, frozen tumors were homogenized
in liquid nitrogen and suspended in 1% Triton X-100.
The samples were refrozen at −80◦C and thawed on ice
twice. Following centrifugation (10,000 g, 10 min, 4◦C), the
supernatants were subjected to albumin and immunoglob-
ulin depletion using an albumin and IgG removal kit
(Amersham) as well as hemoglobin depletion using Ni-NTA
magnetic agarose beads (Qiagen). Protein concentrations of
each preparation were determined by the BioRad protein
assays.

Because the blood proteins in the breast cancer tissue can
cause significant ion suppression of lower abundance cancer-
related proteins/peptides which may mask ion signals of less
abundant peptides with similar M/Z ratios and retention
times. In addition, the over presentation of serum proteins
in the specimen may lower the amount of the cancer-related
proteins available for LC-MS/MS analysis [18]. As a result,
selected abundant serum proteins were depleted from the
tissue extracts. Our preliminary test has shown more than
95% albumin, IgG and hemoglobin were removed by the
described method, and more meaningful proteins have been
detected.

2.3. Trypsin Digestion. The dried protein samples were
dissolved in 6 M guanidine HCl, reduced with DTT (5 mM–
15 mM), and alkylated using 10 mM iodoacetamide. Samples
were then diluted with NH4HCO3 to lower guanidine HCl
concentration (1 M), mixed with trypsin (1 : 50 w/w ratio,
sequencing grade, Promega) containing 50 mM ammonium
bicarbonate, and incubated at 37◦C overnight. Samples were
desalted by C18 Microspin columns (The Nest Group), and
the eluates were dried in a vacuum centrifuge.

2.4. LC-MS/MS Analysis. Each digested and dried sample
was prepared for LC-MS/MS analysis as previously reported
[19]. Briefly the samples were redissolved in Buffer A
(H2O/acetonitrile/formic acid, 98.9/1/0.1, typically at 0.7 μg
protein/uL), and aliquots were injected (5 μL) onto an
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in-house-prepared C18 trap. The retained materials were
placed onto a reverse phase column (New Objective C18,
15 cm, 75 μM diameter, 5 μm particle size equilibrated
in Buffer A) and eluted (300 nL/min, Eksigent Nanolc-
2D) with an increasing concentration of Buffer B (ace-
tonitrile/water/formic acid, 98.9/1/0.1; min/%B: 0/5, 10/10,
112/40, 130/60, 135/90, 140/90). Eluted peptides were ana-
lyzed by MS and data-dependent MS/MS (collision-induced
dissociation) using online data-dependent tandem mass
spectrometry (LTQ Orbitrap, Thermo Fisher Scientific) in
which the seven most abundant precursor ions were selected
for MS/MS. Before testing the experimental specimens, the
reproducibility of LC-MS/MS analysis was confirmed by
examining the triplicates of two different tissue samples, and
similar proteins were identified from the triplicates of each
sample with more than 90% overlapping.

2.5. Database Searching and Analysis. BioWorks software
(version 3.3.1, Thermo Fisher Sceintific), based on the
SEQUEST algorithm (SRF v.5, Thermo Fisher Scientific),
was used to search the mass spectra against a human
trypsin indexed database (human.fasta.hdr database, Version
12.2, 227246 entries) as described by Whelan et al. [19].
SEQUEST was searched with a fragment ion mass tolerance
of 1.00 Da and a parent ion tolerance of 50 PPM. The search
tolerated up to two missed trypsin cleavages with variable
modifications for carboxyamidomethylation (57.02146 Da)
and methionine oxidation (15.99492 Da). Scaffold (version
3.0.3, Proteome Software, Inc.) was used to validate MS/MS-
based peptide and protein identifications. Peptide identifica-
tions were accepted if they could be established at greater
than 95.0% probability as specified by the Peptide Prophet
Algorithm [20]. Protein identifications were accepted if they
could be established with a greater than 99.0% probability
and contained at least 2 identified peptides. Protein proba-
bilities were assigned by the Protein Prophet Algorithm [21].

From the resulting MS/MS protein identifications, a list
of proteins was generated for each sample. A list of semi-
quantitative protein abundances in the different samples
was developed using the normalized spectrum counts of the
identified tryptic peptides from each protein, as compiled
by the Scaffold program. The protein lists and their rela-
tive abundances were then compared to find differentially
expressed proteins between two groups.

2.6. Statistic Analysis. The data files exported from Scaffold
were further processed as Excel files. The top 60% (180)
abundant proteins of the 315 identified proteins were further
selected for hierarchical clustering and supervised classifica-
tion studies. Those proteins with at least a 2-fold difference in
mean spectral counts between any two groups were selected
for analysis in the web-based Gene Expression Profile
Analysis Suite (GEPAS, version 4.0, http://www.gepas.org).
Five different classification algorithms were tested to select
candidate markers in the GEPAS software: Support Vector
Machines (SVM), K-Nearest Neighbor Clustering (KNN),
Diagonal Linear Discriminant Analysis (DLDA), Prediction

Analysis with Microarrays (PAM), and Self-Organizing Map
(SOM).

2.7. Immunohistochemistry Staining. A small portion of each
of the baseline tumors was embedded in OCT and stored
at −80◦C. Endogenous peroxidase activity was quenched
with 0.6% hydrogen peroxide in methanol for 10 min-
utes, and endogenous biotin was eliminated by Biotin
Blocking System (DAKO, x0590). After blocking with 1 : 5
diluted normal goat serum or fetal bovine serum, slides
were incubated for 1 hour with primary antibody (CK19,
mouse IgG, ready to use, DAKO; galectin-3-binding pro-
tein, Goat IgG, 1 : 200 dilution, R&D) and 30 minutes
with biotinylated secondary antibody (biotinylated anti-
mouse Ig, 1 : 800 dilution, DAKO; biotinylated anti-goat Ig,
1 : 200 dilution, Vector Labs). Antigen-antibody complexes
were then detected by the StreptABComplex/HRP method
(DAKO) using diaminobenzidine as a chromogenic substrate
(DAKO). Immunostained slides were lightly counterstained
with hematoxylin. For negative controls, primary antibodies
were replaced by mouse IgG or goat IgG.

3. Results

3.1. Patient Characteristics. The reported thirty-nine base-
line tumor specimens included 28 HER2-positive breast
cancers and 11 TNBC with HER2 status determined by
fluorescence in situ hybridization (FISH) assay. Fifteen of
the 28 HER2+ patients were randomized to receive TC, and
the remaining 13 received TC and Herceptin (TCH) before
surgery. All eleven patients with TNBC received neoadjuvant
TC. Following the neoadjuvant treatment, 28 patients with
HER2+ tumors showed 12 responders (R), including 7 with
pathological complete response (pCR) and 5 with a tumor
regression rate >75%, 12 intermediate responders (IR), and
4 nonresponders (NR). In the TNBC group, there were 7
responders including 6 pCR and 1 with tumor regression
rate >75%, 3 IR, and 1 NR. The clinical characteristics and
pathologic features of the 11 TNBC and 28 HER2+ cases are
summarized in Tables 1(a) and 1(b).

3.2. Protein Comparison between HER2+ and TNBC Groups.
Proteins identified by MS/MS from the 39 tumors showed
that 48 proteins were only found in HER2+ tumors, 24 were
only seen in TNBC, and 243 proteins were shared by both,
but the quantity of the shared proteins differed widely in the
two tumor types. In this study, we focused the analysis on
the top 60% abundant proteins (180/315) detected in the 39
tumors.

The 20 most abundant shared proteins by both sub-
types of cancer were summarized in Table 2. Among them
apolipoprotein A-I and D, enolase 1, tumor rejection antigen
(gp96) 1, transgelin 2, cofilin 1, profilin, heat shock proteins
70, and annexins 5 were found to be present in significant
quantity in both types of breast cancer. Some of these shared
proteins found in sufficient amount may be useful for breast
cancer detection.
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Table 1

(a) Clinical characteristics of 11 TNBC tumors

LTQ Orbitrap sample ID Patient age Ethnicity TR % Response T stage Histological type ER PR FISH R/G ratio Neoadjuvant

#1 61 White 80 R T3 IDC − − 1.10 TC

#2 29 Hispanic −60 NR T3 IDC − − 0.92 TC

#5 55 Hispanic 100 R (pCR) T3 IDC − − 0.92 TC

#6 54 Hispanic 100 R (pCR) T3 IDC − − 1.01 TC

#7 40 Asian 45 IR T3 IDC − − 1.17 TC

#8 44 White 100a R (pCR) T3 IDC − − 1.00 TC

#9 49 Hispanic 48 IR T4 IDC − − 1.10 TC

#10 53 White 100 R (pCR) T3 IDC − − 1.20 TC

#11 84 Asian 100 R (pCR) T4 IDC − − 1.03 TC

#36 45 Hispanic 30 IR T3 IDC − − 1.27 TC

#37 38 White 100 R (pCR) T2 IDC − − 1.10 TC
a
LN positive without residual primary cancer.

(b) Clinical characteristics of 28 HER2+ tumors

LTQ Orbitrap sample ID Patient age Ethnicity TRR % Response T stage Histological type ER PR FISH R/G ratio Neoadjuvant

#17 38 White 40 IR T3 IDC + − 12.4 TC

#18 63 Asian 100 R (pCR) T3 IDC + − 12.7 TCH

#19 57 White 100 R (pCR) T3 IDC − − 4.6 TC

#20 56 Asian 78.2 R T4 IDC + − 10.71 TC

#21 51 Black 56 IR T3 IDC − − 19.97 TCH

#22 31 White 45.5 IR T3 IDC + + 2.2 TC

#23 55 White 80 R T4 IDC + + 3.8 TC

#24 45 Asian 75 IR T4 IDC + + 2.7 TCH

#25 42 Hispanic 63.5 IR T4 IDC + − 2.5 TC

#26 50 White 67.1 IR T3 IDC − − 2.41 TCH

#27 33 White 82.9 R T3 IDC + + 3.03 TCH

#28 40 White 66.7 IR T3 IDC − − 8.1 TC

#29 35 Hispanic 100a R (pCR) T3 IDC − − 42.2 TCH

#30 44 White 97.3 R T4 IDC − − 4.2 TC

#31 30 White −7.7 NR T3 IDC + − 5 TC

#32 57 White 25% NR T4 IDC + − >4 TCH

#33 37 White 33.3 IR T2 IDC + + 9.49 TC

#34 36 Black 25 NR T3 IDC − − 5.1 TC

#35 42 White 60 IR T2 IDC + + 4.5 TCH

#38 55 White 42.3 IR T4 IDC − − 3.9 TCH

#39 47 White 100b R (pCR) T3 IDC + + >20 TCH

#40 50 Asian 100b R (pCR) T3 IDC + + 4.19 TCH

#41 58 White 50 IR T4 IDC + + 2.1 TCH

#42 40 Asian 60 IR T2 IDC − − 16 TC

#43 37 White −85.6 NR T3 IDC + + 3.1 TC

#44 49 White 100b R (pCR) T2 IDC + − 7.7 TCH

#45 55 Asian 92.6 R T3 IDC − − 9.9 TC

#46 41 Hispanic 100 R (pCR) T2 IDC − − 9.2 TC
a
LN positive and residual DCIS; bresidual DCIS only.
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Table 2: The 20 most abundant proteins shared by both HER2-
positive and TNBC tumors.

Identified proteins
Accession

no.
MW

Apolipoprotein A-I gi|90108664 28 kDa

Vimentin gi|62414289 54 kDa

Enolase 1 gi|4503571 47 kDa

Alpha-1 antitrypsin gi|157086955 45 kDa

Triosephosphate isomerase 1
gi|4507645

(+2)
27 kDa

Cyclophilin A gi|1633054 18 kDa

Apolipoprotein D gi|619383 28 kDa

Cofilin 1 gi|5031635 19 kDa

Chaperonin gi|31542947 61 kDa

Transgelin 2 gi|4507357 22 kDa

Heat shock 70 kDa protein 5 gi|16507237 72 kDa

Tumor rejection antigen (gp96) 1 gi|4507677 92 kDa

S100 calcium-binding protein A11 gi|5032057 12 kDa

Lumican precursor gi|4505047 38 kDa

Tropomyosin 4 gi|4507651 29 kDa

ATP synthase, H+ transporting,
mitochondrial F1 complex

gi|32189394 57 kDa

Prosaposin isoform a preproprotein gi|11386147 58 kDa

Profilin
gi|157838211

(+4)
15 kDa

Heat shock 70 kDa protein 8 isoform 1 gi|5729877 71 kDa

Annexin 5 gi|4502107 36 kDa

Of the 180 top abundant proteins observed in the 39
breast cancer specimens, 61 were found to have a ≥2-fold
difference of spectrum counts between the two subtypes
of breast cancer (HER2+ versus TNBC). Because some of
these proteins were not detected in every sample, we further
refined the list of differential proteins by selecting only those
detected in≥50% of the cases in either group. The selected 44
differentially expressed proteins were tested by hierarchical
clustering to classify HER2+ breast cancer versus TNBC.
These differentially expressed proteins correctly classified all
28 HER2+ tumors and 8 of the 11 TNBC by unweighted
pair-group method using arithmetic average (UPGMA)
(Figure 1).

Self-validation of selected proteins in tumor classifi-
cation was tested using a supervised classification. The
44 differentially expressed proteins were used to build a
model separating subtypes of the tumors by Prophet, a web
interface from the Gene Expression Profile Analysis Suite.
Error rates were calculated as the number of misclassified
tumors divided by total tumor cases tested. The error rates
using various numbers of proteins by different models (SVM,
KNN, DLDA, PAM, and SOM) were estimated by leaving-
one-out tests (see File A in Supplementary Material available
online at doi:10.1155/2011/896476). SVM had the lowest
error rate (10%, 4/39) with 90% accuracy in tumor classi-
fication. The top 20 protein candidates (Table 3) selected by
SVM model successfully classified all 28 HER2+ tumors and

7 of the 11 TNBC. Among the 20 differentially expressed
proteins, G3BP, ALDH1A1, and complement component 1
inhibitor overexpression were found to be associated with
TNBC subtype, whereas overexpression of CK19, transferrin,
transketolase, and thymosin β4 and β10 were associated with
HER2+ tumors (Figure 2).

3.3. Proteins Correlated with Different Tumor Response to
Neoadjuvant Treatment among HER2+ Tumors. Of the 28
HER2+ tumors, there were 12 R (including 7 with pCR), 12
IR, and 4 NR. We compared proteomic differences between
the two groups with extreme tumor response (pCR and NR)
and found that 48 of the 180 proteins had an expressional
difference ≥2-fold between 7 pCR versus 4 NR tumors. Self-
validation of these potential marker proteins by five super-
vised classification methods suggested that the KNN had the
lowest error rate (9%, 1/11) in predicting tumor response
(Files B and C). By using KNN = 1 method, 100% (4/4) NR
and 85.7% (6/7) pCR were correctly grouped by 20 selected
proteins (Table 4). Of the 20 proteins, overexpressions of
enolase1, vimentin, and L-plastin in HER2-positive tumors
were associated with pCR, whereas high level of heat shock
proteins 70 (Hsp70) and peroxiredoxin 5 (Prx V) were found
only in the NR cases.

3.4. Proteins Predicting TNBC Tumor Response to Neoadjuvant
Treatment. Among the 11 TNBC cases, there were 7 R
(including 6 pCR), 3 IR, and 1 NR. Due to the small
sample size, the proteins of responders’ tumor (R) were
compared to all the remaining tumors with less response
(IR + NR). Sixty-three of 180 proteins had a ≥2-fold mean
differences between the two groups of TNBC with different
response to the same treatment. Self-validation of these
proteins by five supervised classification methods was used
to compare the accuracy in predicting a tumor response.
Using DLDA method, 6 of 7 tumors in the R group and 3
of 4 tumors in IR/NR group were correctly classified by the
30 selected proteins (error rate 18%) (Files D and E). Of
these 30 proteins, the increased heat shock 70 kDa protein
8, periostin, Ras homolog gene family member A (RhoA),
actinin alpha 4, cathepsin D preproprotein, annexin 1, and
several other proteins were associated with drug resistance in
TNBC (Table 5).

3.5. Evaluation of CK19 and G3BP Expression in TNBC and
HER2+ Frozen Tumors. CK19 and G3BP protein expressions
were tested in breast cancer tumors by immunohisto-
chemistry. The CK19 and G3BP staining showed cyto-
plasmic/membrane staining pattern in breast cancer cells.
The overexpression of CK19 was found in HER2+ breast
tumors (Figure 3) while the expression of G3BP was found
to be upregulated in most TNBC (Figure 4). The concor-
dance findings between the mass spectrometry analysis and
immunohistochemical staining of the same tumor suggested
that high-throughput mass spectrometry may be used as a
screening tool to discover disease-related biomarkers.



6 International Journal of Proteomics

Table 3: Top 20 differentially expressed proteins selected by supervised classification methods for classifying two tumor subtypes.

Rank Accession no. Protein name MW
HER2+/TNBC

mean
Subcellular

location
Function

1 gi|10946578 Thymosin β4 5 kDa 2.99
Cytoplasm,
cytoskeleton

For cytoskeletal binding, involved in cell
growth and maintenance

2 gi|4507521 Transketolase 68 kDa 4.20 Cytosol
Involved in metabolism. Associated with cell
proliferation of uterine and cervical cancer.

3 gi|1633054 Cyclophilin A 18 kDa 2.45 Cytoplasma Involved in accelerate the folding of proteins

4 gi|73858568
Complement
component 1 inhibitor

55 kDa 0.33 Secreted Regulating the complement cascade

5 gi|4557871 Transferrin 77 kDa 16.38 Secreted
Essential for cell growth and iron-dependent
metabolic processes

6 gi|90111766
Keratin type I
cytoskeletal 19

44 kDa 11.29 Cytoskeleton
Involved in metastatic progression of breast
cancer

7 gi|10863895 Thymosin β10 5 kDa 2.25
Cytoplasm,
cytoskeleton

For cytoskeletal binding, involved in cell
growth and maintenance

8 gi|5031863
Galectin-3-binding
protein

65 kDa 0.41 Secreted
Modulating cell-cell and cell-matrix
interactions

9
gi|4505753

(+1)
Phosphoglycerate
mutase 1

29 kDa 2.51 Cytosol Involved in glycolysis

10 gi|5174391
Aldo-keto reductase
family 1, member A1

37 kDa 0.30 Cytosol
Involved in the reduction of biogenic and
xenobiotic aldehydes

11 gi|21361176
Aldehyde dehydrogenase
1A1

55 kDa 0.39 Cytoplasm
Detoxifying enzyme responsible for
oxidating of intracellular aldehydes. A
marker for cancer stem cells

12 gi|4505185
Macrophage migration
inhibitory factor

12 kDa 0.36
Secreted,

cytoplasm
Involved in integrin signaling pathways

13
gi|4507645

(+2)
Triosephosphate
isomerase 1

27 kDa 2.49
Cytosol,
nucleus

Fatty acid biosynthesis, gluconeogenesis,
glycolysis, lipid synthesis

14 gi|4930167 Aldolase A 39 kDa 6.41
Extracellular,
cytoskeleton

Involved in glycolysis

15 gi|116241280
Adenylyl
cyclase-associated
protein 1 (CAP 1)

52 kDa 3.03 Membrane
Regulating filament dynamics, cell polarity
and signal transduction,

16
gi|21624607

(+5)
Coactosin-like 1 16 kDa 0.42

Cytoplasm,
cytoskeleton

Regulating the actin cytoskeleton

17 gi|160420317
Filamin A, alpha
isoform 2

281 kDa 3.10 Cytoplasm
Anchoring transmembrane proteins to the
actin cytoskeleton, scaffold for cytoplasmic
signaling proteins

18 gi|6005942
Valosin-containing
protein

89 kDa 3.26
Cytosol,
nucleus

Fragmentation of Golgi stacks during
mitosis and reassembly

19 gi|5174539
Cytosolic malate
dehydrogenase

36 kDa 2.52 Cytoplasm
Involved glycolysis, oxidation reduction,
and tricarboxylic acid cycle

20
gi|33286418

(+2)
Pyruvate kinase 3 58 kDa 6

Cytoplasm,
nucleus

Involved in glycolysis

4. Discussion

In this discovery study, the MS-detected proteomic dif-
ferences between two subtypes of breast cancer (HER2+
versus TNBC tumors) were explored, and proteomic predic-
tion of tumor response to neoadjuvant chemotherapy was
investigated. LC-MS/MS data sets of proteins from the 39
tumors analyzed allowed us to identify several candidate
proteins that could classify tumor subtypes and predict
tumor response to neoadjuvant chemotherapy.

Two clinical subtypes of breast cancer, HER2-positive
and triple-negative breast cancers, defined by immunohisto-
chemical staining and fluorescence in situ hybridization of
three biomarkers of breast cancer have also been confirmed
by gene analysis as two distinctive types of breast cancer. In
this study, we reported that proteomic analysis could also
separate the two subtypes by the unique biosignature associ-
ated with each type of breast cancer (Table 3). We also report-
ed the potential of proteomic analysis in classifying drug-
resistant TNBC and HER2+ breast cancer (Tables 4 and 5).
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Table 4: Top 20 proteins predicting tumor response to neoadjuvant treatment in HER2-positive tumors.

Rank Protein name Accession no.
pCR/NR

mean
Subcellular

location
Function

1 Enolase 1 gi|4503571 2.59
Cytoplasm, cell

membrane
Multifunctional enzyme

2
Heterogeneous nuclear
ribonucleoprotein
A2/B1 isoform B1

gi|14043072 3.51
Nucleus,

cytoplasm
Pre-mRNA processing

3
Heat shock 70 kDa
protein 1

gi|75061728 0.24 Cytoplasm Stress response

4 Vimentin gi|62414289 9.94 Cytosol Class III intermediate filaments

5
Vesicle amine transport
protein 1

gi|18379349 0.50
Cytoplasmic

vesicle membrane
Neurotransmitter transport

6
Coronin, actin-binding
protein, 1A

gi|5902134 2.00 Cytoplasm
Component of the cytoskeleton of highly
motile cells

7
Fatty acid-binding
protein 4

gi|4557579
(+1)

0.23
Cytoplasm,

nucleus
Lipid transport protein

8 Peroxiredoxin 5 gi|15826629 0.37
Mitochondrion,

cytoplasm,
peroxisome

Antioxidant, oxidoreductase peroxidase

9
Heat shock 70 kDa
protein 9

gi|24234688 0.15 Mitochondrion Control of cell proliferation and cellular aging

10
Leucine aminopeptidase
3

gi|41393561 2.94
Cell membrane,

secreted
Cell-cell signaling

11 Apolipoprotein D gi|619383 2.90 Secreted Lipid metabolic process

12 L-plastin gi|4504965 3.14
Cytoplasm, cell

membrane
Activation of T cells, intracellular protein
transport

13
Anterior gradient
protein 2 homolog
precursor

gi|5453541 0.11
Secreted,

endoplasmic
reticulum

Mucus secretion

14
Heat shock 10 kDa
protein 1

gi|4504523 0.37 Mitochondrion Stress response

15

ATP synthase, H+
transporting,
mitochondrial F1
complex

gi|4757810 0.41 Mitochondrion
Proton-transporting ATP synthase complex
assembly

16 Glutathione transferase
gi|20664358

(+5)
3.29 Cytoplasm Glutathione metabolic process

17 Chaperonin gi|31542947 0.33 Mitochondrion Stress response

18
Complement
component 3 precursor

gi|115298678 3.00 Secreted Activation of the complement system

19
Heterogeneous nuclear
ribonucleoprotein D
isoform a

gi|14110420 2.19
Nucleus,

cytoplasm
Transcription regulation

20 Malate dehydrogenase
gi|6648067

(+1)
0.22 Cytoplasm Tricarboxylic acid cycle

Through an extensive literature review, some of the iden-
tified proteins have reported roles that are relevant to cancer
biology and treatment. In TNBC tumors, we observed that
the levels of G3BP, ALDH1A1, and complement component
1 inhibitor protein were preferentially elevated. All of them
have been reported to have important biological properties
in cancer progression. G3BP, also known as 90-kDa Mac-2-
binding protein, is a member of the beta-galactoside-binding
protein family and has a role in modulating cell-cell and
cell-matrix interactions. It has been shown that G3BP is

overexpressed in a variety of cancer cells such as colon,
gastric, and breast cancer, and its overexpression appears
to correlate with tumor progression, and metastasis [22–
26]. Our report is the first to describe G3BP overexpression
in human TNBC by both mass spectrometry analysis and
immunohistochemical staining method.

One protein correlated with triple-negative breast cancer
meriting a discussion is ALDH1A1, a detoxifying enzyme
responsible for oxidizing intracellular aldehydes. This pro-
cess is important in early differentiation of stem cells
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Table 5: Top 30 proteins predicting tumor response to neoadjuvant chemotherapy in TNBC tumors.

Rank Protein name Accession no.
R/IR + NR

mean
Subcellular location Function

1
Heat shock 70 kDa protein
8 isoform 1

gi|5729877 0.32 Stress response

2
Periostin precursor (PN)
(osteoblast-specific factor
2)

gi|93138709 0.31 Nucleus Transcription regulation

3 Cyclophilin A gi|1633054 0.41 Secreted Cell attachment adhesion and spreading

4
Tyrosine 3/tryptophan
5-monooxygenase
activation protein

gi|5803225
(+1)

3.71 Nucleus Protein binding

5 Profilin
gi|157838211

(+4)
0.32

Cytoplasm,
cytoskeleton

Actin cytoskeleton organization

6
Cardiac muscle alpha
actin 1 proprotein

gi|4885049 0.08
Cytoplasm,
cytokeleton

actin filament-based movement, apoptosis

7 Beta actin gi|4501885 0.22
Cytoplasm,
cytokeleton

Cell motility

8 Caldesmon (CDM) gi|2498204 0.42
Cytoplasm,
cytokeleton

Actin- and myosin-binding protein

9 Tubulin β5 gi|7106439 0.19 Cytosol Major constituent of microtubules

10
Tropomyosin 2 (beta)
isoform 1

gi|42476296 0.11
Cytoplasm,
cytokeleton

Binding to actin filaments

11 Actinin, α4 gi|12025678 0.11 Nucleus, cytoplasm Protein transport

12
Ras homolog gene family,
member A (RhoA)

gi|10835049
(+4)

0.33
Cytoplasm, cell

membrane
Regulating a signal transduction pathway

13
Heterogeneous nuclear
ribonucleoprotein K

gi|13384620 0.33 Cytoplasm, nucleus Pre-mRNA-binding proteins

14 Tubulin α1 gi|6755901 0.36 Cytosol Major constituent of microtubules

15 Tropomyosin 4 gi|4507651 0.35
Cytoplasm,
cytokeleton

Binds to actin filaments

16
Complement component
1 inhibitor precursor

gi|73858568 4.57 Secreted Complement pathway

17
ATP synthase, H+
transporting,
mitochondrial F1 complex

gi|4757810 0.43 Mitochondrion
Proton-transporting ATP synthase complex
assembly

18 Calnexin precursor gi|10716563 0.42

Endoplasmic
reticulum

membrane, cell
membrane

Calcium-binding protein

19
Eukaryotic translation
elongation factor 1 alpha 1

gi|4503471 0.29 Cytoplasm Protein biosynthesis

20 Annexin I gi|4502101 0.25
Nucleus, cytoplasm,

membrane
Calcium/phospholipid-binding protein

21
Triosephosphate
isomerase 1

gi|4507645
(+2)

0.35 Cytosol, nucleus
Fatty acid biosynthesis, gluconeogenesis,
glycolysis, lipid synthesis

22
Cathepsin D
preproprotein

gi|4503143 0.35 Lysosome proteolysis

23
Alpha glucosidase II alpha
subunit isoform 2

gi|38202257 0.19 Cytosol Glycan metabolism, N-glycan metabolism

24

Tyrosine
3-monooxygenase/
tryptophan
5-monooxygenase
activation protein

gi|4507949
(+1)

0.42 Nucleus Protein binding

25 Thymosin β10 gi|10863895 0.42
Cytoplasm,
cytokeleton

cytoskeleton organization
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Table 5: Continued.

Rank Protein name Accession no.
R/IR + NR

mean
Subcellular location Function

26 Aconitase 2 precursor gi|4501867 0.44 Mitochondrion
Carbohydrate metabolism, tricarboxylic
acid cycle

27
Heterogeneous nuclear
ribonucleoprotein D
isoform a

gi|14110420 0.48 Nucleus, cytoplasm Transcription regulation

28
Serine (or cysteine)
proteinase inhibitor

gi|32454741 0.25 Secreted
Inhibits activated protein C, plasminogen
activator

29 Lumican precursor gi|4505047 0.28 Secreted Binds to laminin

30 Apolipoprotein D gi|619383 2.86 Secreted Transport

Nucleolin 
Macrophage migration inhibitory factor 
Moesin
Aldo-keto reductase family 1, member 
Gelsolin isoform a precursor 
Galectin- 3- binding protein 
Coactosin-like 1
L-plastin
Inter-alpha-trypsin inhibitor heavy chain  precursor
Aldehyde dehydrogenase 1A1 
Complement component 1 inhibitor precursor
Orosomucoid 1 precursor
Major histocompatibility complex class I HLA-A29.1
HLA class I histocompatibility antigen, alphalin precursor
Fatty acid-binding protein 4
Cytokeratin-19
Keratin 8 
Keratin 18 
Human enoyl-coenzyme A
Phosphoglycerate mutase 1
Triosephosphate isomerase 1
Aldolase
Tubulin, beta 5
Eukaryotic translation elongation factor 1 alpha 1
Human platelet profilin
Pyruvate kinase 3 isoform 1
Phosphoglycerate kinase 1
GAPDH
Endothelial cell growth factor 1 precursor 
Eukaryotic translation elongation factor 2
Human rab GDI 
Cytosolic malate dehydrogenase
Transketolase 
Cyclophilin A 
Filamin A, alpha isoform 2
Thymosin, 4
Adenylyl cyclase-associated protein 1 (CAP 1)
Heat shock 90 kDa protein 1, beta 
Valosin-containing protein
Prosaposin isoform a preproprotein
Malate dehydrogenase, mitochondrial precursor
Human peroxiredoxin 5
Transferrin
Thymosin,  10
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Figure 1: Heat map displaying the expression of 44 proteins in 28 HER2-positive and 11 TNBC tumors. Classification of 39 breast cancer
cases into 2 groups based on tumor subtypes (HER-positive tumors and TNBC tumors) by the hierarchical clustering using GEPAS software.
Each column represents a case as labeled on top, the short labeling cases are “TNBC” with sample ID, and long labeling cases are “HER2-
positive” with sample ID. Each row represents a protein ID as indicated at the right. 44 proteins were expressed by ≥2-fold differences and
detected in ≥50% of the cases in either group.

through conversion of retinol to retinoic acid [27]. ALDH1
is considered to be a breast cancer stem cell marker and
also a predictor for poor prognosis [27]. Because breast
cancer stem cells have been implicated in radiation and
chemotherapy resistance, as well as increasing the potential
for metastasis, our finding of ALDH1A1 in TNBC may
explain the more frequent relapse in TNBC patients. Pre-
viously, we have observed an overexpression of ALDH1 in

TNBC when compared with hormone-receptor-positive and
HER2-negative breast cancer [28]. In this paper, we also
found a preferential overexpression of ALDH1 in TNBC
over HER2-positive tumors. The unique overexpression of
ALDH1 in TNBC tumors may point out an important
population as the origin of some TNBC whereby notch
signaling-dependent stem cell targets may be leveraged for
target therapy development [29].
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Figure 2: Continued.
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(f) Transferrin

Figure 2: Representative proteins differentially expressed by HER2+ and TNBC tumors. (a)–(c): proteins preferentially expressed in TNBC.
(d)-(e): proteins preferentially expressed in HER2+ tumors.

A different set of proteins was found preferentially ele-
vated in HER2+ tumors. This list included CK19, transferrin,
transketolase, and thymosin β4 and β10, and the biological
significance of some of them will be discussed.

Cytokeratins are known to be important in cellular
motility, signaling, and division. While CK8/CK18 were sim-
ilarly detected in both HER2+ and TNBC tumors, elevated
CK19 was more commonly found in HER2+ tumors. Our
observation coincides with the finding reported by Schulz
et al. using a combination of 2D-DIGE/mass spectrometry
and western blot [30]. Both our current and previous
papers suggest that CK19 is low in TNBC when compared
with either HER2-positive or HER2-negative but hormone-
receptor-positive breast cancer [31]. Although the biological
significance and the mechanism of reduced CK19 in TNBC
are not clear, it could be related to the frequent recurrence
and poor overall survival rate seen in TNBC patients [32].

Transferrin, another protein associated with HER2-
positive cancer, is essential for cell growth and iron-
dependent metabolic activities including DNA synthesis,
electron transport, and mitogenic signaling pathways [33].
The elevation of transferrin receptor (CD71) was reported
to be a marker of poor outcome [33]. Vyhlidal et al.
reported that transferrin is regulated by estrogen hormone

[34], and tamoxifen was shown to be ineffective in ER-
positive breast cancer with transferrin overexpression which
coincides with the tamoxifen resistance observed in HER2-
positive hormone-receptor-positive breast cancer. Taken
together, the ineffectiveness of tamoxifen in women with
HER2-positive and hormone-receptor-positive cancer may
be related to the prevalent expression of transferrin in these
tumors.

Thymosin β4 and β10 are members of a family of
highly conserved small acid peptides that control the growth
and differentiation of many cell types. They act as major
actin-sequestering factor and play a role in cancer cell
motility, invasion and metastasis [35, 36]. Thymosin β4
stimulates tumor metastasis by activating cell migration and
angiogenesis in lung cancer and is associated with poor
prognosis [37–39]. Elevations of thymosin β4 and β10 have
also been reported in a number of other cancers including
melanoma and breast cancer [40]. In the same tumor,
the level of thymosin β10 was significantly higher in the
cancer cells than in the normal breast parenchymal cells of
the uninvolved area [41]. Its association with high-grade
and poorly differentiated cancer cells is consistent with our
findings of thymosin β10 overexpression in HER2-positive
breast cancer. Further studies are required to confirm its
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(a) Cytokeratin-19
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Figure 3: CK19 expressions detected by LC-MS/MS and immunohistochemical (IHC) staining. Elevated CK19 expressions found in HER+
tumor group by LC-MS/MS and confirmed by IHC in most of the frozen HER2+ tumors. (a) Normalized spectrum count of CK19 detected
in 39 breast cancer tissues. (b) Immunohistochemical staining of CK19 in a HER2+ frozen tumor (power 200x). (c) Immunohistochemical
staining of CK19 in a TNBC frozen tumor (power 200x).

overexpression and to determine its role in HER2-positive
breast cancer.

In this study, we also reported the MS-identified protein
signature predicting drug-induced tumor response in HER2-
positive tumors. We found that enolase 1, vimentin, L-
plastin, and ApoD predicted a favorable response of HER2-
positive tumors. In contrast, elevated peroxiredoxin 5 and
heat shock proteins 70 were found in nonresponding HER2-
positive tumors.

Enolase 1(ENO1), a phosphopyruvate dehydratase, is
a key glycolytic enzyme involved in anaerobic metabolism
under hypoxic conditions of cancer growth, and a cell surface
plasminogen receptor for tumor invasion. Overexpression
of ENO1 in breast, and lung cancers is associated with
tumor progression and rapid tumor growth [42]. While our
study did not specifically studying the prognostic value of
ENO1, the observation of ENO1 in HER2-positive tumors
supports the prognostic importance of this molecule. While
it was seen in the more aggressive subtype of breast cancer,
our study showed ENO1 elevation in HER2-positive tumors
seemed to indicate a better tumor response to chemother-
apy.

Vimentin is a member of the intermediate filament
family. Along with microtubules and actin microfilaments,
vimentin is an integral component of the cell cytoskeleton.
In cancer, altered vimentin level is associated with a dedif-
ferentiated phenotype, increased motility, invasiveness, and
poor clinical prognosis [43, 44]. Vimentin overexpression
was found in 90.5% of grade III breast carcinomas [45] which
may explain its presence in both HER2-positive breast cancer
and in TNBC. Our study found that vimentin, although
an aggressive marker for breast cancer growth, is another
indicator for a favorable tumor response to chemotherapy.
L-plastin is an actin-binding protein involved in cancer cell
migration, invasion, and metastasis, and its expression in
breast cancer cell lines correlates with the degree of inva-
siveness [30, 46]. In this paper, L-plastin overexpression in
HER2-positive breast cancer was associated with a likelihood
of pCR.

In contrast to those molecules associated with favorable
tumor response to neoadjuvant therapy, high levels of Prx V
in HER2-positive breast cancers were found to be associated
with poor response to the same chemotherapy regimen.
Peroxiredoxins (Prxs) represent a novel group of peroxidases
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Figure 4: G3BP expressions detected by LC-MS/MS and immunohistochemical (IHC) staining. Elevated G3BP expressions found in TNBC
group by LC-MS/MS and confirmed by IHC in most of the frozen TNBC tumors. (a) Normalized spectrum count of G3BP detected from 39
breast cancer tissues. (b) Immunohistochemical staining of G3BP in a TNBC frozen tumor (power 200x). (c) Immunohistochemical staining
of G3BP in a HER2+ frozen tumor (power 200x).

containing high antioxidant activity involved in cell differen-
tiation and apoptosis [47], and Prx V is particularly effective
in reducing reactive oxygen species (ROS). Moreover, Prx V
is found in peroxisomes and mitochondria where protection
against ROS is mostly needed. The antioxidant activity of Prx
V may be associated with drug resistance of the tumor cells.

While some molecules are unique to the characteristics
of individual subtype of breast cancer, Hsp70 overexpression
was found by us to be associated with drug resistance in
both HER2-positive and TNBC tumors. Heat shock proteins
are overexpressed in a wide range of human cancers and are
implicated in tumor cell proliferation, differentiation, death,
invasion, metastasis, and immune recognition [48]. Consis-
tent with the cellular functions of Hsp70, clinically it has
been correlated with poor prognosis in breast, endometrial,
cervical, and bladder cancers. Others have also reported that
Hsp70 mediated drug resistance through its inhibitory effect
on chemotherapy-induced tumor cell apoptosis [48–50].

In TNBC tumors, a list of different proteins was found
to be overexpressed in tumors resistant to neoadjuvant
chemotherapy. In addition to Hsp70, proteins such as
periostin precursor (OSF-2), RhoA, actinin α4, cathepsin D
preproprotein, and annexin 1 predicted a poor response of
TNBC to treatment. Although all of them were known to

have important cancer biological properties, they have not
been linked to chemotherapy susceptibility until now.

Periostin was originally identified in a mouse osteoblastic
cell line as an extracellular matrix adhesion protein for pre-
osteoblasts. In addition to forming bones, teeth, and heart,
periostin was recently found to be overexpressed in various
types of human cancer. Periostin interacts with multiple
cell-surface receptors (most notable integrins) and signals
via the PI3-K/Akt and other pathways to promote cancer
cell survival, epithelial-mesenchymal transition, invasion,
and metastasis [51]. In breast cancer, periostin was found
upregulated at both the mRNA and protein levels [51–55].
Activation of the Akt/PKB cellular survival pathway with
consequential protection of tumor cells and endothelial cells
from stress-induced cell death [51, 56] may contribute to
the periostin-mediated drug resistance in cancer. To our
knowledge, this is the first paper to link periostin to drug
resistance in TNBC.

RhoA is a member of the Ras superfamily. It is involved
in the regulation and timing of cell division. It is a small
GTPase protein known to regulate the actin cytoskeleton
in the formation of stress fibers. RhoA protein levels were
significantly increased in breast cancer compared with the
matched normal tissue. It has been reported by Fritz et al.
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that an elevated RhoA protein level correlated with increas-
ing breast tumor grade and poor prognosis [57].

Actinin α4 is another interesting protein that we found
to indicate a poor tumor response to neoadjuvant therapy.
It is thought that the actinin α4 cross-links actin filaments
and connects the actin cytoskeleton to the cell membrane.
The accumulation of actinin α4 in the cytoplasm is related
to tumor invasiveness and metastasis, probably by enhancing
cell motility, and was suggested to be a novel prognosticator
in patients with ovarian and breast cancer [58].

Cathepsin D, an acid protease, is active in intracellular
protein breakdown and is involved in the pathogenesis of
several diseases. Its preproprotein secreted by cancer cells,
acting as a mitogen on both cancer and stromal cells,
stimulates both proinvasive and prometastatic properties of
cancer cells. Many studies found that cathepsin D prepropro-
tein/cathepsin D level represents an independent prognostic
factor in a variety of cancers and is, therefore, considered to
be a potential target for anticancer therapy [59]. Others have
also shown that overexpression of cathepsin D in human
breast cancers is associated with a higher risk of relapse and
metastasis [59–61]. In our study, cathepsin D preproprotein
appeared to be a drug-resistant marker in TNBC.

Although many proteins identified in this pilot study
are interesting with promising potential, this study has
several limitations. First, the tumors used in this study
were collected from a clinical trial which provided many
controlled clinical data; however, the sample size available
for proteomic analysis was small. As a result, the findings
derived from a small sample size always warrant a cautious
interpretation. Second, the HER2-positive group consisted
of tumors with different ER and PR status which might
interfere with the conclusion. The potential false associations
with HER2 might be solved by stratifying the HER2-
positive tumors according to hormonal receptor status in
a larger study. Lastly, the HER2-positive patients in this
study were randomized to receive either chemotherapy
alone or chemotherapy with Herceptin. The selected drug-
resistant markers may represent the resistance not only to the
chemotherapy but also to Herceptin.

In summary, our study has led to the identification
of a list of important breast cancer proteins. The study
also suggests that MS-based protein profiling may be an
important tool in discovery of cancer biosignatures for
tumor subtyping and prediction of treatment outcome.
When sufficiently validated, some of these candidate protein
markers could be used to improve breast cancer care. In
addition, due to the heterogeneous and complex nature of
the breast cancer tissue specimens, more refined methods
need to be developed to maximize the protein identification
to allow the capture of the best protein candidate markers for
clinical use.
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The present clinical staging of melanoma stratifies patients into heterogeneous groups, resulting in the application of aggressive
therapies to large populations, diluting impact and increasing toxicity. To move to a new era of therapeutic decisions based on
highly specific tumor profiling, the discovery and validation of new prognostic and predictive biomarkers in melanoma is critical.
Genomic profiling, which is showing promise in other solid tumors, requires fresh tissue from a large number of primary tumors,
and thus faces a unique challenge in melanoma. For this and other reasons, proteomics appears to be an ideal choice for the
discovery of new melanoma biomarkers. Several approaches to proteomics have been utilized in the search for clinically relevant
biomarkers, but to date the results have been relatively limited. This article will review the present work using both tissue and
serum proteomics in the search for melanoma biomarkers, highlighting both the relative advantages and disadvantages of each
approach. In addition, we review several of the major obstacles that need to be overcome in order to advance the field.

1. Introduction

The field of oncology is rapidly attempting to move to
a new era of personalized therapy, where individualized
therapeutic decisions are based on highly specific tumor
profiling. For this to become a reality, the discovery and
validation of new prognostic and predictive biomarkers are
necessary. This goal seems increasingly realistic thanks to
high-throughput screening methods, particularly genomic
profiling. The large-scale analysis of gene expression has
improved our knowledge of tumorigenesis, invasion, and
metastasis. More recently, gene expression assays have helped
guide therapeutic decisions, such as the use of multigene
assays for decisions regarding systemic therapy in breast
cancer [1, 2]. However, despite continued success in the
preclinical setting, clinical translation has been slow and
several tumor types present unique challenges to the use of
genomic profiling.

One example is melanoma. The present staging system
for melanoma, using Breslow thickness, ulceration, mitotic
rate, and the presence of regional and distant metastases,
stratifies patients into heterogeneous groups, with wide

variability in outcome or response to therapy. Clinically, this
results in applying more aggressive surgical and adjuvant
therapies to large populations, diluting the impact of therapy
while exposing more patients to toxicity. For those treating
melanoma, better prognostic and predictive markers in
melanoma are sorely needed, but to date have been elusive.
The high-throughput analysis of genomic data requires fresh
tissue from a large number of primary tumors. This presents
a unique challenge in melanoma where the primary is often
only a few millimeters in size, with no residual tissue after the
diagnosis has been made. For this reason, proteomics appears
to be an ideal choice for the discovery of new prognostic and
predictive biomarkers in melanoma.

There are other potential advantages to proteomics over
genomics. Genes are transcribed into mRNA, but because
cells can use alternative splicing, there is no one-to-one
relationship between the genome and the transcript. The
transcripts are further translated into proteins, which often
undergo posttranslational modifications (PTMs), or can be
aberrant in cancer cells. Therefore, one gene can result in sev-
eral different protein isoforms. Protein structure can also be
influenced by environmental factors, including interaction
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with other proteins, degradation, or compartmentalization
of proteins within protein complexes. As the structure and
availability of the final versions of the proteins ultimately
determine the behavior of the cell, high-throughput screen-
ing methods for changes in protein expression may be better
suited to identify biomarkers with prognostic or predictive
value.

2. Biomarkers in Melanoma

The clinical potential for melanoma biomarkers covers
the spectrum of disease. Protein changes associated with
the transition from melanocyte to atypia or dysplasia and
ultimately to melanoma could be used to aid in diagnosis
or to screen high-risk patients. Proteins associated with
pathophysiology and malignant properties could be used
to further classify melanoma, stratifying patients by risk of
recurrence in order to better select surgical and adjuvant
treatments. Likewise, protein expression (baseline or changes
in expression) may predict response to specific therapies, so
that selection of systemic therapies can be tailored to the
individual patient. The detection of low levels of melanoma-
associated proteins in the serum may also lead to early
recognition of recurrent disease or monitoring the response
to therapy for metastatic disease.

Despite the significant potential for tissue-based or
serological biomarkers to help diagnose early stage disease,
tailor therapy, or detect recurrence, very few biomarkers are
in clinical use. Several tissue markers are used to help distin-
guish melanoma from other types of cancers, including S100,
MART-1, and gp100/HMB45. To date, however, there are no
tissue-based biomarkers that are utilized clinically for prog-
nostic classification. This is despite the identification of mul-
tiple biomarkers, through genomic or immunohistochemical
analysis, whose abnormal expression has been linked to poor
outcome. These include tumor suppressors/oncogenes/signal
transducers (p16, PTEN, EGFR, c-KIT, c-myc, bcl-6, HER3),
cell-cycle associated proteins (Ki67, Cyclins A, B, D, E,
p21, Geminin, PCNA), regulators of apoptosis (bcl-2, bax,
Bak, ING3, ING4), proteins involved with cell adhesion
and motility (P, E and N-cadherin, β-catenin, β1 and β3
integrins, matrix metalloproteinases (MMPs)), and others
(Hsp90, RGS1, NCOA3, MCM4, MCM6) [3, 4].

There have also been several serologic markers that have
been associated with poor prognosis. These include differ-
entiation antigens (S100β, MIA, tyrosinase), proangiogenic
factors (vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (BFGF), IL-8), cell adhesion and
motility molecules (soluble intracellular adhesion molecule
1 (sICAM-1), soluble vascular cell adhesion molecule 1
(sVCAM), MMP-1, MMP-9), cytokines (IL-6, IL-10, soluble
IL-2 receptor (sIL-2R)), and others (TA90 immune complex,
YKL-40) [3–5]. However, only two of these are utilized
clinically.

The strongest prognostic serum biomarker is lactate
dehydrogenase (LDH), which correlates with tumor load in
advanced disease and is the strongest independent prognostic
factor in stage IV melanoma [6]. It is the only biomarker

included in the AJCC staging system [7] and is often used
to stratify patients for randomized trials in stage IV disease.
There is limited benefit, however, to the measurement of
LDH among patients with earlier stage disease, particularly
in the followup of patients who appear tumor-free after
surgical resection.

The S100 protein consists of two subunits, alpha and
beta. The beta subunit is expressed in cells of melanocytic
lineage and is often used as an immunohistochemical marker
for histological diagnosis of melanoma. Serum S100β has
also been studied as a prognostic biomarker. Several studies
have demonstrated an association between serum S100β
levels and outcome, independent of stage. S100β serum
concentrations can be a useful marker for monitoring
therapy response in patients with advanced disease. While
some European guidelines recommend routine S100β mea-
surements as part of the surveillance of melanoma patients,
[8, 9], there is limited evidence that this impacts outcome
[10, 11].

3. Tissue Proteomics in Melanoma

Proteomic approaches can be divided into two categories:
those that characterize the entire protein complement of the
cells or tissue of interest and those that examine only those
proteins found in specific specimens (primarily blood, but
this could also include other fluids such as saliva or urine).
Several groups have utilized functional proteomics to iden-
tify alterations in protein expression and posttranslational
modifications to identify markers of melanoma progression
as well as predictive markers, such as identifying proteins that
may be associated with response to therapy (Table 1). While
this approach has been utilized across a spectrum of primary
tumors, it is more difficult in melanoma secondary to the
limited accessibility of primary melanoma tissues. Therefore
most of this work has been carried out in melanoma cell
lines.

Two-dimensional electrophoresis (2DE) has been the
mainstay tool for separating proteins for many years.
Proteins in a 2-dimensional gel are separated in the first
dimension based on isoelectric points and then in a sec-
ond dimension based on molecular masses. Differences
between the samples can be compared and relative quantities
determined by quantifying the ratios of spot intensities in
the 2D gels. Matrix-assisted desorption/ionization time of
flight mass spectrometry (MALDI-TOF MS) can then be
used to analyze small amounts of protein isolated from the
gel. The mass information obtained can then be used for
protein identification using an appropriate protein sequence
database and search program.

Bernard et al. [12] used 2DE and mass spectrometry
to identify proteins that differentiated melanocytes from
melanoma cell lines and therefore may be important in the
early progression to melanoma. Two proteins, nuclophos-
min/B23 and hepatoma-derived growth factor (HDGF),
were strongly upregulated in melanoma, while cathepsin
D was downregulated in melanoma cell lines. Carta et al.
[13] also used 2DE and mass spectrometry to examine the



International Journal of Proteomics 3

Table 1: Proteomics for biomarker discovery in melanoma.

Author Year Specimens Comparison Methodology Proteins of interest

Bernard et al. [12] 2003 Cell lines
Melanocyte versus
melanoma (primary and
metastatic)

2DE and mass
spectrometry

Nucleophosmin/B23,
HDGF, CTSD

Sinha et al. [14] 2003 Cell lines
Responsive to
chemotherapy versus
nonresponsive

2DE and
MALDI-TOF

Multiple (25)

Wilson et al. [28] 2004 Serum
Stage I or II melanoma
patients, recurrence versus
none

SELDI-TOF n/a (expression profiles)

Carta et al. [13] 2005 Cell lines
Primary versus metastatic
melanoma

2DE and mass
spectrometry

HSP27, HSP60, HSPA8,
PRDX2

Mian et al. [29, 30] 2005 Serum
Stage I melanoma versus
Stage IV melanoma

SELDI-TOF n/a (expression profiles),
further work identified
SAA

Mian et al. [29, 30] 2005 Serum
Stage III melanoma
patients, recurrence versus
none

SELDI-TOF

Takikawa et al. [24] 2009 Serum
Volunteers versus
melanoma patients

Nano LC and
MALDI-TOF

PPBP

Caron et al. [27] 2009 Serum
Volunteers versus
melanoma patients

SELDI-TOF n/a (expression profiles)

Greco et al. [31] 2009 Serum
Patients undergoing biopsy,
melanoma versus not

2DE and
MALDI-TOF

TTR, AGT, DBP

Paulitschke et al.
[46]

2009
Secreted proteins
from and cell lines
and skin samples

Normal skin versus
Melanoma

Nano LC and
mass
spectrometry

GPX5, periostin,
stanniocalcini-1

Suzuki et al. [36] 2010 Serum
Volunteers versus
melanoma patients

Autoantibody
detection

EEF2, ENO1, ALDOA,
GAPDH, HNRNP-A2B1

Hood et al. [47] 2010 Cell lines
Melanoma versus normal
skin

Nano LC and
mass
spectrometry

Tenascin-C, fibronectin,
ACN4, TSP-1

Liu et al. [37] 2010 Serum
Node negative versus node
positive melanoma patients

Autoantibody
detection

GRP94, ASAH1, CTSD,
LDHB

Hardesty et al. [16] 2011
Surgically resected
lymph nodes

Recurrence versus no
recurrence

MALDI-IMS Cytochrome C calmodulin

HDGF: hepatoma-derived growth factor, CTSD: cathespin D, PPBP: prop-platelet basic protein precursor, SAA: serum amyloid A, TTR: transthyretin, AGT:
angiotensinogen, DBP: vitamin D binding protein, EEF2: eukaryotic elongation factor 2, ENO1: enolase 1, ALDOA: aldolase A, GAPDH: glyceraldehyde-3-
phosphate dehydrogenase, HNRNP-A2B1: heterogeneous nuclear ribonucleoprotein A2B1, ACN4: alpha-actinin-4, TSP-1: thrombospondin-1, GRP94: 94 kD
glucose-regulated protein, ASAH1: acid ceramidase, LDHB: lactate dehydrogenase B.

proteomes of cultured melanocytes and melanoma cell lines
from primary and metastatic lesions. They identified several
candidate proteins, many of which were stress proteins. They
then used RT-PCR to evaluate mRNA expression of these
proteins and found that overexpression of HSP27, HSP60,
and HSPA8 and downregulation of PRDX2 were observed
more commonly in metastatic melanoma versus primary
melanoma.

As opposed to identifying proteins associated with
melanoma development and progression, Sinha et al. [14]
compared melanoma cell lines with varying degrees of
resistance to commonly used anticancer drugs to iden-
tify proteins that may be responsible for resistance to
therapy. Starting with a single melanoma cell line, they

created a panel of sublines that exhibited different levels
of drug sensitivity [15]. Using 2DE and matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF)
mass spectrometry for protein identification, they identified
a variety of proteins that were differentially expressed in
chemoresistant melanoma cell lines, many of which were
chaperones, including heat-shock proteins (HSPs).

These studies utilized electrophoresis to physically sep-
arate the proteins, requiring the use of melanoma cell lines.
Hardesty et al. [16] used MALDI-imaging mass spectrometry
(MALDI-IMS) analysis, which acquires information from
intact proteins directly from thin sections of the tissue
[17]. This allows for the analysis of specific cellular regions
and precludes the need to generate a cell line from which
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the proteins are isolated. Using lymph nodes involved
with metastatic melanoma from 69 stage III patients, they
identified two proteins that were associated with recurrence,
cytochrome C and calmodulin, with a better prognosis as the
intensity of both proteins increase.

While this approach is applicable to patients with larger
metastatic deposits, such as clinically involved lymph nodes,
it is not useful for discovery of primary tumor biomarkers.
For approximately 90% of melanoma patients, the entire
primary tumor is excised during the initial biopsy, so
proteomic investigations requiring fresh or frozen primary
tumor tissue are not applicable. Many academic centers have
collections of formalin-fixed paraffin-embedded (FFPE)
melanoma specimens, with accompanying clinicopathologic
and outcome data. If these specimens could be used to
scrutinize the proteome, the use of proteomics for melanoma
biomarker discovery would take a giant leap forward. Unfor-
tunately, FFPE tissues are typically refractory to proteomic
investigations using today’s methodologies, largely due to the
high level of covalently linked proteins arising from formalin
fixation [18]. Shotgun proteomics involves direct digestion
of protein mixtures to complex peptide mixtures which are
then separated and analyzed. These approaches can be used
to extract proteins or peptides from fixed tissues for analysis.
Several proteomics studies using FFPE tissue have been
reported [19–22]. A newer approach, a modified shotgun
proteomic strategy, termed direct tissue proteomics (DTP),
can extract and identify peptides and proteins directly from
tissues using micro-reverse-phase (μRP) LC-MS/MS and has
been proposed for use in melanoma [18, 23]. While there
are still several obstacles to overcome, DTP with efficient
extraction of proteins from FFPE tissue could open up a
new avenue of retrospective proteomics-based biomarker
investigation in melanoma.

4. Serum Proteomics

As discussed, examining the entire proteome of the cell
of interest requires either the generation of a cell line or
adequate harvestable tissue, which inherently limits and
biases the study population. This presents several obstacles
to both validating the findings and ultimately using them
clinically. Blood carries not only plasma-specific proteins but
also multiple proteins derived from other tissues, including
tumors. Many proteins are secreted, shed, or lost into the
circulation, either directly by tumor cells or indirectly after
destruction of the tumor cells. The development, validation,
and use of serum tests hold several potential advantages
over tests that require primary tumor tissue, particularly for
melanoma. As an example, Takikawa et al. [24] compared the
serum proteome between healthy volunteers and melanoma
patients using NanoLC and MALDI-TOF-MS, and identified
9 proteins detectable in plasma from the melanoma patients
but not healthy plasma. Ultimately they identified pro-
platelet basic protein precursor (PPBP) as a protein whose
level corresponded with outcome and may serve as a sero-
logical prognostic biomarker.

Several investigators have utilized surface-enhanced laser
desorption/ionization (SELDI) and protein chip technology

to find serum protein patterns that may be associated
with the presence or the stage of melanoma. While gene
chips have allowed for the detection of thousands of genes
from very small samples, the creation of protein chips has
faced several obstacles. Compared to DNA, proteins are
not as robust and tend to denature. Proteins are more
difficult to attach to chip surfaces, and while PCR can be
used to amplify DNA, there is no method of amplifying
minute amounts of protein. The ProteinChip Biology System
uses SELDI-TOF MS to retain proteins on a solid-phase
chromatographic surface that are subsequently ionized and
detected by TOF MS [25, 26]. The surface of the ProteinChip
is designed to select proteins from extracts due to either
chemical (anionic, cationic, hydrophobic, hydrophilic) or
biochemical (antibody, receptor, DNA, enzyme) properties.
This is a more user-friendly approach to proteomics; SELDI
has several advantages over other technologies for high-
throughput screening as it is rapid, of relatively low cost,
and reproducible. It requires smaller amounts of sample than
2DE as protein profiles can be made from fewer cells. It is also
readily adaptable to a diagnostic format.

This technology can be used to detect protein expression
patterns and then compare these patterns between different
population sets. These patterns could be used as a clinical
diagnostic test. Caron et al. [27] used this technology to try
and discriminate between serum samples from melanoma
patients and healthy volunteers and demonstrated a good
diagnostic accuracy of 98.1% (sensitivity 96.7%, specificity
100%). Wilson et al. [28] examined the serum from patients
with AJCC stage I or II melanoma who recurred (n =
25) or did not (n = 24) using SELDI ProteinChip mass
spectrometry (MS) and identified three protein expression
pattern differences that could discriminate between the two.
Mian et al. demonstrated the potential of this technology
with artificial neural networks (ANNs) to discriminate
between serum samples from 101 stage I melanoma patients
and 104 stage IV melanoma patients, as well as from 28 stage
III patients who recurred from 27 stage III patients who did
not [29]. Further research, focusing on the highest peak,
ultimately identified serum amyloid A (SAA) as a potential
prognostic biomarker in melanoma [30].

There are some drawbacks to serum-based proteomics.
The expression and release of proteins into the serum can be
variable. As an example of this, Greco et al. [31] obtained
serum from 50 patients undergoing biopsy for suspected
melanoma. Using 2DE and MALDI-TOF-MS, they identified
increases of transthyretin (TTR) and angiotensinogen (AGT)
and decreased expression of vitamin D binding protein
(DBP). The investigators also examined serum samples after
surgical removal of the melanoma and found that these
were no longer elevated 1 month after surgery. This is an
important consideration in melanoma patients, particularly
if one is seeking to develop a prognostic serum test. This
test would most likely be ordered after the diagnosis of
melanoma and therefore might be greatly impacted by
whether or not the entire tumor was removed with the
diagnostic biopsy.

Another drawback to serum proteomics is that most
(97%) of the proteins found in plasma belong to one of 7



International Journal of Proteomics 5

major groups of high-abundance plasma proteins: albumin,
immunoglobulins, fibrinogen, alpha-1 antitrypsin, alpha-
2 macroglobulin, transferring, and lipoproteins. As these
are primarily proinflammatory proteins, they are unlikely
to represent prognostic or predictive biomarkers. SELDI
pattern recognition studies do not depend on detecting low-
abundance proteins, but depend instead on fluctuations of
protein expression patterns. Therefore this technology, as
well as others, is limited in specifically identifying low-
abundance proteins that may be useful biomarkers.

5. Antibody-Based Proteomics

An alternate approach to examining the proteome directly
is to screen for antibodies in the serum of patients with
melanoma. As with serum-based proteomics, primary tumor
tissue from each patient is not required, a significant
advantage in melanoma patients. Another advantage is that
antibodies are more sensitive and stable than proteins,
which is clinically important in creating clinically useful
diagnostic or prognostic tests. Antibody-based proteomics
is particularly well suited to melanoma as the presence of
an immune response to melanoma-associated antigens has
been well documented [32–35]. Monitoring the presence or
absence of antibodies in the serum that recognize specific
tumor antigens can provide insights into the propensity
of melanoma to metastasize, serving as biomarkers of
melanoma biology and perhaps identifying ideal targets for
therapeutic intervention.

There are several high-throughput methods for the
discovery of autoantibodies including serological screen-
ing of cDNA expression libraries (SEREX), phage display
libraries and proteomics-based techniques. Serological pro-
tein analysis (SERPA) uses 2DE to separate proteins from
tumor tissues or cell lines which are then transferred onto
membranes by electroblotting and subsequently probed
with sera from different populations of interest. Suzuki
et al. [36] used this approach to identify 5 proteins that
differentiated serum samples from melanoma patients and
healthy volunteers (eukaryotic elongation factor 2 (EEF2),
enolase 1 (ENO1), aldolase A (ALDOA), glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), and heterogeneous
nuclear ribonucleoprotein (HNRNP-A2B1).

Another proteomics-based approach to detecting serum
autoantibodies is the use of protein microarrays. Pro-
tein microarrays spot proteins (purified, recombinant, or
extracted from tumor cell lysates) onto microarrays which
can be two-dimensional (glass slides, nitrocellulose mem-
branes and microtitre plates) or three-dimensional (beads,
nanoparticles). These are then incubated with sera from
different populations. Advantages include the fact that
less sample and reagents are needed, and autoantibodies
to proteins with posttranslational modifications, such as
glycosylated proteins, can be detected. There are, how-
ever, challenges to identifying the specific immune-reactive
proteins in the respective protein fractions. Rather than
screening the entire proteome, Liu et al. [37] focused on
the subproteome of glycoproteins. Dual-lectin (ConA and
WGA) affinity chromatography was applied to extract both

glycoproteins from the lysate of a cell line generated from an
intra-abdominal melanoma metastasis. Liquid-based reverse
phase separation and natural protein microarray were then
applied to separate the enriched proteins and spot the
separated fractions on nitrocellulose slides. These were used
to probe the sera from patients with newly diagnosed
melanoma for antibodies that correlated with the presence
of regional metastases. After validation, antibodies to 4
proteins including 94 kD glucose-regulated protein (GRP94),
acid ceramidase (ASAH1), cathepsin D (CTSD), and lactate
dehydrogenase B (LDHB) were identified that differentiated
node-negative from node-positive patients.

6. Clinical Translation and Obstacles

Although the clinical potential of both tissue and serum-
based proteomics in melanoma biomarker discovery seem
strong, progress has been relatively limited to date. The
reasons for this are multifactorial, both related to the
inherent obstacles specific to melanoma and problems with
study design. For the field to advance, several issues need to
be tackled.

A key obstacle to biomarker discovery is reproducibility.
This has been a significant problem with proteomics. As an
example, in a meta-analysis of prostate cancer proteomic
data obtained with SELDI-TOF, published results seem to
differ greatly between different groups, and even from within
the same groups [38, 39]. As evidenced in Table 1, there
is little overlap between the proteins identified by differ-
ent groups using different techniques. There are multiple
approaches to proteomics, each with significant advantages
and disadvantages depending on what the question is. Com-
pared with serum proteomics, tissue proteomics has a higher
likelihood of identifying marker candidates based on the
higher concentration of protein within the tissue than after
dilution in peripheral blood. For melanoma, the use of cell
lines is most feasible however results are immediately biased
by (1) selecting patients with harvestable tumor, (2) selecting
melanomas that grow well in vitro, and (3) by changes in
protein expression induced by in vitro culturing. Variations
in cell culture technique could yield different results from the
same cell line. Using tissue obtained directly from patients
avoids some of these issues, but limits the patient population
and hence the questions that can be asked. In addition, the
results obtained can be greatly impacted by stroma, necrotic
tissue, serum proteins, and blood cells within the specimen.
Pure cancer cell populations can be created using fine needle
aspiration, calcium starvation, immunomagnetic separation,
or laser capture microdissection (LCM), [40–43] but this is
extremely difficult to do when there is a limited supply of pri-
mary tumor tissue. Until newer technologies for examining
FFPE tissues are more fully developed, this approach will be
limited to select patient populations. Serum proteomics may
identify fewer candidate proteins, but given the drawbacks of
tissue proteomics in melanoma, this approach may be more
translatable to clinical use. Examining the serum proteome is
impossible without reducing the complexity of the protein
mixture by removing highly abundant serum proteins, for
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which there are also several methods. When the blood is
drawn, how it is stored, and whether serum or plasma is
used can potentially impact the results. Therefore one can see
that before any analysis is even performed, variations in the
methods used to prepare the samples (cell culturing, tissue
procurement, extraction of highly abundant serum proteins)
can significantly impact the results. The methods used to do
this must be highly reproducible, as even small variations in
buffers or agents can alter the results. It becomes easy to see
how radically different results can be reached even when the
same experimental technique is utilized [44].

Quite often, initial experiments are designed based on
the available samples and technologies, without as much
forethought into the clinical question that the findings hope
to address. In melanoma, for example, tissue proteomics are
often carried out on samples from resected lymph nodes
and metastatic deposits, as there is ample tissue available.
Clinically, however, this is a population with a very poor
prognosis, and outside of very specific questions, it is less
likely that biomarkers identified from these highly dediffer-
entiated samples would impact clinical decision making or
serve as useful biomarkers in patients with early stage disease.
It is imperative that translational oncology be hypothesis
driven, whereby even discovery studies are designed with
a specific clinical question in mind. Even something as
simple as when blood samples are obtained, if they do not
reflect when they would be drawn in the clinical setting,
could negatively impact the results. Close collaboration
between clinical experts in melanoma and basic scientists is
imperative to results that have a high likelihood of clinical
impact.

Patient selection is also critical to results that are
both reproducible and clinically relevant. In oncology, it
is quite common to discover a biomarker among a highly
heterogenous group of patients that on univariate analysis
is significantly associated with outcome, but in reality
correlates so strongly with known staging factors (tumor
size, grade) that on multivariate analysis it provides no
independent prognostic information. While these may be of
scientific interest in unraveling the genes/proteins associated
with dedifferentiation and metastases, they are of limited
clinical benefit in stratifying patients beyond our current
staging systems. It is therefore imperative that samples be
obtained from as homogenous a population as is feasible and
in adequate numbers so that newly discovered biomarkers
are analyzed in the context of the known prognostic and
predictive factors used in clinical decision making. Often
smaller and more heterogeneous sample sets are chosen for
practical reasons, which unfortunately contribute to the large
number of reported biomarkers that are never validated or
demonstrate clinical utility.

Equally important is the appropriate selection of con-
trols. For prognostic markers meant to differentiate between
melanoma patients with different outcomes, it is imperative
that the “good” cohort have adequate followup to be sure
that this is truly a group at low likelihood of recurrence.
Frequently these controls only have a median followup of 2-
3 years. With longer followup, several of the “good” players
may recur, and with small sample sets the conversion of only

1 or 2 patients from “good” to “bad” can dramatically change
the results. Likewise, the search for biomarkers associated
with melanoma development, with potential use as a screen-
ing tool, often compares melanoma patients (of varying
stages) to healthy volunteers. Neither of these populations
is appropriate—the melanoma group should only include
patients with early stage, recently diagnosed disease, and the
control group should not be healthy volunteers but rather
high-risk individuals with similar characteristics regarding
age and sun exposure.

While the field of proteomics and other “-omics” fields
are replete with articles describing discovery, there are
dramatically fewer articles validating previously published
results. Several reports include internal validations, using a
fraction of their samples for discovery and then validating
the results in the complete set. However, the bioinformatics
tools used in discovery sets often seek to overfit the data,
erring on the side of not missing a potential biomarker, but
resulting in sensitivities and specificities that may not be
reproducible. Even if an institution is able to validate their
own findings, given the impact that sample preparation and
patient selection can have, validation from other institutions
is absolutely critical. Beyond interlaboratory variations,
many biomarkers demonstrate varying expression based
on patient characteristics (age, race and ethnicity, genetic
lineage, environmental exposures). Therefore, biomarkers
discovered and validated on a population in one geographic
area may not be validated on another, even though the
techniques are the same and the populations appear matched
by known prognostic factors (Breslow thickness, nodal
status, etc.). Unfortunately, there is limited enthusiasm for
one institution to attempt and validate a published result.
Validation requires larger numbers and can be costly and
labor intensive. As many candidate biomarkers will not be
validated, few researchers are interested in devoting time and
money to a project that will likely not result in a publication,
as there is limited interest on the part of prominent journals
in publishing negative results. This leads to significant
publication bias, which all of us as editors and reviewers are
in part responsible for.

As new proteomic-based biomarkers are discovered, it is
increasingly important that a mechanism exists by which the
most promising biomarkers can be validated using external
samples. This will require a collaborative effort on the part
of the leading melanoma research centers. As an example
of this, the National Cancer Institute has created the Early
Detection Research, which hopes to promote biomarker
discovery, validation, and translation into clinical practice
for biomarkers associated with screening and risk [45].
Similar disease-specific collaborative efforts, centered on
prospectively collecting data, blood and tumor tissue from
multiple centers not for biomarker discovery but rather
for validation, will be necessary to validate prognostic and
predictive biomarkers.
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Better prognostic and predictive markers in melanoma are needed to select patients for therapy. We utilized a dual-lectin affinity
chromatography and a natural protein microarray-based analysis to select a subproteome of target glycoproteins to profile serum
antibodies against melanoma associated antigens that may predict nodal positivity. We identified 5 melanoma-associated antigens
using this microarray coupled to mass spectrometry; GRP75, GRP94, ASAH1, CTSD and LDHB. We evaluated their predictive
value for nodal status adjusting for age, gender, Breslow thickness, mitotic rate and ulceration using standard logistic regression.
After adjustment, ASAH1, CTSD and LDHB were significantly negatively associated with nodal status (P = 0.0008) and GRP94
was significantly positively associated (P = 0.014). Our best multivariate model for nodal positivity included Breslow thickness,
presence of serum anti-ASAH1, anti-LDHB or anti-CTSD, and presence of serum anti-GRP94, with an area under the ROC curve
of 0.869. If validated, these results show promise for selecting clinically node negative patients for SLN biopsy. In addition, there
is strong potential for glycoprotein microarray to screen serum autoantibodies that may identify patients at high risk of distant
metastases or those likely or unlikely to respond to treatment, and these proteins may serve as targets for intervention.

1. Introduction

The present staging system for melanoma, using Breslow
thickness, ulceration, mitotic rate, and the presence of
regional and distant metastases, stratifies patients into
heterogenous groups, with wide variability in outcome or
response to therapy. This results in applying more aggressive
surgical and adjuvant therapies to large populations, diluting
the impact of therapy while exposing more patients to
toxicity. Better biomarkers in melanoma are needed to target
both surgical and adjuvant therapies, but to date have been
elusive. For many solid tumors, the large-scale analysis of
gene expression at the RNA level can provide patterns of gene
expression that may stratify patients better than TNM staging
and help guide therapy. However, this approach requires
fresh tissue from a large number of primary tumors, a unique
challenge in melanoma where the primary is often only a few
millimeters in size, with no residual tissue after the diagnosis
has been made.

For this reason, we chose to examine serum protein
markers, hypothesizing that antibody discovery was ideal for
the patient with malignant melanoma, as primary tumor
tissue is not required and the presence of an immune
response to melanoma-associated antigens has been well
documented [1–4]. The investigation of humoral response
provides new perspective to focus on melanoma-associated
antibodies, which are more sensitive and stable to become
diagnostic biomarkers for early-stage melanoma. We focused
on glycoproteins, as most of the tumor-associated antigens
are cell surface proteins or released to the extracellular
matrix, where glycosylation is the major type of posttrans-
lational modifications [5, 6]. Moreover, glycoproteins are
considered to be the linkage between T cells and antigen-
presenting cells to help the orientation of binding, and play
important roles in the generation and loading of antigenic
peptides into MHC class I and MHC class II [5–7].

Using this approach we sought biomarkers that cor-
related with the presence of regional metastases among
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melanoma patients. Using dual-lectin affinity chromatog-
raphy and a natural protein microarray-based analysis to
select a subproteome of target glycoproteins which were then
used as baits to profile the antibodies against melanoma-
associated antigens [8]. This significantly improved tech-
nology using lectin affinity chromatography allows us to
concentrate low abundant glycoproteins which are typ-
ically undetectable in whole cell lysate. This approach
led us to the discovery of antibodies to 5 interest-
ing melanoma-associated antigens (75 kD glucose-regulated
protein (GRP75), 94 kD glucose-regulated protein (GRP94),
acid ceramidase (ASAH1), cathepsin D (CTSD), and lactate
dehydrogenase B (LDHB)) that correlated with the presence
of melanoma within the regional lymph nodes [8]. GRP75,
also known as mortalin, is a transport protein. A member of
the heat shock protein-70 family, it also inactivates the tumor
suppressor p53. GRP94, also known as heat shock protein-
90, is a chaperone protein that is involved in the function
and stability of many cell-signaling molecules. ASAH1 is a
catabolic lysosomal enzyme that deacylates ceramide, which
when phosphorylated forms the poten mitogen S1P. CTSD is
a lysosomal acid proteinase which is involved in regulation
of programmed cell death. Lactate dehydrogenase (LDH)
is an enzyme that catalyzes the conversion of lactate to
pyruvate, and serum levels are associated with outcome in
stage IV melanoma. We proposed that these autoantibodies
may form the basis of a serum test that could select patients
for sentinel lymph node biopsy. However, many prognostic
factors show limited utility when used clinically in the
context of known prognostic factors. We therefore sought
to examine the potential clinical utility of these novel serum
markers for predicting regional involvement among patients
with melanoma.

2. Materials and Methods

2.1. Patients. In our previous work, we identified serum au-
toantibodies that recognized glycoproteins from a melanoma
cell line and distinguished between 27 node-negative patients
and 16 node-positive patients. In that work, we subsequently
validated these results using recombinant proteins among
a larger sample set of 79 patients. For this University of
Michigan Institutional Review Board approved project, we
used this latter sample set to examine the clinical utility of
these serum autoantibodies as a predictor of regional node
involvement. Serum samples were obtained from patients
being evaluated at our melanoma multidisciplinary clinic, a
few weeks after the diagnostic biopsy, but 2 to 3 weeks prior
to undergoing wide local excision and lymph node surgery
(SLN biopsy for clinically node-negative patients (n = 71) or
lymph node dissection for clinically node-positive patients
(n = 8)). Blood was allowed to clot at room temperature,
after which the tubes were centrifugated at 2500 g for 10
minutes. The serum phase was then harvested and frozen in
1 mL aliquots.

2.2. Measurement of Serum Autoantibody Levels. Our initial
discovery (using extracted glycoproteins) and validation
(using recombinant proteins) of these serum autoantibodies

have been previously described [8]. For this study we
used the results obtained with the recombinant proteins.
75 kD glucose-regulated protein (GRP75), 94 kD glucose-
regulated protein (GRP94), cathepsin D (CTSD), and lactate
dehydrogenase B (LDHB) were purchased from Abcam
(Cambridge, MA, USA). Recombinant acid ceramidase
(ASAH1) was purchased from Abnova (Taiwan). These 5
recombinant proteins were chosen because the amino acid
sequences described in the manufacturers’ instructions are
perfectly matched with the sequences acquired from Swiss-
Prot database. The sequences and the purity of purchased
recombinant proteins were reconfirmed by MALDI-QIT
(Shimadzu, CA, USA).

To summarize our previous work, the recombinant
proteins were dissolved in the printing buffer (62.5 mM Tris-
HCl (pH 6.8), 1% w/v sodium dodecyl sulfate (SDS), 5% w/v
dithiothreitol (DTT), and 1% glycerol in 1x PBS) to reach a
final concentration of 100 μg/mL, respectively. Each protein
solution was then transferred to a well in a 200 μL 96-well
clear printing plate (Bio-rad). The recombinant proteins
from the printing plate were spotted onto nitrocellulose
(Whatman, USA) slides using a noncontact piezoelectric
printer (nanoplotter 2 GeSiM). Each spot contains five
spotting events of 500 pL each so that the total volume
of each protein solution was 2.5 nL. Each spot was found
to be ∼450 μm in diameter, with the distance between
spots maintained at 600 μm. Printed slides were dried on
the printer deck overnight and stored in a refrigerator
desiccated at 4◦C if the slides were not used immediately.
Each recombinant protein was printed in triplicate, and 14
identical blocks were printed on each slide.

The slides were washed three times with 0.1% Tween-
20 in PBS buffer (PBST) and then blocked with 1% bovine
serum albumin (Roche) in PBST for 1 hr. The blocked slides
were dried by centrifugation and inserted into a SIMplex
(Gentel Bioscience) multiarray device which divides each
slide by 16 wells. The wells separate the neighboring blocks
and prevent cross-contamination. Each serum sample was
diluted 1 : 200 in probe buffer which consisted of 1% BSA,
0.05% Triton X-100, 0.1% brij-30 (Sigma-Aldrich, USA) in
1x PBS. The sample hybridization was totally randomized on
each slide in no specific order to prevent bias. Each block
was hybridized in 100 microliter of diluted serum for 2 hrs
at 4◦C. Then goat-anti-human IgG (H+L) conjugated with
Alexa Fluor 647 (1 μg/mL, Invitrogen, Carlsbad, CA) was
applied to each block to bind with the antibodies attached on
the protein array. Anti-human IgG was printed on the array
as positive control and printing buffer served as the negative
control. All processed slides were immediately scanned using
an Axon 4000B microarray scanner (Axon Instruments,
Foster City, USA). GenePix Pro 6.0 was used to extract the
numerical data from each spot on the slides. The background
subtracted median intensity of each spot was taken as a single
data point. Then the mean intensity of each protein from the
triplicate was used for the further analysis.

2.3. Statistical Analysis. For this study, patient and tumor
characteristics were collected for our sample of 79 melanoma
cases, it included patient’s age at surgery, gender, tumor
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Figure 1: Humoral response to recombinant 75 kD glucose-regulated protein (GRP75), 94 kD glucose-regulated protein (GRP94), acid
ceramidase (ASAH1), cathepsin D (CTSD), and lactate dehydrogenase B (LDHB) among healthy volunteers and nonmelanoma skin cancer
patients (H&NSK), node-negative melanoma patients (ENN) and node-positive melanoma patients (ENP).

thickness (Breslow), mitotic rate, presence of ulceration,
and nodal status. For use as a potential clinical test, the
sample distribution of each auto-antibody classified as over-
or underexpressed, defined as a serum antibody level one
standard deviation increment above the sample mean value.
Association between the levels of the autoantibodies is
summarized by the Spearman rank correlation coefficient
with P values testing for significant correlations reported.
The associations between patient, tumor, and antibody
covariates with nodal disease was compared using the two-
sample t-test for continuous covariates and the chi-square or
Fisher’s exact test for categorical covariates. The magnitude
of the association between each serum antibody level and
nodal disease is reported categorically as the odds ratio
and 95% confidence interval for cases with overexpression
versus cases without. Odds ratios and confidence intervals
were reported separately for the univariate associations and
after adjustment for the patient and tumor characteristics
using standard logistic regression. All statistical analyses were
conducted using SAS Version 9.2 (SAS Institute, Inc., Cary,
NC, USA) with P values less than 5% considered statistically
significant.

3. Results

In the previous work, we used the native proteins extracted
by a dual-lectin column from the melanoma cell line as
bait to detect the presence of autoantibodies in the sera of
melanoma patients, identifying 5 antigens including 75 kD
glucose-regulated protein (GRP75), 94 kD glucose-regulated
protein (GRP94), acid ceramidase (ASAH1), cathepsin D
(CTSD), and lactate dehydrogenase B (LDHB), and we
investigated the humoral response against the recombinant
proteins using a larger sample set of 79 melanoma patients
(Figure 1). The clinical characteristics of the patient popula-
tion are shown in Table 1 for the total population and strati-
fied by nodal disease status. Of note, one patient with a nega-
tive SLN subsequently recurred in a regional basin, changing
the population from 48 node-negative and 31 node-positive
to 47 node-negative and 32 node-positive patients. Among
the 32 node-positive patients, 8 were clinically node-positive,
23 were SLN positive, and 1 represented a regional recurrence
after false-negative SLN. Each glycoprotein was summarized
by over- (>1SD), standard (±1SD), and underexpression
(<1SD), relative to the sample mean. ASAH1, CTSD, and
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Table 1: Patient and tumor characteristics of the study cohort.

Characteristic Total Node negative Node positive P value1

Frequency 79 47 32

Age

Mean (SD) 51.9 (12.6) 51.8 (13.2) 52.0 (12.0) 0.944

Gender

Males: N (%) 38 (48.1) 22 (46.8) 16 (50.0) 0.781

Females: N (%) 41 (51.9) 25 (53.2) 16 (50.0)

Breslow depth

Mean (SD) 2.39 (1.65) 1.94 (1.15) 3.11 (2.04) 0.007

Mitotic rate

Mean (SD) 5.51 (5.72) 4.45 (4.93) 7.04 (6.50) 0.075

Ulceration

Absent: N (%) 24 (30.4) 35 (74.5) 16 (50.0) 0.0592

Present: N (%) 51 (64.6) 11 (23.4) 13 (40.6)

Unknown: N (%) 4 (5.0) 1 (2.1) 3 (9.4)

ASAH1

Mean (SD) 803 (353) 837 (432) 753 (179) 0.238

±1 SD: N (%) 68 (86.1) 36 (76.6) 32 (100) 0.008

>1 SD: N (%) 8 (10.1) 8 (17.0) 0

<1 SD: N (%) 3 (3.8) 3 (6.4) 0

CTSD

Mean (SD) 8664 (4355) 9607 (5014) 7278 (2660) 0.009

±1 SD: N (%) 62 (78.5) 33 (70.2) 29 (90.6) 0.039

>1 SD: N (%) 12 (15.2) 11 (23.4) 1 (3.1)

<1 SD: N (%) 5 (6.3) 3 (6.4) 2 (6.3)

GRP75

Mean (SD) 4087 (2107) 4221 (2367) 3891 (1671) 0.471

±1 SD: N (%) 62 (78.5) 36 (76.6) 26 (81.3) 0.913

>1 SD: N (%) 13 (16.5) 8 (17.0) 5 (15.6)

<1 SD: N (%) 4 (5.1) 3 (6.4) 1 (3.1)

GRP94

Mean (SD) 6798 (3782) 6032 (1840) 7924 (5364) 0.063

±1 SD: N (%) 70 (88.6) 47 (100) 23 (71.9) <0.001

>1 SD: N (%) 9 (11.4) 0 9 (28.1)

<1 SD: N (%) 0 0 0

LDH

Mean (SD) 7863 (4093) 8587 (4933) 6798 (2021) 0.029

±1 SD: N (%) 68 (86.1) 37 (78.7) 31 (96.9) 0.056

>1 SD: N (%) 10 (12.7) 9 (19.2) 1 (3.1)

<1 SD: N (%) 1 (1.3) 1 (2.1) 0

Combination: ASAH1, CTSD, and LDH

Overexpressed† 22 (27.9) 20 (42.5) 2 (6.2) <0.001

Normal 57 (72.1) 27 (57.5) 30 (93.8)
1
Comparing between node-negative and node-positive groups.

2Unknown group omitted for statistical test.
†Overexpressed defined as >1 SD for ASAH1, CTSD, or LDH.
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Table 2: Correlation of antibodies and continuous patient and tumor characteristics: Spearman r, P value.

ASAH1 CTSD GRP75 GRP94 LDH

Age
−0.2317 0.0811 −0.0024 0.0214 0.0539

0.0400 0.4774 0.9836 0.8514 0.6371

Breslow
0.1294 0.0822 0.1975 0.0878 0.1444

0.2686 0.4834 0.0894 0.4539 0.2165

Mitotic rate
0.0630 −0.0253 0.0516 0.0705 0.0485

0.6019 0.8341 0.6693 0.5593 0.6881

Table 3: Univariate associations of glycoproteins with positive nodal status.

Characteristic
Odds
ratio

95% CI P value

ASAH1

500 unit increase 0.685 0.332–1.415 0.306

>1 SD versus not 0.123† 0.019

CTSD

500 unit increase 0.928 0.869–0.991 0.026

>1 SD versus not 0.106 0.013–0.864 0.022

GRP75

500 unit increase 0.962 0.860–1.076 0.495

>1 SD versus not 0.903 0.266–3.059 0.999

GRP94

500 unit increase 1.076 1.002–1.156 0.0440

>1 SD versus not 38.4† <0.0001

LDH

500 unit increase 0.931 0.862–1.007 0.0731

>1 SD versus not 0.193† 0.0427

Combination: ASAH1, CTSD, and LDH

Any >1 SD versus not 0.173 0.045–0.663 <0.0001
†

Continuity correction applied when calculating the estimate of odds ratios due to cell sample sizes ≤1. Confidence interval not reportable in these cases.

LDHB all had significant negative associations with the
presence of nodal disease, with overexpression associated
with a lower risk. Higher GRP94 levels were associated with a
higher risk of nodal disease; however, the level of GRP75 was
not significantly associated with nodal status. Correlation
between antibody levels and age, gender, Breslow thickness,
mitotic rate, or ulceration are shown in Table 2. Correlations
included ASAH1 which negatively correlated with patient
age (although the magnitude of the correlation was mild,
r < 0.3) and GRP75 which was higher in females than males
(P = 0.03).

The magnitude of the association of the glycoproteins
with nodal disease status is reported in Table 3. Even after
adjustment for clinical parameters (age, gender, ulceration,
and Breslow thickness) ASAH1, CTSD, and LDHB remained
significantly negatively associated with nodal disease, and
GRP94 positively associated (Table 4). A composite measure
for the overexpression of any of the three proteins shown
to have a negative association with nodal disease (ASAH1,
CTSD, and LDHB) was constructed with 22 (27.9%) of
the total population with composite overexpression. Only
2 (6.2%) of the node-positive patients had composite

overexpression in contrast to 20 (42.5%) node-negative
patients. For the 9 of 32 node-positive patients (28%)
who had overexpression of GRP94, 5 (16%) patients had
clinically involved nodes while the remaining 4 (14%) had
microscopic disease (<2% surface area) in clinically negative
nodes. Table 5 reports the best multivariable model for
nodal positivity. Overexpression of anti-ASAH1, anti-LDHB,
or anti-CTSD (decreased risk), the overexpression of anti-
GRP94 (increased risk) and Breslow thickness (increased
risk) significantly correlated with the likelihood of regional
metastases. The ROC curve for this model is presented in
Figure 2, with an area under the curve of 0.8690.

4. Discussion

Using dual-lectin affinity chromatography to generate a sub-
proteome of glycoproteins from a melanoma cell line gener-
ated from a metastatic deposit, we discovered 4 antibodies
in the serum of melanoma patients recently diagnosed with
melanoma that were strongly correlated with the presence or
absence of nodal metastases. In this analysis, we demonstrate
that overexpression of these antibodies were independent of
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Table 4: Adjusted† associations of glycoproteins with positive nodal status.

Characteristic Odds ratio 95% CI P value

ASAH1

500 unit increase 0.272 0.076–0.979 0.0464

>1 SD versus not Model not estimable

CTSD

500 unit increase 0.867 0.786–0.956 0.0042

>1 SD versus not 0.067 0.006–0.740 0.0275

GRP75

500 unit increase 0.880 0.749–1.034 0.1216

>1 SD versus not 0.644 0.153–2.712 0.5488

GRP94

500 unit increase 1.052 0.976–1.133 0.1871

>1 SD versus not Model not estimable

LDH

500 unit increase 0.890 0.797–0.993 0.0363

>1 SD versus not 0.135 0.015–1.210 0.0736

Combination: ASAH1, CTSD, and LDH

Any >1 SD versus none 0.045 0.007–0.309 0.0016
†

Adjusted for age, gender, ulceration, and Breslow depth. Due to the very high correlation between mitotic rate and Breslow depth, mitotic rate was omitted
from the model.

Table 5: Best multivariable model explaining positive nodal status.

Characteristic Odds ratio 95% CI P value

Age

1 year increase 0.987 0.935–1.043 0.6468

Gender

Male 1.663 0.426–6.495 0.4645

Female 1.000

Ulceration

Present 2.046 0.359–11.662 0.4201

Absent 1.000

Breslow

1 mm increase 2.178 1.104–4.298 0.0248

Combination: ASAH1, CTSD, and LDH

Overexpressed 0.006
<

0.001–0.117
0.0008

Not overexpressed 1.000

GRP94

Overexpressed 1.223 1.041–1.436 0.0141

Not overexpressed 1.000

other known prognostic factors in melanoma, and on mul-
tivariate analysis maintained highly significant, independent
prognostic value. These results demonstrate the potential of
these 4 autoantibodies as a serum test for the purpose of
selecting clinically node-negative patients for SLN biopsy.
Elevation (defined as >1 SD above the mean) of anti-ASAH1,
anti-CTSD, or anti-LDHB was highly significantly associated
with being SLN negative, with an odds ratio of 0.05 (0.01–
0.31, P = 0.002) after adjusting for age, gender, ulceration,
mitotic rate, and Breslow thickness. Elevation of one of these

three antibodies was not uncommon; among the 70 clinically
node-negative patients in this study, 22 patients (33%) had
elevation of one of these antibodies. If it were validated that
patients with elevation of one of these antibodies had a very
low risk of SLN metastases, then potentially these patients
could be treated by wide excision alone, reducing the cost and
morbidity of melanoma treatment. In contrast, elevation of
anti-GRP94 was associated with an increased risk of regional
metastases, and was elevated in both patients with clinically
evident disease (5 of 8 patients) and microscopic disease
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Figure 2: Receiver operating characteristic (ROC) curve for our
best multivariable model for nodal positivity incorporating increas-
ing Breslow thickness (increased risk), autoantibody response to
GRP94 (increased risk), and autoantibody response to ASAH1,
LDHB, or CTSD (decreased risk).

(4 of 23 patients). While detection of serum anti-GRP94
levels would be less useful clinically, it could potentially
identify some patients with thin melanoma for whom SLN
might otherwise be omitted.

A bigger question is the role these proteins may play
in the development and progrsion of melanoma. Beyond
the development of serum-based diagnostic tests, proteomics
may identify targets for therapeutic intervention. Indeed, 3
of the 4 proteins have strong associations with melanoma
progression and prognosis. Lactate dehydrogenase (LDH)
is an enzyme that catalyzes the conversion of lactate to
pyruvate, and serum levels of LDH are strongly associated
with melanoma prognosis. Serum LDH levels strongly
correlate with outcome among stage IV patients and serum
LDH measurements are part of the American Joint Cancer
Commission (AJCC) staging system for melanoma [9–13].
However, serum LDH levels are rarely elevated and of no
clinical utility in nonmetastatic melanoma [14–16]. Cathep-
sin D (CTSD) is a lysosomal acid proteinase which degrades
proteins, peptides, and peptide precursors. In addition, it
appears to be involved in other biological processes including
regulation of programmed cell death, tissue remodeling and
renewal, activation of proteolytic enzymes, and fibrinolysis
[17]. Many tumors have altered processing, secretion, and
activity levels of CTSD, and they are often associated with
aggressive behavior, stimulating tumor cell proliferation,
invasion, and metastases [17, 18]. Immunohistochemical
studies have shown that CTSD is markedly expressed in
melanoma cell lines and tissue biopsies from primary and

metastatic melanoma, and these correlate with poor outcome
[19–24]. As with LDH, measuring plasma levels of CTSD
was not of clinical value for identifying patients at risk of
recurrence [17, 25]. As we can detect very low levels of
antibodies in the serum, measuring antibody levels may
be more sensitive than measuring protein levels, allowing
transition of known serum markers from utility in stage IV
disease only to the setting of early-stage disease. Prior to this
publication, the third protein, acid ceramidase (ASAH1), had
not been strongly associated with melanoma progression,
but has been associated with cancers of the breast, prostate,
and thyroid [26–29]. ASAH1 is a catabolic lysosomal enzyme
that deacylates ceramide and yields sphingosine, which when
phosphorylated, forms the potent mitogen S1P. The cellular
levels of ceramide, sphingosine, and S1P are integral in
determining cell survival and growth [30–32]. Targeting this
pathway holds promise for anticancer therapies [32–34].

In the case of these three proteins, expression of the pro-
teins is associated with advanced stage, but the presence
of antibodies to these proteins is associated with lower
stage. This highlights one drawback to antibody-array-based
proteomics—the presence of the antibody may be due to
increased exposure of the proteins (overexpression), immune
recognition of protein alteration, or the antibodies may be
functionally blocking critical pathways. In the case of these
three proteins/antibodies, it remains unclear whether this
represents specific functional inhibition by the antibodies,
or increased progression in the face of decreased immune
recognition of overexpressed proteins (disease advancement
in the face of decreased immune surveillance). As these
proteins are identified, further analysis of their role in
melanoma progression, and their posttranslational structure
is necessary.

In contrast to these three proteins, for which the
detection of autoantibodies was a favorable prognostic sign,
the presence of autoantibodies to GRP94, or heat shock
protein-90 (HSP90), was associated with an increased risk
of regional metastases. Although this protein is highly
conserved (and should not trigger a significant immune
response), our primary data and validation studies using
the recombinant proteins demonstrate the presence of anti-
GRP94 antibodies in the serum of nearly between 1/4 and
1/3 of node-positive patients. HSP90 is a chaperone protein
that is crucially involved in the function and stability of many
oncogene products and cell-signaling molecules, including
CRAF, ERB-B2, BCR-ABL, CDK4, CDK6, AKT, mutated
p53, MEK, VEGFR, and importantly to melanoma mutated
(but not wildtype) BRAF. HSP90 protects these proteins
from deterioration caused by environmental stress, which
includes cancer therapy. Expression of HSP90 is elevated
in melanoma, correlates with increasing Breslow thickness,
and is associated with advanced disease [35]. Because HSP90
chaperones so many proteins implicated in carcinogenesis,
inhibiting HSP90 could inhibit several pathways at once,
HSP90 inhibitors are presently in clinical trial in metastatic
melanoma. While our data suggest that autoantibodies
do little to inhibit HSP90 functionally, their presence as
a response to overexpression is clearly related to melanoma
progression.
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In conclusion, the creation of a glycoprotein microarray
to screen melanoma patient serum samples for autoanti-
bodies yielded four autoantibodies that show promise in
predicting regional metastases, and could potentially form
the basis of a blood test to select clinically node-negative
patients for SLN biopsy. If validated, this test could greatly
minimize the cost and morbidity associated with the surgical
treatment of melanoma, as well as identify patients with
thin melanomas who should undergo the procedure. In
addition, glycoproteins recognized by these antibodies may
have important roles in the development and progression
of melanoma and may serve as targets for intervention. On
a broader scale, this approach could be used to identify
additional serum autoantibodies that can identify patients at
high risk of distant metastases and those unlikely to respond
to treatment, allowing a more tailored use of adjuvant
therapies.
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Protein glycosylation is one of the most common posttranslational modifications in mammalian cells. It is involved in many
biological pathways and molecular functions and is well suited for proteomics-based disease investigations. Aberrant protein
glycosylation may be associated with disease processes. Specific glycoforms of glycoproteins may serve as potential biomarkers
for the early detection of disease or as biomarkers for the evaluation of therapeutic efficacy for treatment of cancer, diabetes, and
other diseases. Recent technological developments, including lectin affinity chromatography and mass spectrometry, have provided
researchers the ability to obtain detailed information concerning protein glycosylation. These in-depth investigations, including
profiling and quantifying glycoprotein expression, as well as comprehensive glycan structural analyses may provide important
information leading to the development of disease-related biomarkers. This paper describes methodologies for the detection of
cancer-related glycoprotein and glycan structural alterations and briefly summarizes several current cancer-related findings.

1. Introduction

Within the past decade, proteomics has become an intensive
field of research; one which may help to define biomarkers
that could facilitate the early detection of disease or to pro-
vide important information for risk stratification, prediction
of therapeutic efficacy, and disease prognosis. Proteins are
known to be involved in biological activity and physiological
changes in organisms [1]. Large-scale profiling of cellular
proteins, using comparative expression levels between dis-
ease and normal homeostatic conditions, may reveal the ba-
sic underpinnings of disease processes. It may also facilitate
the identification of proteins that are modified, either in
structure or in levels of expression. Along with proteomic
analysis of proteins, the analysis of protein posttranslational
modifications (PTMs) also plays an important role in the
study of disease. There are many types of PTMs, including
acetylation, ubiquitination, phosphorylation, and glycosyla-
tion [2]. Each type of PTM may play a significant role in
protein functionality. It is estimated that PTMs can be found
on up to 80% of mammalian proteins [3]. Glycosylation is
one of the most common PTMs, estimated to be found on
over 50% of human proteins [4, 5].

Carbohydrate modifications are important in host-path-
ogen interactions, inflammation, development, and malig-
nancy. Aberrant glycosylation may result in abnormal
changes in biological function/activity, protein folding, and
molecular recognition in disease. As such, analysis of altered
cancer-related glycoprotein expression may facilitate dis-
covery of potential biomarkers, as well as discovery of
novel targets of therapeutics. Glycoproteins from various
biological samples that are known to be cancer biomarkers
are shown in Table 1. There are several different types of
protein glycosylation, including (1) N-linked glycosylation,
(2) O-linked glycosylation, (3) C-glycosylation [6], and (4)
S-linked glycosylation (only found in bacteria) [7, 8]. N-gly-
cosylation occurs on the asparagine in the sequence of Asn-
X-Ser/Thr (and occasionally Cys) with X being any amino
acid with the exception of proline. It is initiated on the
cytoplasmic side of the rough endoplasmic reticulum (ER),
where the oligosaccharide Man5GlcNAc2 is delivered to the
precursor, dolichol pyrophosphate. The best known core
glycan precursor is Glc3Man9GlcNAc2-PP-dol [9–11]. N-
glycans can be further categorized by the type and position
of monosaccharide residues added to the core, being either
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Table 1: List of some of the US Food and Drug Administration (FDA) approved glycoprotein cancer biomarkers. CA: cancer antigen, FDP:
fibrin degradation protein, sPIgR: secreted chain of the polymeric immunoglobulin receptor.

Biomarker(a) Glycosylation Source Disease

CA15.3 Yes Serum Breast

CA27-29 Yes Serum Breast cancer

HER2/NEU Yes Serum Breast cancer

Fibrin/FDP Yes Urine Bladder

CEA (carcinoembryonic antigen) Yes Serum Colon cancer

Carcinoembryonic antigen (CEA) Yes Serum Colon, breast, lung, pancreatic

Epidermal growth factor receptor Yes Tissue Colon cancer

CA19-9 Yes Serum Gastrointestinal

KIT Yes Tissue Gastrointestinal tumor

α-fetoprotein(AFP) Yes Serum Hepatoma, testicular cancer

Human chorionic gonadotropin-β Yes Serum Testicular cancer

Thyroglobulin Yes Serum Thyroid cancer

CA125 Yes Serum Ovarian

PSA (prostate-specific antigen) Yes Serum Prostate

a high-mannose type, an antennary complex type, or a
hybrid type (Figure 1(a) [10]). The high-mannose type of N-
glycan consists of mostly mannose in the core structure. The
complex type of N-glycan contains N-acetylgalactosamine
(Galβ1-3/4GlcNAc) in the N-glycan antennal region. The
antennae can be further extended by adding Gal and
GlcNAc residues. The hybrid type of N-glycan has both high
mannose and N-acetylglucosamine. High-mannose and hy-
brid types share some similar features, such as two-mannose
attachment on the trimannosyl core.

Serine or threonine residues can be O-glycosylated by ad-
dition of N-acetylglucosamine, mannose, fucose, glucose, N-
acetylgalactosamine, or xylose (Figure 1(b)) [10, 11]. The
most common O-linked glycosylation is initiated by N-acet-
ylgalactosamine, bound through α-glycosidic linkages to
Ser/Thr residues. In mucin-type O-glycosylation (mucins
may be a cancer biomarker due to involvement in cancer de-
velopment and influence in cell adhesion, invasion, and
immune response [12]), the carbohydrate is linked to a
hydroxyl group on Ser/Thr residues. This linkage often oc-
curs while the protein is transiting through the Golgi appa-
ratus as it is being secreted through the classical secretory
pathway. The O-glycan core structure is formed by adding
galactose/N-acetylglucosamine and may also contain sialic
acid and/or fucose. C-glycosylation involves α-mannose C-
linked to tryptophan. Still yet, many glycans have further
modifications, such as sulfation and phosphorylation. The
degree of complexity of glycan structures/composition chan-
ges, and unknown modification of glycans are beyond what
can be adequately described in this paper. However, it is im-
portant to note that this complexity does contribute to cancer
glycoproteomics.

2. Glycoproteomics Methodology

In general, glycoproteomics methodology consists of glyco-
protein isolation, enrichment of the glycoproteins/glyco-

peptides, proteolytic digestion, and detection/identification
of peptides or glycan structures using mass spectrometry-
based techniques. Since many biological samples, such as
plasma or serum, are very complex mixtures of proteins, ex-
tensive chromatographic separation techniques have been
utilized (including ion exchange, size exclusion, hydrophobic
interaction, and affinity chromatography) in order to reduce
sample complexity and enhance dynamic ranges [13, 14].
Although glycoproteins can be separated by 2D-PAGE, their
hydrophobic nature and tendency to precipitate at their isoe-
lectric point, inadequate resolution, and the limited dynamic
range of the gel system tend to greatly limit recovery and
sequence coverage rates (by mass spectrometry). Following
separation, the glycoproteins can be identified by MALDI-
TOF-MS or LC-MS/MS. Recent technological improvements
with LC-MS/MS have allowed mass spectrometry to play a
major role in glycoproteomics analysis of disease. For glyco-
protein analysis, the most commonly used methodology is
a bottom-up approach [15] in which proteins are digested,
after which the peptides go through an enrichment process
or a deglycosylation process using Peptide N-Glycosidase F
(PNGase F). PNGase F cleaves between the innermost Glc-
NAc and asparagine residues from N-linked glycoproteins/
peptides, with the exception of ones carrying α1→ 3 linked
core fucose [16]. Following digestion, the peptides are sub-
jected to MS analysis. With MS data, bioinformatics with
various algorithms and glycol-related database are heavily
relied upon to analyze glycoproteins and glycans [17, 18].
UniProt and PeptideAtlas libraries [19] also can provide
information of glycoproteins and glycopeptide mass spectra.
Using this methodology, it is necessary to integrate obtained
data about the glycan and the glycoprotein [20]. Ultimately,
however, it is challenging to find disease-related glycosylation
changes due to the relatively low abundance of the altered
glycan/glycoprotein structures.
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Figure 1: Common N- and O-linked glycans [10]. (a) Asparagine (N)-linked glycans, (b) serine/threonine (O)-linked glycans.

3. Glycoprotein Enrichment by
Lectin Affinity Chromatography

Lectin affinity chromatographic enrichment is a routinely
utilized methodology designed to concentrate glycoproteins/
peptides that contain specific glycan structures, while elimi-
nating nonspecific binding [21–24]. Various lectins (Table 2)
can be used to isolate glycoproteins selectively based on gly-
can structure. As Concanavalin A (ConA) recognizes α-
linked mannose residues, it will bind to high mannosyl, gly-
cosyl, and hybrid-type glycans [25–27]. Wheat germ agglu-
tinin (WGA) will bind to N-acetylglucosamine and possibly
sialic acid residues on glycoproteins [28]. Aleuria aurantia
lectin (AAL) recognizes specific binding to L-fucose-contain-
ing oligosaccharides [29]. Jacalin lectin (JAC) preferentially
binds to galactosyl (β-1,3) N-acetylgalactosamine but will
also bind to other O-glycosidically linked oligosaccharides
(O-glycan) [30, 31]. In addition, there are many other lec-
tins, each with their own carbohydrate binding specificity.
Multiple agarose bound lectins can be used simultaneously/
sequentially to purify/enrich different types of glycoproteins

from various complex protein mixtures [32–34]. Utilizing
multiple lectins provides the advantage of increasing detec-
tion coverage and providing global analysis. To date, how-
ever, lectin affinity chromatography has been more focused
on the study of N-linked glycosylation, in part due to the fact
that lectin affinity chromatography targets specific oligosac-
charide structures and isolation/purification of O-linked
glycan structures still in need of technological improvement.

For the enrichment of O-linked glycosylation glycopro-
tein/glycopeptides, it is more common to use β-elimination
followed by Michael addition of DTT (BEMAD) or biotin-
pentylamine, to label the O-glycosylation site (O-GlcNAc)
[35]. Another method to isolate O-linked glycopeptides
utilizes hydrophilic binding followed by multiple-staged MS/
MS analysis [36, 37]. The detection of O-GlcNAc is challeng-
ing, since GlcNAcylation and phosphorylation are confined
to a similar residue. One can also utilize galactosyltransferase
to tag O-GlcNAc with ketone biotin [38]. Another extraction
method, boronic acid-based beads, can provide fast, efficient,
and specific enrichment of glycoproteins by binding to cis-
diol groups on sugar residues [39, 40]. Hydrazide chemistry,
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Table 2: A partial list of lectins commonly used for enrichment of glycoproteins/glycopeptides.

Lectin Specificity

Aleuria Aurantia Lectin (AAL) Fucα1-6 GlcNAc, Fucα1-3(Galβ1-4)GlcNAc

Concanavalin A (Con A) High-Mannose, Manα1-6(Manα1-3)Man

Erythrina Cristagalli Lectin (ECA) Galβ1-4GlcNAc

Hippeastrum Hybrid Lectin (HHL, AL) High-Mannose, Manα1-3Man, Manα1-6Man

Jacalin Galβ1-3GalNAc, GalNAc

Lens Culinaris Agglutinin (LCA) Fucα1-6 GlcNAc, α-D-Glc, α-D-Man

Maackia Amurensis Lectin (MAL) Siaα2-3Galβ1-4GlcNAc

Peanut Agglutinin (PNA) Galβ1-3GalNAc

Phaseolus vulgaris Leucoagglutinin (PHA-L) Tri/tetra-antennary complex-type N-glycan

Sambucus Nigra Lectin (SNA, EBL) Siaα2-6Gal/GalNAc

Ulex Europaeus Agglutinin-I (UEA-I) Fucα1-2Galβ1-4GlcNAc

Wheat Germ Agglutinin (WGA) Chitin oligomers, Sia

interacting with glycoprotein carbonyl groups [41, 42], has
also proved to be useful and is often combined with lectin af-
finity chromatography. Following the enrichment process,
further purification with ethanol [43] or acetone [44] and a
C18 stationary phase [45] or graphitized carbon column
[46, 47] for glycans could be introduced prior to mass spec-
trometric analysis. For glycan analysis, lyophilization [48] or
drying under nitrogen [49] is also useful, as increasing the
temperature of the sample could cause destruction of the
glycan. Further, solvent removal is very critical due to the
low quantity of glycan for detection. In order to increase ef-
ficiency of isolation and detection of glycoproteins from
complex protein lysates, the work flow of an online lectin
microcolumn (ConA and SNA lectins) connected to LC-MS
has been introduced [50]. Using silica-based columns instead
of agarose-based columns, online selective concentration and
detection of glycoproteins/glycopeptides gave shorter analy-
sis time, reduced sample loss, and provided greater coverage
uniformity.

4. Mass Spectrometry for Glycopeptides

The most widely used methods for glycomics involve char-
acterization of glycopeptides generated by digestion and/or
deglycosylation. Directly analyzing glycoproteins with at-
tached glycans is complicated due to many fragment ions
from backbone peptides, carbohydrates, and also ions from
the mass spectrometry ion source. For mass analysis, there
are several instruments including MALDI-TOF/TOF (time-
of-flight)-MS [51–53], electrospray-based quadrupole ion
trap (QIT) [54], quadrupole/TOF [55], Fourier transform
ion cyclotron resonance (FTICR) [56], Orbitrap [48, 57]
with CID (collision-induced dissociation), electron-capture
dissociation (ECD) [58, 59], electron-transfer disassociation
(ETD) [60, 61], and infrared multiphoton dissociation
(IRMPD) [62, 63]. MALDI ionization generates stable singly
charged precursor ions from the glycan. These precursor
ions can be later characterized, using the MS/MS mode, by
cleavage of glycosidic bonds and peptide with loss of glycan,
leaving information regarding the glycan moiety. TOF/TOF

fragmentation spectra could give additional attachment site
information [64, 65] and structural analysis [66, 67]. QTOF
mass spectrometers provide spectra with less chemical noise
than spectra obtained by triple quadrupole or MALDI mass
spectrometers. The advantages of using QTOF are higher
mass accuracy, sensitivity, and resolution, thereby being able
to detect ions with low intensity. Also, QTOF mass spec-
trometry could determine sensitive glycosylation site(s) and
of the type of attached carbohydrate moiety [68]. FT-ICR-
MS with ECD or IRMPD is very powerful tool for study of
glycomics, since not only does FT-ICR-MS have high mass
accuracy and high mass resolution, but also it has the ability
to sequence peptides with no loss of glycans when it is
equipped with ECD. It can also produce abundant fragment
ions with IRMPD, resulting from dissociation at glycosidic
linkages [57, 64].

5. Mass Spectrometry for Glycans

N-glycan release, resulting from cleavage with PNGase F, and
O-glycan release by chemical methods [69] can be detected
by mass spectrometry, although it is often necessary to adapt
another step to improve ionization of the glycans, such as
by permethylation [70, 71] or methylation [72, 73] der-
ivatization [74, 75]. Figure 2 shows the nomenclature for
tandem mass spectrometric product ions of glycans and gly-
coconjugated forms [76]. Neutral glycan produces gave
singly and doubly charged ions and strong signals with
[M+Na]+, often along with [M+K]+ ions. Also, cross-ring
and c-type fragmentation could be generated with CID. In
order to increase the glycan signal, stable anionic adducts can
be generated by having unstable adducts react with chloride,
bromide, iodide, nitrate, and phosphate, with the products
analyzed in negative mode. Occasionally, glycan analysis in
negative mode provides great advantage for a strong signal,
and yet still contains structural information. Acidic glycan
gives ions in higher charge states due to anionic groups. It
will also fragment differently due to charge localization [77].
Glycans with different isoforms from glycoconjugates can be
also detected with ion mobility, since ion mobility can differ
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Figure 2: Nomenclature for tandem mass spectrometric product
ions of glycans and glycoconjugated forms. Ions retaining the charge
at the reducing terminus are named X, Y, and Z. Complementary
ions are labeled A, B, and C [76].

based on molecular size and shape. Fragmentation of the
glycan can have several factors, such as energy level applied
to ion and the charge state of the ion. There are two major
ions produced, the ion from the glycosidic cleavage between
sugar ring and the ion from cross-ring cleavages. Both major
ions can provide linkage information of glycan.

6. Cancer Glycoproteomics

Aberrant protein glycosylation may result due to genetic
defects, cancer, and inflammation. These changes in protein
glycosylation may result in abnormal changes in biological
function/activity, protein folding, and molecular recognition
in cancer. The site of protein glycosylation and the structure
of the oligosaccharide could be altered during initiation or
progression of disease. For example, oligosaccharides such
as polysialic acid, sialic acid α2,6-linked to galactose, β1-6
branching, and extended lactoseries chains (antigens) have
been known to be altered in cancer [78]. There have been gly-
coprotein biomarker studies with identification and profiling
of glycoprotein/glycan to help early diagnosis and develop-
ment of new therapeutics. Current advanced technologies
provide enhanced ability to detect glycoproteins/glycans with
increased dynamic range and lower detection limit of ana-
lytes from complex protein lysates such as plasma [79, 80],
serum [81, 82], tissues [83, 84], and bodily fluids [85, 86].
These advanced technologies also facilitate analyte quantifi-
cation using labeling [87] or label-free [88] methods. There
are several studies for N-linked glycoproteins associated with
cancer including prostate cancer [89], ovarian cancer [90],
and breast cancer [91], as well as for O-linked glycoproteins
associated with disease, including prostate cancer [92] and
colon cancer [93]. Also, N- and O-linked glycans have been
studied for cancer biomarkers [94, 95] with glycan mass pro-
filing, since there is alteration in the branching and differ-
ential expression of glycoforms [96]. Analysis of individual
glycans may be more suitable for biomarker studies, in spite
of difficulty of study due to complexity of target itself, by
using specific isoform and linkage information in the future.

7. Glycoproteomic Analysis of Prostate Cancer

Prostate cancer is the most common cancer in men in the
United States, with an estimated 186,320 newly diagnosed

cases and 28,660 deaths in 2008 [97]. Currently, the serum
glycoprotein PSA is used clinically for mass population
screening for prostate cancer. Unfortunately, however, assess-
ment of PSA levels does not have the required specificity for
a definitive prostate cancer diagnosis. This is due, in part, to
the observed increase in expression of this protein in other
prostatic pathologies such as benign prostatic hyperplasia
(BPH) or prostatitis (prostate gland infection or inflam-
mation). PSA also increases with age and infections of the
prostate. Oligosaccharide profiling by mass spectrometry
showed that PSA from prostate cancer sera has a higher con-
tent of α2,3-linked sialic acid than that from seminal fluid
[98]. Lectin affinity column chromatography followed by
the determination of total and free PSA by immunoassay
has shown lower α2,6-linked sialic acid in serum free PSA
from prostate cancer than that from BPH and higher α2,3-
linked sialic acid in serum free PSA from cancer compared
to BPH [99]. More recently, Meany and colleagues [100]
demonstrated in a pooled sera study that α2,3-linked and
α2,6-linked sialylation of PSA are more heterogeneous in
cancer than in noncancer. Li and colleagues [101] monitored
glycosylated and sialylated prostate-specific antigen (PSA) in
prostate cancer and noncancerous tissues. They coupled a
glycopeptide extraction strategy for specific glycosylation
with selected reaction monitoring (SRM). Results of this
study demonstrated that the relative abundance of glyco-
sylated PSA isoforms were not correlated with total PSA
protein levels measured in the same prostate cancer tissue
samples by clinical immunoassay. Furthermore, the sialylated
PSA was differentially distributed in cancer and noncancer
tissues. These data suggest that differently glycosylated iso-
forms of glycoproteins can be quantitatively analyzed and
may provide useful information for clinically relevant stud-
ies.

8. Glycoproteomics of Ovarian Cancer

Ovarian carcinoma is the leading cause of death from gyne-
cological cancers in many Western countries. Machado et al.
[90] analyzed N-linked glycans in the SKOV3 ovarian can-
cer cell line and on recombinant-secreted glycoprotein eryth-
ropoietin (EPO) expressed by transfected SKOV3 cells. The
N-glycans were released using PNGase F and were then de-
salted and analyzed by high-performance anion exchange
chromatography with pulsed amperometric detection and
MALDI-TOF/TOF mass spectrometry. High-mannose type
and fucosylated, complex type of glycans were found in the
SKOV3 cancer cell line; predominant core-fucosylated struc-
ture glycans and partial LacdiNAc motif glycans were found
on secreted recombinant human EPO. A large amount of
N-acetylneuraminic acid in α-2,3-linkage was detected as
were endogenous glycoproteins containing the LacdiNAc
motif in N-linked glycans. The study suggests that high-man-
nose type glycans and LacdiNAc motif glycans may have a
role as potential biomarkers for ovarian cancer. Abbott and
colleagues [102] performed comparative glycotranscriptome
analysis of ovarian cancer and normal ovarian tissues. Multi-
ple lectins were utilized followed by nano-LC-linear ion trap
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mass spectrometry. The identified proteins were verified by
immunoprecipitation and lectin blot detection. The study
showed 47 potential tumor-specific lectin reactive biomark-
ers for ovarian cancer; periostin and thrombospondin were
presented as tumor-specific glycan changes that can be used
to distinguish ovarian cancer patient serum from normal
serum.

N- and O-linked glycans have also been analyzed as po-
tential ovarian cancer biomarkers [94, 95] by glycan mass
profiling, since there is alteration in the branching and
differential expression [103]. Bereman and colleagues [48]
reported plasma glycan profiling in 10 ovarian tumors, 10
controls with a differential diagnosis of benign gynecologic
tumors, and 10 healthy controls using nano-HPLC-MS using
reverse phase and amide-based stationary phase column
under hydrophilic interaction. The experimental data sug-
gests that amide-based stationary phase columns may have
more robustness with high mass-measurement accuracy. Re-
sults of a comparison of glycan profiling between tumor, be-
nign tumor and normal, two fucosylated glycans showed
overexpression in healthy controls. Analysis of individual gly-
cans may be more suitable for biomarker studies, using spe-
cific isoform and linkage information in the future.

9. Glycoproteomics of Breast Cancer

There is growing evidence that glycan structures on glyco-
proteins are modified in breast cancer [104–113]. Breast-
cancer-associated alterations have been demonstrated for
fucosylation groups and for sialylations on the plasma pro-
tein α-1-proteinase inhibitor [110]. Increased GlcNAc β1-
6Man α1-6Man β-branching in asparagine-linked oligosac-
charides has been observed in human tumor cells. The levels
of the β1-6 branched oligosaccharides were evaluated in
a series of benign and malignant human breast biopsies.
Normal human breast tissue and benign lesions showed low
expression, but 50% of the primary malignancies exam-
ined showed significantly elevated β1-6 branching [111].
Subsequently, L-PHA (a lectin that binds specifically to the
β1-6 branched oligosaccharides) lectin histochemistry was
performed on paraffin sections of human breast tissues.
All breast carcinomas and epithelial hyperplasia with atypia
demonstrated significantly increased L-PHA staining as
compared to fibroadenomas and hyperplasia without atypia
[112]. More recently, L-PHA reactive glycoproteins were
identified from matched normal (nondiseased) and malig-
nant tissue isolated from patients with invasive ductal breast
carcinoma [113]. Comparison analysis of the data identified
34 proteins that were enriched by L-PHA fractionation in
tumor relative to normal tissue for at least 2 cases of ductal
invasive breast carcinoma. Of these 34 L-PHA tumor en-
riched proteins, 12 were common to all 4 matched cases
analyzed.

Rudd and coworkers [114] analyzed fluorescently tagged
serum N-glycans of advanced breast cancer patients using
exoglycosidases and LC-MS/MS. They found that the expres-
sion of a trisialylated triantennary glycan containing an α-
1,3-linked fucose was increased in the presence of breast

cancer. Novotny and coworkers profiled the permethylated
N-glycans in sera of breast cancer patients at different
stages (stages I to IV) using MALDI TOF/TOF MS in one
study [115]. In a second study, they profiled reduced and
methylated serum N-glycans of late-stage breast cancer
patients using nanoliquid chromatography (LC) Chip/time-
of-flight (TOF) MS [116]. In both studies, they found an
increase in fucosylation in both core and branched segments
of N-glycans in the presence of breast cancer. In the latter
study, they found a decrease in expression of a biantennary-
monosialylated N-linked glycan and an increase in expres-
sion of a fucosylated triantennary-trisialylated N-linked gly-
can in the presence of stage IV breast cancer. These gly-
cosylation changes in a tumor-secreted protein may reflect
fundamental activity changes in the enzymes involved in the
glycosylation pathway, either through altered levels of en-
zymes or altered enzymatic activity. Importantly, the changes
in glycan structure may serve as early detection biomarkers of
breast cancer.

10. Summary

Glycoproteomic analysis has become an important part of
proteomics because not only does glycosylation reveal bi-
ological changes in terms of disease, but also it is possible
to study glycoprotein/glycan in depth with the recent devel-
opment of new mass spectrometry technology. For isolation
and detection of glycoprotein/glycopeptides and glycans, an
enrichment process using affinity chromatography followed
by mass spectrometry with MS/MS can be used with quanti-
tation. There is still massive, intense, manual data processing
for studying glycan structure analysis, however, bioinformat-
ics with various algorithms and glycol-related database has
been developed to help analyze glycoprotein and glycan. The
study of glycoproteomics is technically challenging yet has
begun to produce promising results to identify biomarkers
for early diagnosis and disease therapeutics.
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capture dissociation of O-glycosylated peptides: radical site-
induced fragmentation of glycosidic bonds,” European Jour-
nal of Mass Spectrometry, vol. 11, no. 5, pp. 497–511, 2005.

[60] Z. Darula and K. F. Medzihradszky, “Affinity enrichment and
characterization of mucin core-1 type glycopeptides from
bovine serum,” Molecular and Cellular Proteomics, vol. 8, no.
11, pp. 2515–2526, 2009.

[61] M. I. Catalina, C. A. M. Koeleman, A. M. Deelder, and M.
Wuhrer, “Electron transfer dissociation of N-glycopeptides:
loss of the entire N-glycosylated asparagine side chain,” Rapid
Communications in Mass Spectrometry, vol. 21, no. 6, pp.
1053–1061, 2007.
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Chronic kidney disease (CKD) is a significant public health problem, and progression to end-stage renal disease leads to
dramatic increases in morbidity and mortality. The mechanisms underlying progression of disease are poorly defined, and current
noninvasive markers incompletely correlate with disease progression. Therefore, there is a great need for discovering novel markers
for CKD. We utilized a glycoproteomic profiling approach to test the hypothesis that the urinary glycoproteome profile from
subjects with CKD would be distinct from healthy controls. N-linked glycoproteins were isolated and enriched from the urine
of healthy controls and subjects with CKD. This strategy identified several differentially expressed proteins in CKD, including a
diverse array of proteins with endopeptidase inhibitor activity, protein binding functions, and acute-phase/immune-stress response
activity supporting the proposal that inflammation may play a central role in CKD. Additionally, several of these proteins have been
previously linked to kidney disease implicating a mechanistic role in disease pathogenesis. Collectively, our observations suggest
that the human urinary glycoproteome may serve as a discovery source for novel mechanism-based biomarkers of CKD.

1. Introduction

Chronic kidney disease (CKD) affects approximately 11% of
the US population with over 100,000 individuals progressing
to end-stage renal disease (ESRD) annually [1, 2]. Despite
this significant and growing public health problem, it
remains difficult to predict which individuals will progress
to ESRD. As ESRD carries a substantial increase in morbidity
and mortality, it is critical to identify this high-risk patient
population that would most benefit from early and aggressive
therapy.

Current strategies for predicting CKD progression are
limited. Pathologic examination of renal tissue provides val-

uable information on degree of interstitial fibrosis and
predilection for ESRD. However, renal biopsy is invasive
with a limited role for longitudinal followup. Quantitative
measures of proteinuria have long been used as nonin-
vasive markers of CKD progression [3], yet these largely
albumin-based methods detect nonselective proteinuria and
incompletely correlate with disease. With recent advances
in high through-put technology and mass spectrometry
techniques, urine proteomic investigation is an attractive tool
in the pursuit for noninvasive and specific markers of CKD
progression [4, 5].

Numerous investigators have successfully applied broad-
scale urine proteomic strategies to kidney disease. The urine
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Table 1: Patient characteristics of study subjects.

Variable Healthy control (n = 6) CKD (n = 6) P

Age (years) 46.3 (13.5) 47.2 (14.2) 0.92

Sex (male/female) 2/4 2/4 1.00

Body mass index (kg/m2) 24.3 (3.0) 30.5 (4.8) 0.02

Serum creatinine (mg/dL) 0.85 (0.16) 1.75 (1.09) 0.07

eGFR (mL/min)∗ 83.0 (15.0) 52.0 (27.4) 0.05

Protein/creatinine ratio 0.03 (0.02) 2.15 (1.44) 0.01

All data expressed as mean ± SD.
eGFR estimated glomerular filtration rate.
∗eGFR calculated from Modification of Diet in Renal Disease formula.

proteome predicts nephropathy and decline in renal function
in diabetic subjects [6, 7]. It also correlates with early
changes of focal segmental nephrosclerosis [8], can identify
IgA nephropathy and renal allograft rejection [9, 10], and
predicts treatment response and disease activity in nephrotic
syndrome and lupus nephritis [11, 12]. Despite these
advances, analysis of the entire urine proteome is particularly
difficult in CKD. With disruption of the glomerular filtration
barrier and leakage of abundant plasma proteins into the
urine, a nonselective, largely albumin predominant, pattern
often results [13]. To overcome this, methods to increase the
detection of low-abundance proteins have been developed
to provide disease specificity and clinical relevance of
urine profiling and to mechanistically understand factors
influencing disease progression.

Glycoprotein enrichment techniques allow depletion of
albumin and other abundant plasma proteins while provid-
ing a more thorough analysis of a subfraction of the urine
proteome. As glycosylated proteins are critical for cellular
interactions and signaling cascades, disease states are likely
to cause early and specific alterations in urinary glycoprotein
excretion. Indeed, glycoproteins are now important markers
of autoimmunity and malignancy [14, 15]. More recently, the
plasma glycoproteome has been used to predict nephropathy
in diabetic subjects [16]. Despite this promising role as a
noninvasive and specific biomarker of disease, little is known
about the urinary glycoproteome in CKD.

We hypothesized that the urinary glycoproteome would
be altered in CKD compared to healthy controls and
that specific glycoprotein alterations might be useful in
predicting CKD progression. The overall goal of this study
was to perform an initial exploratory analysis of the urine
glycoproteins in patients with CKD compared to healthy
controls. We present a comprehensive profiling of the urinary
glycoproteome in control and CKD subjects utilizing a
hydrazide enrichment technique combined with tandem
mass spectrometry identification of the glycoproteins.

2. Methods

2.1. Sample Collection and Processing. Clean catch urine
samples were obtained from six CKD subjects and six
age-matched healthy controls following written informed
consent approved by the University of Michigan Institutional
Review Board. Samples were stored at −80◦C and thawed

Control CKD

0835 79

Figure 1: Venn diagram of the total urinary glycoproteins detected
in healthy controls and CKD subjects. Tryptic digests of urine
glycoproteins were subjected to LC-ESI-MS/MS analysis, and the
proteins were identified as described in Section 2. 35 proteins were
unique to healthy control subjects while 8 proteins were unique to
subjects with CKD. 79 proteins were present in both groups.

immediately prior to proteomic analysis. An initial 5000 g
centrifugation was performed at 4◦C for 10 minutes to
remove cellular debris. Approximately, 30–50 mL healthy
control samples and 1-2 mL CKD samples were concentrated
using a 3 kDa filter cut-off membrane (Vivaspin 3 kDa
MWCO, GE healthcare, Buckinghamshire, UK and Amicon
ultra 0.5 mL, Millipore, Ireland resp.). As CKD subjects
had higher urinary protein content (Table 1), the processed
volumes were lower.

Urine protein concentration was determined using
Coomassie Protein Assay Reagent with BSA standard
(Thermo Scientific, Rockford, Illinois). 200 μg of concen-
trated protein were utilized for downstream processing.
Protein samples were exchanged into 50 mM ammonium
bicarbonate buffer (pH 7.4). Urine creatinine concentration
was determined by tandem mass spectrometry (MS/MS)
as described previously by our group [17]. To determine
the level of creatinine, a known amount of [2H3]creatinine
was spiked into each sample. A full-scan mass spectrum
revealed molecular ions of m/z 114 and 117 for authentic
creatinine and [2H3]creatinine, respectively. The transitions
of the m/z 114 to 44 and m/z 117 to 47 were monitored
in multiple-reaction monitoring mode for authentic and
[2H3]creatinine, respectively, utilizing an Agilent Technolo-
gies (New Castle, DE) 6410 Triple Quadrupole mass spec-
trometer system, equipped with an Agilent 1200 series HPLC



International Journal of Proteomics 3

Table 2: Urinary glycoproteins unique to CKD or healthy control subjects.

Unique proteins in healthy controls Unique proteins in CKD

70 kDa lysosomal alpha-glucosidase (GAA) Antithrombin-III (SERPINC1)

Alpha-1B-glycoprotein (A1BG) Complement factor H-related 1 (CFHR1)

Basigin (BSG) Desmoglein-2 (DSG2)

Beta-galactosidase (GLB1) Lumican (LUM)

Beta-sarcoglycan (SGCB) Lymphatic vessel endothelial hyaluronic acid receptor 1 (LYVE1)

Butyrophilin (BTN2A1) Pigment epithelium-derived factor (SERPINF1)

Carboxypeptidase M (CPM) Thyroxine-binding globulin (SERPINA7)

CD276 antigen (CD276) Zinc-alpha-2-glycoprotein (AZP1)

Complement component C4B (C4B)

Cubilin (CUBN)

Colony stimulating factor 1 (macrophage) (CSF1)

Delta and notch-like epidermal growth factor-related receptor (DNER)

Desmocollin-2 (DSC2)

Desmoglein-1 (DSG1)

Epidermal growth factor (EGFR)

Secreted frizzled-related protein-4 (SFRP4)

Fibronectin 1 (FN1)

Folate receptor alpha (FOLR1)

Golgi phosphoprotein 2 (GOLPH2)

Glutamyl aminopeptidase (ENPEP)

Hepatitis B virus receptor binding protein (Q6PYX1)

Hepatic asialoglycoprotein receptor 1 transcript variant b (ASGR1)

Heparan sulfate proteoglycan 2 (HSPG2)

Intercellular adhesion molecule 1 (ICAM1)

Kallikrein-1 (KLK1)

Kallikrein 3 (APS)

Lysosomal alpha-glucosidase (GAA)

Lysosomal-associated membrane protein 2 (LAMP2)

Maltase-glucoamylase (MGAM)

Microfibril-associated glycoprotein 4 (MFAP4)

Mucin-6 (MUC6)

Neuronal pentraxin receptor (NPTXR)

Neuropilin and tolloid-like protein 1 (NETO1)

Probable serine carboxypeptidase (CPVL)

Sex hormone binding globulin (SHBG)

system. The creatinine concentration in the urine sample was
determined by comparing the peak areas for authentic and
[2H3]creatinine for the above transitions.

2.2. Glycoprotein Separation and Enrichment. In order to
assess recovery following the enrichment procedure, 5 μg of
invertase from Saccharomyces cerevisiae (Sigma, St. Louis,
MO) was spiked into 200 μg of protein in every sample.
Glycoproteins were enriched from urinary proteins utilizing
the hydrazide resin capture protocol as described previ-
ously by Zhang et al. [18]. Briefly, samples were oxidized
with 10 mM sodium metaperiodate then incubated with
hydrazide resin overnight at room temperature. Samples
were then centrifuged at 3000 g for 2 minutes and the resin

was washed successively with equal volumes 50 mM ammo-
nium bicarbonate buffer (pH 7.4; Buffer A) supplemented
with 8 M urea, followed by Buffer A alone and then water.
The beads were resuspended in water, and the protein was
reduced with 5 mm DTT followed by alkylation with 15 mM
iodoacetamide. Trypsin (sequencing grade modified trypsin,
Promega Corporation, Madison, WI) at 1 : 20 μg ratio was
added to the samples and incubated overnight at 37◦C for
digestion. Following digestion, the beads were centrifuged
at 3000 g for 2 minutes and the resin was then washed suc-
cessively with 1.5 M NaCl, 80% acetonitrile, 100% methanol,
and Buffer A. The resin was then resuspended in Buffer A and
incubated with 5 units of PNGaseF (New England Biolabs,
Ipswich, MA) overnight at 37◦C for glycopeptide release. The
glycopeptides were cleaned using a reverse phase column and
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Figure 2: Mass Spectra of glycopeptides derived from Zinc alpha 2 Glycoprotein (a) and Golgi phosphoprotein (b) in CKD urine.
Tryptic digests of urine glycoproteins were subjected to LC-ESI-MS/MS analysis as described in Section 2. The mass spectra of peptides
DIVEYYNDSNGSHVLQG from zinc alpha 2 glycoprotein which is upregulated (a) and those of peptide AVLVNNITTGER from Golgi
phosphoprotein which is significantly downregulated in CKD subjects (b) are shown. The N-linked glycosylation site of each peptide is
depicted in red.

eluted with 50% acetonitrile/0.1% TFA followed by elution
with 80% acetonitrile/0.1% TFA. The peptides were then
dried at 60◦C in a vacuum centrifuge and stored for mass
spectrometric analysis.

2.3. Liquid Chromatography Electrospray Ionization (ESI/LC)
MS/MS Analysis. Peptide samples were resuspended in 0.1%
formic acid and loaded onto an in-house packed reverse
phase separation column (0.075× 100 mm, MAGIC C18 AQ
particles, 5 μm, Michrom Bioresources). The peptides were
separated on a 1% acetic acid/acetonitrile gradient system
(5–50% acetonitrile for 75 min, followed by a 10 min 95%
acetonitrile wash) at a flow rate of ∼300 nl/min. Peptides
were directly sprayed onto the MS using a nanospray
source. An LTQ Orbitrap XL (Thermo Fisher Scientific,
Waltham, MA) was run in automatic mode collecting a

high resolution MS scan (FWHM 30,000) followed by data-
dependent acquisition of MS/MS scans on the 9 most intense
ions (relative collision energy ∼35%). Dynamic exclusion
was set to collect 2 MS/MS scans on each ion and exclude it
for an additional 2 min. Charge state screening was enabled
to exclude +1 and undetermined charge states.

2.4. Data Processing and Statistical Analysis. The Human
UniProt database (Release 2011-5) was appended with a
reverse database, a common contaminant list, and yeast
invertase. Raw files were converted to mzXML format and
searched against the database using X!Tandem with a k-
score plug-in, an open-source search engine developed by
the Global Proteome Machine (http://www.thegpm.org/).
The search parameters were as follows: (1) precursor
mass tolerance window of 100 ppm and fragment mass
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Table 3: Glycoproteins identified with peptides carrying NxS/T motif.

No. Protein Charge state Peptide sequence with NxS/T motif

1
155 kDa platelet multimerin
(MMRN1)

2+

2+
LQN[115]LTLPTN[115]ASIK
FNPGAESVVLSN[115]STLK

2
70 kDa lysosomal
alpha-glucosidase (GAA)

2+

2+
GVFITN[115]ETGQPLIGK
LEN[115]LSSSEM[147]GYTATLTR

3 Afamin (AFAM)
2+

2+/3+
DIENFN[115]STQK
YAEDKFN[115]ETTEK

4 Aminopeptidase N (AMPN)
3+

2+
KLN[115]YTLSQGHR
N[115]ATLVNEADKLR

5 Attractin (ATRN) 2+ IDSTGN[115]VTNELR

6
Apolipoprotein D
(APO D)

2+/3+

2+
ADGTVNQIEGEATPVN[115]LTEPAK
C[160]IQAN[115]YSLM[147]EN[115]GK

7 Apolipoprotein F (APO F) 2+ Q[111]GGVN[115]ATQVLIQHLR

8 Apolipoprotein J (APO J)

2+

2+/3+

3+

3+

LAN[115]LTQGEDQYYLR
EDALN[115]ETRESETK
M[147]LN[115]TSSLLEQLNEQFNWVSR
EIRHN[115]STGC160LR

9
Alpha-1-antichymotrypsin
(AACT)

3+/4+

3+/4+

2+/3+

2+/3+

GLKFN[115]LTETSEAEIHQSFQHLLR
YTGN[115]ASALFILPDQDKM[147]EEVEAM[147]LLPETLKR
TLN[115]QSSDELQLSM[147]GNAM[147]FVK
KLIN[115]DYVKN[115]GTR

10
Alpha-2-HS-glycoprotein
(FETUA)

2+/3+

2+/3+
AALAAFNAQNN[115]GSNFQLEEISR
KVC[160]QDC[160]PLLAPLN[115]DTR

11
Alpha-1-acid
glycoprotein 1 (ORM1)

2+/3+

3+

3+/4+

QDQC[160]IYN[115]TTYLNVQR
SVQEIQATFFYFTPN[115]KTEDTIFLR
N[115]EEYN[115]KSVQEIQATFFYFTPN[115]KTEDTIFLR

12
Alpha-1-acid
glycoprotein 2 (ORM2)

2+/3+

3+
QNQC[160]FYN[115]SSYLNVQR
SVQEIQATFFYFTPN[115]KTEDTIFLR

13 Alpha-1B-glycoprotein (A1BG) 3+/4+ EGDHEFLEVPEAQEDVEATFPVHQPGN[115]YSC[160]SYR

14 Antithrombin-III (SERPINC1)
2+/3+

2+
LGAC[160]N[115]DTLQQLM[147]EVFKFDTISEK
SLTFN[115]ETYQDISELVYGAK

15 Basigin (BSG)
3+

3+
ITDSEDKALM[147]N[115]GSESR
ILLTC[160]SLN[115]DSATEVTGHR

16 Beta-galactosidase (GLB1) 2+ NNVITLN[115]ITGK

17 Beta-sarcoglycan (SGCB) 2+ ITSN[115]ATSDLNIK

18 Biotinidase (BTD)
2+/3+

2+/3+
NPVGLIGAEN[115]ATGETDPSHSK
DVQIIVFPEDGIHGFN[115]FTR

19
Butyrophilin,
subfamily 2, member A1
(BTN2A1)

2+ GSVALVIHN[115]ITAQEN[115]GTYR

20 Cathepsin D heavy chain (CTSD) 2+ GSLSYLN[115]VTR

21 Cathepsin L (CTSL) 3+ YSVAN[115]DTGFVDIPKQEK

22
Carboxypeptidase
B2 (CBPB2)

2+/3+ QVHFFVN[115]ASDVDNVK

23
Carboxypeptidase
M (CBPM)

2+

4+
NFPDAFEYNN[115]VSR
TVAQN[115]YSSVTHLHSIGK

24
Calcium binding protein 39
(CAB39)

2+ HN[115]FTIM[147]TK

25 CD276 antigen (CD276) 2+ VVLGAN[115]GTYSC[160]LVR

26 CD163 antigen (CD163) 2+ APGWAN[115]SSAGSGR

27 CD44 protein (CD44) 2+ AFN[115]STLPTM[147]AQM[147]EK

28 CD7 antigen (CD7) 3+ GRIDFSGSQDN[115]LTITM[147]HR
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Table 3: Continued.

No. Protein Charge state Peptide sequence with NxS/T motif

29
Cell adhesion molecule 1
(CADM1)

2+

2+
VSLTN[115]VSISDEGR
FQLLN[115]FSSSELK

30 Ceruloplasmin (CP)
2+/3+

3+/4+

2+

EHEGAIYPDN[115]TTDFQR
ELHHLQEQN[115]VSNAFLDKGEFYIGSK
EN[115]LTAPGSDSAVFFEQGTTR

31
Complement component C4B
(C4B)

2+ GLN[115]VTLSSTGR

32 Complement factor H (CFH) 3+ IPC[160]SQPPQIEHGTIN[115]SSR

33
Complement factor H-related 1
(CFHR1)

2+ LQNNENN[115]ISC[160]VER

34
Complement
factor I (CFI)

2+ FLNN[115]GTC[160]TAEGK

35 Cubilin (CUBN)
2+

2+
LC[160]SSVN[115]VSNEIK
AGFN[115]ASFHK

36
Corticosteroid-binding globulin
(SERPINA6)

2+

3+
AQLLQGLGFN[115]LTER
AVLQLNEEGVDTAGSTGVTLN[115]LTSKPIILR

37
Colony stimulating factor 1
(macrophage) (CSF1)

2+ VKNVFN[115]ETK

38
Delta and notch-like epidermal
growth factor-related receptor
(DNER)

2+ LVSFEVPQN[115]TSVK

39 Desmocollin-2 (DSC2)
2+

2+
LKAIN[115]DTAAR
AN[115]YTILK

40 Desmoglein-1 (DSC1) 2+ DYNTKN[115]GTIK

41 Desmoglein-2 (DSG2)
2+

2+
IN[115]ATDADEPNTLNSK
YVQN[115]GTYTVK

42 DNA ligase 4 (LIG4) 2+ APN[115]LTNVNK

43
Dual specificity protein
phosphatase CDC14B (CDC14B)

2+ NHN[115]VTTIIR

44 Epidermal growth factor (EGF) 2+ GN[115]NSHILLSALK

45
Epididymis secretory sperm
binding protein Li 44a
(SERPINA1)

2+/3+/4+

3+/4+
YLGN[115]ATAIFFLPDEGKLQHLENELTHDIITK
ADTHDEILEGLNFN[115]LTEIPEAQIHEGFQELLR

46
Extracellular link domain
containing 1 (XLKD1)

2+/3+ KANQQLN[115]FTEAK

47 Fibrillin 1 (FBN1) 2+ TAIFAFN[115]ISHVSNK

48 Fibrinopeptide A (FGA) 2+ M[147]DGSLNFN[115]RT

49
Fibronectin type III
domain-containing protein 5
(FNDC5)

2+ FIQEVN[115]TTTR

50 Frizzled protein 4 (FRP4) 2+ ISM[147]C[160]QNLGYN[115]VTK

51 Fibronectin 1 (FN1) 3+ DQC[160]IVDDITYNVN[115]DTFHK

52 Folate receptor alpha (FOLR1) 2+ GWN[115]WTSGFNK

53
Galectin-3-binding protein
(LGALS3BP)

2+

2+

2+

2+

ALGFEN[115]ATQALGR
AAIPSALDTN[115]SSK
GLN[115]LTEDTYKPR
TVIRPFYLTN[115]SSGVD

54
Glutaminyl-peptide
cyclotransferase (QPCT)

2+/3+

3+/4+
NYHQPAILN[115]SSALR
YFQN[115]YSYGGVIQDDHIPFLR

55
Golgi phosphoprotein 2
(GOLPH2)

3+

1+/2+
LQQDVLQFQKN[115]QTNLER
AVLVN[115]N[115]ITTGER
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Table 3: Continued.

No. Protein Charge state Peptide sequence with NxS/T motif

56
Glutamyl aminopeptidase
(ENPEP)

2+ HTAEYAAN[115]ITK

57
Haptoglobin beta
chain (HP)

2+/3+

3+/4+

2+/3+/4+

3+

VVLHPN[115]YSQVDIGLIK
MVSHHN[115]LTTGATLINEQWLLTTAK
NLFLN[115]HSEN[115]ATAKDIAPTLTLYVGKK
Q[111]LVEIEKVVLHPN[115]YSQVDIGLIK

58 HEG homolog 1 (HEG1) 2+ SYSESSSTSSSESLN[115]SSAPR

59 Hemopexin (HPX)
3+/4+

2+
GHGHRN[115]GTGHGN[115]STHHGPEYM[147]R
ALPQPQN[115]VTSLLGC[160]TH

60
Hepatitis B virus receptor
binding protein (Q6YPX1)

2+ EEQYN[115]STYR

61
Hepatic asialoglycoprotein
receptor 1 transcript variant b
(ASGR1)

2+ ETFSN[115]FTASTEAQVK

62
Heparan sulfate proteoglycan 2
(HSPG2)

2+ ALVN[115]FTR

63
Ig alpha-1 chain C
region (IGHA1)

3+ LAGKPTHVN[115]VSVVM[147]AEVDGTC[160]Y

64
Ig gamma-1 chain C region
(IGHG1)

2+

2+/3+
EEQYN[115]STYR
TKPREEQYN[115]STYR

65
Ig gamma-2 chain C region
(IGHG2)

2+

2+/3+
EEQFN[115]STFR
TKPREEQFN[115]STFR

66
Ig gamma-4 chain C region
(IGHG4)

2+

2+/3+
EEQFN[115]STFR
TKPREEQFN[115]STFR

67
Ig mu chain C
region (IGHM)

2+ YKN[115]NSDISSTR

68
Inducible T-cell co-stimulator
ligand (ICOSLG)

2+ TVVTYHIPQN[115]SSLENVDSR

69
Insulin-like growth
factor-binding
protein 3 (IGFBP3)

2+ GLC[160]VN[115]ASAVSR

70
Intercellular adhesion molecule 1
(ICAM1)

2
2+

LNPTVTYGN[115]DSFSAK
AN[115]LTVVLLR

71
Intercellular adhesion molecule 2
(ICAM2)

2+ GN[115]ETLHYETFGK

72 Kallikrein-1 (KLK1) 4+ HNLFDDEN[115]TAQFVHVSESFPHPGFN[115]M[147]SLLEN[115]HTR

73 KALLIKREIN-2 (KLK2) 2+ N[115]KSVILLGR

74 Kininogen 1 (KNG1)

2+

2+

3+/4+

2+

LNAENN[115]ATFYFK
ITYSIVQTN[115]C[160]SK
HGIQYFNN[115]NTQHSSLFTLNEVKR
YNSQN[115]QSNNQFVLYR

75
Leucine-rich
alpha-2-glycoprotein (LRG1)

2+

2+/3+
MFSQN[115]DTR
KLPPGLLAN[115]FTLLR

76
Leukocyte-associated
immunoglobulin-like receptor 1
(LAIR1)

2+/3+ STYN[115]DTEDVSQASPSESEAR

77 Lumican (LUM) 3+ KLHINHNN[115]LTESVGPLPK

78
Lysosomal acid phosphatase
(ACP2)

2+ YEQLQN[115]ETR

79
Lysosomal alpha-glucosidase
(GAA)

2+

2+
GVFITN[115]ETGQPLIGK
LEN[115]LSSSEM[147]GYTATLTR

80
Lysosome-associated membrane
glycoprotein 1 (LAMP1)

2+ GHTLTLN[115]FTR
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Table 3: Continued.

No. Protein Charge state Peptide sequence with NxS/T motif

81
Lysosomal-associated membrane
protein 2, (LAMP2)

2+ VASVININPN[115]TTHSTGSC[160]R

82
Lymphatic vessel endothelial
hyaluronic acid receptor 1
(XLKD1)

2+ ANQQLN[115]FTEAK

83 Lysyl oxidase (LOX)
3+

3+
AEN[115]QTAPGEVPALSNLRPPSR
RDPGAAVPGAAN[115]ASAQQPR

84 Major prion protein (PRNP) 2+ Q[111]HTVTTTTKGEN[115]FTETDVK

85
Membrane protein FAM174A
(FAM174A)

2+ GSEGGN[115]GSNPVAGLETDDHGGK

86 Maltase-glucoamylase (MGAM)
2+

2+
ILGM[147]EEPSN[115]VTVK
VILILDPAISGN[115]ETQPYPAFTR

87
Microfibril-associated
glycoprotein 4 (MFAP4)

2+ VDLEDFEN[115]NTAYAK

88
Monocyte differentiation antigen
CD14

2+ LRN[115]VSWATGR

89 Mucin-6 (MUC6) 2+ GC[160]M[147]AN[115]VTVTR

90
N-acetylglucosamine-6-
sulfatase (GNS)

2+

2+
YYN[115]YTLSIN[115]GK
TPMTN[115]SSIQFLDNAFR

91
N-acylsphingosine
amidohydrolase (ASAH1)

2+ TVLEN[115]STSYEEAK

92
Neuronal pentraxin receptor
(NPTXR)

2+ ALPGGADN[115]ASVASGAAASPGPQR

93
Neuropilin and tolloid-like
protein 1 (NETO1)

2+ HESEYN[115]TTR

94 Peptidase inhibitor 16 (PI16) 2+ SLPNFPN[115]TSATAN[115]ATGGR

95
Pigment epithelium-derived
factor (SERPINF1)

3+ VTQN[115]LTLIEESLTSEFIHDIDR

96
Plasma protease
C1 inhibitor
(SERPING1)

2+/3+

2+

3+

GVTSVSQIFHSPDLAIRDTFVN[115]ASR
VLSN[115]NSDANLELINTWVAK
VGQLQLSHN[115]LSLVILVPQNLK

97
Plasma serine protease inhibitor
(SERPINA5)

2+ VVGVPYQGN[115]ATALFILPSEGK

98
Platelet-derived growth factor
subunit B (PDGFB)

3+ LLHGDPGEEDGAELDLN[115]M[147]TR

99 Polytrophin (TROPH) 2+ N[115]N[115]VTEDIK

100
Probable G-protein coupled
receptor 116 (GPR116)

2+

2+
ANEQVVQSLN[115]QTYK
YEEQQLEIQN[115]SSR

101
Probable serine
carboxypeptidase (CPVL)

2+ Q[111]AIHVGN[115]QTFNDGTIVEK

102 Prosaposin (PSAP) 2+/3+ NLEKN[115]STKQEILAALEK

103
Prostaglandin D2 synthase
21 kDa (PTGDS)

2+/3+

2+
SVVAPATDGGLN[115]LTSTFLR
WFSAGLASN[115]SSWLR

104
Prostatic acid phosphatase
(ACPP)

3+ FLN[115]ESYKHEQVYIR

105
Proteinase-activated receptor 1
(F2R)

2+ ATN[115]ATLDPR

106 Protein shisa-7 (SHISA7) 2+ LTGALTGGGGAASPGAN[115]GTR

107 RING finger protein 10 (RNF10) 2+ N[115]ESFN[115]N[115]QSR
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No. Protein Charge state Peptide sequence with NxS/T motif

108
Secretory component (Polymeric
IG Receptor) (PIGR)

3+

2+

2+

2+

AN[115]LTNFPEN[115]GTFVVNIAQLSQDDSGR
Q[111]IGLYPVLVIDSSGYVNPN[115]YTGR
VPGN[115]VTAVLGETLK
YKCGLGIN[115]SR

109 Slit homolog 1 (SLIT1) 2+ LELN[115]GN[115]N[115]ITR

110
Sushi domain-containing protein
2 (SUSD2)

2+ SELVN[115]ETR

111
Sex hormone binding globulin
(SHBG)

2+ LDVDQALN[115]RT

112 Transferrin (TF)
2+/3+

2+/3+
Q[111]QQHLFGSN[115]VTDC[160]SGNFC[160]LFR
C[160]GLVPVLAENYN[115]KSDN[115]C[160]EDTPEAGYFAVAVVK

113
Thrombin heavy
chain (F2)

4+ YPHKPEIN[115]STTHPGADLQENFC[160]R

114
Tripeptidyl-peptidase I variant
(TPP1)

3+ FLSSSPHLPPSSYFN[115]ASGR

115
Tyrosine-protein kinase receptor
UFO (AXL)

2+

3+
SLHVPGLN[115]KT
N[115]GSQAFVHWQEPR

116
TIMP metallopeptidase inhibitor
1 (TIMP1)

2+

3+
FVGTPEVN[115]QTTLYQR
SHN[115]RSEEFLIAGK

117
Thyroxine-binding globulin
(SERPINA7)

2+ TLYETEVFSTDFSN[115]ISAAK

118 Trypstatin (AMBP) 2+/3+ SKWN[115]ITM[147]ESYVVHTNYDEYAIFLTK

119
Transmembrane protein 108
(TMEM108)

4+ KGAGN[115]SSRPVPPAPGGHSR

120
Uromodulin
(UMOD)

2+/3+

2+

2+/3+

Q[111]DFN[115]ITDISLLEHR
FALLMTNCYATPSSN[115]ATDPLK
CNTAAPMWLN[115]GTHPSSDEGIVSR

121 Vasorin (VASN) 2+ LHEITN[115]ETFR

122
Zinc-alpha-2-glycoprotein
(AZGP1)

2+/3+

3+/4+

2+

DIVEYYN[115]DSN[115]GSHVLQGR
AREDIFM[147]ETLKDIVEYYN[115]DSN[115]GSHVLQGR
FGCEIENN[115]RS

tolerance of 0.8 Da; (2) allowing two missed cleav-
ages; (3) variable modification: oxidation of methion-
ine (+15.9949 Da), carbamidomethyl cysteine (57.0214 Da),
and +0.9840 Da, reflecting the conversion of asparagine
in the NxS/T motif to aspartate due to the release
of the N-linked glycopeptides from their oligosaccha-
rides. All proteins with a ProteinProphet probability of
greater than 0.9 were considered as positive identifica-
tions [19]. Only proteins containing peptides with the
NxS/T sequence motif were included for statistical analy-
sis.

Baseline characteristics of the control and CKD subjects
were compared using Fisher’s exact test for categorical
variables and Student’s t-test for continuous variables. Data
is presented as means (±SD). Spectral counts for individ-
ual proteins were normalized to Saccharomyces cerevisiae
invertase and to urine creatinine content. Spectral counts
were compared across the two subject groups using the
nonparametric Mann-Whitney test, and P values were
adjusted for multiple comparisons using the False Discovery
Rate (FDR) with reported q-values. All statistical analyses
were performed with the use of SAS software, version 9.2.

2.5. Gene Ontology Analysis. Significant proteins of inter-
est were analyzed using the Gene Ontology Database
(Gene Ontology Consortium, http://www.geneontology.org,
Princeton University, New Jersey, US; [20]). For a given
Gene Ontology (GO) category, the relative enrichment
of genes encoding the proteins detected in CKD relative
to all reference genes in that category were calculated
as previously described using GO Tools made available
by the Bioinformatics Group at the Lewis-Sigler Institute
(Princeton University, New Jersey, US; [21]). A cutoff value
of P < 0.01 was used to report a functional category
as significantly overrepresented. To address the multiple
comparisons problem that arises when many processes are
evaluated simultaneously, the analysis included calculation
of the FDR [21]. To improve statistical confidence in our
results, all enriched functional categories were required to be
significant using both methods (P < 0.01 and FDR < 0.05).

3. Results

3.1. Study Subject Characteristics. Urine was isolated from
six subjects with CKD and six age-matched healthy controls.
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Baseline subject characteristics are provided in Table 1. Two
important issues were considered with patient selection.
First, the etiology of CKD was chosen to be diverse. This
would ensure robustness of the putative markers as a CKD
marker rather than a disease-specific marker. Second, we
specifically targeted early Stage 3 CKD subjects to identify
early disease markers that would potentially indicate path-
ways dysregulated early in the course of disease. This might
offer mechanistic insights into disease pathogenesis and
progression and have implications in therapeutic strategies.
The six subjects had biopsy-proven diabetic nephropathy,
lupus nephritis (n = 2), postacute tubular necrosis damage,
NSAID nephropathy, and membranoproliferative glomeru-
lonephritis, respectively. The mean estimated glomerular
filtration rate (eGFR) was 83 mL/min in control subjects and
52 mL/min in CKD subjects.

3.2. Glycoprotein Spectral Count Normalization. Glycopro-
teins were extracted and enriched from the twelve urinary
samples. To account for variations in the glycoprotein
extraction efficiency, 5 μg of the yeast protein invertase from
Saccharomyces cerevisiae was added to each sample prior to
extraction. After addition to the database, invertase spectral
count served as a surrogate marker for extraction efficiency
in each individual sample. Invertase spectral counts ranged
from 31 to 122 in the twelve samples with an average
spectral count of 86 (±31). Each sample was normalized
independently to the invertase spectral counts.

To account for intersubject urine concentration variabil-
ity, spectral counts were then normalized to urine creatinine
content. This provides standardization for urinary creatinine
excretion and concentration differences which can vary
with volume status, stress, diet, activity level, age, gender,
and overall health status [22]. Indeed, this normalization
is commonly followed in clinical practice where degree of
urinary protein is normalized to creatinine to obtain protein
excretion rates [23]. Final spectral counts were expressed per
mmol creatinine.

3.3. Urine Glycoproteome Is Altered in CKD. Urinary glyco-
proteins were isolated from six subjects with CKD and six
healthy controls using a hydrazide technique as described
in Section 2. A total of 122 glycoproteins were identified, of
which 35 proteins were unique to healthy control patients, 8
were unique to CKD subjects, and 79 were common proteins
in both groups (Figure 1, Table 2). Unique proteins to the
CKD group were Antithrombin-III (SERPINC1), Comple-
ment factor H-related 1 (CFHR1), Desmoglein-2 (DSG2),
Lumican (LUM), Lymphatic vessel endothelial hyaluronic
acid receptor 1 (LYVE1), Pigment epithelium-derived factor
(SERPINF1), Thyroxine-binding globulin (SERPINA7), and
Zinc-alpha-2-glycoprotein (AZP1).

Figure 2 displays MS spectra of two individual glycopep-
tides with glycosylation motifs which were altered in CKD
subjects. Zinc-alpha-2-glycoprotein is significantly upregu-
lated in CKD (Figure 2(a)), while Golgi phosphoprotein is
significantly downregulated in CKD (Figure 2(b)). Table 3
displays motifs and specific peptide modifications for all

unique 122 proteins. Proteins were only included if the
peptides contained the NxS/T motif.

To test if proteins were significantly up- or downregu-
lated in CKD, normalized spectral counts from the 6 CKD
subjects were compared with those from the healthy controls.
As sample size was small and spectral counts were not
normally distributed, comparisons were made with the
nonparametric Mann-Whitney test. As 122 proteins were
being simultaneously tested, the FDR and corresponding
q-values were determined to account for false positive
results. Table 4 displays 23 proteins which are differentially
expressed in CKD utilizing an uncorrected P value threshold
of less than 0.05. These proteins include 70 kDa lysoso-
mal alpha-glucosidase (GAA), Apolipoprotein D (APOD),
Alpha-2-HS-glycoprotein chain B (FETUA), Alpha-1-acid
glycoprotein 1 (ORM1), Antithrombin-III (SERPINC1),
Beta-galactosidase (GLB1), Ceruloplasmin (CP), Cubilin
(CUBN), Epidermal growth factor (EGF), Epididymis secre-
tory sperm binding protein Li 44a (E9KL23), Galectin-
3-binding protein (LGALS3BP), Golgi phosphoprotein 2
(GOLPH2), Haptoglobin beta chain (HP), Ig gamma-1
chain C region (IGHG1), Ig gamma-2 chain C region
(IGHG2), Kininogen 1 (KNG1), Leucine-rich alpha-2-
glycoprotein (LRG), Plasma protease C1 inhibitor (SERP-
ING1), Prostaglandin D2 synthase 21 kDa (PTGDS), Trans-
ferrin (TF), Trypstatin (AMBP), Uromodulin (UMOD), and
Zinc-alpha-2-glycoprotein (AZGP1). Following correction
for multiple comparisons, differential expression remained
significant in 12 proteins (APOD, ORM1, FETUA, E9KL23,
LGALS3BP, GOLPH2, HP, KNG1, LRG, SERPING1, PTGDS,
AZGP1). Incidentally, not all unique proteins to CKD or
healthy control groups had statistically significant up- or
down-regulation. For example, lumican was not isolated in
any healthy control subjects and was found in only three
of the six CKD subjects. Thus, lumican is unique to CKD;
however, as it was only seen in three CKD subjects, it was not
significantly upregulated in CKD via nonparametric testing.

3.4. Gene Ontology Analysis Reveals Enrichment for Distinct
Biological Functions of Differentially Expressed Urinary Gly-
coproteins. The 23 proteins with differential expression
in CKD were subjected to a GO Database search and
further analyzed with GO Tools [20, 21]. GO Term Find-
er (http://go.princeton.edu/cgi-bin/GOTermFinder) allowed
for clustered identification of proteins annotated to spe-
cific GO biological process, location, and function clas-
sifications. A subsequent GO Term Mapper (http://go.prin-
ceton.edu/cgi-bin/GOTermMapper) analysis of signifi-
cantly altered proteins was performed to bin the
proteins to GO parent terms or GO Slim terms (http://
www.geneontology.org/GO.slims.shtml).

GO analysis (Figure 3) for biological processes demon-
strated that 16 of the 23 proteins were linked to
immune/stress response and biological process regulation
(P < 1 × 10−4). 9 of the 23 were acute-phase and
inflammatory response proteins (P < 1× 10−3). Six proteins
were regulators of hemostasis, platelet degranulation and
coagulation (P < 1 × 10−4), and 10 were involved in



International Journal of Proteomics 11

EGF

TF

HP

SERPING1

GLB1

CUBN

UMOD

AMBP

LGALS3BP

PTDGS

GAA

SERPINC

AZGP1

ORM1
CPIGHG1

LRG

IGHG2

GOLPH

PTDGS

Cell death

Platelet
degranulation blood

coagulation

hemostasis

Metal ion
homeostasis

Localization
transport secretion

Immune/stress response

HP
TF

Biological
process regulation

KNG1

Acute phase res.

wound/defense

SERPING1

EGFFETUA

AMBP

UMOD

GAA

CUBN

FETUA

Inflammatory res.

Figure 3: Global view of biological processes of differentially expressed urinary glycoproteins in CKD. Urinary glycoproteins that
were differentially detected in CKD subjects were associated with biological functions using GO process annotations. This approach
demonstrated significant overrepresentation of proteins involved in several categories, including regulation of response to stress, platelet
activation/hemostasis/coagulation, acute-phase response, regulation of biological processes, localization, secretion, transport, and cell death.
A bipartite network (generated using Cytoscape [24]) showing the relationship between GO process annotations (yellow hexagon nodes) and
differentially regulated proteins in CKD subjects (white/red/green circular nodes). The size of the GO nodes is proportional to the number
of edges (lines) that connect them to proteins. The 10 proteins that are altered with q-value of < 0.05 are depicted in red (up-regulation)
and green (down-regulation) in CKD subjects. GAA, 70 kDa lysosomal alpha-glucosidase; APOD, Apolipoprotein D; FETUA: Alpha-2-
HS-glycoprotein chain B; ORM1, Alpha-1-acid glycoprotein 1; SERPINC1, Antithrombin-III; GLB1, Beta-galactosidase; CP, Ceruloplasmin;
CUBN, Cubilin; EGF, Epidermal growth factor; E9KL23, Epididymis secretory sperm binding protein Li 44a; LGALS3BP, Galectin-3-binding
protein; GOLPH2, Golgi phosphoprotein 2; HP, Haptoglobin beta chain; IGHG1, Ig gamma-1 chain C region; IGHG2, Ig gamma-2 chain C
region; KNG1, Kininogen 1; LRG, Leucine-rich alpha-2-glycoprotein; SERPING1,Plasma protease C1 inhibitor; PTGDS, Prostaglandin D2
synthase 21 kDa; TF, Transferrin; AMBP, Trypstatin; UMOD, Uromodulin; AZGP1, Zinc-alpha-2-glycoprotein.
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Table 4: Differentially regulated proteins identified in CKD subjects.

Protein Code Name of the protein identified P value q-value Direction of change in CKD subjects

APOD Apolipoprotein D 0.0022 0.0224 Up

FETUA Alpha-2-HS-glycoprotein chain B 0.0022 0.0224 Up

ORM1 Alpha-1-acid glycoprotein 1 0.0022 0.0224 Up

E9KL23 Epididymis secretory sperm binding protein Li 44a 0.0022 0.0224 Up

LGALS3BP Galectin-3-binding protein 0.0022 0.022 Up

GOLPH2 Golgi phosphoprotein 2 0.0022 0.0224 Down

HP Haptoglobin beta chain 0.0022 0.0224 Up

KNG1 Kininogen 1 0.0022 0.0224 Up

LRG Leucine-rich alpha-2-glycoprotein 0.0022 0.0224 Up

SERPING1 Plasma protease C1 inhibitor 0.0022 0.0224 Up

PTGDS Prostaglandin D2 synthase 21kDa 0.0022 0.0224 Up

AZGP1 Zinc-alpha-2-glycoprotein 0.0022 0.0224 Up

GAA 70 kDa lysosomal alpha-glucosidase 0.0152 0.13 Down

SERPINC1 Antithrombin-III 0.0152 0.103 Up

GLB1 Beta-galactosidase 0.0152 0.103 Down

CUBN Cubilin 0.0152 0.103 Down

EGF Epidermal growth factor 0.0152 0.13 Down

UMOD Uromodulin 0.0152 0.103 Up

TF Transferrin 0.0216 0.1387 Up

AMBP Trypstatin 0.0411 0.18 Up

CP Ceruloplasmin 0.0433 0.18 Up

IGHG1 Ig gamma-1 chain C region 0.0433 0.18 Up

IGHG2 Ig gamma-2 chain C region 0.0433 0.18 Up

localization, transport, and secretion (P < 1 × 10−4).
Other processes involved include metal ion homeostasis (4
proteins) and cell death (3 proteins).

Table 5 displays function and location for the 23 proteins
which were differentially expressed in CKD. 18 out of the
23 proteins localized to the extracellular region consistent
with possible extracellular matrix remodeling that typifies
renal disease. The analysis also revealed 2 major clusters
of molecular function: 20 out of the 23 proteins were
involved in binding and protein-protein interactions (P =
5 × 10−4). 5 proteins were endopeptidase inhibitors (P <
1 × 10−6). Collectively, these observations implicate the
inflammatory/acute-phase response and extracellular matrix
remodeling in CKD. They also strongly support the proposal
that glycoproteomic analysis of urine might reveal mecha-
nisms underpinning CKD.

4. Discussion

CKD is a growing public health problem with dramatic
increases in morbidity and mortality following progression
to ESRD. Given this, there is a tremendous need for the
development of biomarkers to predict CKD progression and
allow for early therapeutic intervention. Urine proteomic
strategies are now at the forefront of this search due to
the sensitivity of MS/MS analysis and the ability to develop
noninvasive biomarkers from a readily available biofluid.
Significant progress has been made, particularly in diabetes,
where urine proteomic analysis can predict nephropathy

[6, 25, 26]. Despite these developments, the majority of
proteomic studies have relied on two-dimensional (2D)
differential in-gel electrophoresis for protein separation.
Resulting samples, particularly in CKD subjects, contain
large amounts of highly abundant plasma proteins due
to nonspecific leakage through the glomerular filtration
barrier. Targeted analyses of low-abundance proteins will
likely lead to more disease-specific and clinically relevant
protein biomarkers.

We therefore focused our attention on the urinary
N-linked glycoproteome. Glycoproteins are an important
protein subfraction accounting for up to 50% of the
human proteome at any given time [27]. Due to their
critical role in cell-cell interactions and signaling cascades,
glycoproteins are promising markers for identifying kidney
disease activity and progression. In this study we present an
initial examination of the urinary N-linked glycoproteome
in CKD subjects compared to healthy control subjects.
We successfully isolated N-linked glycoproteins from twelve
urine samples utilizing a hydrazide capture technique. 122
unique glycosylated proteins were detected amongst the
twelve subjects (Table 3). This number is similar to other
recent glycoproteome analyses. Ahn et al. recently reported
isolating 164–174 unique proteins from human diabetic
plasma using a multi-lectin column enrichment technique
[16]. Yang et al. isolated 265 urinary glycoproteins from
bladder cancer subjects and healthy controls also utilizing
a multi-lectin column for enrichment, but larger sample
sizes were used than in our current study [15]. These
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results support a successful hydrazide based technique for
glycoprotein isolation in human urine. Further studies are
required to identify optimal extraction strategies.

We detected 8 glycoproteins unique to CKD subjects
and 35 unique to healthy controls (Table 2). Additionally,
of the 122 total proteins identified, 23 glycoproteins were
differentially expressed in CKD subjects versus healthy
controls. 18 were upregulated in CKD while 5 were down-
regulated (Table 4). Many of the differentially expressed
proteins have been previously linked to kidney disease
supporting a potential role as a CKD biomarker. Two of
the most significantly upregulated proteins in our CKD
samples were AZGP1 and LRG, both of which are established
inflammatory mediators. Alteration of AZGP1 and LRG
expression is predictive of acute kidney injury in postsurgical
patients [28]. AZGP1 has also been shown to be increased in
diabetes and diabetic nephropathy [13, 29]. PTGDS, a known
extracellular transporter for lipophilic molecules, is formed
de novo in renal tubules [30]. PTGDS is upregulated in early
diabetes [31] and is a marker of hypertension and latent renal
injury [32]. SERPING1, an extracellular matrix regulator, is
increased in acute renal allograft rejection perhaps suggesting
an important role for collagen remodeling [33]. KNG1, a
bradykinin precursor, has also been shown to be upregulated
in acute renal allograft rejection [34], and gene variation
induces altered aldosterone sensitivity in hypertensive sub-
jects [35]. Interestingly, LUM, a proteoglycan, is a protein
unique to CKD but without statistically significant up-
regulation. Altered regulation of LUM has been linked
with abnormal collagen fibril morphology as a mediator of
fibrotic disease in diabetic nephropathy [36, 37]. CUBN,
an apical protein in proximal tubule cells, was unique and
downregulated in CKD. Recent investigation supports a role
of CUBN in albumin reabsorption with genetic variance at
this locus predicting microalbuminuria [38]. The decreased
urinary CUBN excretion found in our CKD population may
represent a dysfunctional variant or potentially a causative
factor responsible for increasing proteinuria.

We used annotations by the GO Consortium and GO
Tools to connect the complex array of proteins identified
in CKD subjects to biological processes, protein function,
and cellular location. Many of the multiprotein pathways
differentially expressed in CKD are involved in coagulation,
inflammation, and acute-phase response (Table 5, Figure 3).
Twenty proteins were linked to protein-protein interactions
and binding. Remarkably, there were altered levels of
proteins that were involved in acute-phase response and
immune/stress response proteins (18 out of 23), implicating
a possible mechanistic role for these pathways in CKD. Our
detection of the several extracellular proteins and matrix
remodeling proteases likely reflects matrix remodeling that
occurs in CKD. These findings are consistent with previous
literature, as CKD is known to have increased propensity
for atherosclerosis, endothelial dysfunction, increased basal
inflammation, and altered stress response [39, 40].

In this study, we have established normalization tech-
niques which will be essential to future urine glycoproteome
analyses. To account for variations in the glycoprotein
extraction efficiency of individual samples, yeast invertase

(yeast glycoprotein with several glycopeptides) was added to
each sample prior to extraction. In this way, glycopeptides
derived from invertase serve as an internal marker for the
extraction efficiency in each sample. Our samples were
also normalized for urine creatinine content. This is of
particular importance as marked intersubject variability can
exist in creatinine excretion in random urine specimens
consistent with different concentrations due to hydration
status. Indeed, such normalization would be essential to
extrapolate net excretion rates of a given protein in 24 hours
and is commonly employed in clinical practice to quantify
albumin excretion rates [23].

In summary, we have utilized a hydrazide-based
approach to enrich the urinary glycoproteome with subse-
quent identification of the urinary glycoproteins in a human
CKD population for the first time. Our results indicate
that urine carries a distinct population of glycoproteins that
function in proteinase inhibition, protein binding, and the
acute-phase/immune-stress response in subjects with CKD.
It will be of interest to study a larger number of subjects to
determine whether urinary levels of these proteins might be
useful indicators of CKD and to investigate the proposal that
these proteins could be markers of disease progression.
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One possible factor determining recovery of trace amount of protein biomarker candidates during proteome analyses could be
adsorption on urine tubes. This issue, however, has not been well addressed so far. Recently, a new technical device of surface
coating by poly(2-methacryloyloxyethyl phosphorylcholine (MPC)-co-n-butyl methacrylate (BMA)) (poly(MPC-co-BMA)) has
been developed mainly to prevent the adsorption of plasma proteins. We assessed whether conventionally used urine tubes adsorb
trace amount of urinary proteins and, if any, whether the surface coating by poly(MPC-co-BMA) can minimize the adsorption.
Proteinuric urine samples were kept in poly(MPC-co-BMA)-coated and noncoated urine tubes for 15 min and possibly adsorbed
proteins and/or peptides onto urine tubes were analyzed by SDS-PAGE, 2-DE, and the MALDI-TOF MS. It was found that a
number of proteins and/or peptides adsorb on the conventionally used urine tubes and that surface coating by poly(MPC-co-
BMA) can minimize the adsorption without any significant effects on routine urinalysis test results. Although it remains to be
clarified to what extent the protein adsorption can modify the results of urinary proteome analyses, one has to consider this
possible adsorption of urinary proteins when searching for trace amounts of protein biomarkers in urine.

1. Introduction

Urine has now become one of the most attractive biological
fluids in clinical proteomics [1, 2]. A number of urinary
proteomic studies have been conducted and have revealed
urinary biomarker candidates for renal systemic diseases
and malignancies of urinary tract [3–5]. Proteomic analysis
of urines can be applied to biomarker search in nonrenal
diseases as well [6–8].

Although urinary proteome analyses have been con-
ducted by various gel-based and gel-free techniques [9],
comprehensive urinary proteome analysis is not an easy task
because the urine has very diluted protein concentration
with high levels of salts. Sample preparation, processing,
and storage for urinary proteomics have been reviewed [10–
13]. More recently, an optimized quantitative proteomic

strategy for urine biomarker discovery was described [14].
In any event, maximal protein recovery from urine is
essential for detecting trace quantities of proteins present in
urine for potential biomarker discovery. For this purpose,
protein loss during sample preparation should be avoided.
One possible factor responsible for loss of trace amounts
of urinary proteins could be adsorption to sample tubes,
but this issue has not been well addressed so far to our
knowledge.

Many attempts have been made to prevent the adsorption
of plasma proteins and to improve blood compatibility
by surface modification [15, 16]. Ishihara and coworkers
reported on rapid development of hydrophilicity and protein
adsorption resistance by polymer surfaces bearing poly(2-
methacryloyloxyethyl phosphorylcholine (MPC)-co-n-butyl
methacrylate) (poly(MPC-co-BMA)) [17, 18].
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We took advantage of this coating method in the present
study and assessed whether conventionally used tubes adsorb
trace amount of urinary proteins and, if any, whether the
surface coating by poly(MPC-co-BMA) can minimize the
adsorption.

2. Materials and Methods

2.1. Urine Collection Tubes and Coating Method. Poly(MPC-
co-BMA) was obtained from AI BIO-CHIPS CO., LTD
(Tokyo, Japan). A total of 6 different types of conventional
urine collection tubes were used in this study. Tubes made
from polystyrene (PS) (Cat# 10200), polypropylene(PP)
Cat# 72200, polyethylene terephthalate(PET) (Cat# 23540),
and styrene-butadiene copolymers/methyl methacrylate-
styrene (SBC/MS) (Cat# 17300) were purchased from TOYO
KAGAKU KIZAI Co., LTD., Japan. Tubes made from
acrylonitrile-styrene (AS) copolymers (Cat# 479511373)
were from Nittobo Medical Co., LTD., Japan and those
made from styrene-butadiene copolymers (SBC) (Cat#
3324A000A-10) were from ASIAKIZAI Co., LTD., Japan. The
conventional tubes made by AS were coated by poly(MPC-
co-BMA) as described by Futamura et al. [18].

2.2. Samples. Urine samples obtained from outpatients in
Chiba University Hospital were used. An aliquot of the
samples was taken for routine urinalysis, and the rest
of the samples were centrifuged (700×g, 5 min at room
temperature), and the supernatant was subjected to assess
protein adsorption on test tubes as described below. All these
procedures were carried out within 2 hours after collection
of the samples.

2.3. Urine Sample Preparation for Electrophoresis (SDS-
PAGE and 2-DE) and MALDI-TOF MS. One mL of two
different levels of pooled proteinuric urines (equivalent to
15 mg/dL and 50 mg/dL, resp.) obtained from 10 patients
with renal disease were put into poly(MPC-co-BMA)-coated
and noncoated urine correction tubes and were kept at
room temperature for 15 min. After aspiration of the urines,
the tubes were washed with 200 μL of PBS three times.
After the third wash and PBS being aspirated, 100 μL of
PAGE sample buffer (electrophoresis) (50 mM Tris-HCl, pH
6.8 containing 50 mM dithiothreitol, 0.5% SDS, and 10%
glycerol) or 1% TCA aqueous solution (MALDI-TOF MS
analysis) was added and the tubes were vortexed for 30 sec
to dissolve possibly adsorbed proteins.

2.4. Gel-Based Analysis. The solution which contained pro-
teins possibly adsorbed on the urine tubes was then analyzed
using SDS-PAGE (Perfect NT Gel W, 10–20% acrylamide,
20 wells; DRC Co., Ltd., Tokyo, Japan) according to the
manufacturer’s protocol. The gel was stained with CBB
(PhastGel Blue R; GE Healthcare, Little Chalfont, UK).
The proteins separated by SDS-PAGE were identified by in-
gel tryptic digestion of the proteins followed by MS. In-
gel tryptic digestion was performed as described previously
[19]. Molar quantities of recovered peptide fragments were

estimated from the staining intensity of the SDS-PAGE bands
that were digested in-gel with trypsin. Digested peptides
roughly equivalent up to 1 pmol of protein were injected
into a trap column: 0.3 × 5 mm L-trap column (Chemicals
Evaluation and Research Institute, Saitama, Japan), and
an analytical column: 0.1 × 50 mm Monolith column
(AMR, Tokyo, Japan), which was attached to a HPLC
system (Nanospace SI-2; Shiseido Fine Chemicals, Tokyo,
Japan). The flow rate of a mobile phase was 1 μL/min. The
solvent composition of the mobile phase was programmed
to change in 35 min cycles with varying mixing ratios of
solvent A (2% v/v CH3CN and 0.1% v/v HCOOH) to solvent
B (90% v/v CH3CN and 0.1% v/v HCOOH): 5–50% B
20 min, 50–95% B 1 min, 95% B 3 min, 95–5% B 1 min, 5% B
10 min. Purified peptides were introduced from HPLC to
an LTQ-XL (Thermo Scientific, Calif, USA), an ion trap
mass spectrometer (ITMS), via an attached Pico Tip (New
Objective, Mass, USA). The MS and MS/MS peptide spectra
were measured in a data-dependent manner according to
the manufacturer’s operating specifications. The Mascot
search engine (Matrix science, London, UK) was used to
identify proteins from the mass and tandem mass spectra of
peptides. Peptide mass data were matched by searching the
Human International Protein Index database (IPI, July 2008,
72079 entries, European Bioinformatics Institute) using the
MASCOT engine. The minimum criterion of the probability-
based MASCOT/MOWSE score was set with 5% as the
significant threshold level.

For 2-DE analysis, we used the method described by
Oh-Ishi et al. [20] and Kawashima et al. [21]. Briefly, one
mL aliquots of urine samples kept at room temperature
for 15 min in poly(MPC-co-BMA)-coated and noncoated
urine correction tube were concentrated up to 20-fold
by BJP Concentrator (ProChem, MA, USA) to 50 μL and
lyophilized. The lyophilizate was resuspended by 200 μL of
Immobiline reagent (7 M urea, 2 M thiourea, 4% CHAPS,
2% DTT, 2% Pharmalyte, broad range pH 3–10). Finally,
50 μL of the 5-fold urine sample was applied to the IEF
agarose gel. The agarose gel was then transferred to the
Perfect NT Gels W (10–20% gradient of polyacrylamide gel;
DRC. Co. Ltd, Tokyo, Japan) and the second electrophoresis
was performed. Protein spots on 2-DE gels were stained
with CBB. The protein spots were detected, quantified,
and matched with the 2-DE gel view analysis software,
Progenesis SameSpots (Nonlinear Dynamics Ltd., UK). The
protein spots were excised from the gel and identified, as we
previously described [19].

2.5. MS-Based Analysis. One mL aliquots of urine sam-
ples (containing 50 mg/mL protein) were kept at room
temperature for 15 min in poly(MPC-co-BMA)-coated
and noncoated urine collection tube. Proteins possibly
adsorbed on the tubes were collected as described above
for the gel-based method and were analyzed by the
MALDI-TOF MS. To obtain quantitative data of the
possibly adsorbed proteins, we used stable isotope-labeled
5.9 kDa fibrinogen alpha C chain fragment (FIC 5.9) as
an internal standard as described by Sogawa et al. [22].
We obtained the stable isotope-labeled synthetic FIC 5.9



International Journal of Proteomics 3

Table 1: Proteins adsorbed on poly(MPC-co-BMA)-uncoated urine tubes.

No. ID M.W.a Score Queries matched pIb

1 Tamm-Horsfall urinary glycoprotein 69,761 Da 250 15 4.96

2 Albumin 69,321 Da 353 32 5.67

3 Semenogelin-1 52,131 Da 114 6 9.26

4 Alpha-1-antichymotrypsin 47,651 Da 281 11 5.32

5 Alpha-1-antitrypsin 46,737 Da 85 3 5.37

6 Apolipoprotein A1 27,891 Da 82 4 5.27

7 IGKV1-5 protein 25,765 Da 313 7 5.74–6.30

8 Prostaglandin-H2 D-isomerase 21,029 Da 98 5 8.37

9 Apolipoprotein C3 10,846 Da 93 3 4.72

10 Protein S100-A8 10,835 Da 86 3 6.51

11 SH3 domain-binding glutamic acid-rich-like protein 3 10,438 Da 80 2 4.82
a,b

Theoretical Mr and pI, as resulted from Compute pI/Mw tool of Expasy (http://us.expasy.org/tools/pi tool.html), are also indicated.

from the AnyGen Co., Ltd. (Kwangju, Korea). The amino
acid sequence of the peptide was SSSYSKQFTSSTSYNRG
DSTFESKSYKMADEAGSEADHEGTHSTKRGHAKSRPV.
(The underlined amino acids were synthesized with 13C, 15N
uniformly labeled FMOC amino acids.). In urine analysis,
ten microliters of SID (stable isotope-labeled) -FIC 5.9
solution (0.5 pmol/μL SID-FIC 5.9, MB-WCX binding
solution) and 5 μL of urine sample were transferred to a
200 μL PCR tube (Thermo Fisher Scientific K.K., Kanagawa,
Japan). In analysis of urine samples kept in tube, ten
microliters of SID-FIC 5.9 solution (0.025 pmol/μL SID-FIC
5.9, MB-WCX binding solution) and 5 μL of extracted
samples (urine samples kept in tube) were transferred to a
200 μL PCR tube. A 10 μL homogenous magnetic particle
solution was added, mixed with the other solutions, and
allowed to sit for 5 min. The PCR tubes were placed in a
magnetic bead separator (MBS; Bruker Daltonics GmbH)
for 30 s for magnetic fixation of the MB-WCX particles. The
supernatant was aspirated, and the tubes were removed from
the MBS device. We added 100 μL of the washing solution
and carefully mixed it with the magnetic beads. We then
replaced the tube into the MBS device and moved it back
and forth between adjacent wells on each side of the device’s
magnetic bar. After fixation of the magnetic beads for 30 s,
the supernatant was aspirated. We repeated this washing
procedure three times. After the final wash, we eluted the
bound molecules by incubating them for 1 min with 5 μL
MB-WCX elution solution and then used the MBS device
to collect the eluate. For the final step, we added 5 μL of the
MB-WCX stabilization solution to the eluate. We then mixed
1 μL of the eluate with 5 μL of a matrix solution (0.3 g/L
a-cyano-4-hydroxycinnamic acid in ethanol:acetone, 2 : 1).
We spotted 1 μL of the mixture onto an AnchorChip target
plate (Bruker Daltonics GmbH) and allowed it to dry.
Protein Calibration standard (Protein Calibration standard
1, Bruker Daltonics GmbH) was dissolved in 125 1 μL. We
applied 0.5 1 μL of the solution to target spots in proximity
to the urine samples for external calibration.

We placed the AnchorChip target plate into the AutoFlex
II TOF/TOF mass spectrometer (Bruker Daltonics GmbH)

and into the UltraFlex III TOF/TOF mass spectrometer
(Bruker Daltonics GmbH), which is controlled by Flexcon-
trol software 3.0 (Bruker Daltonics GmbH). The instrument
was externally calibrated by standard procedures. The auto-
mated acquisition method included in the instrument soft-
ware generated all acquisitions. The automated acquisition
laser power was set between 25% and 35%. Spectra were
acquired in a positive linear mode in the mass range of 600
to 10,000 Da.

We used FlexAnalysis software 3.0 to perform baseline
correction and smoothing. The concentration of the proteins
adsorbed to urine collection tube was estimated from the
ratio of the peak intensity of adsorbed proteins to the
peak intensity of SID-FIC 5.9. For identification of peptides
as we previously described [23], the AnchorChip target
plate was also placed in an UltrafleXtreme TOF/TOF mass
spectrometer (Bruker Daltonics) and the MALDI-TOF/TOF
MS/MS spectrum was recorded in LIFT mode. Five hundred
laser shots from a total of 3000 laser shots were summed.
The MALDI-TOF/TOF MS/MS spectrum was subjected to
a database search using the Mascot (Matrix Science, London,
UK) database search engine. The search parameters were as
follows: no enzyme specificity, 25 ppm mass tolerance for the
parent mass, and 0.2 Da for fragment masses. No fixed or
variable modifications were selected. The NCBInr database
was used for the search.

2.6. Urinalysis Testing

2.6.1. Quantitative Study. One hundred urine samples
requested for urinalysis on routine basis at the Division of
Laboratory Medicine and Clinical Genetics, Chiba University
Hospital were used. The urine samples were aliquoted
(10 mL) to poly(MPC-co-BMA)-coated and noncoated col-
lection tubes and were kept at room temperature for
15 min before use. Nine different quantitative urinalysis
such as protein, glucose, creatinine, microalbumin, beta-
2-microglobulin, amylase, N-acetyl-β-D-glucosaminidase,
urea nitrogen, uric acid, and six kinds of electrolytes
were conducted using BioMajesty JCA-BM6010 (JEOL Ltd.,
Tokyo, Japan).
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Table 2: Proteins which were reduced when kept in poly(MPC-co-BMA) noncoated urine tubes.

No. ID M.W.a Score Queries matched pIb

1 Ceruloplasmin 122,128 Da 812 52 5.41

2 Lysosomal alpha-glucosidase 105,271 Da 152 8 5.41

3 Alpha-N-acetylglucosaminidase 82,115 Da 163 6 6.21

4 Serotransferrin 77,000 Da 1500 95 6.70

5 Alpha-1-antitrypsin 46,707 Da 253 12 5.37

6 Cell adhesion molecule 4 42,759 Da 134 6 5.59

7 Prostate-specific antigen 28,723 Da 80 2 7.26

8 IGK protein 26,218 Da 1416 4 5.74–6.30

9 IGL protein 24,777 Da 430 31 5.74–6.30

10 Alpha-1-acid glycoprotein 1 23,497 Da 239 7 5.00

11 Prostaglandin 2D synthase 22,932 Da 596 31 7.66

12 Prostaglandin-H2 D-isomerase 21,029 Da 861 42 7.66

13 Transthyretin 15,877 Da 856 37 5.35

14 Rheumatoid factor D5 light chain 12,758 Da 273 6 5.74–6.30

15 Rheumatoid factor D6 light chain 12,520 Da 273 6 5.74–6.30
a,b

Theoretical Mr and pI, as resulted from Compute pI/Mw tool of Expasy (http://us.expasy.org/tools/pi tool.html), are also indicated.

2.6.2. Dipstick Urinalysis. The Uriflet S-9UB (Arkray Inc.,
Tokyo, Japan) and AUTION MAX AX-4030 (Arkray Inc.,
Tokyo, Japan) analyzers were used. Ten different parameters
are assessed: specific gravity (SG, measured via a built-in
refractometer), erythrocytes, leukocytes, nitrite, pH, protein,
glucose, ketones, bilirubin, and urobilinogen.

2.6.3. Urinary Sediments. The AUTION IQ IQ-5210 analyzer
(Arkray Inc., Tokyo, Japan) was used to determine urinary
sediments. This equipment includes digital imaging and
Auto-Particle Recognition (APR) (Chatsworth, CA, USA)
software to classify urine particles and quantitatively report
results. In this study, 4 categories red blood cells (RBC),
white blood cells (WBC), squamous epithelial cells (SEC),
and casts were classified by the APR software.

2.7. Statistical Analysis. The numerical data are presented
as the mean ± standard deviation (SD). We evaluated the
statistical significance using IBM SPSS Statistics 18 software
(SPSS Inc., IL, USA). A P < 0.05 was considered significant
using the Mann-Whitney U test.

3. Results

3.1. Detection of Urinary Proteins Adsorbed on Urine Tubes by
SDS-PAGE. Proteins adsorbed on the poly(MPC-co-BMA)-
coated and noncoated tubes were analyzed by SDS-PAGE. As
shown in Figure 1(a), a few distinct protein bands (60 kDa,
66 kDa and 100 kDa) were noted in samples obtained from
noncoated AS tubes. No clear bands were visible in samples
obtained from poly(MPC-co-BMA)-coated AS tubes under
these experimental conditions. LC-MS analysis of trypsin
digests of these bands identified 11 proteins as listed in
Table 1. Protein adsorption on the tubes was observed in 6
different types of conventionally used urine collection tubes
as shown in Figure 1(b).

3.2. 2-DE Analysis of Urine Samples Kept in Poly(MPC-
co-BMA)-Coated and Noncoated Tubes. Urine specimens
kept in poly(MPC-co-BMA)-coated and noncoated tubes
were subjected to the agarose 2-DE as described in the
Methods section. The representative patterns were presented
in Figure 1(c). Nine protein spots the intensities of which
were significantly greater (P < 0.05) in samples kept at
poly(MPC-co-BMA)-coated tubes compared with those kept
at noncoated tubes were selected based on the results
obtained in seven different experiments.

These differences were most likely as the results of more
protein adsorption on noncoated tubes. These spots were
excised and subjected to in-gel trypsin digestion followed
by LC-MS. A total of 15 proteins were identified as listed in
Table 2.

3.3. MALDI-TOF MS Analysis of Urinary Proteins Adsorbed
on Poly(MPC-co-BMA)-Coated and Noncoated Tubes.
Proteins and/or peptides adsorbed on the conventional
urine tubes were also detectable by the MALDI-TOF MS.
Figure 2(a) shows a representative spectrum of the adsorbed
proteins and peptides. The intensities of the two peaks
(2556 m/z and 2654 m/z) were notably greater in samples
obtained from poly(MPC-co-BMA) noncoated tubes.
Similar results were obtained in 7 different experiments; the
expression levels of the two peaks expressed as the ratio to
the internal standard, SID-FIC 5.9, were significantly greater
(P < 0.001) in poly(MPC-co-BMA) noncoated tubes than in
coated tubes. Using MALDI-TOF/TOF MS/MS technology,
we successfully identified the two peaks (2556 m/z and
2654 m/z) as internal sequences of the fibrinogen alpha C
chain fragment. The peptide sequences of the 2556 m/z and
2654 m/z were DEAGSEADHEGTHSTKRGHAKSRP and
DEAGSEADHEGTHSTKRGHAKSRPV, respectively. The
mean value of the ratio of m/z 2654 to SID-FIC5.9 was 5.70
(Figure 2(a) Right panel) in poly(MPC-co-BMA) noncoated
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Figure 1: (a) SDS-PAGE of adsorbed proteins to poly(MPC-co-BMA)-coated and noncoated urine tubes in two different grades of
proteinuric samples. A few distinct protein bands are noted in samples obtained from noncoated tubes. Similar results were obtained in
9 different experiments. (b) SDS-PAGE of adsorbed proteins to 6 different types of poly(MPC-co-BMA) noncoated conventionally used
urine collection tubes. AS: poly(acrylonitrile-styrene), PET: polyethylene terephthalate, PS: polystyrene, PP: polypropylene, SBC: styrene-
butadiene, and SBC/MS: styrene-butadiene copolymers/methyl methacrylate-styrene. (c) 2-DE of urinary proteins obtained from samples
kept at poly(MPC-co-BMA)-coated and noncoated urine tubes. Nine protein spots the intensities of which were significantly greater (P <
0.05) in samples kept at poly(MPC-co-BMA)-coated tubes compared with those kept at noncoated tubes were selected based on the results
obtained in seven different experiments. The 2-DE gels are shown for pH 3–10.



6 International Journal of Proteomics

0
0

1000
1200

1000

200

2000 3000

400

4000 5000

In
te

n
si

ty
(a

.u
.)

600

600

0 7000 800

800

0 9000 10000

m/z

m/z

0
0

1000
1200

1000

200

2000 3000

400

4000 5000

In
te

n
si

ty
(a

.u
.)

6

6

00

600

0 7000 8

8

00

800

0 9000 10

10

000
m/z

2556 m/z 2654

0 0

1

P 0.001

4

4
2

2

3

Non-coated
(n = 8) (n = 8)

Coated Non-coated
(n = 8) (n = 8)

Coatedm
/z

25
56

m/z 2556

/S
I-

FI
C

5.
9

ra
ti

o

m
/z

26
54

m/z 2654

/S
I-

FI
C

5.
9

ra
ti

o

SID-FI5.9
0.15 μg/mL < P 0.001<

(a)

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
m/z

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
m/z

0

1000

2000
3000

4000
5000

In
te

n
si

ty
(a

.u
.)

0

1000

2000

3000

4000

5000

In
te

n
si

ty
(a

.u
.)

0

0.25

0.5

0.75

1

P = 0.007
m/z 2556 m/z 2654

P = 0.014

0

0.5

1

1.5

2

2.5

3
m
/z

25
56

/S
I-

FI
C

5.
9

ra
ti

o

m
/z

26
54

/S
I-

FI
C

5.
9

ra
ti

o

SID-FIC5.9
3 μg/mL

Non-coated
(n = 8) (n = 8)

Coated Non-coated
(n = 8) (n = 8)

Coated

(b)

Figure 2: Representative spectra of the MALDI-TOF MS of urinary proteins and/or peptides adsorbed on urinary tubes with and without
poly(MPC-co-BMA) coating (a) and those of urine samples kept in the coated and noncoated tubes (b). (a) Left: it was notable that 2556 m/z
and 2645 m/z peaks were observed in proteinuric samples only when obtained from the poly(MPC-co-BMA) non-coated tubes (the upper
panel). Similar results were obtained in 7 different experiments. Right: the two peaks detectable in noncoated tubes were significantly
attenuated in poly(MPC-co-BMA)-coated tubes (P < 0.001). (b) When urinary samples were kept in the coated and uncoated urine tubes,
relative peak intensities of the 2556 m/z and 2645 m/z peaks were attenuated in poly(MPC-co-BMA)-coated tubes (the upper panel), which
was confirmed by the quantitative study using the internal standard (2556 m/z; P < 0.007, 2653 m/z; P < 0.014).

urine collection tube. It is 0.85 μg/mL when converting it
into the protein concentration.

3.4. MALDI-TOF MS Analysis of Urine Samples Kept
in Poly(MPC-co-BMA)-Coated and Noncoated Tubes.
Figure 2(b) shows representative view of the spectrum of
urine samples kept in urine tubes. The relative intensities
of the two peaks (2556 m/z and 2654 m/z) were greater in
the samples kept in poly(MPC-co-BMA)-coated tubes than
those kept in noncoated tubes. Similar results were obtained
in 7 other experiments; the differences quantified using
the SID-FIC 5.9 were statistically significant (P < 0.007 for
2556 m/z and P < 0.014 for 2653 m/z).

3.5. Routine Urinalysis. The quantitative values of urinalysis
parameters in samples kept in poly(MPC-co-BMA)-coated

and noncoated collection tubes are presented in Table 3.
They were all comparable between the two groups in linear
regression equation, slope of linearity, correlation coeffi-
cients ranged from 0.997 to 1.014. The results of dipstick
urinalysis and urinary sediment determinations were also
comparable between the two groups.

4. Discussion

The issue of preanalytical factors affecting sample integrity
is often overlooked and yet is critically important. Although
preanalytical factors for serum or plasma proteome analysis
have been extensively studied, the impact of adsorption of
proteins and peptides on urine tubes on biomarker discovery
using urinary proteomics is not well investigated.

The results of this study indicate that conventionally used
urine collection tubes adsorb proteins and/or peptides and
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Table 3: Quantitative values for urinalysis parameters in samples
kept in poly(MPC-co-BMA)-coated and noncoated urine collection
tubes.

Parameters Noncoated tube Coated tube

pH 6.17 ± 0.58 6.17 ± 0.58

Protein (mg/dL) 57.8 ± 136.5 58.5 ± 138.2

Glucose (mg/dL) 182.4 ± 556.3 184.2 ± 561.0

Creatinine (mg/mL) 1.2 ± 0.7 1.2 ± 0.7

Microalbumin (mg/L) 212.0 ± 323.4 212.4 ± 324.2

Beta-2-microglobulin (μg/L) 1771.3 ± 3269.7 1772.4 ± 3275.0

Amylase (IU/L) 298.2 ± 245.2 300.3 ± 246.5

N-acetyl-β-D-
glucosaminidase
(U/L)

17.4 ± 19.2 17.4 ± 19.2

Urea nitrogen (mg/dL) 620.2 ± 315.9 623.3 ± 317.8

Uric acid (mg/dL) 49.8 ± 27.5 50.0 ± 27.7

Calcium (mg/dL) 10.7 ± 9.7 10.8 ± 9.7

Magnesium (mg/dL) 6.8 ± 3.8 6.8 ± 3.8

Sodium (mEq/L) 106.9 ± 48.9 107.1 ± 49.1

Potassium (mEq/L) 45.4 ± 26.3 45.5 ± 26.4

Chlorine (mEq/L) 169.5 ± 85.4 169.7 ± 85.2

Inorganic phosphorus
(mg/dL)

53.1 ± 30.3 53.4 ± 30.6

that the surface coating of the tubes by poly(MPC-co-BMA)
can minimize the adsorption without any significant effects
on routine chemical determinations.

In this study, urine samples were kept in poly(MPC-
co-BMA)-coated and noncoated tubes for 15 min. This is
because it is generally known that proteins adsorb onto a
surface within a few minutes when the material contacts
body fluids such as blood, plasma, and tears [24–26].

Protein adsorption is one of the most important phe-
nomena in determination of the biocompatibility of mate-
rials [16, 18]. Several methods have been proposed to reduce
protein adsorption on medical devices.

Polymers composed of MPC and hydrophobic alkyl-
methacrylate units have been extensively used in many
medical devices as coating materials to improve the blood
compatibility of these devices [15–18]. However, this coating
requires a long wetting pretreatment time to achieve equi-
librium hydration by the reorientation of the phosphoryl-
choline groups [16, 27]. In this study, urinary proteins were
found to be adsorbed on poly(MPC-co-BMA) noncoated
urine collection tubes made from six different types of
materials. Recently, Futamura et al. [18] succeeded in rapid
development of hydrophilicity and protein adsorption resis-
tance poly(ethylene terephthalate) (PET) surfaces bearing
poly(MPC-co-2-vinylnaphthalene(vN)) (PMvN). It should
be considered, however, that coating effects on the plastic
tubes appear to be dependent on the initial properties of
the plastic tubes. We took advantage of this coating method
and showed that protein adsorption can be reduced in urine
samples as well.

Most of the proteins listed in Table 1 are representative
protein in urine and have theoretical isoelectric points

between 4.7 and 7.0, suggesting that proteins with isoelectric
point of this range are likely to be adsorbed on the
conventional urine tubes employed in this study. Since the
pH of the urine samples kept in poly(MPC-co-BMA)-coated
and noncoated tube was similar, it is unlikely that the
differences obtained in this study were due to pH difference.
It has been reported that the factor responsible for protein
adsorption to the plastic tube might depend on the relation
of sample pH and protein pI [28].

Three proteins (alpha-1-antitrypsin, IGKV1-5 protein,
prostaglandin-H2 D-isomerase) were detected in common
for two different comparisons.

Ceruloplasmin, one of the proteins listed in Table 1, is a
biomarker of uranium nephrotoxicity [29].

The use of the coated tubes did not have any impact
on the urine analysis of routine parameters. Since there
were no significant differences in the quantitative data of
abundant urinary proteins including albumin and beta-2-
microglobulin, the effects of adsorption on abundant pro-
teins may be minimal. But, in searching for urinary protein
biomarkers with low concentration, possible adsorption on
conventional urine tubes should be considered. Since the
material used in the conventional and noncoated tubes
employed in the present study is widely used around the
world, possible adsorption of trance amount of proteins to
urine collection tubes should be considered in proteome
analyses of urine samples.

5. Summary

Urine is one of the attractive biofluids in clinical proteomics.
In chasing very low abundance urinary proteins and pep-
tides, however, loss of biomarker candidates by adsorption
on urine tubes should be considered. In this study, we found
that protein adsorption on the conventionally used urine
collection tubes is not negligible, and that the adsorption can
be reduced by using a tube coated by hydrophilic polymers
without any effects on routine urinalysis.

I believe that these findings should be shared by those
who are interested in urinary proteomic study.
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MPC: 2-methacryloyloxyethyl
phosphorylcholine,

poly(MPC-co-BMA): poly(MPC-co-n-butyl
methacrylate(BMA)).
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The intact plasma proteome is of great interest in biomarker studies because intact proteins reflect posttranslational protein
processing such as phosphorylation that may correspond to disease status. We examined the utility of a solid-phase hexapeptide
ligand library in combination with conventional plasma proteomics modalities for comprehensive profiling of intact plasma
proteins. Plasma proteins were sequentially fractionated using depletion columns for albumin and immunoglobulin, and separated
using an anion-exchange column. Proteins in each fraction were treated with a solid-phase hexapeptide ligand library and
compared to those without treatment. Two-dimensional difference gel electrophoresis demonstrated an increased number of
protein spots in the treated samples. Mass spectrometric studies of these protein spots with unique intensity in the treated samples
resulted in the identification of high- and medium-abundance proteins. Our results demonstrated the possible utility of a solid-
phase hexapeptide ligand library to reveal greater number of intact plasma proteins. The characteristics of proteins with unique
affinity to the library remain to be clarified by more extensive mass spectrometric protein identification, and optimized protocols
should be established for large-scale plasma biomarker studies.

1. Introduction

The plasma proteome has been extensively investigated with
the aim of biomarker development [1, 2]. Plasma is the most
accessible clinical material, and plasma biomarkers for early
diagnosis and monitoring the response to therapy and dis-
ease recurrence would be beneficial for patients with cancer.
Because proteins released by tumors, particularly early-stage
tumors, are expected to exist in very low concentrations and
plasma contains various proteins with considerable hetero-
geneity between and within patients, the identification of
novel plasma biomarkers represents a substantial challenge.

Global expression studies on intact plasma proteins are
of special interest in biomarker studies as the intact proteins

reflect the functional features of protein structure. Those
include posttranslational processing such as phosphorylation
and glycosylation. Peptide subsets from complex digests have
been analyzed for plasma proteomics, resulting in the iden-
tification of low-abundance proteins such as tissue leakage
proteins [3] and biomarker candidates [4]. However, analysis
of peptide digests may not be sensitive to posttranslational
protein processing, and may therefore not reveal many
relevant protein isoforms associated with disease status. To
date, much effort has been devoted to detect trace intact
proteins in complex plasma samples.

The utility of a combinatorial hexapeptide ligand
library immobilized on a solid-phase matrix has been
reported, introduced to intact plasma proteomics [5–9], and
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commercialized as ProteoMiner (Bio-Rad Laboratories, Her-
cules, CA, USA). ProteoMiner contains millions of randomly
synthesized hexapeptide ligands that are equally represented
with a selected number of targets. When a complex plasma
protein extract is exposed, the hexapeptide ligands for high-
abundance proteins are saturated, but the majority remains
unbound. In contrast, the proteins which do not saturate the
corresponding hexapeptide ligands and usually not observed
by the conventional methods will appear in the proteome
data. The approach of using a combinatorial hexapeptide
ligand library is different from that of using depletion and
separation; thus, it reveals a novel aspect of the plasma
proteome. A recent report demonstrated that prefraction-
ation using a hexapeptide ligand library for shotgun mass
spectrometry studies identified plasma proteins not recorded
in the Human Plasma Proteome Project [10]. The combined
use of a hexapeptide ligand library with depletion and
separation methods has also been a challenge in deeper
plasma proteomics [11], and the resulting protein contents
are examined by gel electrophoresis and mass spectrometry
[12, 13]. ProteoMiner has been used for disease biomarker
studies in lung cancer [14] and liver cancer [15]. Considering
that it will potentially visualize the unique plasma proteome
aspects, the application and optimization of a solid-phase
hexapeptide ligand library for disease biomarker studies
should be further investigated.

In this study, we examined the utility of a solid-phase
hexapeptide ligand library in combination with a depletion
column, an anion-exchange column, and 2D-DIGE that
allows an instant visual comparison of the protein patterns.
Protein spots exhibiting prominent differences between sam-
ples treated with and without the library were subjected to
mass spectrometry. Our study clearly demonstrated that the
combined use of the ProteoMiner and the other proteomics
modalities can visualize unique plasma proteome.

2. Materials and Methods

2.1. Sample Preparation. Frozen human plasma was pur-
chased from Cosmobio KOJ (Tokyo, Japan). After the plasma
was placed on ice, 40 mL plasma was centrifuged and 30 mL
supernatant was recovered for the following experiments.

2.2. Albumin Depletion. Albumin and other proteins were
separated using a HiTrap Blue HP column (5 mL resin,
GE, Uppsala, Sweden) with the AKTA Explorer system
(GE) at a flow rate of 1.0 mL/min. The separation was
initiated by washing the column with rinse buffer (50 mM
KH2PO4/Na2HPO4, pH 7.0) for 5 min. Plasma (30 mL)
was diluted with 60 mL 50 mM KH2PO4/Na2HPO4 (pH
7.0), and 9 mL of the diluted plasma was injected. The
column was then washed with binding buffer (50 mM
KH2PO4/Na2HPO4, pH 7.0) for 35 min, and the flow-
through fraction was collected. Bound proteins were eluted
from the column with elution buffer (50 mM KHPO4, 1.5 M
KCl, pH 7.0) for 45 min, and the bound fraction was
collected. The column was neutralized with rinse buffer for
20 min. This process was repeated 10 times for a total of
90 mL of diluted plasma.

One-third of the flow-through and bound fractions,
approximately 150 mL of each, was concentrated to 1.2 mL
using a VIVA Spin 20 column (10 K MWCO, 20 mL capacity,
Sartorius, Gotteingen, Germany). Then, 1.0 mL and 0.20 mL
of the concentrated samples were subjected to treatment
with the solid-phase hexapeptide ligand library and 2D-
DIGE, respectively. Two-thirds of the flow-through fraction,
approximately 300 mL, was subjected to an immunodeple-
tion column.

2.3. Immunoglobulin Depletion. Immunoglobulin was deple-
ted using the HiTrap Protein G HP column (1 mL resin,
GE) with the AKTA Explorer system (GE) at a flow rate
of 1.0 mL/min. The depletion was initiated by washing the
column with rinse buffer (50 mM KH2PO4/Na2HPO4, pH
7.0) for 4 min. After 15 mL of the flow-through fraction from
the HiTrap Blue HP column was injected, the column was
washed with binding buffer (50 mM KH2PO4/Na2HPO4, pH
7.0) for 5 min, and the flow-through fraction was collected.
Bound proteins were eluted from the column with elution
buffer (0.1 M glycine-HCl, pH 2.2) for 8 min and collected
as the bound fraction. The collected bound fraction was
immediately neutralized with neutralizing buffer (1.0 M Tris-
HCl, pH 9.0). The column was equilibrated with rinse buffer
for 5 min for reuse. This process was repeated 20 times for
a total of two-thirds of the flow-through fraction from the
HiTrap Blue HP column (approximately 300 mL).

Half of the flow-through and bound fractions (approx-
imately 200 mL and 80 mL, resp.) were concentrated to
1.2 mL and 0.25 mL, respectively, using VIVA Spin 20
columns (Sartorius). Then, 1.0 mL of the concentrated flow-
through fraction and 0.20 mL of the concentrated bound
fraction were subjected to treatment with the solid-phase
ligand library, and the remaining samples were subjected
to 2D-DIGE. Another half of the flow-through fraction
(approximately 200 mL) was concentrated to 2.0 mL using
the VIVA Spin 20 column (Sartorius). After diluting with
38 mL of 25 mM Tris-HCl (pH 9.0), the sample was subjected
to separation on an anion-exchange column.

2.4. Anion Exchange. The flow-through fraction from the
HiTrap Protein G HP column was separated using the
Resource Q column (1 mL resin, 6.4 mm id × 30 mm, GE)
with the AKTA Explorer system (GE) at a flow rate of
3.0 mL/min. The separation was initiated by washing the
column with rinse buffer (25 mM Tris-HCl, pH 9.0) for
4 min, and 5 mL of the flow-through fraction from the
HiTrap Protein G HP column was injected. The separations
were performed using a stepwise NaCl gradient as follows:
0, 100, 150, 200, 250, and 1000 mM for 5 min each. All
samples contained 25 mM Tris-HCl, pH 9.0. The column
was washed with rinse buffer (25 mM Tris-HCl, pH 9.0) for
5 min. This process was repeated 8 times for a total of 40 mL
of the diluted flow-through fraction from the HiTrap Protein
G HP column.

The collected samples were concentrated to 0.25 mL, and
the buffer was exchanged gradually with 25 mM Tris-HCl
(pH 9.0) using the VIVA Spin 20 column (Sartorius). Then,
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0.2 mL and 0.05 mL were subjected to treatment with the
solid-phase ligand library and 2D-DIGE, respectively.

2.5. Treatment with the Solid-Phase Ligand Library. A solid-
phase combinatorial library of hexapeptides was purchased
from Bio-Rad Laboratories (ProteoMiner kit). Unprocessed
plasma (1 mL) and the flow-through fractions from the
HiTrap Blue HP and HiTrap Protein G HP columns were
treated using the ProteoMiner large-capacity kit, and 0.2 mL
of the bound fraction from the HiTrap Protein G HP
column, and all fractions from the Resource Q column were
treated using the ProteoMiner small-capacity kit. After 2 h
of incubation at room temperature, the unbound fraction
was washed out by centrifugation. After rinsing, the bound
sample was eluted with an elution reagent containing 8 M
urea, 2% CHAPS, and 5% acetic acid, according to the
manufacturer’s instructions.

2.6. Measurement of Protein Concentration. Protein concen-
tration was measured using a protein assay kit (Bio-Rad),
according to the manufacturer’s instructions (Table 1).

2.7. SDS-PAGE. Protein samples (1 μg) were examined by
electrophoresis using 18-well precast 12.5% polyacrylamide
gel plates (e-PAGEL, ATTO, Tokyo, Japan). Electrophoresis
was performed at a constant current of 40 mA for 80 min
and using the page Run AE6531 system [16]. Silver staining
was performed using the Silver Stain KANTO III kit (Kanto
Chemical, Tokyo, Japan), according to the manufacturer’s
instructions.

2.8. 2D-DIGE. 2D-DIGE was performed as described pre-
viously [17]. Briefly, protein samples (20 μg) were labeled
with the Cy3 or Cy5 fluorescent dye (CyDye DIGE Fluor
saturation dye, GE), and differentially labeled protein sam-
ples were mixed. After dividing into 3, the labeled protein
samples were separated by 2D-PAGE. The first-dimension
separation was performed using a 24 cm length immobiline
gel (IPG, pI 4–7, GE) and Multiphor II (GE) whereas the
second-dimension separation was performed using gradient
gels prepared in house and EttanDalttwelve (GE). The gels
were scanned using a laser scanner (Typhoon Trio, GE) at
an appropriate wavelength for Cy3 or Cy5. The Cy3 and Cy5
intensities were compared in the same gel using the Proge-
nesis SameSpots software (version 4.0; Nonlinear Dynamics,
Newcastle, UK). ProteoMiner-treated and untreated samples
were labeled with Cy3 and Cy5, respectively, or with Cy5
and Cy3, respectively. Six gels were run for each sample. The
average value of the intensity ratio was calculated among the
triplicate gels for all protein spots and then averaged between
the 2 samples for further study. Spot intensity data were
exported from the Progenesis SameSpots software as Excel
files amenable to numerical data analysis.

2.9. Mass Spectrometric Protein Identification. Proteins were
extracted from the protein spots by in-gel digestion, as
reported previously [17]. Briefly, protein samples (100 μg)
were labeled with Cy3 and separated by 2D-PAGE. The

Table 1: List of the identified proteins and their reported concen-
tration.

Protein name
Normal concentration

μg/mL

Adiponectin 2–17

Albumin 35000–52000

Alpha-1-antitrypsin 900–2000

Alpha-1B-glycoprotein 150–300

Alpha-2-macroglobulin 1300–3000

Apolipoprotein A-I 1000–2000

Apolipoprotein A-II 190–300

Apolipoprotein A-IV 110–220

Apolipoprotein D 60–90

Apolipoprotein E 30–60

Carboxypeptidase N 30

Ceruloplasmin 190–370

Clusterin 250–420

Coagulation factor X 10

Complement C3 900–1800

Complement C4-A 25–90

Fibrinogen beta chain 520–1420

Fibrinogen gamma chain 490–1340

Ficolin-2 1–12

Ficolin-3 3–54

Haptoglobin 200–2000

Haptoglobin-related protein 32–41

Inter-alpha-trypsin inhibitor
(heavy chain H3)

100–200

Paraoxonase/arylesterase 1 58–61

Prothrombin 100

Serotransferrin 2000–3600

Transthyretin 200–400

Vitronectin 240–530

Zinc-alpha-2-glycoprotein 60–80

The table with the references for the protein concentration is shown in
Supplementary Table 7 in Supplemrntary material available online at doi:
10.1155/2011/39615.

protein spots were then recovered from the gel pieces using
an automated spot recovery machine. The recovered protein
spots were extensively washed with a solution containing
acetonitrile and ammonium bicarbonate minimum and
treated with trypsin (Promega, Madison, WI, USA) at 37◦C
overnight. The tryptic digests were recovered from the gel
pieces, concentrated by vacuum, and resolubilized with 0.1%
trifluoroacetic acid. The final tryptic digests were subjected
to mass spectrometry, which was performed using the LXQ
linear ion trap mass spectrometer (Thermo Electron, San
Jose, CA, USA). The Mascot software (version 2.3.0; Matrix
Science, London, UK) was used to search for the mass of the
peptide ion peaks against the SWISS-PROT database (Homo
sapiens, 471472 sequences in Sprot 57.5 fasta file). The
search parameters were as follows: trypsin digestion allowing
up to 3 missed tryptic cleavages, fixed modifications of
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Figure 1: Overview of protein fractionation by sequential use of 3 different columns to separate plasma proteins. All fractions were subjected
to ProteoMiner and 2D-DIGE.

carbamidomethyl, variable modifications of oxidation, 1+,
2+, and 3+ peptide charge, peptide mass tolerance of 2.0 Da,
and use of MS/MS tolerance of 1.0 Da for all tryptic-mass
searches.

3. Results and Discussion

We previously reported the utility of combining multidi-
mensional chromatography and 2D-DIGE for intact plasma
proteomics. Extensive fractionation by the different separa-
tion modes increased the number of protein spots on 2D-
DIGE and allowed a quantitative comparison between the
plasma samples from healthy donors and those from patients
with lung adenocarcinoma [18] and pancreatic cancer [19].
However, mass spectrometric protein identification revealed
that protein spots with a significant difference between
the sample groups corresponded to high- and medium-
abundance proteins such as acute-phase proteins, but no
known plasma tumor markers were detected. Thus, we
concluded that further investigations are needed to reveal
low-abundance proteins for biomarker studies. In this study,
we examined whether a novel technology, a solid-phase
hexapeptide ligand library could improve the linkage of
multidimensional chromatography and 2D-DIGE.

3.1. Overall View of Protein Fractionation: Comparison and
Detection. The overall view of sequential protein separation
is shown in Figure 1. A sample equivalent to 10 mL plasma
was separated using 3 different columns and then treated
with the solid-phase hexapeptide ligand library ProteoMiner.
The ProteoMiner-treated and untreated samples were com-
pared using 2D-DIGE by labeling them with different fluo-
rescent dyes and separating the labeled proteins on an identi-
cal gel. The protein spots with significantly different intensi-
ties between the ProteoMiner-treated and untreated samples
were subjected to mass spectrometry to identify the proteins.

The number of observable low-abundance proteins was
affected by the initial amount of plasma sample and the
sensitivity of the final quantification method. We used a
relatively large volume of plasma sample (10 mL) as the
initial material. The immunodepletion columns allow the
use of only a small volume of plasma sample for separa-
tion. Furthermore, a significantly larger number of plasma
samples should be examined to obtain conclusive results for
biomarker development. A larger volume of samples can be
manipulated by repeatedly using the same immunodepletion
column. Although it is quite feasible, special attention may
be required to maintain reproducibility during a long period
of use. In this study, we used Blue Sepharose and Protein
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G-Sepharose columns in a sequential manner to deplete
albumin and subsequently immunoglobulin and to min-
imize repeated use of the same column. Although these
columns may have less sensitivity than an immunodepletion
column and deplete nontargeted proteins that may bind to
albumin and immunoglobulin, a larger volume of plasma
sample can be treated in individual procedures. A previous
study indicated that Cibacron Blue beads remove a major
portion of the albumin but with concomitant loss of
potentially important peptides and proteins [20]. Thus,
we examined both the column-bound and flow-through
fractions (Figure 1). Although the specificity of Cibacron
Blue beads was not validated in this study, as the purpose
of Cibacron Blue was to reduce the complexity of plasma
sample, it should not be problem.

To avoid possible redundant proteins in the neighboring
fractions as much as possible when utilizing the anion-
exchange column, we used stepwise elution and fractiona-
tion; once all proteins were eluted, the next elution buffer
was applied to the column (Figure 1). Considering the com-
plexity of the samples and resolution of an anion-exchange
column, extensive fractionation with a gradient buffer system
may result in redundant contents among the fractions.
We employed 6 stepwise fractionations by monitoring the
fraction contents using SDS-PAGE (data not shown).

3.2. High Reproducibility of Protein Fractionation by Chro-
matography. The ultraviolet detection (280 nm) trace for
each run demonstrated consistent separation of albumin and
immunoglobulin from the depletion and anion-exchange
columns. This high reproducibility may suggest the possible
utilities of this approach for biomarker studies (Supple-
mentary Figure 1). High quantitative and qualitative repro-
ducibility of the solid-phase hexapeptide ligand library Pro-
teoMiner has been confirmed in previous reports [21, 22].

3.3. Demonstration of the Effects of Fractionation and Dynamic
Range Reduction. We examined the effects of sequential
plasma protein fractionation using 3 columns and the
reduction of dynamic range by ProteoMiner (Figure 2).
The contents of the fractionated samples were apparently
different from each other. Notably, the protein sample bound
to the Blue Sepharose and Protein G-Sepharose columns
included many proteins that should be different from the
targeted proteins, according to their molecular weights.
Treatment of the fractionated samples with ProteoMiner
enhanced the proteins that were not observed, except for
those bound to the Protein G-Sepharose column. Treatment
of the bound fraction from the Protein G-Sepharose column
with ProteoMiner did not result in a greater number of
observable proteins. This may have been due to the low
complexity and narrow dynamic range of proteins in the
bound fraction from the Protein G-Sepharose column. There
was one order of magnitude in concentration difference
for the observed protein bands in the ProteoMiner-treated
sample. These observations may reflect that the affinity of
proteins for the peptide may not be equal and even the
number of peptides bound on the beads is equal, the amount
of proteins bound to the ProteoMiner may be different
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Figure 2: Overview of the protein contents fractionated by
liquid chromatography and ProteoMiner. The fractionated protein
samples were loaded onto SDS-PAGE, and the protein contents were
visualized by silver staining.

depending on their affinity. This fraction contained similar
amounts of only 4 major proteins, as revealed by SDS-PAGE
(Figure 2), and they may have been absorbed to ProteoMiner
in proportion to their original amount.

The concentration and amount of protein samples before
and after ProteoMiner treatment are summarized in Supple-
mentary Table 1. The recovery rate from ProteoMiner was
between 0.54 and 6.33%, suggesting that a unique population
of protein species selectively bound to ProteoMiner. This
assumption was supported by the SDS-PAGE data, except
the bound fraction from the Protein G-Sepharose column
which included only 4 major proteins that were bound to
ProteoMiner (Figure 2).

3.4. Higher Separation of Fractionated Protein Samples and an
Evaluation of the Effects of ProteoMiner Treatment. Although
SDS-PAGE separated individual proteins with higher
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resolution than chromatography in this study, using it for a
quantitative comparison in a biomarker study may be trou-
blesome because many protein bands obviously overlapped
(Figure 2). Thus, we subjected the fractionated samples
to 2D-DIGE in order to separate the proteins with higher
resolution. Bandow compared ProteoMiner-treated and
untreated plasma samples using conventional 2D-PAGE and
demonstrated substantial differences between unprocessed
and immunodepleted plasma samples [11]. In 2D-DIGE, 2
protein samples were labeled with different fluorescent dyes,
mixed, and separated by 2D-PAGE. Because the 2 samples
were separated on an identical 2D-PAGE, gel-to-gel variation
was compensated. In addition, the wide dynamic range of
the fluorescent dyes enabled a quantitative comparison.
2D-DIGE has been applied to compare the performance of
ProteoMiner with an immunodepletion column [12]. We
further extended the evaluation of the utility of ProteoMiner
by loading a high amount of protein and examining the
proteins separated by an anion-exchange column.

The fluorescent 2D-PAGE images of the ProteoMiner-
treated and untreated samples were overlaid with different
colors, so that the unique protein contents were visualized
(Figures 3 and 4). The results of experiments in which the
fluorescent dyes were swapped are shown in Supplementary
Figure 2. Consistent with the SDS-PAGE results (Figure 2),
Figure 3 demonstrates that the approach involving depletion
of high-abundance proteins and multidimensional separa-
tion was an effective prefractionation method to increase
the number of protein spots, and the use of ProteoMiner
treatment also contributed to reveal more plasma proteins.
Because these fractionation methods are based on different
binding properties of proteins, their combined use revealed
additional plasma proteins.

The number of observed protein spots on 2D gel elec-
trophoresis is summarized in Supplementary Table 2. Over-
all, the total number of protein spots increased by treating
the samples with ProteoMiner, except for the bound fraction
from the Protein G-Sepharose column. This observation
suggests that ProteoMiner may be a useful tool to observe a
greater number of protein spots in prefractionated samples.

We compared the protein spots of the samples with and
without ProteoMiner treatment (Supplementary Table 3).
Depending on the criteria, different numbers of protein spots
showed significantly different intensities. Although the total
number of protein spots increased by treating the samples
with ProteoMiner (Supplementary Table 2), many protein
spots revealed decreased intensity with treatment, suggesting
the selective enrichment by ProteoMiner.

3.5. Mass Spectrometric Identification of Proteins with Dif-
ferent Affinities to ProteoMiner. To reveal the characteristics
of proteins with a particularly high or low affinity to
ProteoMiner, among the protein spots with greater than
5-fold differences (Supplementary Table 3), we selected
those with the top 10% different intensities between the
ProteoMiner-treated and untreated samples in each fraction
and subjected them to mass spectrometric identification.
A total of 200 protein spots were subjected to mass spec-
trometry, and a positive identification was obtained for 128

(Supplementary Table 4). A list of the identified proteins
is provided in Supplementary Table 5, and data supporting
protein identification are shown in Supplementary Table 6.
These 128 protein spots corresponded to 29 unique proteins.
Because the fold difference of the protein spots in the bound
fraction from the Protein G-Sepharose column was less
than 4, we did not examine them. Of the original plasma
samples, vitronectin and albumin were most affected by
ProteoMiner treatment and disappeared after depletion and
fractionation using the anion-exchange column. The other
proteins were identified as enriched (or nonenriched) by
ProteoMiner treatment. Proteins bound to ProteoMiner have
been reported in previous studies in which the proteins
were globally identified by mass spectrometry. Dwivedi et
al. demonstrated that albumin, alpha 1-antitrypsin, alpha
2-macroglobulin, apolipoprotein A-I, apolipoprotein A-II,
haptoglobin-related protein, and serotransferrin have high
affinity to ProteoMiner [21]. In addition, Beseme et al. iden-
tified apolipoprotein A-IV, apolipoprotein D, apolipopro-
tein E, ceruloplasmin, complement C3, fibrinogen beta,
fibrinogen gamma, ficolin-2, ficolin-3, paroxonase I, pro-
thrombin, transthyretin, and vitronectin [23]. The protein
concentrations identified in this study are summarized in
Supplementary Table 6. According to the literatures, the
identified proteins were classified as high- and medium-
abundance proteins. Adiponectin and the carboxypeptidase
N catalytic chain are not reported in previous studies, in
which ProteoMiner-treated samples were examined by 2D-
PAGE and mass spectrometry.

Adiponectin is an adipocytokine [24–27] and plays a
protective role against obesity-related disorders such as
metabolic syndrome [28], type 2 diabetes [29], and cardio-
vascular disease [30]. Low levels of plasma adiponectin are
associated with obesity [31] and many types of malignancies
such as liver cancer [32], breast cancer [33], pancreatic cancer
[34], and endometrial cancer [35]. An epidemiological study
suggested that adiponectin is involved in early colorectal
carcinogenesis [36], and that a low circulating adiponectin
level is correlated with a poor prognosis in patients with
colorectal cancer [37]. The molecular backgrounds of these
observations may be attributable to the antiproliferative
effects of adiponectin on cancer cells [38].

Carboxypeptidase N (CPN), which is also known as kin-
inase I, arginine carboxypeptidase, and anaphylatoxin inac-
tivator, is a zinc finger metalloprotease. It cleaves basic lysine
and arginine residues from the carboxy terminal of proteins
[39]. CPN is produced in the liver and secreted into the
plasma. It modulates the activity of cytokines such as stromal
cell-derived factor-1 alpha [40]. The association of CPN1
with malignancy and other diseases has not been reported,
and the clinical utility of CPN1 has not been suggested.

The working hypothesis of this study was that the com-
bined use of different separation methods, including a solid-
phase hexapeptide ligand library, would increase the number
of observable proteins, and finally visualize the proteome
that may not be observed otherwise. By loading a high
amount of protein and using extensive prefractionation tech-
niques prior to using ProteoMiner, trace proteins became
visible in SDS-PAGE, and the number of protein spots on
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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Figure 3: Effects of ProteoMiner treatment were examined by 2D-DIGE. The ProteoMiner-treated and untreated samples were labeled with
Cy3 and Cy5, respectively, mixed, and separated by 2D gel electrophoresis. Note that a significant number of protein spots showed different
intensities between the 2 samples. The dye-swapped images are shown in Supplementary Figure 2. (a) Original plasma; (b) flow-through
fraction of HiTrap Blue HP column; (c) binding fraction of HiTrap Blue HP column. (d) Flow-through fraction of HiTrap Protein G HP
column. (e) Binding fraction of HiTrap Protein G HP column; 0 mM fraction. (f) 100 mM fraction. (g) 150 mM. (h) 200 mM. (i) 250 mM.
(j) 1 M fraction. (k) Resource Q column.
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Figure 4: Continued.
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Figure 4: Localization of protein spots showing different intensities between the ProteoMinor-treated and untreated samples. Panels (a–k)
correspond to those in Figure 3. The protein spot numbers corresponds to those in Supplementary Tables 5 and 6. −/−: number of protein
spots without ProteoMiner treatment/those with ProteoMiner treatment.

2D-DIGE increased significantly. This approach may pave
a way to a novel strategy for intact plasma proteomics. In
contrast, the present results of mass spectrometric protein
identification did not support the use of a solid-phase
hexapeptide ligand library to enrich low-abundance pro-
teins. It may be because our present approach had 3 limita-
tions. First, mass spectrometric identification was performed
for proteins with a greater prominent difference between
the samples with or without ProteoMiner treatment, and
only 128 of 200 proteins were successfully identified (Sup-
plementary Table 4), probably because of the low protein
amount. Proteins with a smaller difference or amount may
include trace proteins. Although we optimized the protocols
for mass spectrometric protein identification because the
sensitivity of the fluorescent dye in the 2D-DIGE was very
high, not all protein spots on 2D-DIGE could be identified
by mass spectrometry. To evaluate enriched proteins, the
complementary use of an LC-MS/MS shotgun approach may
be worth considering. Second, proteins from ProteoMiner
were recovered by a single-step elution with 8 M urea, 2%
CHAPS, and 5% acetic acid, according to the manufacturer’s
instructions (Bio-Rad). However, because proteins may have
interacted with hexapeptide ligand libraries in all possible

modes, the absolute elution process may require sequential
steps or more stringent buffer conditions such as boiling
10% SDS with 3% DTE [41]. Furthermore, various binding
conditions may also be worth considering to capture whole
binding proteins [9]. Third, considering the practical use of
trace proteins in a biomarker study, we used as much sample
as possible for identifying them and examined 10 mL plasma
samples as an initial source. However, a larger volume of
plasma sample, such as 100 mL, might be needed to collect
rare proteins. In practice, such a high volume of plasma is
rarely obtained for many cases in biomarker studies, and
we may need to optimize the protocols for use of 10 mL
plasma. For instance, we identify the biomarker candidates
using 100 mL plasma, and using specific antibody against the
identified candidate, we will be able to screen a relatively large
number of samples with 10 mL volume or less.

The combined use of the ProteoMiner and the proteomic
modalities in this study may enable the quantitative compar-
ison for biomarker studies. We demonstrated that the liquid
chromatography was quantitatively reproducible (Supple-
mentary Figure 1), and the quantitative reproducibility of
the ProteoMiner and 2D-DIGE was previously reported [10,
17]. We may further need to examine how the combined
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use of such reproducible methods generate the results in a
reproducible way, considering the degree of differences that
we expect between the samples to be compared.

4. Conclusions

The use of ProteoMiner in combination with conventional
proteomic modalities such as depletion and anion-exchange
columns significantly enhanced trace proteins on SDS-PAGE
and increased the number of protein spots on 2D-DIGE,
suggesting that the use of a solid-phase hexapeptide ligand
library has great potential for intact plasma proteomics. Mass
spectrometric protein identification revealed that high- and
middle-abundance proteins were enriched by ProteoMiner,
and the characteristics of proteins with unique affinity to a
solid-phase hexapeptide ligand library remain to be clarified
by more extensive mass spectrometric protein identification.
Although use of ProteoMiner for biomarker studies is quite
feasible and attractive, more extensive characterization of
binding proteins and optimized protocols are required for
large-scale biomarker studies.

Acknowledgments

This paper was supported by the Ministry of Health,
Labor, and Welfare and by the Program for Promotion of
Fundamental Studies in Health Sciences of the Organization
for Pharmaceutical Safety and Research of Japan, T. Kondo
was a principal funding recipient. The authors report no
conflicts of interests.

References

[1] S. M. Hanash, S. J. Pitteri, and V. M. Faca, “Mining the plasma
proteome for cancer biomarkers,” Nature, vol. 452, no. 7187,
pp. 571–579, 2008.

[2] Z. Zhang and D. W. Chan, “The road from discovery to clinical
diagnostics: lessons learned from the first FDA-cleared in vitro
diagnostic multivariate index assay of proteomic biomarkers,”
Cancer Epidemiology Biomarkers and Prevention, vol. 19, no.
12, pp. 2995–2999, 2010.

[3] H. Zhang, A. Y. Liu, P. Loriaux et al., “Mass spectrometric
detection of tissue proteins in plasma,” Molecular and Cellular
Proteomics, vol. 6, no. 1, pp. 64–71, 2007.

[4] Q. Zhang, V. Faca, and S. Hanash, “Mining the plasma
proteome for disease applications across seven logs of protein
abundance,” Journal of Proteome Research, vol. 10, no. 1, pp.
46–50, 2011.

[5] P. G. Righetti, E. Boschetti, L. Lomas, and A. Citterio, “Protein
equalizer technology : the quest for a “democratic proteome”,”
Proteomics, vol. 6, no. 14, pp. 3980–3992, 2006.

[6] V. Thulasiraman, S. Lin, L. Gheorghiu et al., “Reduction of the
concentration difference of proteins in biological liquids using
a library of combinatorial ligands,” Electrophoresis, vol. 26, no.
18, pp. 3561–3571, 2005.

[7] P. G. Righetti, A. Castagna, P. Antonioli, and E. Boschetti,
“Prefractionation techniques in proteome analysis: the mining
tools of the third millennium,” Electrophoresis, vol. 26, no. 2,
pp. 297–319, 2005.

[8] P. G. Righetti, A. Castagna, F. Antonucci et al., “Proteome
analysis in the clinical chemistry laboratory: myth or reality?”
Clinica Chimica Acta, vol. 357, no. 2, pp. 123–139, 2005.

[9] P. G. Righetti, E. Boschetti, A. Zanella, E. Fasoli, and A.
Citterio, “Plucking, pillaging and plundering proteomes with
combinatorial peptide ligand libraries,” Journal of Chromatog-
raphy A, vol. 1217, no. 6, pp. 893–900, 2010.

[10] L. Sennels, M. Salek, L. Lomas, E. Boschetti, P. G. Righetti,
and J. Rappsilber, “Proteomic analysis of human blood serum
using peptide library beads,” Journal of Proteome Research, vol.
6, no. 10, pp. 4055–4062, 2007.

[11] J. E. Bandow, “Comparison of protein enrichment strategies
for proteome analysis of plasma,” Proteomics, vol. 10, no. 7,
pp. 1416–1425, 2010.

[12] C. Sihlbom, I. Kanmert, H. Von Bahr, and P. Davidsson,
“Evaluation of the combination of bead technology with
SELDI-TOF-MS and 2-D DIGE for detection of plasma
proteins,” Journal of Proteome Research, vol. 7, no. 9, pp. 4191–
4198, 2008.

[13] E. Ernoult, A. Bourreau, E. Gamelin, and C. Guette, “A pro-
teomic approach for plasma biomarker discovery with iTRAQ
labelling and OFFGEL fractionation,” Journal of Biomedicine
& Biotechnology, vol. 2010, Article ID 927917, 8 pages, 2010.

[14] J. S. K. Au, W. C. S. Cho, T. T. Yip et al., “Deep proteome
profiling of sera from never-smoked lung cancer patients,”
Biomedicine and Pharmacotherapy, vol. 61, no. 9, pp. 570–577,
2007.

[15] C. Marrocco, S. Rinalducci, A. Mohamadkhani, G. M.
D’Amici, and L. Zolla, “Plasma gelsolin protein: a candidate
biomarker for hepatitis B-associated liver cirrhosis identified
by proteomic approach,” Blood Transfusion, vol. 8, supplement
3, pp. s105–s112, 2010.

[16] M. Gatto, M. C. Bragazzi, R. Semeraro et al., “Cholangiocar-
cinoma: update and future perspectives,” Digestive and Liver
Disease, vol. 42, no. 4, pp. 253–260, 2010.

[17] T. Kondo and S. Hirohashi, “Application of highly sensitive
fluorescent dyes (CyDye DIGE Fluor saturation dyes) to
laser microdissection and two-dimensional difference gel
electrophoresis (2D-DIGE) for cancer proteomics,” Nature
Protocols, vol. 1, no. 6, pp. 2940–2956, 2007.

[18] T. Okano, T. Kondo, T. Kakisaka et al., “Plasma proteomics
of lung cancer by a linkage of multi-dimensional liquid
chromatography and two-dimensional difference gel elec-
trophoresis,” Proteomics, vol. 6, no. 13, pp. 3938–3948, 2006.

[19] T. Kakisaka, T. Kondo, T. Okano et al., “Plasma proteomics
of pancreatic cancer patients by multi-dimensional liquid
chromatography and two-dimensional difference gel elec-
trophoresis (2D-DIGE): Up-regulation of leucine-rich alpha-
2-glycoprotein in pancreatic cancer,” Journal of Chromatogra-
phy B, vol. 852, no. 1-2, pp. 257–267, 2007.

[20] N. Zolotarjova, J. Martosella, G. Nicol, J. Bailey, B. E. Boyes,
and W. C. Barrett, “Differences among techniques for high-
abundant protein depletion,” Proteomics, vol. 5, no. 13, pp.
3304–3313, 2005.

[21] R. C. Dwivedi, O. V. Krokhin, J. P. Cortens, and J. A. Wilkins,
“Assessment of the reproducibility of random hexapeptide
peptide library-based protein normalization,” Journal of Pro-
teome Research, vol. 9, no. 2, pp. 1144–1149, 2010.

[22] E. Mouton-Barbosa, F. Roux-Dalvai, D. Bouyssié et al., “In-
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