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Fia. 1. Adjustment of LC time jitter with a dynamic algorithm. A, concept underlying compensation of RT changes along the y axis. This
algorithm finds a function that compensates for time jitter ' by calculating y = fly') from target to reference. B, dynamic algerithm. The function
Is the path giving the optimal correspondence position (yeffow box In two-dimensional lattice coordinates) in each cycle number (ascending
RT order) of A and B. When the gap penalty is 0.5, the coefficient for the correlation between the mass spectra In the / cycle and the | cycle
is 0.8, and the coordinate values are L/ — 1,/ — 1) =5,L — 1,/) = 3, and L{i, f — 1) = 7 then L{/, j) becomes 6.5. The coordinate values of
L in all lattices are calculated in this manner. C, optimal corespondence position. The optimal correspondence position starts at the lattice
coordinates (k, /) whera

(k, 1) = arg max L, /) subject to: { : =?”—N;= ﬁ (Eq. 6)
When (k, ) is defined as V,,, the lattice coordinate is traced back. Thus
Vies —(1,)
V, = arg max Lan,.h].VWE: Vi., —(0,1) (Eq. T)
Viey = (1,0)

As shown in the example (ex), the next box to be selected has the maximum value among the upper side, left side, and left upper side of the
former box. D, spline interpolation. To give the natural curve for the optimal correspondence coordinates, the coordinates arrangement of V",
which gives V, . , = V| + (1, 1), is extracted (the combination in the yellow boxes). The function is the spline interpolation to the arangement
of V.

Peak Matching and Protein Identification
Peaks in different LC-MS runs were matched with a tolerance of
=0.25 m/z and =0.5 min after alignment of the AT. Matching was
confirmed by visual inspection of enlarged two-dimensional views,

MS/MS was performed on peaks having an AT and m/z within that
range in the preparalory LC run for protein identification. Peptide
fragmentation data were analyzed with Mascot software (Matrix Sci-
ences, London, UK).
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Immunobiot Analysis

Cell lysales were separated by SDS-PAGE and electroblotted onto
polyvinylidene difluoride membranes (Millipore). Anti-hemagglutinin
manocional antibody was purchased from Roche Applied Science,
anti-breast cancer-specific gene-1 (BCSG1) goat polycional antibody
(C-20) was from Santa Cruz Biotechnology (Santa Cruz, CA), anti-
cytokeratin 18 (RCK16) and anti-cytokeratin 19 (BA17) monocional
antibodies were from Chemicon (Temecula, CA), and anti-g-actin
monocional antibody (AANO2) was from Cytoskeleton (Denver, CO).
The membranes were Incubated with horseradish peroxidase-conju-
gated secondary antibodies and visualized with an enhanced chemi-
luminescence kit (Amersham Biosciences) (25).

RESULTS

Strategy for Quantitative Proteomics Using 2DICAL—To im-
prove the reproducibility of LC without reducing its separation
capacity we developed the nanoflow HPLC system utilizing a
splitiess direct gradient pump. Concentration of protein sam-
ples into small volumes and separation by a low flow rate
HPLC with small sized reversed-phase columns significantly
increase the sensitivity of ESI-MS (6, 28). In our HPLC system
the dead volume was minimized, and the flow rate was re-
duced to the 50-200 nl/min range, but the elution gradient did
not fluctuate significantly during runs of over 3 h (data not
shown). Multidimensional LC does not always separate pep-
tides in the same manner among experiments. The complexity
of protein samples can be sufficiently reduced by such long
runs even by one-dimensional LC separation.

We also eliminated MS/MS and tried to detect all the pep-
tides present in a given sample by high speed survey scan-
ning as frequently as every 1 s. MS/MS scanning is a time-
consuming procedure and often overlooks minor protein
fragments (10). The automatic selection of precursor ions for
MS/MS is not always constant, and such uncontrolled selec-
tion is likely to reduce the reproducibility.

Three thousand six hundred mass spectrum data (Fig. 24)
were obtained from a 1-h LC-MS run and converted into a
single two-dimensional image with m/z values along the x axis
and RT along the y axis (Fig. 2B). Fig. 2C shows a flowchart of
the experimental procedures and subsequent data process-
ing (Fig. 2, D-f). Signals with the same m/z appearing in at
least two sequential RTs were grouped and considered as a
peak (described under “Experimental Procedures”) (Fig. 2, F
and G). After normalizing to the total lon intensity of all of the
peaks, the intensity of each peak was converted to a log value
and expressed as a digital spot image (Fig. 2, H and /). We
were able to detect 68,243 independent peaks (spots) in a
60-ug lysate of DLD1 Tet-Off ACTN4 cells cultured In the
presence of doxycycline (Dox) (19).

Detection of Actinin-4 as a Differentially Expressed Protein
in the Entire Proteome of DLD1 Tet-Otf ACTN-4 Cells Cultured
in the Absence of Dox—We previously established a colorec-
tal cancer cell line that is capable of inducing an actin-binding
protein, actinin-4, under the strict control of the tetracycline-
regulatory system (designated DLD1 Tet-Off ACTN-4) (19).

Upon removal of Dox from the culture medium, DLD1 Tet-Off
ACTN-4 cells showed expression of actinin-4 (Fig. 34), ex-
tended filopodia, and increased their motility (18). In a model
experiment we investigated whether 2DICAL could pinpoint
actinin-4 as a differentially expressed protein among the en-
tire protein content of DLD1 Tet-Off ACTN-4 cells, Whole-cell
lysates of DLD1 Tet-Off ACTN-4 cultured in the presence and
absence of Dox were analyzed by 2DICAL in duplicate. We
noted LC time jitter among the four runs (Fig. 38) with a
maximum difference in RT of 296 s and an average RT differ-
ence among the four runs of 36.0 s (Fig. 3, B and C). However,
it was possible to adjust the LC time jitter with the newly
developed software based on the dynamic programming al-
gorithm (Figs. 1 and 3D), which had been developed to search
sequences for regions of similarity and to align large DNA
sequences (18). Because the m/z value (x axis) of each peak
did not fluctuate among runs because of the high mass ac-
curacy and constancy of Q-TOF MS, only adjustment of RT
(v axis) was necessary.

After the RT adjustment, the average coefficient of variance
{CV) of peak intensities between duplicates reached 0.37 (Dox
(+)) (Fig. 3E) and 0.37 (Dox (~)), and the dynamic range of
peak intensity calculated by our system exceeded 107 (Fig.
3E). There were 106 peaks that were more than 10-fold more
highly expressed in DLD1 Tet-Off ACTN4 cells in the absence
of Dox and 68 peaks that were more than 10-fold more highly
expressed in the presence of Dox (Fig. 3F). We further con-
firmed the ditferential expression by visual inspection (Fig. 3F)
and by repeating the same LC-MS experiment several times
(data not shown). MS/MS analysis identified 15 (Fig. 3G) of the
106 peaks as having been derived from actinin-4. The biolog-
ical significance of the other proteins whose expression was
affected by induction of actinin-4 will be described elsewhere.

Detection of Differentially Expressed Proteins in Poorly Mo-
tile Capan-1 and Highly Motile BxPC3 Pancreatic Cancer
Cells— Finally we compared the protein expression profiles of
two pancreatic cancer cell lines, Capan-1 and BxPC3 (20), to
determine whether 2DICAL is applicable to comparisons of
proteomes with large differences because most of the protein
(Fig. 3) as well as mRNA (data not shown) content of DLD1
Tet-Off ACTN-4 cells was unchanged after removing Dox, and
that may have simplified the adjustment of the sample-to-
sample time [itter. We noted that a significant number of spots
were detected equally in Capan-1 cells and BxPC3 calls (Fig.
4A, yellow spots), making it possible to perform time adjust-
ment of similar quality to that for DLD1 Tet-Off ACTNA4 cells. In
addition, a total of 15,407 spots that were differentially ex-
pressed between Capan-1 and BxPC3 were detected (9692
spots that were expressed more abundantly in Capan-1 than
in BxPC3 and 5715 spots that were expressed more abun-
dantly in BxPC3 than in Capan-1, p < 0.01, Student's t test,
between triplicates) (Fig. 48, red and green spots) after sub-
tracting spots that were equally expressed by both (Fig. 4A,
yellow spots). A representative differentially expressed pep-
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Fig. 2— continued

tide is shown in Fig. 4C (red arrow). Peaks were tagged by pressed more abundantly in the poorly motile Capan-1 cells
their intrinsic RT and m/z values, and MS/MS was performed  than in the highly motile pancreatic cancer BxPC3 cells.

on peaks having the same RT and m/z in the preparatory LC
run for protein identification (Fig. 2C). Protein identification
and differential expression were confirmed by immunaoblotting We reviewed various aspects of LC-MS for application to
with available antibodies. Fig. 4D shows representative data: large scale quantitative proteomics and eliminated factors
BCSG1 (27), cytokeratin 19, and cytokeratin 18 were ex- that reduce reproducibility and/or comprehensiveness, such

DISCUSSION

Fia. 2. Strategy for qu itative pro ics using 2DICAL. A, raw LC-MS mass spectra obtained from 1 ul of plasma from a healthy
volunteer, A 1-h LC-MS run yielded 3600 mass spectra, which were used for two-dimensional image analysis. B, two-dimensional display of
a plasma peptide array with the m/z values (400-1,000 m/z) along the horizontal (x) axis and RT (11-29 min) along the vertical (y) axis. C,
fiowchart for experimental procedures and data processing. D, two-dimensional raw image of the proteome of DLD1 Tet-Of ACTN4 cells with
m/z values (250-1,600 m/z) along the x axis and RT (10-30 min) along the y axis. E, enlargement of the light blue square area in D. F and G,
peak detection. The peaks appearing in D and E wera picked up by using the algorithm described under “Experimental Procedures,” and these
are shown in the red squares. In G only peaks having intensity greater than 50,000 are highlighted. Peak intensity is the sum of the intensities
of grouped signals. H and |, digital image conversion of the peaks detected in F and G. The virtual spots are located at m/z as monolsotopic
molecular weights and at RT as the gravity center of ion intensity. The brightness of the spots corresponds to the peak intensity, defined as
the integral of ion Iintensity of grouped signals, as described under “Experimental Procedures.” As a resull, the spol Intensity exceeds 10%,
although the O-TOF detector is saturated at thousands of counts per second (14, 16). The areas of F and H cofresponding to the area in the
light biue square in D have been enlarged, and these are shown in G and /, respectively.

Molecular & Cellular Proteomics 5.7 1343

6002 'Z M0y U0 Aq B10"BUluOdOWI MMM WOJJ PAPEOIUMOQ]



Molecular & Cellular Proteomics

§

Alignment of Peptide Data Generated by LC-MS

A B

g
3

]

Dox (-) Dox (+)

Actinin-4- !—
practin- NS

Before alignment After alignment

Fia. 3. Detection of actinin-4 as a differentially expressed protein in the entire proteome of DLD1 Tet-Off ACTN-4 cells cultured in
the absence of Dox. A, immunoblot analysis of DLD1 Tet-Off ACTN4 cells cultured in the presence (+) and absence () of 0.1 ug/ml Dox for
72 h with anti-hemagglutinin antibody (to detect induced actinin-4) and anti-g-actin antibody (internal control). B, RT calibration curves of four
40-min LC runs. Lysates of DLD1 Tet-Off ACTNA cells cultured In the presence (blue and red lines) and absence (green and light blue lines)
ol Dox were analyzed In duplicate (total, four runs), The horizontal (x) axis represents actual RT, and the verfical () axis represents adjusted RT.
The average and maximum RT differences from a reference run of DLD1 Tet-Off ACTN4 cells cultured in the presence of Dox (straight blue line
with a siope of 45°) of the three other runs were 36.0 and 296 s, respectively. C, 2DICAL images of duplicate runs of DLD1 Tet-Off ACTN4
cultured In the presence of Dox before the RT alignment. Representative peaks are highlighted in light biue, yellow, green, pink, and red circles.
D, 2DICAL images of duplicate runs of DLD1 Tet-Off ACTN4 cells cultured in the presence of Dox after the RT alignment. Representative peaks
are highlighted in light biue, yeflow, green, pink, and red circles. E, reproducibility between duplicate runs of DLD1 Tet-Off ACTNJ calls cultured
in the presence of Dox after the RT alignment. The horizontal (x) axis represents the distribution of peak intensities of the first run, and the
vertical (y) axis represents that of the second run. The intensity CC between the two runs is 0.97. The average CV of all 68,243 peaks was 0.37
The average CV for DLD1 Tet-On ACTN4 cells cultured in the absence of Dox was 0.37 (data not shown). Mora than 70% of the duplicate peaks
were plotted within a 2-fold difference (blue lines), and more than 80% were plotted within a 3-fold difference (red lines). We are able to detect
6.3-Told changes with 95% confidence. F, a representative peptide differentially expressed in DLD1 Tet-Off ACTN4 cells after removal of Dox
and appearing at 717.4 m/z and 13.30 min, G, 15 peptide fragments appearing in DLD1 Tet-Off ACTN4 cells after removal of Dox and Identified
as derived from actinin-4 by MS/MS analysis, The m/z values, RT, and amino acid sequences of these 15 peptides are shown at the right

HE |

Aligned time

¥ . . » ® W 5 & @

as sample labeling, multidimensional LC separation, and
MS/MS (Fig. 2C). However, the key technology of our platform
is the application of the dynamic algorithm developed to align
large DNA sequence data to the alignment of large peptide
peak data generated by nano-LC-MS, Aebersold and col-
leagues (10, 28) also claimed that RT alignment is necessary
to compare different LC-MS data and reported a new soft-
ware suite. They first reduced the complexity of serum/

plasma samples by extracting N-glycoproteins and identified
1000-5000 peaks from one set of LC-MS data. They reported
a mean CV of 0.31 over four runs, and —12% of the peptides
were missed by the procedure (10). Wang et al. (14) detected
~-3400 molecular ions in 25 human serum samples with a
median CV of 25.7%. Our alignment method is capable of
analyzing a much larger number of peaks with reasonable
computing speed (2 h for the comparative analysis of two
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Fia. 3— continued

LC-MS experiments). We were able to detect more than
100,000 peaks in unlabeled and unfractionated protein sam-
ples and obtained equivalent but slightly higher CV values
(0.35-0.39) than in their studies (Fig. 3E). We confirmed the
efficacy of 2DICAL for quantitative protein analysis using two
model experiments: an experiment that compared proteomes
with small differences (Fig. 3) and another that compared
proteomes with large differences (Fig. 4).

Bogdanov and Smith (29) reported two-dimensional display
of capillary LC-FTICR analysis in which it was possible to
detect more than 100,000 peaks and 1000 proteins in a single
run and yielded a dynamic range of peak intensities of 107, We
were able to obtain a comparable level of comprehensiveness
using an easy-to-use and common MS instrument. Qur align-
ment software seems ideal for comparative analysis of large
data sets generated by LC-FTICR-MS. However, reduction of
sample complexity in both platforms still seems necessary for
detection of low abundance serum or plasma proteins be-
cause the concentration ranges of serum/plasma proteins
span an estimated > 10 orders of magnitude (30). Furthermore
decreased sample complexity significantly reduces comput-

ing time and improves the accuracy of peak matching.

We consider the development of 2DICAL to still be in the
early stage. Its reliability in regard to matching and quantifi-
cation of low intensity peaks is not expected to be as high as
for high intensity peaks. Because mismatching of peaks has a
significant adverse effect on quantification, deliberate effort
must be made to eliminate mismatching by visual inspection
(Figs. 3F and 4C) and by recalculation. Differential protein
expression cannot be identified based on statistical data
alone. At a p value of <0.01, one would expect 1% of meas-
ured values to appear regulated due to variance in the data
alone. Confirmatory reruns of different lots of samples were
always necessary before targeted LC-MS/MS. Protein identi-
fication and differential expression also need to be confirmed
by Westemn blotting whenever antibodies are available (Fig.
4D). We are now accumulating 2DICAL data to construct a
two-dimensional map linking the m/z and RT of peptides to
their amino acid sequences.

The amount of data obtained in one LC-MS experiment
reached 2 gigabytes. The optimal number of samples for
comparing seems to be determined by computer capacity.
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Fiz. 4. Detection of differentially expressed proteins in poorly motile Capan-1 and highly motile BxPC3 pancreatic cells. A, overlap
of spots appearing in Capan-1 cells (red) and BxPC3 cells (green) in the 400-16,000 m/z and 0-40-min range. B, differentially expressed spots
in Capan-1 cells {red) and BxPC3 cells (green) in the 400-16,000 m/z and 0-40-min range. The levels of expression of 15,407 peaks (spots)
were concluded to differ significantly between the two cell lines (p < 0.01, Student's t test, between triplicates). C, a peptide differentially
expressed in Capan-1 cells (leff) and BxPC3 cells (right) at 614.0 m/z and 13.0 min. This peptide was subsequently identified as being derived
from the product of the BCSG1 by MS/MS. D, immunoblot confirmation of the differential expression of BCSG1, cytokeratin 19, and cytokeratin
18 in Capan-1 cells (leff) and BxPC3 cells (right).

1_346 M;J;';cafe_:r & Cellular Proteomics 5_7

B00Z 'Z Iudy uo Ag Bi0"aunuodow MWmMm WOl Pepeojumo



Molecular & Cellular Proteomics

§

Alignment of Peptide Data Generated by LC-MS

We currently use a high performance computer cluster con-
sisting of four processors with a clock speed of 3.6 GHz
connected in parallel to avercome this limitation. We conclude
that 2DICAL is a simple, high throughput, and highly repro-
ducible platform that will provide a new paradigm of quanti-
tative proteomics. The software will be made available to the
scientific community.
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Plasma proteomics of lung cancer by a linkage of
multi-dimensional liquid chromatography and
two-dimensional difference gel electrophoresis
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To investigate aberrant plasma proteins in lung cancer, we compared the proteomic profiles of
serum from five lung cancer patients and from four healthy volunteers. Immuno-affinity chro-
matography was used to deplete highly abundant plasma proteins, and the resulting plasma
samples were separated into eight fractions by anion-exchange chromatography. Quantitative
protein profiles of the fractionated samples were generated by two-dimensional difference gel
electrophoresis, in which the experimental samples and the internal control samples were
labeled with different dyes and co-separated by two-dimensional polyacrylamide gel electropho-
resis. This approach succeeded in resolving 3890 protein spots. For 364 of the protein spots, the
expression level in lung cancer was more than twofold different from that in the healthy volun-
teers. These differences were statistically significant (Student’s t-test, p-value less than 0.05).
Mass spectrometric protein identification revealed that the 364 protein spots corresponded to 58
gene products, including the classical plasma proteins and the tissue-leakage proteins catalase,
clusterin, ficalin, gelsolin, lumican, tetranectin, triosephosphate isomerase and vitronectin, The
combination of multi-dimensional liquid chromatography and two-dimensional difference gel
electrophoresis provides a valuable tool for serum proteomics in lung cancer.
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Lung cancer is a leading cause of cancer death in Japan,
claiming 55 000 lives annually, and is a major health problem
in many countries. The prognosis of patients with lung can-
cer is generally poor, with an overall 5-year survival rate for
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patients receiving treatment of only 14%. In contrast, overall
5-year survival for patients diagnosed with stage [ adeno-
carcinoma approaches 63% [1]. As non-small-cell lung can-
cer accounts for almost 80% of lung cancers, of which 40%
are adenocarcinoma, a substantial number of patients with
lung cancer have the potential to be cured successfully by
early treatment. However, the majority of lung tumors have
reached locally advanced stage 111 (33%) or metastatic stage
1V (41%¢) by the time of diagnosis [2]. Therefore, early diag-
nosis of lung cancer is necessary to improve patient survival.
Plasma is a preferred specimen for the early diagnosis of
lung cancer because samples are easily available by non-
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invasive methods. However, the currently available plasma
tumor markers such as CEA. NSE. TPA. chromogranin.
CAI125, CA19-9, Cyfra 21-1, and ProGRP have limited sen-
sitivity and specificity for early diagnosis [3], and novel
plasma markers are required.

Multi-dimensional separation techniques based on the
combination of LC and gel electrophoresis have been applied
for plasma proteomics [4]. Typically. LC with immuno-affini-
ty, size-exclusion, ion-exchange and RP columns is used to
fraction the proteins, which are then subjected to high-reso-
lution 2-D-PAGE for quantitative expression studies. Sample
fractionation prior to 2-D-PAGE can scparate gene products
present in low copy numbers from highly abundant proteins,
increasing the number of observable proteins. Indeed, less
abundant proteins, including tissueleakage proteins and
regulatory proteins, have been identified in plasma by the
combination of LC and 2-D-PAGE [4]. As the results of 2-D-
PAGE can be quantified and stored in a database, 2-D-PAGE
is a powerful tool for biomarker development. However, the
intrinsic limitations of 2-D-PAGE resulu.ng from ge]-tr»gel
variations can hinder accurate ¢ isons of
expression levels. To cancel such experimental d.lffermces, 2-
D-DIGE has been developed [5-7). In 2-D-DIGE, the experi-
mental samples and an internal control sample are labeled
with different fluorescent dyes, mixed together and co-sepa-
rated in identical gels. The fluorescent dyes are designed so
that the electrophoretic migration of proteins labeled with
the different dyes is almost identical. Therefore, the intensity
of the spots of the experimental sample can be normalized to
the intensity of the corresponding spots of the internal con-
trol sample in the same gel. In 2-D-DIGE the amounts of
proteins are measured as fluorescence signals, thus the dy-
namic range is wider than with conventional silver staining
and spot detection can be achieved by simple laser scanning
in a high-throughput manner. 2-D-DIGE has been used to
characterize the proteome of plasma from patients with dis-
ease [8]. Recently, novel highly sensitive fluorescent dyes,
CyDye DIGE Fluor saturation dyes (GE Healthcare Amers-
ham Biosciences, Uppsala, Sweden), referred to here as
‘saturation dye’, have been developed [9]. The high sensitivity
of saturation dye has enabled proteomic studies of primary
cultured human hepatocytes [10] and laser microdissected
tumor tissues [11-14], where only limited amounts of pro-
teins were available.

In this study, we used the combination of multi-dimen-
sional chromatography and 2-D-DIGE with saturation dye to
conduct a proteomic comparison of serum from patients
with lung cancer and from healthy volunteers, The high
sensitivity of saturation dye generated 3890 protein spots
from only 30 pL of plasma. We identified 364 spots as aber-
rantly regulated plasma proteins in lung cancer. MS revealed
that these spots corresponded to 58 gene products. The
identified proteins included previously uncharacterized tis-
sue-leakage proteins in addition to acute phase plasma pro-
teins, These results demonstrate the utility of multi-dimen-
sional LC and 2-D-DIGE for plasma proteomics in cancer.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Materials and methods
2.1 Serum samples

Blood samples by venipuncture and informed consent were
obtained from five patients with lung cancer and four heal-
thy volunteers at Nippon Medical School. Clinical informa-
tion for the donors of serum proteins is summarized in
Table 1. A 10-mL blood sample was obtained with a VENO-
JECT 11 (10 mL; TERUMO, Tokyo, Japan) and allowed to clot
for 2h at 4°C. The cotted material was removed by cen-
trifugation at 3000rpm for 10min. The supernatant sera
obtained from the blood samples were recovered and stored
at —80°C until use.

Table 1. Patients’ characteristics

Histology [29] Gender Age Stage [30]
Iyears)
1. Adenocarcinoma Male 48 T2ZNZMO lIA
2. Adenocarcinoma Male 62 TaN2MoO 1B
3. Squamous cell Female 75 T4N3M1 IV
carcinoma
4. Sguamous cell Male 76 TaNIMY IV
carcinoma
5. Small cell carcinoma  Male 40 T2ZN2ZMO 1A

Four healthy volunteers 4 Males 29-38

2.2 Immuno-affinity and anion-exchange
chromatography

Serum proteins were separated by immuno-affinity and
ion-exchange chromatography with the AKTA Explore sys-
tem (GE Healthcare Amershamn  Biosciences). The
immuno-affinity column (4.6 x 100mm; Agilent Technolo-
gies) contained anti-albumin, anti-transferrin, anti-hap-
toglobin, anti-alpha-1-anti-trypsin, anti-lgA and anti-IgG
resins. A serum sample (30 pl) was diluted with 120 pL of
a neutral buffer (buffer A: Agilent Technologies). and fil-
tered with a spin filter (pore size 0.22 pm: Agilent Tech-
nologies) by centrifugation at 16000 x g for 1 min prior to
use, The filtered sample was applied to the immunc-affin.
ity column at a flow rate of 0.5mL/min for 10min. The
flow-through fraction was recovered and the proteins
tained in the col were eluted with a low-pH urea
buffer (buffer B; Agilent Technologies) at a flow rate of
1.0mL/min for 10min. The column was recycled for fur-
ther use by washing with buffer A at a flow rate of 1.0ml/
min for 12min. The flow-through fractions were con-
centrated to 500 pl in a Spin Concentrator, 5K MWCO
(4 mL capacity, Agilent Technologies).
The concentrated sample was diluted with 4.5 mL of
25mM Tris-HCl, pH 9.0, and applied to a Resource Q col-
umn (1.0mL resin, 6.4mm idx 30mm; GE Healthcare
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Amersham Biosciences) at a flow rate of 4.0mL{min. The
separations were performed with a step-wise gradient of
NaCl as follows: 0mM for 12.5min, 100, 150, 200, 250,
300, 350, and1000 mM for 2.5 min each. All elution buffers
contzined 25mM Tris-HCl, pH 9.0. The anion-exchange
column was then recycled for further use by thorough
washing with 25mM Tris-HCl, pH 9.0, containing 2 M
NaCl. In the interval between the clution steps, the pump
system was washed with 10 mL of the next elution buffer.
Protein peaks were monitored at 280nm. The eluted pro-
teins were concentraled with Amicon Ultra PL-10 (a mo-
lecular mass cut-off 10kDa) in an Amicon Ultra-15 filter
unit (Amicon Bredford, MA).

2.3 2-D DIGE

The fractionated proteins were precipitated by addition of
four volumes of acetone at —~20°C for 20 min. After cen-
trifugation at 13000 rpm for 10min, the supernatant was
discarded and the pellet was air-dried for 10 min. The dried
pellet was dissolved in 50 pL of lysis buffer containing 6 M
urea, 2 M thiourea, 3% CHAPS, 1% Triton X-100 and 40 mM
Tris (pH 8.0). The protein concentration was measured with
a Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA).
The fluorescence labeling was performed as described pre-
viously with some modifications [10]. In brief, samples
(50 pg of protein) were reduced by incubation with 2 uM
Tris-(2-carboxethyl)phosphine hydrochloride (TCEP: Sigma,
St. Louis, M) at 37°C for 60 min. The protein samples were
fluorescence labeled by incubation with 40 nM of saturation
Cy3 or Cy5 dye (GE Healthcare Amersham Biosciences) at
37°C for another 30 min. For 2-D-PAGE, the labeling reac-
tion was terminated by addition of an equal volume of the
lysis buffer containing 130mM DTT and 2.0% Pharmalyte
(Amersham Biosciences). In the fraction eluted with
1000 mM NaCl, the amount of protein was so small that its
concentration could not be measured. Therefore, all the pro-
tein in these fractions was labeled and used for the sub-
sequent studies. As the trains of spots in the vertical dimen-
sion were not observed on 2-D images, we concluded that the
proteins were saturatedly labeled with fluorescent dyes.

The 2-D-PAGE was carried out as described previously in
our reports [11]. In brief, the first dimension separation was
carried out with Immobiline Drystrips (24 cm, pH 3-10; GE
Healthcare Amersham Biosciences). Each strip was rehy-
drated for 12h at 30 V with 420 pL of protein sample, and
IEF was performed in an IPGphor unit (GE Healthcare
Amersham Bioscience). After electrophoresis, the strips
were equilibrated in equilibration buffer (6 M urea, 2% SDS,
50mM Tris HCl, pH 8.8, 30% glycerol w/v) for 20 min. The
second dimension separation was performed on homemade
9-15% gradient polyacrylamide gels with an EttanDalt I
system (GE Healthcare Amersham Biosciences) at a constant
wattage of 17 W at 20°C for 17 h. The image was acquired by
scanning the gels with a laser scanner (2D Masterlmager; GE
Healthcare Amersham Biosciences). Spot detection, quanti-
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fication and image matching were performed with DeCyder
software (GE Healthcare Amersham Biosciences). One por-
tion of the labeled proteins was separated by SDS-PAGE
using 10% polyacrylamide gel to monitor the contents of the
fractions. Gel electrophoresis was performed in the dark.

2.4 Protein identification by MS

In-gel digestion was performed for protein spots excised by
an automated spot collector (SpotPicker; GE Healthcare
Amersham Biosciences), according to our previous report
[10). Then, the gel pieces were extensively washed with
ammonium bicarbonate. The protein in the dried gel plug
was digested overnight at 37°C with sequencing-grade mod-
ified trypsin (Promega, Madison, WI). The tryptic digests
were recovered by incubation with 509 ACN/0.1% TFA, and
the isolated peptides were concentrated under nitrogen gas
and subjected to LC-MS/MS, The MS study was carried out
as described previously [15]. In briefl, the LC-MS/MS system
comprised a Paradigm MS4 dual solvent delivery system
(Michrom BioSciences, Auburn, CA, USA) for HPLC, an
HTS PAL auto sampler with two 10-port injector valves (CTC
Analytics, Zwingen, Switzerland), and a Finnigan LTQ linear
ITMS (Thermo Electron, San Jose, CA, USA) equipped with
NSI sources (AMR, Tokyo, Japan). A database search against
Swiss-Prot was performed with MASCOT software. When
multiple proteins were identified in a single spot, the pro-
teins with the highest numbers of peptides were considered
as those corresponding to the spots. When multiple protein
candidates were listed with an equal number of the identified
peptides, the proteins with a higher MASCOT score were
selected.

2.5 Western blotting

Protein samples were separated by SDS-PAGE and trans-
ferred onto NC membranes. Differential expression of
plasma proteins was examined by specific antibodies against
leucine-rich alpha 2 glycoprotein (x1000 dilution; Abnova,
Taiwan), inter-alpha-trypsin inhibitor heavy chain H4 (x1000
dilution; Santa Cruz Biotechnology. Santa Cruz, CA). plasma
retinol binding protein (x50 dilution; Biomeda), haptoglobin
(x2000 dilution; Sigma Aldrich, St. Louis, MO, USA), com-
plement component C4 (x200 dilution; Antibody Shop,
Gentofte, Denmark), complement component C3 (x200
dilution; Antibody Shop), and prothrombin (x100 dilution:
BD Transduction laboratories). The anti-prothrombin anti-
body could recognize both thrombin and prothrombin, A
second antibody against goat IgG (Santa Cruz Biotechnol-
ogy) was used for inter-alpha-trypsin inhibitor heavy chain
H4 at a dilution of 1:2000. A second antibody against mouse
1gG (GE Healthcare Amersham Biosciences) was used for
leucine-rich alpha 2 glycoprotein, plasma retinol-binding
protein, haptoglobin, complement component C4, comple-
ment component C3 and prothrombin at a dilution of
1:1000. Immune complexes were detected with an enhanced
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chemiluminescence system (GE Healthcare Amersham Bio-
sciences) and monitored with an LAS-1000 (Fuji Film, Tokyo,
Japan).

3 Results
3.1 Evaluation of the fractionation process

In the first dimension chromatography, we used a recently
developed immuno-affinity column to deplete the most
abundant plasma proteins, including albumin, immunoglo-
bulin, transferrin, anti-trypsin, and haptoglobin. This
immuno-affinity column has been employed for plasma
proteomics to enrich the less abundant plasma proteins (4.
16-18]. Whole serum was separated into two fractions: the
flow-through fraction containing low abundance serum pro-
teins and the bound fraction containing the abundant pro-
teins listed above (Fig. 1A). Proteins in the flow-through
fraction were subjected to anion-exchange chromatography
(Fig. 1B), To ensure reproducibility of protein overlap be-
tween neighboring fractions, we employed step-wise separa-
tion instead of gradient separation. In addition, we washed
the column with the elution buffer at the end of each fraction
step to reduce the carry-over of elution buffer between the
steps. To evaluate the reproducibility of the fractionation
process, the 250-mM NaCl fraction of three independently
prepared protein samples was separated by RP chromatog-
raphy (Fig. 1C). The three chromatograms showed that the
fractionation process was highly reproducible.

To examine the effects of fractionation, the protein sam-
ples were labeled with fluorescent dyes and separated by
SDS-PAGE (Fig. 2). The major bands in the unfractionated
serum proteins, as indicated by amrows (lane 1), were
observed in the bound fraction of the immuno-affinity col-
umn (lane 3). Proteins in the flow-through fraction of the
immuno-affinity column generated a higher number of
bands (lane 2). The other portion of this fraction was further
separated by anion-exchange chromatography, labeled with
fluorescent dyes and subjected to SDS-PAGE (lanes 4-11).
The fractions from anion-exchange chromatography showed
distinct protein migration patterns (lanes 4-11) compared
with the unfractionated serum (lane 1) and the flow-through
fraction of the immuno-affinity column (lane 2). Anion-
exchange chromatography combined with immuno-affinity
chromatography reduced the complexity and dynamic range
of the protein content and separated the less abundant pro-
teins from the neighboring highly abundant proteins,
resulting in an increase in the number of observable pro-
teins,
We conducted 2-D-PAGE to separate further the fraction-
ated proteins, The 2-D-PAGE allows detection of post-
translational differences, observed as a shift in pl that are
difficult to recognize by SDS-PAGE. To validate the effects of
fractionation on the number of observable proteins, we
labeled a whole-serum sample and a fractionated protein
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Figure 1. Process of multi-dimensional chromatography separa-
tion. (A) The | affinity col p d plasma p

into two fractions: flow-through and bound fraction. The column
was racycled by hing after elution of the b dp ins. (B)
The flow-through fraction from the immuno-affinity column was

bjected to anion o graphy and sep
into eight fractions by elution with a step-wise gradient of NaCl.
(C) Three independent samples of the 250 mM NaCl fraction were
prepared and separated by RP chromatography to examine the
reproducibility of the immuno-affinity and anion-exchange pro-
cedures.

sample with Cy3 and Cy5, respectively, mixed them together
and co-separated them by 2-D-PAGE. Figure 3 shows the
two-color images of whole-serum (red) and fractionated pro-
teins (green). It is apparent that most of the protein spots
that bound te, and were recovered from the immuno-affinity
column, matched the spots with high intensity in whole
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Figure 2. Separation of whole and fractionated plasma samples
by SDS-PAGE. Lane 1, whole serum sample; lane 2, flow-through
fraction from the immuno-affinity column; lane 3, bound fraction
from the immuno-affinity column; lanes 4-11, the fractions
eluted by 0, 100, 150, 200, 250, 300, 350 and 1000 mM NaCl from
the anion-exchange column.

serum (panel A). In contrast, immuno-depletion of these
proteins resulted in a distinct 2-D image; most of the protein
spots in the flow-through fraction of the immuno-affinity
column were not observed in the 2-D image of whole serum
(panel B). These results are consistent with previous reports
[17, 19]. We also separated the Cy5-labeled fractions from
anion-exchange chromatography by 2-D-PAGE (panels C-J).
Visual comparison of the location and intensity of spots
through the series of 2-D images can be achieved easily by
using the Cy3 image of whole serum as a common internal
standard. It is clear that the number of spots was increased
by fractionation with anion-exchange chromatography.
However, it is unclear how many proteins repeatedly
appeared as different spots in the gels.

3.2 Comparison of serum from patients with lung
cancer and healthy volunteers

We compared serum proteins in patients with lung cancer
and healthy volunteers (Table 1). We prepared a mixture of
the paired protein samples to make an internal standard and
labeled it with Cy3. The individual samples were labeled with
Cy5 and mixed with the Cy3-labeled internal standard sam-
ple. The mixture of labeled protein samples was separated by
2-D-PAGE. Figure 4 shows a representative gel image of Cy5-
labeled proteins. The number of spots observed is described
in the lower right corner of the 2-D image panel. The num-
ber of spots in the mixture of unfractionated serum of
patients with lung cancer and of healthy volunteers was 124,
and fractionation increased the total number of spots to
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3766, The arrows indicate the 364 spots whose expression in
lung cancer differed significantly by more than twofold from
that in the healthy volunteers (Student’s r-test, p-value less
than 0.05). MS identified the proteins from the spots. We
observed multiple proteins from single spots in several cases.
These observations were consistent with the previous report
[20]. Tentatively, the proteins with the highest number of
peptides were considered to be the proteins corresponding to
the spots, although this is not always the case. Based on this
criterion, we concluded that MS study of these 364 spots
resulted in the identification of 58 distinct gene products.
The results of protein identification are summarized in
Suppl. Table 1.

We found that certain proteins appeared on the 2-D
images as multiple protein spots with aberrantly controlled
expression in lung cancer In addition, different protein
spots translated from the same gene showed different reg-
ulation, so that isoforms of a particular plasma protein could
be up- or down-regulated in lung cancer. Figure5 sum-
marizes these observations, Among 58 proteins identified,
18 were detected as a single spot. These were alpha-1-acid
glycoprotein, apolipoprotein D, apolipoprotein M, carbonic
anhydrase I1, catalase, ceruloplasmin, complement C5, cor
ticosteroid-binding globulin, lg alpha-1 chain C region, Ig
gamma-1 chain C region, Ig kappa chain V-III region SIE,
inter-alpha-trypsin inhibitor heavy chains H1, H2 and H4,
kininogen, tetranectin, triosephosphate isomerase, and
vitronectin. Spots for 28 proteins showed consistent up- or
downe-regulation (Fig. 5A) and the spots for 12 proteins
showed inconsistent regulation (Fig. 5B). For example, the
intensity of all 67 haptoglobulin spots was increased in lung
cancer, whereas for the 38 spots of complement component
C3 the intensity of 20 spots was up-regulated and that of 18
spots was down-regulated in lung cancer. Thus, isoform-
specific regulation may exist for these proteins.

We then used specific antibodies to validate the differ-
ential expression of the plasma proteins whose isoforms
showed consistent aberrations in lung cancer (Fig. 6), be-
cause clinical application of our results would require differ-
ential expression to be monitored by methods more con-
venient than the combination of multi-dimensional LC and
2-D-DIGE. We examined individual samples by SDS-PAGE
followed by Western blotting with specific antibodies. The
higher intensity of the lower bands of leucine-rich alpha-2-
glycoprotein in lung cancer was consistent with the results of
multi-dimensional chromatography followed by 2-D-PAGE
(Fig. 6A). The intensity of the upper bands of leucine-rich
alpha-2-glycoprotein did not differ between the two groups
and the spots corresponding to these bands were not recog-
nized as those showing aberrant intensity in lung cancer
(Fig. 6A). The higher intensity of haptoglobulin bands was
also consistent with the results of 2-D-PAGE (Fig. 6D).
However. the intensities of the bands of inter-alpha-trypsin
inhibitor heavy chain H4 (Fig. 6B) and plasma retinol bind-
ing protein (Fig. 6C) were also higher in lung cancer, and
these results were inconsistent with those from multi-
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Figure 3. 2-D-PAGE ol plasma
proteins. Whole serum and frac-
tionated proteins were labeled
with Cy3 (red) and Cy5 (green)
respactively. The labeled pr
samples were mixed together
and co-separated by 2-D-PAGE
The fractionated proteins
showed distinguishable protein
profiles, suggesting the effi

temn

rent
enrichment of low abundance
proteins by fractionation. The
sources of the protein samples

are as follows: (A) bound frac-
tion from the immuno-affinity
column; (B} flow-through frac
tion from the immuno-affinity
column; (C-J) 2-D images of the
fractions eluted with 0, 100, 150,
200, 250, 300, 350 and 1000 mM
NaC

from the anion-exchange
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169 spots .- A51 spois

Figure 4. Localization of spots
on the 2-D map of Cy5-labeled
proteins. The arrows indicate
the spots showing aberrant
expression in lung cancer. The
spot numbers correspond to
those in Suppl. Table1. The
sources of the protein samples
are as follows: (A) unfraction-
ated serum; (Bl flow-through
fraction from the immuno-affin-
ity column; (C-J) 2-D images of
the fractions eluted with 0, 100,
150, 200, 250, 300, 350 and
1000mM NaCl from the anion-
exchange column.
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Figure 5. Analysis of spots sh g aberrant expression levels in
lung cancer. |A) Proteins for which the corresponding spots

h d i diff in lung : (B} proteins for
which the corresponding spots showed Inconsistent differences
in lung X-axis rep the number of protein spots
identified as those showing a significantly aberrant expression
level in lung cancer. The 18 proteins identified as single spots
waere described in Section 3.

dimensional chromatography followed by 2-D-PAGE. We
also studied the expression of complement component C4,
whose isoforms showed differential expression. Comple-
ment component C4 consists of three subunits with molec-
ular masses of 97, 75 and 33 kDa. The antibody we used vis-
ualized the 97-kDa band (Fig. 6E). On 2-D gel images, the
expression level of the C4 spots of molecular mass approxi-
mately 97 kDa was increased in lung cancer. Western blot-
ting identified increased expression of complement compo-
nent C3, with a molecular mass of 45 kDa, though the C3
spots with this molecular weight showed both up- and down-
regulated intensity in lung cancer (Fig. 6F). These results
may indicate that complement component C3 is up-regu-
lated as a whole in lung cancer and that 2-D-DIGE detects
minor isoforms that are regulated in a different way from the
major (abundant) isoforms. Western blotting also revealed
an increased expression of prothrombin, with a molecular
mass of 50kDa, in lung cancer, and this result was incon-
sistent with the data obtained by 2-D-DIGE (Fig. 6G). West-
ern blotting demonstrated increased expression of pro-
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Figure 6. Validation of the differential expression of plasma pro-
teins between individuals. Western blotting using (A) anti-leu-
cine-rich alpha 2 glycoprotein, (B) antl-inter-alpha-trypsin inhibi-
tor heavy chain H4, (C) anti-plasma retinol-binding protein, (D)

anti-haptoglobin, (E) anti pl ponent C4, (F) anti-
complement component C3, and (G) anti-prothrombin antibody.

thrombin with a malecular mass of 99kDa in three of four
healthy volunteers (Fig. 6G), and this increase was not
observed by 2-D-DIGE (Fig. 4).
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4 Discussion

We applied a highly sensitive fluorescent dye-labeling
technique to multi-dimensional chromatography followed
by 2-D-PAGE for lung cancer plasma proteomics. In this
study, the proteins were separated in three dimensions
according to their net charge, pl and molecular weight.
Pieper et al. [4] reported a similar approach to the plasma
proteome. In their report, human serum samples were
separated into 74 fractions by immuno-affinity, anion-
exchange, and size-exclusion chromatography. The frac-
tionated samples were then subjected to 2-D-PAGE,
yielding approximately 3700 protein spots. They identi-
fied by MS 325 proteins corresponding to about 1800
spots. In our study, we observed 3890 spots and identi-
fied 58 proteins corresponding to 364 spots. As we
focused on proteins with aberrant expression in lung
cancer and did not perform global protein identification,
it is difficult to compare the performance of these two
methods, although most proteins we identified were also
identified in [4]. However, our use of highly sensitive
fluorescent dyes has several advantages over the method
used in this report, as exemplified by the following four
points, First, Pieper et al. [4) used 20mL of serum as a
starting material, whereas we needed only 30puL of
plasma to obtain a similar number of spots. The different
amount of plasma protein required for the analysis was
probably a result of the sensitivity of the spot detection
method, as Pieper et al. visualized the proteins by stain-
ing with CBB G-250, which is less sensitive than satura-
tion dye. The amount of plasma sample available may be
limited, and a method requiring less sample may be
more suitable for clinical proteomics. Alternatively, our
protocol may have the potential to visualize even less
abundant plasma proteins by increasing the sample vol-
ume. Secondly, gel staining with CBB G-250 is time-con-
suming (more than 3 days in the study of Pieper et al.),
whereas spot detection of fluorescence-labeled proteins
can be completed within 30-60min by a laser scanner.
This feature is especially advantageous because several
2-D gels are required for each of the fractionated sam-
ples. Thirdly, the fluorescent dye-labeling method may
allow more quantitative and reproducible protein expres-
sion profiling by running an internal control sample and
generating multiplex images. Forthly, the linear dynamic
range of protein expression level measured as fluorescent
intensity in 2-D-DIGE is wider than that in conventional
2-D-PAGE based on a colorimetric method such as CBB
G-250.

Wang et al. [17] reported the utility of the fluorescent
dye-labeling technique in the linkage of 1EF, LC and SDS-
PAGE for the study of intact plasma proteins. They iden-
tified plasma proteins associated with acute graft-versus-
host disease. In their protocol, the highly abundant
plasma proteins were depleted with an immuno-affinity
column, Low abundance proteins were then labeled with
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fluorescent dyes, mixed, and subjected to IEF and RP
chromatography. Finally, the fractionated proteins were
separaled by SDS-PAGE and detected by laser scanning.
To label the proteins, they used minimal dye. which labels
lysine residues [9]. Although minimal dye is less sensitive
than saturation dye, minimal dye is advantageous when
three samples are to be compared because Cy2 is available
in addition to Cy3 and Cy5 [18].

The results of this study are consistent with previous
reports of aberrant expression of plasma proteins in lung
cancer. Alpha-1-acid glycoprotein in plasma has been
shown to be highly sensitive and specific for the detec-
tion of lung cancer [21], and its levels are correlated with
treatment effects and prognosis in patients with non-
small-cell lung cancer treated with docetaxel [22]. The
utility of retinol-binding protein for the diagnosis of
lung cancer has also been described [23]. We also found
aberrant expression of tissue-leakage plasma proteins
whose expression in tumor cells is correlated with lung
cancer. For example, we found that the expression level
of clusterin was Increased in lung cancer, Clusterin is a
component of membrane-coated vesicles and has a pro-
tective function in cells. Previous studies have revealed
that inhibition of clusterin expression enhances the
effects of paclitaxel or gemcitabine in delaying the
growth of A549 tumors [24]. We also found decreased
expression of gelsolin in lung cancer. Down-regulation
of gelsolin in tumor cells was correlated with poor sur-
vival of patients with non-small-cell lung cancer [25].
Although the pathophysiological significance of these
tissue-leakage proteins is largely obscure, their clinical
application as candidate tumor markers should be
considered.

In this study, we did not identify proteins showing
very low abundance such as growth factors, suggesting
that further development of the current protocol is
required for a comprehensive understanding of the lung
cancer proteome. Block et al. [26] reported that they
observed low abundance tissue-leakage proteins as spots
on 2-D images when they fractionated plasma samples
with a lectin-affinity column. Thus, additional variations
of multi-dimensional separation including multiple spe-
cific immuno-affinity columns will facilitate the study of
lower abundance plasma proteins.

The proteins retained in the immuno-affinity column
were not limited to the six target plasma proteins (Fig. 2).
Albumin is known to interact with a variety of proteins
[27], and as the proteins were separated as intact forms in
our study, depletion of albumin may cause the removal of
unexpected proteins. We also identified alpha-1-anti-tryp-
sin, haptoglobin, and transferrin in the fractionated sam-
ples as aberrantly regulated plasma proteins in lung can-
cer, even though our procedure was designed to deplete
these proteins at the initial step of fractionation by use of
the immuno-affinity column. Together, these observations
suggest that the immuno-depletion procedure requires
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further optimization. For example, it may be possible to
dissociate protein complexes prior to the immuno-deple-
tion procedure so that albumin-bound proteins are recov-
ered in the flow-through fraction. For better depletion of
target proteins, the flow-through fraction could be applied
repeatedly to the immuno-affinity column or two
immuno-affinity columns could be connected in tandem.
These variations are compatible with our current protocol
based on 2-D-DIGE. An alternative explanation of the
failure of the immuno-affinity procedure to completely
deplete the target plasma proteins is that these proteins
display aberrant features in lung cancer and are unable to
bind to an immuno-affinity column containing antibodies
raised against normal plasma proteins. These issues
should be considered further when immuno-affinity pro-
cedures are applied to disease proteornics.

We found isoform-specific aberrations of plasma pro-
tein expression in lung cancer: the protein spots corre-
sponding to 12 gene products were both up- and down-
regulated. In contrast, the spots of 28 proteins showed
consistent up- or down-regulation. Because the spots of
haptoglobin, which showed the largest identified number
of spots from a single gene product in our study, were
consistently up-regulated in lung cancer. a high number
of spots does not always result in inconsistent regulation,
suggesting isoform-specific regulation of certain proteins.
These isoform-specific aberrations may not be identified
by analysis of peptide subsets from complex digests as
accomplished using multidimensional protein identifica-
tion technology, suggesting the importance of analysis of
intact plasma proteins. Although isoform-specific altera-
tions could be a potential source of biomarkers, it might
be difficult to use such isoforms as biomarkers in a clin-
ical setting if their monitoring requires time-consuming
proteomic technology such as the combination of multi-
dimensional chromatography and 2-D-PAGE. More con-
ventional and high-throughput methods will be required
for clinical application. Although use of a specific anti-
body is always an early consideration when developing a
high-throughput method, we demonstrated that the
results of Western blotting following SDS-PAGE did not
always match those from 2-D-PAGE. This discrepancy
probably arises from the facts that the antibodies used
were not isoform specific and the samples were prepared
differently. To solve this problem, a novel technique such
as the use of DNA aptamers [28] may be required to gen-
erate molecules with high affinity for each protein var-
iant. This issue is a generic problem using 2-D-PAGE, in
which various isoforms are visualized, quantified and
selected as candidate biomarkers. However, this does not
mean that a 2-D-PAGE approach is impractical. We
believe that 2-D-PAGE is a powerful tool for providing
detailed proteomic information that cannot be obtained
from other proteomic methods, and that novel technolo-
gies are required to utilize the output of 2-D-PAGE for
clinical application.
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