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Figure 1. Proteomic analysis of CRC tissue samples by the NBS method. A schematic drawing of NBS analysis (A) and a typical example of
MS (B) and MS/MS (C) spectra of an NBS-labeled peptide (HWILPQDYDHAQAEAR} from RCN1 are shown.

positive identifications. This corresponded to 128 proteins,
with 71 up-regulated and 57 down-regulated, as listed in
Table 1 and Supporting Tnformation 1. Their subcellular
localizations are shown in Fig. 2 and Supporting Informa-
tion 2. The proportion of cytoplasmic proteins identified
using CF analysis was nearly half (45.29), whereas CSF
analysis indicated a proportion of less than a quarter (22.2%).
In contrast, the proportion of extracellular and plasma
membrane proteins identified using CSF analysis (27.0%)
was much larger than that identified using CF analysis
(16.4%). Most of the proteins were identified from either CF
analysis or CSF analysis, and only a few from both (65, 55
and 8 proteins were identified from CF only, CSF only or
both fractions, respectively). This means that CF/CSF frac-
tionations were successfully achieved and that these fraction-
ations improved the proteome coverage.

NES labeling followed by MS analyses was carried out
twice for all samples to evaluate experimental variations
(Supporting Information 3). Correlation coefficients cal-
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culated for each of the 12 patient samples were all
above 0.95, indicating that this quantitation method was
reliable.

In this study, we focused on 23 up-regulated proteins
whose mRNA expression was also up-regulated, as deter-
mined by cDNA microarray analysis (unpublished data). We
selected six of these proteins (ZYX, RAN, RCN1, AHCY,
LGALS1, and VIM) for further characterization, using the
criteria that they had not been well studied in relation to CRC
and that they have distinct features.

3.2 Verification of results obtained from global
quantitative proteome analysis by the NBS
method

Although the good reproducibility and reliability of the NBS
method have been demonstrated previously, [12, 13, 16] and
were demonstrated in the above analyses, we carried out WB
analysis to verify our results using an independent method.
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Table 1. Differentially expressed proteins in CRC tissues

Protein name Average Average Occurrence Fraction® Praviously

T/Nratio®  Log, (T/IN in patients reported
ratio) - SD (%) in CRC

Up-regulated proteins in CRC tissues

Alphal acid glycoprotein 25 13 =1.0 9/11(81%) CF

Alpha 1 acid glycoprotein type 2 NC® NCH 10 CF, CSF

Alpha-tubulin 2.0 1.0 =054 9 /9 (100%) CSF

Beta-tubulin 21 1.1 +0.36 8 /9 (89%) CSF (81

Apurinic endonuclease 20 1.0 +047 12/12 (100%) CF

Calumenin 27 1.4 +086 10/10 (100%) CSF

Chaperonini 2.3 1.2 *0.46 11/110100%) CSF 3]

Clathrin heavy polypeptide 1.7 0.78 + 0.78 7 /9 (89%) CSF

Clathrin light polypeptide A 3.2 L7+ 10/11 {91%) CSF

Complement factor H 21 1.1 2033 9/10 (90%) CF.CSF

Cystaeine rich intestinal protein 1 5 S 0.78 = 0.51 8/9 (89%) CSF

Cytokeratin 18 28 1.5 =099 10/12 (83%]) CSF [6,9]

Enolase 1 21 1.1 =092 9/10 (90%) CF.CSF [6,7]

Ezrin 23 1.2 *086 8/10 (80%) CF 7]

F-box protein 40 25 1.3 =061 11/12 (91%) CSF

Fibrinogen gamma 2.2 1.2 +05 9 /10 (90%) CF

Fk&06 Binding Protein 1A 22 1.2 05 9/10 (90%) CF

Galectin 1 21 1.1 2039 9/11(81%) CSF

Glutathione peroxidase 1 1.8 0.81 + 037 8 /10 (80%) CF

Glyeyl tRNA synthetase NC® NCe 8 CF (8]

Glyceraldehyde-3-phosphate dehydrogenase 20 1.0 082 8/10 (80%) CF

Golgl complex-associated protein 1 22 1.1 =073 8 /9 (89%) CF

Heat shock 70kD protein 9B 28 1.5 +0.85 8/9 (89%) CF

Heat shock protein 27 2.1 1.1 =034 10 /12 (83%) CF

Heparan sulfate proteoglycan 2 25 1.3 059 8/9 (89%) CSF

Heterageneous nuclear ribonucleoprotein H2 NCe NC 9 CSF

High density lipoprotein binding protein 21 1.1 = 0.25 8 /8 (100%) CSF

HLA-C 21 1.1 +0.55 7/81(88%) CF

Hypothetical protein FLJ38663 22 1.1 =087 7 /9 (78%) CF

Inorganic pyrophosphatase 25 1.3 + 076 10/11 (90%) CF |6, 8]

Membrane-bound C2 domain-containing protein 2.0 0.98 + 0.31 8/9 (89%) CSF

Mitogen inducible gene 2 protein 19 0.94 + 0.7 7 /9 (78%) CF

6-Phosphogluconolactonasse 2.0 0.99 = 0.78 9 /10 (90%) CF

Plastin 2 2.4 1.2 +049 10 /10 {100%) CF

Plectin 1 2.0 1.0 =08 8/10 (80%) CSF

Proteasome subunit pS8 2. 1.1 0.4 8/8 (100%) CSF

Protein tyrosine phosphatase, receptor type ¢ NC® NCe 8 CSF

Protein tyrosine phosphatase, receptor type, o NCe NCe 8 CSF

Pyruvate kinase 3 1.9 0.93 =04 11/12(92%) CF (61

RAB18, member RAS oncogene family 27 1.5 +0.86 10/12 (83%) CSF

RAB2ZA 1.9 0.94 + 0.73 7/10(70%) CSF

RACK1 2.0 1.0 + 032 10 /10 (100 %) CF

Radixin 1.8 0.84 = 0.76 B2 (73%) CF

RAN, member RAS oncogene family 2.0 0.99 + 0.67 9/11 (81%) CF

Reticulocalbin 1 34 1.8 +096 9 /10 (90%) CF

Rhodanese; thiosulfate sulfurtransferase 19 0.95 + 0.66 7 /10 (70%) CF

Ribonuclease RNase A family 3 NC® NC® 8 CSF

Ribosomal protein L13 34 18 =098 10 /10 (100%) CSF

Ribosomal protein L27a 21 1.0 =07 8/11(73%) CSF

Ribosomal protein L4 20 1.0 +0.64 9/11 (82%) CSF

Ribosomal protein S18 28 1.5 *048 10/10(100%) CSF

Ribosomal protein 529 20 1.0 +047 7 /8 (88%) CSF

Ribosome binding protein 1 1.8 0.87 + 0.34 10 /11(91%) CF 7

S adenosylhomocysteine hydrolase 23 1.2 +079 10/11 (90%) CF
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Table 1. Continued

Proteomnics Clin, Appl. 2008, 2, 925-935

Protein name Average Average Occurrence Fraction™ Previously

T/N ratio Log; (T/N in patients reparted
ratio) - SD (%) in CRC

5100 calcium binding protein A9 22 1.2 =07 9/ 11 (82%) CF 81

Solute carrier family 25, member 5 2.2 11 =07 8 /8 {89%) CSF

Solute carrier family 3, member 2 2.0 1.0 =0.: 8 /9 (89%) CSF

Splicing factor 3B, subunit 3 28 1.5 =099 9 /10 (90%) CF 171

Splicing factor. arginina/serine-rich 3 (SRp20) 23 1.2 =052 7 /8 (88%) CF

TLS protein NC NC® 9 CSF

Transgelin 2. 11 0.78 7 M@ {78%) CF (8. 10]

Transgelin 2 2.3 1.2 +0.32 10/10 (100%) CF (8]

Triosephosphate isomerase 1 2.0 0.99 = 0.92 10/12 (83%) CF, CSF [6, 8]

Tumaor rejection antigen 1 NC* NC® 8 CSF 6]

Ubiquitin activating enzyme 1 2. 1.1 =0.47 9 /10 (90%) CF

Ubiquitin isopeptidase T 23 1.2 =06 9 /10 (90%) CSF

US snANP-specific protein, 116 kDa 25 13 0 9 /11 (82%) CSF

Vimentin 25 1.3 =0.39 9 /9 (100%) CSF [6]

Vitronectin 21 11 =08 7 /8 (88%) CSF

XTP3 transactivated protein A 24 13 2052 9 /10 (90%) CF

Zyxin 22 11 =07 9 /10 (90%) CF

a) An average (T/N ratio) is calculated by exponential transformation of an average Log; (T/N ratic).

bl Fraction; CF: cytosolic fraction, CSF; 2% CHAPS-soluble fraction.

¢} NC; not calculated. This is because a protain is exclusively detected in CRC {or normal) tissues.
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Using the same fraction (CF or CSF) and the same CRC
patient samples used in the NBS analyses, WB analyses were
performed for the six selected proteins (Fig. 3). Generally,
high T/N ratios were again observed in WB analyses, though
the precise ratio was sometimes unmatched in one-to-one
data comparison with the NBS analysis. The inconsistency
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Figure 2. Classification of differ-
entially expresssd proteins in
CRC tissues. Identified proteins
that were differantially expres-
sed in CRC tissues are classified
into categories based on their
subcellular localization. Proteins
identified in the cytosolic frac-
tion (CF} (A), and those identi-
fied in the 2% CHAPS-soluble
fraction (CSF) (B) and tha total of
128 proteins (C) are represented
graphically.

sometimes observed between NBS and WB data may be due
to the different assay methods (see Section 4). Because the
high T/N ratios observed in the NBS analyses were con-
firmed by WB analyses for all six selected proteins, these
proteins were further evaluated by immunohistochemical
staining analysis

www.clinical proteomicsjournal.com
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3.3 Further validation by immunohistochemical 4 Discussion

staining

Finally, immunohistochemical staining was performed to
investigate the localization of the six selected proteins and to
examine their expression patterns in whole CRC tissues (Fig. 4
and Supporting Information 4). All of these proteins, in all
samples tested, were immunohistochemically detected more
frequently in CRC tissues than in adjacent normal tissues.
Cancer cells expressed five proteins (ZYX, RAN, RCN1,
AHCY, and LGALS1); RCN1 and AHCY were strongly detect-
edand ZYX, RAN and LGALS1 were found at moderate levels,
on average, in all samples tested, although their expression
patterns were not homogenous. In particular, RAN, RCN1 and
LGALS1 were localized partially in cancer cells. On the other
hand, normal colorectal epithelial cells expressed only ZYX,
RCN1 and AHCY, and their expression was generally weak.
Various stromal cells were positive for five proteins (ZYX,
RAN, AHCY, LGALS1, and VIM), including leukocytes, blood
vessels, nerves and fibroblasts. VIM was strongly and specifi-
cally expressed in stromal cells close to the cancer cells. ZYX
and LGALS1 were moderately expressed in stromal cells gen-
erally, and their expression here was as strong as that of cancer
cells. Stromal cells close to the cancer cells expressed these
three proteins more int ly than those distant from cancer
cells. Five of the six selected proteins (ZYX, RAN, AHCY,
LGALS1, and VIM) were expressed not only in cancer cells, but
also in the surrounding stromal cells.
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We performed proteomic profiling of CRC tissue samples
to identify novel biomarker candidates by the NBS meth-
od. Proteins that were differentially expressed hetween
tumor and normal tissues, with significant differences in
expression and affecting most of the patients, were
selected and a final set of 128 proteins was identified. Of
these, 23% (30 proteins) were reported in earlier prote-
omic studies on CRC [6-10]. Interestingly, the present
study has led to identification of about 100 novel CRC-
associated proteins that have not been reported to associ:
ate with CRC before.

In this study, two fractions (CF and CSF) were prepared
in order to increase the range of analyses. Many extra.
cellular and plasma membrane proteins were recovered
simultaneously and identified in CSF fractions. CEA, a well-
known biomarker used for dinical detection of CRC, is a
GPl-anchored membrane glycoprotein. It has been sug-
gested that CEA is cleaved by glycosylphosphatidylinositol-
phospholipase D (GPI-PLD) and then secreted into blood
[19]. Thus, plasma-membrane proteins have the best chance
of being secreted into circulatory systems, along with extra-
cellular proteins. In other words, plasma-membrane pro-
teins and extracellular proteins are excellent candidates for
biomarker development. Viewed in this context, our report
seems to contain many potential CRC biomarker candi-
dates.

com
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Figure 4. Immunohistochemical staining (IHC) for the six salacted proteins in CRC tissues. Insets show IHC staining of normal colonic tis-
sua. Bars indicate 20 pm in all figures, including insets (original magnification x 140, insets = 70), Each displayed picture (A-F) is a typical
example of ten tested samples. (A) ZYX was expressed in cancer cells as well as in stromal cells closs to cancer cells, including leukocytes
and blood vessels. Weak ZYX expression was observed in normal epithalial cells and in stromal cells distant from cancer cells {Inset), (B)
RAN was expressed in cancer cells, while normal epithelial cells were negative. Some leukocytes adjacent o cancer cells also expressad
RAN. (C} RCN1 was expressed in cancer cells and weakly in narmal epithelial cells. No RCN1 expression was detected in stromal cells. (D)
AHCY was expressed in cancer cells and weakly in normal epithelial cells. Weak AHCY expression was observed in stromal cells such as
leukocytes and blood vessels. {E) LGALS1 was expressed in stromal cells including lsukocytes, narve cells and fibroblasts. Expression in
stromal cells adjacent to cancer cells was much stronger. Some cancer cells expressed LGALS1, while normal epithelial cells were nega-
tive. (F) VIM was strangly expressed in stromal cells including leukocytes, fibroblasts and blood vessels. Expression in stromal cells adja-
cent to cancer cells was much stronger. Neither normal epithelial cells nor cancer cells expressed VIM at all,

There are some discrepancies between the NBS and
WB results (Fig. 3: for example, AHCY for Patient §,
LGALS1 for Patient 8, VIM for Patient 7). This probably
was due to differences in the two analytical methods. In
WB analysis, whole proteins, including PTM or alternative
splicing vaniants, can be detected by a shift in migration,
although subtle differences of molecular weight change
caused by a small modification or a point mutation are
overlooked. On the other hand, in NBS analysis, peptides
are detected with a resolution power of less than 1 Da, al-
though PTM, mutations, and splice variants not present in
the NBS-labeled peptides will be overlooked Thus, the
NBS method by itself is not suitable for a comprehensive
analysis of PTM moieties of proteins because the coverage
of each protein is quite low. This is indeed a drawback and
a limitation of the NBS method, which must be compen-
sated by other methods. However, global proteome analy-
ses with respect to PTM-proteins can be performed by the
NBS method if it is combined with prior enrichment of the
sample [18].

L' 2008 WILEY-VCH Verag GmbH & Co, KGaA, Weinheim

Six selected proteins showed high expression levels in
CRC tissues and occurred with high frequency in CRC
patients [ZYX 90% (9/10), RAN 813 (9/11), RCN1 90% (9/
10), AHCY 90% (10/11), and LGALS1 81% (9/11), respec:
tively]. These proteins were also selected because they have
not been well studied in relation to CRC, and so they were
cansidered to be novel biomarker candidates. Each of these is
discussed in detail below.

ZYX 1s a zinc-binding phosphoprotein that is a member
of the LIM protein family. This protein is widely expressed in
human tissues and is most prominent in lung and colon tis-
sues [20]. Tt has been suggested that ZYX might enhance
hepatocellular carcinoma cell migration and intravasation
through its action on the actin cytoskeleton, as it promotes
cell dissemination as a part of integrin-signaling pathways
[21]. However, there have been no reports demonstrating an
association of ZYX with CRC. In this study, we have demon-
strated high expression of ZYX in CRC tissues for the first
time. Mareover, ZYX was highly expressed in both cancer
cells and in the surrounding stromal cells. Because this

www.clinical proteomics-journal.com
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molecule is also strongly expressed in blood vessels in close
proximity to cancer cells, it might be secreted into the blood
of CRC patients.

RAN is a small GTP-binding protein belonging to the
RAS superfamily. This molecule has also proven essential
for various mammalian cellular processes, such as nuclear-
cytoplasmic transport, cell cycle progression, nuclear
organization, nuclear envelope assembly, mitotic control
and genomic instability (22, 23). Because genetic instability
is a major factor in carcinogenesis and development of
cancer, this protein is considered associated with carcino.
genesis. It has been reported that high-level expression of
RAN is strongly associated with the prognosis of epithelial
ovarian tumors [24]. In this study, we demonstrated its up-
regulation in both cancer cells and in the surrounding stro-
mal cells. Taking into consideration these data and previous
reports, it appears that this protein might be a key molecule
in CRC carcinogenesis.

RCN1 is a calcium-binding protein expressed in the ER.
This protein contains six repeats of a domain containing an
EF-hand motif, which is considered to play a role in Ca’*-
dependent cell adhesion [25] This protein regulates cadherin
expression in breast carcinoma and colorectal carcinoma
cells (SW480) [26, 27), and high expression of this protein in
hepatoma cells has been demonstrated [28]. We noted for the
first time high expression levels of this protein in CRC tissue.
In addition, we demonstrated that RCN1 was overexpressed
with high frequency only in cancer cells. Our data suggest
that RCN1 might be a promising candidate for biomarker
development.

AHCY catalyzes hydrolysis of S-adenosylhomocysteine to
adenosine and homocysteine. This enzyme is crucial in the
control of transmethylation reactions, and a deficiency of this
molecule induces hypermethioninemia [29]. There is little
evidence indicating any association of this molecule with
cancer. Another proteomics study demonstrated up-regula-
tion of AHCY in CRC tissue [8]; however, this was not char-
acterized further. The present study utilized THC to show, for
the first time, high expression of AHCY in cancer cells and
weaker expression in the surrounding stromal cells.

Galectins regulate pleiotropic biological functions
involved in cell growth, differentiation, adhesion, RNA pro-
cessing, apoptosis and malignant transformation [30].
Galectin-1 is found extracellularly in many tissues in both
normal and pathological conditions, and several reports have
demonstrated an association of galectin-1 with cancer [30].
Up-regulation of LGALS1 in CRC tumor tissue was found
using another proteomic approach [31]; however, no follow-
up studies have been reported to date. In the present study,
this protein was strongly expressed in stromal cells adjacent
to cancer cells, in addition to its up-regulation in tumor
tissue.

VIM is an intermediate filament that represents a third
class of well-characterized cytoskeletal elements, along with
the actins and tubulins. This protein is considered a key
protein n cell physiology, cellular interactions, and organ
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homeostasis [32]. In previous reports, IHC examination has
shown that most cases of primary colonic malignant mela-
noma, which is a rare tumor, were positive for VIM [33]. In
the present study, this molecule was strongly expressed in
stromal cells in the vicinity of cancer cells, and was asso-
ciated with CRC.

Analyses of whole tissues including stroma are
important to understand cancer biology and to discover
novel biomarker candidates. This is because as much as a
half of tumor tissues are composed of stroma, and cancer
cells are frequently influenced by this. In addition, stroma
cells may be influenced by neighboring cancer cells, and
changes of the stroma could constitute a “cancer signal”.
THC experiments in this study revealed that two proteins
(LGALS1 and VIM) were up-regulated in CRC tissues, but
they are located primarily in stroma, not in tumor cells,
This observation supports the importance of whole tissue
analysis. In addition, it suggests that a proteomic study
should be compensated and validated by THC, because it
alone does not reveal detailed information regarding pro-
tein localization, which is required for precise functional
analyses.

In this study, proteins up-regulated in CRC tissues,
whose mRNA expression was also up-regulated, were pri-
marily selected for further studies. It is natural to focus on
up-regulated proteins in CRC to identify potential diag-
nostic biomarkers to achieve early detection of CRC. This
set of proteins may include a key protein that is respon-
sible for carcinogenesis. Considering the above possibility,
genes with high mRNA expression in CRC are the best
targets for gene therapy, such as RNA interference. This is
why we prioritized investigating these proteins over others
in this study. However, up-regulated proteins that showed a
negative correlation with mRNA expression require further
investigation because they were detected only by proteomic
studies.

To identify biomarker candidates for early diagnosis,
examinations of specimens from patients diagnosed at an
early stage of disease may be ideal. However, advanced tumor
specimens were used in this study for the first screening, as
previously reported [6-10], partly because it is difficult to ob-
tain enough early stage specimens. Although many proteins
identified in this experiment may not be applicable to early
diagnosis, several of them are anticipated to be already
altered and to be applicable as early stage markers, as proved
in earlier studies [7, 9]. This is why proteins identified from
advanced stage specimens may still be used as early diag-
nostic markers. We are now examining whether selected
candidate proteins are detected at significantly higher levels
in sera of CRC patients in comparison with healthy volun-
teers.
We originally assumed that the term “biomarker” is
simply used in clinical diagnostic scenes, but it could be
used in clinicopathological ones as well. For example, there
are few cases in which the pathological diagnosis for can-
cer is difficult. However, it is sometimes difficult to specify
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the localization of the primary tumor when a metastatic
focus is first detected in cancer screening [34). In such a
case, the proteins identified in CRC tissues in this study
would be very useful to identify the primary site, if they
were applicable.

We believe that the present study will contribute to future
improvemnents in diagnostic/prognostic applications, under-
standing of CRC carcinogenesis, and the discovery of new
therapeutic targets and drugs.

We thank Dr. Koichi Tanaka, Dr. Susumu Iwasa, and Dr.
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Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) has been one of the
most powerful tools for analyzing protein phosphorylation. However, it is frequently difficult to
detect phosphopeptides with high sensitivity by MALDI-MS. In our investigation of matrix/
matrix-additive substances for improving the phosphopeptide ion response in MALDI-MS, we
found that the addition of low-concentration alkylphosphonic acid to the matrix/analyte solution
significantly enhanced the signal of phosphopeptides. In this study, the combination of methane-
diphosphonic acid and 2,5-dihydroxybenzoic acid gave the best results. In addition to enhancing the
signal of the phosphopeptides, alkylphosphonic acid almost completely eliminated the signals of
sodium and potassium ion adducts. We report herein sensitive detection of phosphopeptides by
MALDI-MS with the use of alkylphosphonic acids as matrix additives. Copyright (C 2008 John Wiley

& Sons, Lid.

Phosphorylation is one of post-translational modifications in
proteins, which is a ubiquitously found biological event in
living systems.'” One-third of all eukaryotic proteins are
reported to be phosphorylated,*® and phosphorylation plays
a pivotal role in a wide range of important signal transduction
pathways and other cellular processes such as growth,
metabolism, proliferation, motility, interaction, and differ-
entiation in a living cell."™” Hence, protein phosphorylation
has been recognized as one of the most relevant post-
translational modifications, and localization of phosphoryla-
tion sites in the protein sequence is an important goal for
understanding regulation mechanisms.

Although the importance has been highly acknowledged,
the characterization of the protein phosphorylation sites in
biologically derived proteins is still challenging.

Since its introduction more than 20 years ago, matrix-
assisted laser desorption/ionization mass spectrometry
(MALDI-MS) has become one of the most powerful tools
for analyzing proteins, peptides, oligosaccharides, and so on,
because of its high sensitivity, robustness and easy sample
preparation. Hence, phosphorylation has frequently been
analyzed by MALDI-MS.

However, although as pointed out above MALDI-MS has
many advantages, a serious problem still remains which
hampers the analysis of phosphopeptides by MALDI-MS.
This is because phosphorylated peptides are frequently more

*Correspondence to: O. Nishimura, [nstitute for Protein Research,
Osaka University, Suita 565-0871, Japan.
E-mail: osamu_nishimura@protein.osaka-u.ac.jp
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difficult to detect and analyze by MALDI-MS than their
non-phosphorylated cognates. The difficulty of detecting
phosphorylated peptides arises from their low abundance
and intrinsic low ionizability, In addition, ionization is often
suppressed in the presence of non-phosphopeptides as in the
normal proteolytic digest of a phosphoprotein.

To remove impediments to analysis, there have been, in
general, three typical workflows for protein phosphorylation
analysis, chemical derivatization,'®" selective enrichment,'*'*
and the choice of matrix/matrix-additive system,'™™
Although these three approaches each have their own
advantages, the choice of matrix/matrix additive to enhance
the response of phosphopeptides in MALDI-MS is a very
appealing approach because no chemical or enzymatic
treatments are required nor are selective chromatographic
methods necessary.

A few years ago, we reported a versatile dephosphoryla-
tion procedure using aqueous HF solution or HF-pyridine to
detect phosphopeptides in a digestive mixture,”* and it has
since been used by several groups.™ ™ It is a very efficient
and robust measure for cleaving the phosphomonoester
linkage in phosphopeptides™**** and phosphoproteins,*
and facilitates the detection of phosphorylated peptides in a
digestive mixture. Comparison of the spectra obtained before
and after the treatment with aqueous HF solution or
HF-pyridine clearly demonstrates the mass shift (-80Da)
due to removal of the phosphate group. However, phos-
phorylated peptides themselves are sometimes not discern-
ible in a MALDI mass spectrum because of their low
concentration and/or their low ionizability.

Copyright & 2008 John Wiley & Sons, L1d,



1110 H. Kuyama, K. Sonomura and O. Nishimura

One of our goals has been to directly detect phosphory-
lated peptides by MALDI-MS. So far, there is no universal
methodology for the sensitive detection of phosphopeptides.
The goal is to analyze phosphopeptides with high sensitivity
and resolution, and it is better to do so using a less
cumbersome, less time-consuming approach. Therefore, we
chose the last approach (the choice of matrix/matrix additive
system) from the viewpoint of readiness of operation, and
we undertook this study for more efficient detection of
phosphopeptides by MALDI-MS,

Based on the finding of the enhanced response of
phosphopeptides by the addition of strong acid,” Jensen
etal. reported that phosphoric acid (PA) was proved to be the
matrix additive of choice for the sensitive detection of
phosphopeptides.'” PA works well in enhancing the phos-
phopeptide signal. However, with use of PA as an additive,
some phosphopeptides as well as non-phosphopeptides
escape detection by MALDI-MS in the negative ion mode.'”

This drove us to investigate a more efficient and reliable
matrix additive for detecting phosphopeptides by MALDI-
MS. In a previous report on matrix selection,” we found that
the structural similarity between the analyte and matrix
might be the key for the proper choice of matrix and/or
matrix additive. With this in mind, we started investigating
organic and inorganic phosphorous acid as a matrix additive
for the enhanced detection of phosphopeptides.

EXPERIMENTAL

Materials

Ovalbumin(chicken egg white), w-casein (bovine milk),
albumin (bovin serum; BSA), phosphorylase b (rabbit
muscle) and lysozyme (chicken egg white) were purchased
from Sigma (St Louis, MO, USA). Sequencing-grade
modified trypsin was obtained from Promega (Madison, WI,
USA). High-purity MALDI-MS grade 2,5-dihydroxybenzoic
acid (DHBA) and e-cyano-4-hydroxycinnamic acid (CHCA)
were obtained from Shimadzu GLC (Tokyo, Japan). BPNA,
MPNA,SAA, PNAA and EDTA were purchased from Sigma
(St. Louis, MO, USA). The abbreviations cited here indicate
matrix additive candidates (see Fig. 1). PNA was purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
PA and MLA were obtained from NACALAI TESQUE, Inc.
(Kyoto, Japan). MDPNA, EDSA, NTA, NTMPNA and
EDTMPNA were obtained from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). EHDPNA and EDPNA were
purchased from Alfa Aesar (UK). SCA was obtained from
Fluka Chemie AG (Switzerland). Peptides (1P, 2P, 3F and
3PPP; see Table 1) were purchased from AnaSpec, Inc. (San
Jose, CA, USA). WAGGDASGE and WAGGDApSGE were
purchased from American Peptide Company, Inc. (Sunny-
vale, CA, USA). TSTEPQYQPGENL and TSTEPQpYQP-
GENL were purchased from BACHEM AG (Switzerland).
GFETVPETG-NH, and GFETVPEpTG-NH, were synthes-
ized in-house using a model PSSM-8 peptide synthesizer
(Shimadzu) by the Fmoc strategy. All other chemicals
were analytical reagent grade and used without further
purification.

Copyright @ 2008 John Wiley & Sons, Ltd.

Sample preparation

Three matrix-additive candidates (NTA, EDTA, and
EDTMPNA) were dissolved with water to vield saturated
solutions. PA and NTMPNA were dissolved with water to
give 3% and 1% solutions, respectively (v/v). Other
matrix-additive candidates were dissolved in water to 1%
{(w/w). The matrix solution was prepared by dissolving 5 mg
of DHBA in 0.5mL of 50% aqueous acetomtrile. CHCA
solution, saturated in the same solution system as in DHBA,
was used as a matrix for the external calibration.

Model peptides were dissolved in water to the concen-
trations used.

Tryptic digestion was performed in 50 mM Tris-HCI (pH
7.8), 5mM CaCl; at an enzyme-to-substrate ratio of 1:20
(w/w) at 37°C overnight. The resulting digests were used
with an appropriate dilution.

MALDI-MS

An AXIMA-CFR plus mass spectrometer (Shimadzu/Kratos,
Manchester, UK) was used to obtain all MALDI-TOF mass
spectra. The operating conditions were as follows: nitrogen
laser (337 nm); reflectron mode; positive or negative mode.
The accelerating voltage in the ion source was 20kV. A
standard stainless steel target plate was used for the analysis.
A portion (0.3 L) of each analyte, matrix, and matrix-
additive solution was mixed on the target plate and analyzed
after drying. The m/z values in the spectra were externally
calibrated with angiotensin II (human) and ACTH fragment
18-39 (human) using CHCA as a matrix. All measurements
were repeated in at least three independent experiments.

RESULTS AND DISCUSSION

Screening of matrix additives

We used 16 different compounds varying from inorganic to
organic acids for screening, as summarized in Fig. 1. To
evaluate these compounds as matrix additives, a peptide
mixture containing four different phosphopeptides in
equimolar amount (final concentration of each peptide
was 0.1 pmol/pul) was prepared. The contents were three
monophosphorylated peptides, and one triphosphorylated
peptide, ranging from m/z 1438 to 1880, as listed in Table 1.

We used DHBA, which is known to be a ‘cool’ matrix, as a
matrix in this study. The formed ions remain intact during
MALDI mass analysis because they have low internal energy
when using DHBA as a matrix. Therefore, DHBA is
frequently used for phosphopeptide analysis in MALDI-MS,

The signal intensities of these peptides are listed in Table 2
which were measured by MALDI-MS using DHBA as a
matrix with or without the candidate compound as an
additive. In this data acquisition, the laser fluence was set
identical except for PA and PNA. When using PA or PNA as
an additive, higher laser fluence was needed to produce
molecular ions.

PA has an enhancing effect for phosphopeptides, and its
cognate phosphonic acid (PNA) is comparably effective.
Among acidic groups of COOH, SOsH, and P(=O)(OH),,
the phosphonic acid group is apparently responsible for the
enhancement as determined from the comparisons in the
groupof (MLA, SAA, PAA) and (SCA, EDSA, EDPNA). This

Rapid Commun, Mass Spectrom, 2008; 22: 1109-1116
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Figure 1. Structures and abbreviations of candidate acids in this study.

might be true for the cases of NTMPNA and EDTMPNA,
from the comparison with NTA and EDTA. Multiplicity of
the acidic group in one molecule dramatically improves the
enhancement (from the data of MPNA, MDPNA, EDPNA
and so on). The data for PA and the most promising
candidate, MDPNA, indicate that MDPNA addition pro-
duces a 5-fold to 34-fold increase in signal enhancement
whereas PA addition exhibits a 1-fold to B.4-fold increase,
compared with no addition of matrix additive (DHBA only).
As a whole, it is apparent that the phosphonic acid moiety
has an enhancing effect and that a molecule incorporating
2 to 4 of the phosphonic acid groups enhances the
phosphopeptide signal in MALDI-MS. Among candidates
incorporating multiple phosphonic acid groups, MDPNA is
the most effective in enhancing the phosphopeptide signal in
MALDI-MS.

Copyright © 2008 John Wiley & Sons, Lid.

In the negative mode, the data exhibit a similar tendency in
that candidates incorporating 2 to 4 phosphonic acid groups
are effective in enhancing the signal intensity of phospho-
peptide ions by MALDI-MS, although the enhancing effect is
not as high as in the positive mode. MDPNA is the most
effective in enhancing the phosphopeptide signal, although
the difference between PA and MDPNA becomes smaller.

Among the candidate compounds tested, MDPNA
enhances the phosphopeptide signal by MALDI-MS the
mast in both positive and negative modes. Hence, MDPNA
was used as an additive to DHBA for the subsequent
experiments,

To optimize the concentration of the MDPNA solution, we
tested several points of the concentrations ranging from
0.01% to 10%. At a concentration less than 1% or more
than 5%, mass spectra indicated deteriorated signal-to-noise

Rapid Commun. Mass Spectrom, 2008; 22 1109-11186
DOL: 10,1002/ rem
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Table 1. Phosphopeptides studied in this report”

Peptide ID [M+H]* Sequence

P 1438.6 MITRQEpTVDCLK-NIT,

2P 1850.2 AAKIQApSFRGHMARKK

P 1702.8 TRDIpYETDYYRK

3PPP 1862.8 TRDIpYETDpYpYRK

oP 20889 EVVGpSAEAGVDAASVSEEFR
OP2 2511 LPGFGDpSIEAQCGTSVNVHSSLR
opP3 2901.3 FDKLPGFGDpSIEAQCGTSVNVHSSLR
cr 7694 VNELpSK

cP2 1660.8 VPQLEIVPNpSAEER

cP3 1927.7 DIGpSEpSTEDQAMEDIK

P4 1952.0 YKVPQLEIVPNpSAEER

CPs 27209 QMEAEpSIpSpSpSEEIVPNpSVEQK

‘Commercially available phosphopeptides are denoted  with
1P-3PPP, in which the number of s indicates the degree of phos-
phorylation. Phosphopeptides from ovalbumin are presented with
OP1-0P3, which are all monophosphorylated peptides. Phospho-
peptides from a-casein are presented with CP1-CP5, of which CP-1,
CP2 and CP4 are monophosphorylated, CP3 is diphosphorylated,
and CP5 is pentaphosphorylated.

(S/N) ratio (data not shown). However, at a concentration in
the 1-5% range, optimized effect was obtained in mass
spectra. Hence we chose the lowest concentration in the
range, 1%, for the matrix-additive solution.

Effect of MDPNA in eliminating

alkali-metal adduct ions

Several additives such as phosphoric acid,'” diammonium
citrate, '® etc., are reported to reduce or eliminate the signal of
the alkali-metal adduct ion as well as to enhance phospho-
peptide signals by MALDI-MS. Suppressing adduct for-
mation is of great benefit for MALDI analysis. The signal
enhancement of the peptide ion [M-+H]" is supplemented by
the reduction or elimination of alkali-metal ion adducts such
as [M+Na]” and [M+K]". It was reported that these alkali
metals may be captured by the additives, which is attributed
to the ability of additives to form alkali-metal salts of acids
such as carboxylic acid or phosphoric acid (‘salting out’)."”

To test the effect of MDPNA, a peptide mixture solution,
containing WAGGDASGE ([M+H]"; 849.3), WAGG-
DApSGE ([M+H]"; 9293),GFETVPETG-NH: ([M4+H1";
935.4), GFETVPEpTG-NH. (IM+H]"; 1015.4), TSTEPQYQP-
GENL (IM+HI™; 1463.6), TSTEPQpYQPGENL (IM+HI";
1543.6), with a concentration of 1.7pmol/uL each was
prepared.

Figure 2 depicts the elimination effect of alkali-metal
adduct signal using MDPNA as an additive to the DHBA
matrix. Adduct signals accompany these five peptide signals
except for the signal of GFETVPEpTG-NH. (m/z 1014.4)

Table 2. Typical signal intensities as well as S/N ratios of the four phosphopeptides (1P, 2P 3P, and 3PPP) with or without the
addition of inorganic/organic acid as an additive to DHBA matrix, All experiments were replicated five times. The signal intensities
are averaged of five replicated data, and are relative to those with no additive (DHBA only)

1 2r r 3PPP

Comatrix lon mode Sigmal S/N Signal S/N Signal S/N Signal S/N
DHBA only Positive 1.0 56 1.0 93 1.0 16 1.0 38
PA Positive 12 62 31 243 8.4 113 15 48
PNA Positive 31 42 6.1 200 46 84 1.5 18
MPNA Positive 03 65 0.6 179 0.9 124 0.3 72
BPNA Positive —_ -_ —_ - 01 5 — _
MLA Positive 02 21 03 62 03 9 01 8

SAA Positive 11 62 1.7 149 6.3 141 13 61

PNAA Paositive 30 88 5.9 209 121 127 29 2
MDPNA Positive 54 95 83 237 342 172 6.7 79
EHDPNA Pasitive 13 82 27 201 105 177 21 70
SCA Positive 08 28 11 65 11 1 0.6 14
EDSA Positive 0.7 ] 1.0 167 39 m 03 19
EDPNA Positive 38 89 7.0 210 247 166 36 b4
NTA Positive 14 76 19 167 42 &4 18 b6
NTMPNA Positive 42 83 6.9 211 216 125 62 sl

EDTA Positive 12 61 19 161 24 35 19 b6
EDTMPNA Positive 21 71 4.0 214 6.8 o4 22 38
DHBA only Negative 1.0 57 1.0 62 1.0 23 1.0 12
PA Negative 10 ] 37 86 72 118 1.7 13
PNA Negative 0.6 ril 1.6 68 30 52 12 10
MPNA Negative 06 44 L0 73 11 33 13 19
BPNA Negative e = — = 01 1 — -
MLA Negative 0.1 7 02 10 0.2 4 01 1

SAA Negative 01 7 0.1 6 09 Z — —
PNAA Negative 0.7 42 1.7 %0 28 (e 09 12
MDFPNA Negative 32 76 37 87 154 140 57 26
EHDPNA Negative 1.8 74 22 86 5.8 LEC] 22 17
SCA Negative 03 13 04 17 04 6 05 4

EDSA Negative - - - — - - - -
EDPNA Negative 27 62 36 78 145 144 37 16
NTA Negative 0.6 43 1.0 73 1.3 38 12 18
NTMPNA Negative 21 86 26 81 88 136 44 35
EDTA Negative 1.3 25 24 51 21 17 44 20
EDTMPNA Negative Le 51 22 63 35 40 20 12

Copyright @ 2008 John Wiley & Sons, Ltd.
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Figure 2. Effect of MDPNA addition in eliminating alkali-
metal adduect ions. Intensive adduct formation is observed,
except GFETVPEpPTG-NH, (m/z 1014.4), with nothing added
to the DHBA matrix (a). However, no adduct signal is observed
when MDPNA is added to the DHBA matrix (b). The adduct
signals (1-9) in (a) are as follows; 1. m/z871.4 (848.3+Na), 2.
m/z B87.4 (848.3+K), 3. m/z957.5 (934.4+Na), 4. m/z967.3
(928.3+Na), 5. m/iz 973.4 (934.4+K), 6.m/z 1485.7
(1462.6+4+-Na), 7.m/z 1501.6 (1462.6+K), 8. m/z 1565.6
(1542.6+-Na), 9. m/z 1581.6 (1542.6+K).

without addition of MDPNA (Fig. 2(a)). The adduct signals
indicated with numbers (1-9) in Fig. 2(a) completely
disappeared after addition of MDPNA (Fig. 2(b)).

In this study, significant improvement of sample hom-
ogeneity was observed when adding MDPNA to DHBA
(data not shown). The quality improvement of the spectrum,
as can be seen in Figs. 2(a) and 2(b}, may be partly attributed
to the reduction of the inhomogeneity causing hot-spot
formation.

Efficient detection of phosphopeptides using
MDPNA

It was mentioned that fewer peptide ions were produced in
negative MALDI-MS mode in the low m/z regicn.” In our
study, we observed that peptide signals with or without
phosphorylation sometimes escaped detection even in
positive mode when using PA as an additive. However,
this phenomenon was not observed with the use of MDPNA.
Figure 3 graphs the spectra of a tryptic digest of w-casein as
an example in the range of mjz 600-1000; arrows in the
spectrum (Fig. 3(b)) indicate the non-detected signals when

Caopyright © 2008 John Wiley & Sons, Lid
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Figure 3. Efficient detectability of phosphopeptides using
MDPNA as an additive to DHBA matrix. (a, b) MALDI mass
spectra of «-casein digests. Signals that escaped detaction
using PA as an additive (a) are discernible when using
MDPNA as an additive (b).

using PA (Fig. 3(a)). The phosphorylated peptide signal is
indicated with a double asterisk; a single asterisk indicates
the non-phosphorylated peptide signal.

Phosphopeptide mapping by MALDI-MS

To investigate the general applicability of MDPNA to
phosphopeptide analysis by MALDI-MS, we attempted to
analyze phosphopeptide fragments contained ina digest of a
model phosphoprotein, ovalbumin, and a four-protein
mixture (BSA, phosphorylase b, lysozyme, and o-casein).

1. Phosphopeptide mapping of ovalbumin

The tryptic digestion of ovalbumin generates three phos-
phopeptides (OP1, OP2, and OP3; see Table 1) as well as
numerous non-phosphorylated peptides up to m/z 3000.
Figure 4 presents six panels of mass spectra in three sample
preparation conditions with addition of no acid (a, d), PA
(b, ), and MDPNA(c, f) and with two sampling amount of
ovalbumin digest (30 fmol/well for a,b, and ¢; and 3 fmal/
well for d, e, and f). The phosphopeptide OP1 was observed
in the three conditions employed at 30 fmol /well, though the
signal from the phosphopeptide was rather low (a, b). The
ion signals of OP2 and OP3 were, at 30 fmol/ well sampling,
not detected under the conditions of no acid (a) (DHBA only)
and PA (b). However, these two signals as well as the OP1

Rupid Commun, Mass Spectrom. 2008; 22: 1109-1116
DOL 10.1002/ rem
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Figure 4. MALDI mass spectra of tryptic digest of ovalbumin. The tryptic diges!t was diluted with water to adjust the
concentrations to 90 fmol/uL or 9fmol/ul, from which a portion (0.3 wL) was applied to a target plate with or without an
additive: no additive (a, d), PA as an additive (b, &), MDPNA as an additive (c, ). Signals with an asterisk represent

phosphopeptides of OP1 ([M+H]*: 2088.9), OP2 ([M+H]*: 2511.1), and OP3 ((M+H]*: 2901.3).

signal were clearly detected when MDPNA was used as a
matrix additive (c). At 3 fmol/well, no signals from these
phosphopeptides were detected with use of DHBA only (d),
and one signal from the OP1 phosphopeptide was observed,
although OP2 and OP3 escaped detection using PA (e).
However, using MDPNA as an additive to DHBA, these
three phosphopeptides were clearly observed even at
3 fmol/well sampling (f).

2. Phosphopeptide mapping of a four-protein mixture

We next tried a four-protein mixture containing BSA,
phosphorylase b, lysozyme, and a-casein. Of the four
proteins «-casein is a typical phosphoprotein, from which
phosphopeptides generated after proteolysis were analyzed.
For testing MDPNA as a matrix additive, two types of
solution were prepared; (1) 2.1 ng/pL for BSA, phosphoryl-

Copynight © 2008 John Wiley & Sons, Lid.

ase b, lysozyme, and o-casein; (2) 2.1ng/pL for BSA,
phosphorylase b and lysozyme, and 0.21 ng/pL for a-casein.
In the solution of (1), the concentration of a-casein was
90 fmol/pL and in (2), 9 fmol/pL. For MALDI-MS analysis
0.3 pL of sample solution was applied onto a MALDI target
plate. Hence, the sampling amounts of w«-casein were
30fmol/well and 3 fmol /well, respectively. Five phosphory-
lated peptides (CP1, CP2, CP3, CP4 and CP5; see Table 1)
were generated after tryptic digestion along with non-
phosphopeptides up to m/z 3000. Figure 5 presents six panels
of mass spectra in three sample preparation conditions, as in
Fig. 4, with addition of no additive (a, d), PA (b, e), and
MDPNA (c, f) for the two model solutions. At 30 fmol/ well of
a-casein, all of five phosphopeptides were observed when
using MDPNA as an additive (c); however, CP1 was not
detected when using PA (b), and CP1 and CP3 were missing

Rapid Commun, Mass Spectrom. 2008; 22: 1109-1116
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Figure 5. MALDI mass spectra of tryptic digest of the four-protein mixture, Two model mixtures were prepared that contained
a-casein as a component at 90 fmol/.L and 9 fmol/.L, from which a portion (0.3 uL) was applied to a target plate with or without
an additive: no additive (a, d), PA as an additive (b, 8), MDPNA as an additive (c, ). Signals with an asterisk represent
phosphopeptides of CP1 ([M+H]": 769.4), CP2 ([M+H]": 1660.8), CP3 (IM-+H]*: 1827.7), CP4 ([M+H]": 1952.0) and CP5

(IM+H]*: 2720.9).

without an additive (a). At 3 fmol / well of o-casein, no signals
of these five phosphorylated peptides were detected when
using DHBA only (d). CP1, CP2 and CP5 were not observed
even with PA or MDPNA addition. Though CP3 and CP4
were observed in both (e) and (), the $/N ratios of the two
signals were better with MDPNA addition (f). In this
experiment using a four-protein mixture, the enhancement
efficiency of MDPNA was clearly demonstrated in compari-
son with no additive (DHBA only).

Copyright © 2008 John Wiley & Sons, Lid.

These results indicated that adding MDPNA to DHBA
matrix significantly enhances detection of ovalbumin and
a-casein phosphopeptides by MALDI-MS,

When DHBA is used as a matrix, an intrinsic problem is
pronounced hot-spot formation due to inhomogeneous
sample preparation, which causes prolonged measurement
times and is unfavorable for automated data acquisition. The
use of MDPNA and other compounds incorporating
multiple phosphonic acid moieties improves sample

Rupid Commun. Mass Spectrom. 2008; 22: 1109 1116
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homogeneity after crystallization, which significantly alle-
viates hot-spot formation. This increases measurement
quality and applicability to automated data acquisition.

In this study, we did not use a pre-treatment process such
as Ziptip (Millipore) desalting for MALDI-MS measurement
because an analyte with rather high hydrophilicity (e.g.,
phosphopeptide) may be lost in the desalting step, which
leads to a failure to detect the analyte. Therefore, we used a
tryptic digest of sample proteins directly for MALDI-MS
analysis. A sample solution processed from in-gel digestion
can also be used without pre-treatment for MALDI-MS
analysis (data not shown).

MDPNA addition, as seen from Fig. 4, seems to have
enhancing effect on signals of both phosphopeptides and
non-phosphopeptides, It has been discussed” from several
viewpoints of solubilization, crystallization, protonation and
so on that the increase in sensitivity is not limited to the
peptides of interest when using ammonium salts as
additives. However, the role of the additive in improving
the signal is not understood yet. The detailed investigation of
how MDPNA serves as a ‘good’ matrix additive for sensitive
detection of phosphopeptides by MALDI-MS is outside
the scope of this paper and is not addressed here. It can only
be suggested to date from the data in this report that relative
intensities of phosphopeptide signals increase upon addition
of the additive.

The results obtained in this study indicate the robustness
and versatility of MDPNA as an additive that is suitable for
practical use.

CONCLUSIONS

Adding MDPNA to the DHBA matrix enhanced ion
formation and improved the S/N ratio in both positive
and negative mode MALDI analysis of phosphopeptides. In
addition, signals of alkali-metal ion adducts [M+Nal* and
[M+K]" were eliminated. Furthermore, the phenomenon of
producing fewer peptide ions, in particular in the low-mass
region, was not observed with MDPNA added to the DHBA
matrix, which leads to improved detectability of phospho-
peptides as well as non-phosphorylated peptides. Although
the mechanism(s) for the enhancement of phosphopeptide
signals by MALDI-MS with MDPNA addition remains to be
investigated, the use of MDPNA as an additive to the DHBA

Copyright & 2008 John Wiley & Sons, Lid.

matrix is useful for MALDI analysis of phosphopeptides in
both positive and negative modes.
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Proteomic and transcriptomic platforms both play important roles in cancer research, with differing
strengths and limitations. Here, we describe a proteo-transcriptomic integrative strategy for discovering
novel cancer biomarkers, combining the direct visualization of differentially expressed proteins with
the high-throughput scale of gene expression profiling. Using breast cancer as a case example, we
generated comprehensive two-dimensional electrophoresis (2DE)/mass spectrometry (MS) proteomic
maps of cancer (MCF-7 and HCC-28) and control (CCD-1059Sk) cell lines, identifying 1724 expressed
protein spots representing 484 different protein species, The differentially expressed cell-line proteins
were then mapped to mRNA transcript databases of cancer cell lines and primary breast tumors to
identify candidate biomarkers that were concordantly expressed at the gene expression level. Of the
top nine selected biomarker candidates, we reidentified ANX1, a protein previously reported to be
differentially expressed in breast cancers and normal tissues, and validated three other novel candidates,
CRAB, 6PGL, and CAZ2, as differentially expressed proteins by immunohistochemistry on breast tissue
microarrays. In total, close to half (4/9) of our protein biomarker candidates were successfully validated.
Our study thus illustrates how the systematic integration of proteomic and transcriptomic data from both
cell line and primary tissue samples can prove advantageous for accelerating cancer biomarker discovery.

Keywords: breast cancer s proteomics s transcriptomics » bioinformatics » integrative genomics

Introduction

Breast cancer is a major worldwide cause of morbidity and
mortality in females.'® Patients diagnosed with early stage
breast cancer have been shown to experience significantly
improved survival compared to late stage patients,” making the
identification of molecular biomarkers to facilitate early detec-
tion and screening an important goal.*® Currenty, the majority
of biomarkers in clinical use are either protein or antibody
based, due to their high sensitivity and specificity, reproduc-
ibility, and robustness to different sample types including
paraffin-embedded archival samples, frozen samples, and body
{luids. The need for novel cancer biomarkers has contributed
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significantly to the increasing number of proleomic sludies
analyzing cancer cells and tumors of various types.” A
significant limitation, however, is that the proteomic analysis
of primary tumor samples is widely recognized in the field as
highly technically challenging. First, primary tumors are often
small in quantity and often contain several distinct cellular
populations including tumor cells, stroma, immune cells, and
blood vessels, which can often lead to significant variability in
protein profiles between different individuals.'® Second, protein
contributions from different compartments, particularly blood,
can often overwhelm tumor-intrinsic signals due to the pres-
ence of highly abundant plasma proteins such as IgG and
serum albumin. Third, it is still prohibitive at most centers to
proteomically profile a statistically meaningful number of
primary tissue samples in terms of cost, labor, and time, While
tumor cell lines are a convenient alternative where large
amounts of genetically homogeneous material can be gener-
ated, the extension of proteomic cell line studies to the primary
tumor setting is often confounded by differences associated
with in vitro and in vivo growth.'°

10.1021/pr200820g CCC: S4075 € 2008 American Chemical Society



Biomarker Discovery by Integrative Proteo-Transcriptomic Mapping

In parallel 1o proteomics, gene expression profiling has also
played an important role in the identification of biomarker
signatures for patient prognosis and treatment response pre-
diction. Compared to proteomics, expression profiling plat-
forms offer relatively higher sensitivity and much higher
throughput, as hundreds of samples can be profiled in a
relatively short amount of time.'"*? The major limitation of
gene expression profiling, in the context of protein biomarker
discavery, is that there is often a less than perfect correlation
between gene and protein expression,'*'* and it has been
shown that variations between a gene's mRNA level and its
protein abundance can be as high as 30-fold.'® Furthermore.,
important post-translational modification events, such as
protein phosphorylation or cleaveage events, are obviously not
captured in gene expression data.'® To improve the efficiency
of biomarker discovery, it would thus be useful to employ
strategies combining the advantages of both expression profil-
ing and proteomics, while minimizing the limitations of both
platforms.

To address these problems, we present in this study a
integrated proteo-transcriptomic strategy for biomarker dis-
covery combining both the direct protein visualization capacity
of proteomics with the high-throughput advantages of gene
expression profiling. Using a two-dimensional electrophoresis
(2DE)/mass spectromelry (MS) proteomics platform, (otal cell
lysates of breast cancer (e.g., MCF-7 and HCC-38) and control
cell lines (e.g., CCD-10595k) were analyzed to identify > 1500
protein spots. We then used mRNA transcript databases of
breast cell lines and primary tumaors to prioritize these differ-
entially expressed proteins by their consistency of gene expres-
sion differences between tumors and normal tissues. Using this
strategy, we identified nine potential breast cancer biomarker
candidates, and independently validated four of them (ANXI,
CRAB, 6PGL, CAZ2) by immunohistochemistry on breast cancer
tissue microarrays. In summary, our results demonstrate how
the integration of proteomic and gene expression data may
prove useful in accelerating biomarker discovery,

Materials and Methods

Cell Lines and Primary Tumors. The ER positive human
breast carcinoma cell line MCF-7 (ATCC: HTB-22) and the
nonmalignant contral cell line CCD-10595k (ATCC: CRL-2072)
were cultured in minimum essential medium (Eagle) and
Dulbecco’s modified eagle medium, respectively, supplemented
with 2 mM v-glutamine and Earle's BSS adjusted 1o contain
1.5 g/L sodium bicarbonate, 0.1 mM nonessential amino acids,
1 mM sodium pyruvate, and 10% fetal bovine serum. The ER
negative human breasl carcinoma cell line HCC-38 (ATCC:
CRL-2314) was cultured in RPM] 1640 medium with 2 mM
L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate,
4.5 g/L glucose, 10 mM HEPES, 1 mM sodium pyruvate, and
10% fetal bovine serum. The cell lines were cultured in a
humidified incubator with 5% CO, at 37 °C. Cells were grown
to confluence and then incubated with three changes of serum-
free medium over 48 h. Cell line samples were prepared by
washing cells with Ice-cold PBS and trypsinized for 5 min to
detach cells. The suspension was transferred to a 15 mL tube
and the cells were centrifuged at 1000g for 5 min. The
supernatant was discarded and 1-2 mL of PBS was added to
resuspend the cells prior to cell counting, About 5 - 10° cells
were aliquoted into each 1.5 mL Eppendorf tube and centri-
fuged at 380g for 10 min. The cell pellets were snap-frozen in
liquid nitrogen and stored at —80 °C.

research articles

Primary human breast tissues used for protein and mRNA
analyses were obtained from the Singapore National Cancer
Centre Tissue Repository. Detailled descriptions of sample
collection, archiving, and histological of tumors
including techniques and scoring parameters have been previ-
ously reported 2

Preparation of Protein Extracts and 2DE Separation. The
same batch of cell line lysates was split for both protein and
mRNA profiling analyses. For each cell line, we profiled 3
independently grown batches. For proteomic analysis, each cell
line batch was also repeated across 3 1o 4 technical replicates.
For the first two batches, each of the three cell lines had 3
replicate gels at two pH levels (pH 4-7 and pH 6-9), while for
the third batch, each cell line had 3 replicate gels at pH 4-7
and 4 replicate gels at pH 6-9. In total, 57 gels were run. Protein
extraction and 2DE separation was carried out as previously
described.'” Briefly, harvested cells were disrupted with a
cocktail of 7 M urea (Bio-Rad), 2 M thiourea (Fluka Chemie),
4% (w/v) CHAPS (GE HealthCare), | mM PMSF (Sigma), 50 ug/
mL DNAse (Boehringer Mannheim), 50 ug/ml RENAse (Boe-
hringer Mannheim), and protein inhibitor cocktall (Sigma, |
mL/108 cells). The resulting cell lysate was sonicated with a
probe sonicator (Misonix, Inc., NY) and centrifuged at 40 000
rpm for 20 min to remove cellular debris. The extracted proteins
were cleaned up using a 2D-sample clean up kit (Bio-Rad).
Protein quantification was determined using the Bradford
method.

The first dimensional protein separation was performed on
the IPGphor IEF system (GE HealthCare) using IPG strips (24
om, pH 4-7 and pH 6-9, respectively, GE HealthCare) that had
been rehydrated with 450 uL of rehydration buffer (7 M urea,
2 M thiourea, 4% CHAPS, 0.5% IPG buffer, and 20 mM DTT)
for 8 h. For the IPG 6-9 strips, the destreak rehydration buffer
(GE HealthCare) was used as rehydration solution. Protein
lysates of 200 ug in BO 4L of lysis buffer containing 60 mM DTT
and 0.5% IPG bulfer were applied through cup loading anodi-
cally. The strips were then focused using the following electrical
conditions at 20 °C: 300 V for 2 h; 300—1000 V for 3 h; from
1000 to 8000 V for 4 h; and 8000 V until a total of 72 000 Vh
was reached. After IEF focusing, the IPG strips were equilibrated
in 5 mL of equilibration buffer (pH 6.8) containing 1% DTT
and rocked for 15 min. The strips were then soaked in 5 mL of
equilibration buffer (pH 8.8) containing 2.5% IAA and rocked
for 15 min. After equilibration, the strips were transferred onto
10% isocratic polyacrylamide slab gels (24 cm - 20em - 0.75
mm). The IPG gels were sealed with 0.5% (w/v) agarose in
running buffer (25 mM Tris-HCl, 192 mM glycine, and 0.1%
SDS, pH 83) on top. The second dimensional separation was
performed with the Dodeca Cell system (Bio-Rad). The SDS-
PAGE was carried out at 17 °C at a constant voltage of 200 V
until the dye front reached the bottom of the gels. The gels
were fixed and labeled with Deep Purple fluorescent dye (GE
HealthCare) according to the manufacturer’s instructions. The
stained gels were digitized using a Molecular Imager FX system
(Bio-Rad) and image analysis was carried out with the PDQuest
7.3 image analysis software (Bio-Rad). All data points of gel spot
stain intensity were means of 3 or 4 analytical replicates.

MS Identification of Proteins. For protein identification,
fluorescence stained gel spats were semlautomatically excised,
washed, tryptic-digested, cleaned, and spotted onto the MS
sample plate using the Shimadzu Xcise robotic system (Shi-
madzu, Kyoto, Japan). The excised gel spots were 1.6 mm in
diameter and were washed with 50 mM NH,HCO,, pH 8.8,
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Table 1. Comprehensive Proteome Analysis on Three Breast
Cell Lines (CCD-10585k, MCF-7, and HCC-38) Using pH 4-7
and pH 6-9 |IEF, Respectively”

nu. of no. of unigue
no, of spots proteins

cell lines spotscut  dentified identfied %
pH 6-9  CCD-10595k 329 196 60
MCF-7 323 217 67
HCC-38 188 135 T2
pH 4-7  CCD-10595k 440 315 72
MCF-7 624 428 69
HCC-38 644 433 67
Total 2548 1724 67

" The proteins were identified by peptide mass fingerprinting using
MALDI-TOF MS.

containing 50% acetonitrile {ACN) for 10 min. After dehydration
with 100% ACN, the gel pieces were rehydrated with 30 ul. of
50 mM NH,HCO, pH 85, containing 3.3 ug/mL trypsin
(Promega, Madison, W1) and incubated at 30 °C overnight. The
samples were then cleaned and concentrated using x#C18
ZipTips (Millipore). Finally, the peptide mixtures were eluted
with 1.5 ul. of 50% ACN/0.5% TFA onto a MALDI sample plate
and mixed with 1 L. of matrices containing 5 mg/mL a-cyano-
4-hydroxycinnamic acid (CHCA) plus 5 mg/mL 2,5-dihvdroxy-
benzoic acid (DHB) in 50% ACN/0.5% TFA prior to MS analysis.
MALDI-TOF MS analysis was performed using the AXIMA-CFR
plus mass spectrometer (Shimadzu Biotech, Manchester, U.K.).
The operating conditions were as follow: nitrogen laser (337
nm); reflectron mode; detection of positive ions. The accelera-
tion potential was set to 35 kV using a gridless-type electrode.
MALDI-TOF MS spectra were acquired in the auto experiment
mode, from m/ z 800 to 3000, and internally calibrated with two
trypsin autolysis peaks (m/z 842.51 and 2211.10). Peak lists from
PMF spectra were used to automatically search against the
UniProt or NCBInr human protein databases using the Ko-
mpact program (Shimadzu Biotech, Manchester, U.K.) through
an in-house Mascot server V2.1.04 (Maurix Science, U.K). To
minimize the chance of false-positive protein identification, the
database search results were manually validated based on the
following criteria: (1) 0.1 Da or betler mass accuracy; (2) most
of the major peaks in the spectrum were matched to the tryptic
peptide list of the protein; (3) MW and pl of the identified
protein should martch the estimated values from 2DE image
analysis. In our hands, about 67% of the excised protein spots
were positively identified (Table 1). Unidentified protein spots
were excluded from subsequent analysis.

Gene Expression Profiling. Total RNAs were extracted from
human tissue or cell line samples with Trizol reagent (Invit-
rogen, CA) and hybridized onto Affymetrix U133_plus Gene-
Chips following the manufacturer’s standard protocols. Raw
scanned files were stored in a central database and quality
controlled using GeneData Refiner software (GeneData, Basel,
Switzerland). The refined profiles were mean-normalized to an
intensity value of 500. Detailed description of the profiles have
been previously reported.'? The primary tumor gene expression
data Is available from the GEO database under accession
number GSE2294.

Statistical Integration of Proteomics and Gene Expres-
sion. For enrichment analysis, protein IDs identified by MS
analysis were matched to their corresponding U133_plus
probes using Swiss-Prot IDs (www .affymetrix.com). To check
the concordance between mRNA and protein levels for a set

1520 Journal of Proteome Research « Vol 7, No 4, 2008

Ou et al.

of genes, we applied Gene Set Enrichment Analysis (GSEA), a
computational method that determines whether an a priori
defined set of genes shows statstically significant and concor-
dant differences between two biological states.'® Briefly, the
gene expression profiles of the 3 cell lines were filtered to retain
genes exhibiting >60% of valid values across the data set. A
“valid” measurement was defined by a present/absent call
generated by the MASS statistical algorithm provided by
Affymetrix. Three replicate hybridizations were performed per
cell line. The gene list was ranked by the level of gene
expression differences (signal-to-noise ratio) between MCF-7
versus CCD-10595k and between HCC-38 versus CCD- 10595k,
respectively. The significantly differentially expressed protein
spots selected from the 2DE gel image comparisons were then
mapped to their corresponding miANAs and used as a test
group against the ranked gene lists for GSEA analysis. The
significance of the GSEA was determined by a sample-based
permutation test where the sample labels were randomly
shuffled. Concordance of gene and protein expression was
defined as entities having the same fold change direction (i,
>1 or <1), that is, the mRNAs were selected if they had the
same fold change direction as the protein result. No p-value
cutoffs were implemented.

Gene Rank Analysis. Candidale biomarkers were selected
by first excluding candidates showing discordant trends be-
tween protein and mRNA levels. The concordantly expressed
biomarkers were further stratified using a Suppornt Vector
Machine (SVM) algorithm.'® Briefly, a cohort of 39 breast tissue
samples (7 normal and 32 tumors) was used as the training
data set. An SVM algorithm with a linear kernel and a penalty
value of 10 was used for cross-validation. After 100 cross-
validation runs, the blomarkers were ranked based on their
individual conuibutions to the normal versus wmor classifica-
tion accuracy. The final set of 9 biomarkers was then further
validated against an independent cohort of 5 normal and 31
tumor samples.

Tissue Microarray and Immunohistochemical Analysis.
Potential biomarker candidates were validated using a breast
cancer lssue microarray (TMA) composed of wumor (98) or
normal (98) breast tissues.*® The TMA was constructed using
a lissue arraying instrument (ATA100, Advanced Tissue Arrayer,
Chemicon, CA) and | mm-diameter tissue cylinders, All tumor
samples were arrayed in duplicate, and histologically verified
for sampling accuracy and adequacy. Consecutive sections were
prepared on charged polylysine-coated slides for immunohis-
tochemical (IHC) analysis. This approach ensures maximum
reliability in the analysis of biomarkers in breast cancer’’ and
has been used successfully applied in the validation of biom-
arker in previous breast cancer related studies.® This work was
performed in the context of a TMA program supported by the
Institutional Review Board of the National University of Sin-
gapore (NUS-IRB 05-017).

For TMA immunohistochemistry, Individual TMAs were
deparaffinized for 20 min at 60 °C, xylene-rinsed, and rehy-
drated in a series of alcohol/water rinses. The primary antibod-
ies against the potential biomarkers were obtained either from
commercial sources or custom-made by BioGene (Berlin,
Germany). To ensure accurate optimization for each antibody,
we analyzed several concentrations and 4 antigen retrieval
methods per concentration. Antigen retrieval was performed
by boiling in one of four different buffers (citrate buffer, Tris-
EDTA, DAKP, pH 6.0, or DAKO, pH 9.0) in a pressure cooker
or microwave. The custom-made primary antibodies were



