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Abstract. To investigate the early changes in protein function
that induce micro-metastasis in early-stage non-small cell
lung cancer, we conducted proteomic analysis of tissue that
had been completely resected. We selected sixteen patients
whose tumors were pathological stage I adenocarcinoma
with hobnail cell morphology. We compared their proteomic
profiles between patients whose cancers recurred and did not
recur after 5 years of follow-up. Proteins extracted from frozen
tumor tissue were saturated by CyDye labeling and subjected
to two-dimensional difference gel electrophoresis (2D-DIGE).
We found approximately 2500 protein spots by DeCyder-DIA
software analysis. A random forest classifier to the spot volume
data sets revealed 30 extracted spots that were potentially
effective marker proteins for distinguishing the recurrence
and non-recurrence groups. Among them, Mann-Whitney
U-test analysis showed that 15 spots were candidate marker
proteins. Finally, 11 unique proteins corresponding to the 15
candidate spots were found using an improved in-gel digestion
method and MALDI-TOF MS and nanoLC-ESI MS analysis.
Among them, aldehyde dehydrogenase and tropomyosin
were considered to have undergone protein modifications
such as phosphorylation, acetylation, and glycosylation. We
have thus identified some biomarkers that can predict tumor
recurrence in patients with early-stage non-small cell lung
cancer including hobnail-type adenocarcinoma. A further
study is required to confirm the utility of these biomarkers.
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Introduction

Non-small cell lung cancer (NSCLC) is the leading cause
of cancer death in Japan. To improve the prognosis of
patients with NSCLC, attempts have been made to develop
tests that will facilitate early diagnosis and treatment, and
thereby decrease patient mortality. Although many chest
roentgenogram-negative lung cancers can be detected by
chest computed tomography, a significant number of patients
with early-stage disease show aggressive tumors. Although
locoregional control of NSCLC can be achieved by surgery,
more than 70% of relapses in patients with stage I disease
occur at distant sites (1). Thus, most patients with NSCLC
have systemic disease, even at the earliest stage. Recent
efforts at improving the management and outcome of patients
with this disease have been directed at induction and adjuvant
chemotherapy to reduce the high systemic relapse rate.
Cancer cells with genetic alterations at the early stage are
considered to subsequently acquire other gene alterations,
resulting in progression to locally advanced or metastatic
tumors. Many genetic alterations related to cell proliferation,
apoptosis, vascularization and tumor invasion have been
reported to be prognostic factors in resected NSCLC. A study
we conducted using immunohistochemical staining to compare
the survival of 72 patients with small adenocarcinomas of the
lung according to the expression of individual genes found
that the overall survival of patients showing positive expres-
sion of survivin, cyclin D1 and integrin B was significantly
worse than that of patients whose tumors did not express
these genes (2). It was concluded that multiple, but not single,
oncogene expression in tumor cells is an indicator of poor
prognosis in patients with this type of cancer. Another study
we conducted using DNA microarray also demonstrated
that the expression levels of cyclin-dependent kinase 8§,
phosphoinositide-3-kinase, interferon regulatory factor 3
and tubulin were significantly higher in tumors of surviving
patients with stage I NSCLC (3). To identify novel factors
associated with prognosis in NSCLC patients, various bio-
markers, including serum and tissue parameters and genetic
and epigenetic factors, have been investigated using micro-
array, but none has been adopted for use in general clinical
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practice (4). DNA microarray technology has had limited
success in identifying gene expression profiles and biomarkers
that are associated with survival in NSCLC patients (5-8)
because mRNA expression is often not tightly associated
with the level of protein expression and cannot identify
post-translational modification of proteins. Thus, there is a
need to develop new technologies for protein profiling that
are applicable to clinical practice, and have high accuracy,
sensitivity and throughput.

Proteomics may be defined as the large-scale characteri-
zation of proteins expressed by the genome (9). Unlike the
study of a single protein or pathway, proteomic methods
facilitate a systematic overview of expressed protein profiles,
which, in the case of neoplasia, could ultimately improve the
diagnosis, prognosis and management of patients by revealing
the protein affecting overall tumor progression (10). It is
becoming apparent that extensive post-translational modifi-
cations such as phosphorylation, glycosylation and proteolytic
processing are common events, which present a challenge for
protein analysis. These post-translational modifications can
significantly alter protein function and thus the character-
istics of the cell or tissue in which they occur. Thus, in the
post-genome era, one of the challenges of proteomics is to
understand the characteristics of tissue through knowledge of
effector proteins and to apply this to clinical use. Individual
cancer profiling could identify pathways that have been
activated and that are suitable for chemotherapeutic strategies
tailored to each individual neoplasm.

Contrary to promising expectations, the proteomic strategy
has not yet yielded any biomarkers of clinical importance.
Handling targets of huge diversity due to post-translational
modifications of each protein, the technique seems ironically
to have trouble seeking out the ‘genuine article’. To over-
come this situation, it is critical to adjust the clinicopatho-
logical characteristics of samples except for the specific
point of interest. In the present study, therefore, we focused
specifically on recurrence of stage I adenocarcinomas that
had been completely resected, and followed the outcome of
the patients over a 5-year period. The histology of the adeno-
carcinoma was also further restricted to the well differentiated
type with a hobnail cell morphology, which is the most
common cell type of this tumor (11). It was expected that the
results would help to clarify the changes in protein function
that induce micro-metastasis in early-stage NSCLC, and
indicate possible new avenues for the development of drugs
to suppress tumor recurrence.

Materials and methods

This study was approved by the ethics committees of the
Kanagawa Cancer Center and Shionogi Discovery Research
Laboratories and performed in accordance with the guidelines
of both committees.

Materials. CyDye DIGE Fluors (Cy3 and Cy5 for saturation-
labeling), IPG buffer (pH 3-11 NL), Immobiline DryStrip
(24 cm, pH 3-11 NL), acrylamide, N,N-methylenebisacryl-
amide, sodium dodecyl sulfate (SDS), N.N,N'.N'-tetramethyl-
ethylenediamine (TEMED) and bind-silane, were obtained
from GE Healthcare (Uppsala, Sweden). Urea was from ICN
Biomedicals (Aurora, OH, USA). Tris-(2-carboxyethyl)
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phosphine hydrochloride (TCEP) was purchased from Pierce
(Rockford, IL, USA) and N,N-dimethylformamide (DMF) was
from Sigma-Aldrich (St. Louis, MO, USA). Other chemicals
were purchased from Wako Pure Chemical Industries (Osaka,
Japan). Protease inhibitor mixture cocktail (Complete) and
Pefabloc SC protector solution were from Roche Diagnostics
GmbH (Mannheim, Germany). Lysyl endopeptidase from
Achromobacter Iyticus M497-1 (Lys-C) was purchased from
Wako Pure Chemical Industries.

Patients. Patients with histological proven lung cancer who
had undergone curative surgical resection of their lung tumors
were entered into the present study. The histology was
restricted to well differentiated adenocarcinoma with a hobnail
cell morphology. None of the patients had received prior
chemotherapy for the primary lesion. Patient without tumor
recurrence for up to 5 years after tumor resection were defined
as non-recurrence patients, and patients who died within 5
years after resection due to tumor recurrence and progression
were defined as recurrence patients. Written informed consent
for proteomic analysis of their tumor tissue was obtained from
all the patients or their families.

Tumor samples. Specimens of tumor tissues were taken
from freshly resected materials in the operating room, rinsed
thoroughly with saline and snap-frozen in liquid nitrogen.
The frozen tissues were stored at -80°C until use.

Sample preparation and fluorescence labeling. Frozen lung
adenocarcinoma tissue (20 mg) was thawed and washed well
with the tissue washing buffer. The tissue pellet was then
homogenized in lysis buffer and subjected to 2D-DIGE. Total
protein concentrations were determined with a Protein Assay
kit purchased from Bio-Rad (Hemel Hempstead, UK) using
bovine y globulin as a standard. The fluorescence labeling
for 2D-DIGE with Cy3 or Cy5 was performed as described
previously (12,13). The labeled samples were stored at -80°C
until use.

2D-DIGE analysis. Two-dimensional difference gel electro-
phoresis for 2D-DIGE analysis was carried out as follows.
We loaded 5 ug of the Cy5-labeled protein of analyzing sample
on each gel and also loaded 5 pg of Cy3-labeled protein which
was made of mixture of all analyzed samples on another gel.
The first-dimension separation was performed with Immobiline
DryStrips (24 cm, pH 3-11 NL) after rehydration of the IPG
strips with the labeled samples in 450 p1 of rehydration buffer,
and then electric focusing was carried out. The IPG strips
were then loaded and run on 12.5% polyacrylamide Laemmli
gels (14) at 1 W per gel constant power at 20°C. Three replicas
from each sample were made for differential analysis in order
to reduce gel-to-gel variations.

Gel images were collected using a Typhoon 9400 (GE
Healthcare) fluorescence gel scanner and the Cy-dye images
were imported into DeCyder software version 6.5 (GE
Healthcare). These images were normalized using Cy3 images
as an internal control, and then we calculated average abun-
dance changes and analyzed the differential expression of the
proteins statistically across all gels. Additionally, all numerical
data as normalized spot volumes were exported from the
DeCyder software and utilized for further statistical analysis
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y the protein spots that were differentially expressed
between the tissue groups examined.

In-gel digestion. Protein spots of interest were excised by an
automated spot collector (Ettan SpotPicker, GE Healthcare)
from a preparative Cy3 2D-DIGE gel. The gel pieces were
subjected to the modified in-gel digestion method to prepare
peptide samples for identification using mass spectrometry
as follows. The gel pieces were washed vigorously 5 times
with 100 pl of washing buffer (60% acetonitrile containing
100 mM ammonium bicarbonate) for 10 min, then washed
additionally with 100 ul of acetonitrile for 5 min and dried
completely for 15 min using a SpeedVac Concentrator
(SPD2010, Thermo Electron Corp., Waltham, MA, USA). The
dried gel pieces were swollen with 20 ul of 0.1% RapiGest
SF (Waters, Milford, MA, USA) in 50 mM ammonium bicar-
bonate and incubated at 37°C for 10 min. After the excess
solutions had been removed, the gel pieces were dried in the
SpeedVac Concentrator and re-swollen in 20 gl of 1 mM
Tris-HCI (pH 8.5) containing 200 ng of Lys-C, and incubated
on ice for 45 min. After the Lys-C solutions had been removed
and 20 ul of 1 mM Tris-HCI (pH 8.5) added, the enzymatic
digestions were performed overnight at 37°C. Each reaction
solution was transferred to a new tube, and the generated
peptide fragments in each piece of gel were extracted by
vortexing for 15 min with 50 ul of 60% acetonitrile. Each
extracted solution was combined with the reaction solution,
followed by evaporation to complete dryness using the
SpeedVac Concentrator. In order to enhance the signal
intensity derived from the ionized peptides on mass spectro-
metric analysis, the digested peptide fragments of C-terminal
lysine residues were guanidinated using a ProteomMass
Guanidination kit (Sigma-Aldrich) in accordance with the
manufacturer's protocol. The prepared in-gel digestion samples
were stored at -30°C until analysis.

Mass spectrometric protein identification. The proteins
corresponding to the spots of interest were identified using
two mass spectrometry systems, MALDI-TOF MS and
nanoL.C-ESI Q-Tof MS. For MALDI-TOF MS analysis, we
applied the AnchorChip technology (Bruker Daltonics,
Bremen, Germany) using a-cyano-4-hydroxycinnamic acid
(CHCA, Bruker Daltonics) as the MALDI matrix. Preparation
of the digested sample on the AnchorChip was performed by
the thin-layer affinity CHCA method (15). An in-gel digestion
sample was dissolved in 4 ul of 0.2% trifluoroacetic acid
(TFA) then deposited onto the CHCA matrix layer on an
AnchorChip MALDI plate (600 ym diameter). After 3 min,
4 ul of washing buffer (10 mM ammonium phosphate, mono-
basic in 0.1% TFA) was added to each spot and the whole
droplet was removed at once. A 1-ul aliquot of 0.1 mg/ml
CHCA in ethanol/acetone/0.1% TFA solution (6:3:1 mixture)
was deposited onto the spot for recrystallization of the matrix.
MALDI-TOF MS analysis of the peptide samples was per-
formed using the UltraFlex II instrument (Bruker Daltonik)
in accordance with the manufacturer's instructions. The MS
and MS/MS spectra were acquired in the positive mode.
The spectral data were processed and analyzed using the
FlexAnalysis software package (Bruker Daltonics).
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For nanoLC-ESI Q-Tof MS analysis, we used a DiNa
nano-LC instrument (KYA Technologies, Tokyo, Japan)
coupled with a QqTOF mass spectrometer (Q-Tof Ultima
API, Micromass, Manchester, UK). In-gel digestion samples
were desalted and separated using the DiNa nano-LC equipped
with monolithic ODS columns (100 ym id x 130 mm for
precolumn and 50 zm x 700 mm for analytical column, Kyoto
Monotech, Kyoto, Japan) (16). The peptide fragments were
eluted by a gradient flow of acetonitrile and distilled water
containing 0.2% formic acid at a flow rate of 200 nl/min,
then injected directly into the Q-Tof Ultima API through an
online ESI nanospray emitter (PicoChip, New Objective,
MA, USA). The analytical conditions of MS were: cycle time
1.10 sec; scan duration 1.00 sec; ionization mode ES*; m/z
range 350-1300. Three precursor masses were selected for
MS/MS analysis with automatically determined collision
energy for the charge states and m/z values of the precursor
ions. Data acquisition and processing were carried out using
the MassLynx software package (Micromass).

MASCOT software (Matrix Science, London, UK) was
used to search the mass spectral data obtained from MALDI-
TOF MS and nanoLC-ESI Q-Tof MS against the NCBI
database (human) for protein identification. Up to one missed
cleavage with Lys-C protease was allowed and the data were
searched using guanidination of lysine as a fixed modifi-
cation, and oxidation of methionine, Cy3- and hydrolyzed
Cy3-labeling of cysteine as variable modifications. The
reliabilities of the resulting protein identification were evalu-
ated using the following criteria: i) The same protein was
assigned a top score by a Mascot search for both MALDI and
ESI. ii) The resulting Mascot score was >40 and/or statistical
reliability was 95%. iii) No other likely candidates for con-
sideration were found. iv) All MS and MS/MS spectra of
identified proteins were checked manually.

Results

Among the 16 patients studied, 12 were alive without tumor
recurrence and 4 had died due to lung cancer recurrence by
5 years after surgery. Their characteristics are summarized in
Table I. Protein extracts were obtained from the frozen tissues.
As the volume of extracted protein was limited, 2D-DIGE
analysis using the saturation CyDye labeling method was
used for proteomics analysis. For this, the protein extract
was saturated with CyDye (Cy3 and Cy5) and then subjected
to 2-dimensional electrophoresis. Protein spot images were
obtained using a fluorescence scanner.

2D-DIGE analysis of proteins from surgical samples. The
proteomic profiles of the 16 samples of resected human lung
adenocarcinoma tissue were analyzed by 2D-DIGE. Prior to
the differential expression analysis, the reproducibility of the
present method was verified by running each sample in dupli-
cate. The results showed that the intensity value for 99.5% of
the protein spots was within a 2-fold difference, with a corre-
lation coefficient of 0.973, thus demonstrating that the present
profiling method had high reproducibility.

A representative 2D-DIGE gel image obtained from a
Cy3-labeled mixture of all samples as an internal control is
shown in Fig. 1. We found ~2500 protein spots on this image
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Table I. Patient characteristics.
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Pathologic diagnosis

Metastatic
No Gender Age  Smoking Operation ~ Stage  Pathology  Recurrence site Outcome
1 M 60 - 2000 Dec 1B W/D Ad - - Alive
2 M 61 + 2000 Aug IB W/D Ad - - Alive
3 M 80 + 2000 Mar IB W/D Ad - - Alive
4 F 83 - 2001 Jul IB W/D Ad - - Alive
5 M 64 - 2001 Jul IB W/D Ad - - Alive
6 F 75 - 2000 Nov IB W/D Ad - - Alive
7 F 57 - 2000 Oct IB W/D Ad - - Alive
8 F 61 - 2001 Nov IB W/D Ad - - Alive
9 M 70 + 2001 Mar IB W/D Ad - - Alive
10 F 66 - 2001 Jul IB W/D Ad - - Alive
11 F 68 - 2000 Nov IB W/D Ad - - Alive
12 M 49 + 2000 Oct IB W/D Ad - - Alive
13 F 46 + 2000 Sep IA W/D Ad + Brain Dead (2005 Jun)
14 M 68 + 2001 Apr 1A W/D Ad + Brain Dead (2004 Feb)
15 M 50 + 2001 Sep IB W/D Ad + Lung Dead (2004 Jul)
16 M 77 + 2001 Nov IB W/D Ad + Lung Dead (2005 Mar)
pH3 pH10 Rank
. 1 S
Mw Basic region it
..
L]
L]
L]
L
L]
L
.
L

Acidic-low Mw region

Figure 1. 2D-DIGE gel image of Cy3-labeled mixed sample used as an
internal control (master image for the present analysis). The differential
analysis was carried out using two cropped images, covering the basic and
acidic-low Mw regions, which are indicated by squares.

by DeCyder-DIA software analysis. Among these spots,
about 500 were detected in the acidic (pI<6 approximately)
and high-molecular-weight (Mw) region (>40 kDa approxi-
mately) with high fluorescence intensities. Some abundant
cytoskeletal proteins, such as molecules of the actin and
cytokeratin family, were mobilized electrophoretically in this
region. In order to focus on proteins with intermediate and/or
low expression in the present analysis, we cropped two images,
an acidic-low Mw region and a basic region. Exclusion of the
acidic-high Mw region made it possible to obtain fluore-
scence images with higher sensitivity because the fluore-

Spot number

T T T T T T

14 16 18 20 22 24

Variable importance

Figure 2. Candidate spots extracted using random forests (RF) classifier
analysis. By this analysis, the top 30 characteristically expressed spots were
extracted. Continuously performed statistical analysis using Mann-Whitney
U-test demonstrated that most of these 30 spots had significant identification
power (P<0.05).

scence range on image scanning (practically, about three to
four orders of magnitude) was fixed, without inclusion of
excessively abundant proteins. 2D-DIGE quantification
analysis was performed by focusing on these acidic-low Mw
and basic regions, for which the numbers of spots detected in
the master gel were 536 and 1518, respectively (Fig. 1).

After all the images obtained from triplicate lung adeno-
carcinoma tissue samples had been analyzed using the
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Spot no. RF rank (recurrence/non-recurrence) Average ratio P-value?
B0816 2 Up 24 0.006
B0479 4 Down 24 0.018
A0215 5 Up 14 0.009
B0477 6 Down 2.1 0.018
B0492 9 Down 3.7 0.034
B1413 10 Up 1.2 0.046
B1023 11 Down 1.8 0.009
BO175 12 Up 1.7 0.025
A0251 14 Up 1.5 0.009
B0886 15 Down 14 0.013
A0085 16 Up 1.5 0.046
B0480 20 Down 23 0.009
B1368 21 Up 1.3 0.025
B0077 22 Up 1.2 0.130
B0481 28 Down 2.3 0.009
B0343 29 Up 1.5 0.046

aP-values calculated by Mann-Whitney's U-test. The variables of P<0.05 considered to be significant between recurrence and non-recurrence

groups of lung adenocarcinoma patients.

DeCyder-BVA module, the normalized spot volume data
were exported for further statistical analysis. In order to find
effective marker proteins that could correctly distinguish the
recurrence and non-recurrence groups, we first fitted a random
forest (RF) classifier to the spot volume data sets. The sum-
marized result of RF statistical analysis depicted in Fig. 2
shows the top 30 extracted candidate spots with variable impor-
tance. Among the 30 spots, 8 (27%) appeared in the acidic-
low Mw region and the other 22 (73%) appeared in the basic
region. For these candidates, we checked their states of
independence from other spots by evaluating the 2D-DIGE
images with DeCyder-BVA software, and at least 16 spots
were confirmed to be isolated as a single fluorescent peak.
Next, in order to assess the potencies of the 16 spots selected
as marker proteins, Mann-Whitney U-test analysis was per-
formed on the spot volume of each candidate. As a result of
the additional statistical analysis, 15 candidates, except for
spot BOO77, emerged at a P-value of <0.05 by U-test (Table II).
The distribution patterns of the spot volumes for four represen-
tative candidates are shown in Fig. 3.

Identification of differentially expressed proteins in samples
from patients with recurrence. For differential expression
analysis, we used saturation fluorescence labeling for 2D-
DIGE. This labeling method introduces fluorescent CyDye
molecules to all cysteine residues of proteins, which leads to
under-representation of the ion signals on mass spectra. In an
initial study, we had clarified that identification of saturation
CyDye-labeled proteins was dependent on not only ionization
of the labeled peptides at the mass spectrometric analysis step,
but also the efficiency of protein labeling at in-gel digestion
step. In order to identify all candidates, we performed an

improved in-gel digestion method for the preparation of
peptide samples, and used two MS systems for analysis,
MALDI-TOF MS and nanoLC-ESI MS. The 16 statistically
selected candidate spots were excised from the preparative
gels using an Ettan SpotPicker. After in-gel digestion with
Lys-C protease, all the prepared samples obtained from the
candidate spots were analyzed using the above MS systems.
The reliability of protein identification was ensured by dupli-
cate analysis and the criteria used for the MS search. Thus
our analysis resulted in the identification of 11 unique proteins
corresponding to the 15 candidate spots (Table III). Five spots
(B0479, B0477, B0492, B0480, B0481) aligned horizontally
in the 2D-DIGE gel were identified as the same protein,
aldehyde dehydrogenase, and three tropomyosin subunit com-
ponents (A0085, A0215, A0251) were found in the acidic-
low Mw region. Continuous depiction of these identified
candidates on the master gel image revealed differences in
Mw and/or pl for 11 of the 15 proteins between the values
predicted on the UniProt protein database (http://www.
uniprot.org/) and the values observed upon 2D-DIGE gel
separation (Fig. 4). It was thought that these shifts were
attributable to protein modifications such as phosphorylation,
acetylation and glycosylation. The shifts of the Mw and pl
values, and the isoforms identified from analysis of the
MS/MS spectrum, are summarized additionally in Table III.

Discussion

We have previously reported some survival-related genes in
resected tumors, such as cyclin-related genes and protein
kinase, characterized using DNA microarray. Unfortunately,
the DNA microarray technique has limited applicability for
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Figure 3. Normalized spot volumes of selected candidates in each individual tissue sample. Four representative spots, B0479, A0215, B1023, BO175 are
shown. Each dot derived from one tissue sample was the mean of the normalized spot volume for triplicate 2D-DIGE analyses, and the horizontal bar was the
mean for each respective group. Significance was evaluated using Mann-Whitney U-test.

identifying therapeutic target profiles in NSCLC. This may be
because alternative splicing, post-translational modifications,
compartmentalization and translocalization allow many
protein isoforms to be encoded by a single gene allele.
Integration of both genomics and proteomics will no doubt
facilitate the discovery of novel drug-target proteins and
disease biomarkers. A proteomic study of 174 specimens of
NSCLC using matrix-associated laser desorption-ionization
mass spectrometry demonstrated a signature of 25 signals
that was associated with patient survival (4). In that study,
proteins corresponding to signals in the signature were identi-
fied and shown to have various cellular functions, including
ribosomal protein L26-like 1, acylphosphatase and phospho-
protein enriched in astrocytes 15. The tumor samples used in
that study were obtained from patients with early stage I to
advanced stage III disease, and moreover the study did not
take into consideration various pathological types. Our present
proteomic analysis was performed on tumors of uniform
pathology such as hobnail-type adenocarcinoma, and only
early-stage tumors. A further advantage of our analysis was

that it compared non-recurrent and recurrent tumors with
metastatic lesions at stage I for which the outcome was
followed until 5 years after resection. Thus our analysis was
able to clarify simply differences in the metastatic component
of primary lung tumors at an early stage. Most previous
studies have compared the proteomics of tumor samples and
normal lung tissues, and therefore might have detected dif-
ferences in not only metastatic properties but also carcino-
genesis. In order to treat patients with early-stage NSCLC,
the therapeutic target should be the characteristics of metastasis
and not tumor progression.

Our proteomic study showed a good sensitivity of over
95% for distinguishing non-recurrent from recurrent groups.
The target proteins analyzed in this study comprised about
2500 spots, and therefore genuinely prognostic proteins might
have been included. Prognostic proteins detected in this
analysis using samples of early-stage tumors were closely
related to initiation of the invasion or adhesion stage of the
metastatic process. In fact, these prognostic proteins had
already been reportedly related to cancerous lesions, and to
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n lggBAIl}(%’II‘%%% Identified proteins that were differentially expressed between the reccurence and non-recurrence groups.

Theoretical

Accession Gene —————  Cys. Observed spot on
Spot no. Protein name no.? name® Mwe (kDa)  pl no. 2D-DIGE gel¢
B0816 Annexin A2 P07355 ANXA2 42.5 7.6 4 Acidic
B0479 Aldehyde dehydrogenase P05091 ALDH2 63.6 6.6 9 Acidic
A0215 Tropomyosin a-3 chain P06753-2  TPM3 32.8 48 4 -
B0477 Aldehyde dehydrogenase P05091 ALDH2 63.6 6.6 9 Acidic
B0492 Aldehyde dehydrogenase P05091 ALDH2 63.6 6.6 9 Acidic
B1413 Peptidyl-prolyl cis-trans isomerase A P62937 PPIA 21.1 7.8 4 Acidic
B1023 83,5-62 4-dienoyl-CoA isomerase Q13011 ECH1 40.5 8.2 6 Acidic
BO175 Mitochondrial inner membrane protein ~ Q16891-2  IMMT 89.7 6.2 7 -
A0251 Tropomyosin a-4 chain P67936 TPM4 30.8 4.7 2 -
B0886 Inorganic pyrophosphatase 2 Q9H2U2 IPYR2 452 7.1 9 Low Mw/Acidic
A0085 Tropomyosin  chain P07951-2  TPM2 35.1 4.6 1 High Mw
B0480 Aldehyde dehydrogenase P05091 ALDH2 63.6 6.6 9 Acidic
B1368 Proteasome subunit 3 type 2 P49721 PSB2 253 6.5 3 Basic
B0481 Aldehyde dehydrogenase P05091 ALDH2 63.6 6.6 9 Acidic
B0343 Lamin-A/C P02545 LMNA 79.1 6.6 5 -

aUniProt database accession number; *°Gene name on NCBI database; “Calculated Mw of proteins in which all cysteine residues were labeled
with Cy3; 92D-DIGE spot differences in Mw and plIs compared with theoretical values.
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Figure 4. Identified proteins differentially expressed between the recurrence and non-recurrence groups of lung adenocarcinoma patients on the master image
of the 2D-DIGE gel. The 15 spots identified in this study are circled, and each is assigned a spot number, a gene name (shown in Table III), the calculated Mw
of the Cy3-labeled protein and the pl. The vertical and horizontal dotted lines show the pI and Mw values predicted from the present 2D-DIGE gel.

play a role in metastasis. Seven such prognostic proteins, pared to those who were cured. We also identified down-
annexin, tropomyosin, peptidyl-prolyl cis-trans isomerase A, regulation of the mitochondrial enzymes aldehyde dehydro-
mitochondrial inner membrane, proteasome, elongation and  genase, dienoyl-CoA isomerase and inorganic pyrophos-
lamin, were up-regulated in patients with recurrence com-  phatase 2 in patients with recurrence. Annexins are calcium-
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and phospholipid-binding proteins forming an evolutionarily
conserved multigene family that is widely expressed in
mammals (17). Dysregulation of annexins has been reported
in numerous cancers, influencing patterns of cellular behavior
such as proliferation, motility, invasiveness and signal path-
ways (18). Furthermore, numerous studies have shown that
annexins are metastasis-associated prognostic factors in
multiple malignancies (19-22). Tropomyosin is an elongation
protein that binds to the actin subunit, and regulation of
tropomyosin binding is an important step in muscle con-
traction. Tropomyosin is reportedly up-regulated in highly
metastatic breast cancer (23) and increases the adhesion of
cells to the matrix by enhancing the production of actin fibers
and focal adhesions in breast cancer cells (24). Peptidyl-prolyl
isomerase, a regulator of protein conformation, is necessary
for the progression of human breast cancer, and the inhibitor
cyclosporin A has been reported to inhibit cancer growth and
invasion (25). A gene associated with high metastatic potential
isolated from rat mammary adenocarcinoma has been shown
to be a homologue of human elongation factor 1 subunit a
(26). EF-1 8 mRNA shows significantly higher expression in
cancerous than in non-cancerous esophageal tissues, and its
higher expression is correlated with lymph node metastasis in
patients with esophageal carcinoma (27). Laminin is a major
glycoprotein of the basement membrane. Both tumor cells
and normal cells express a high-affinity receptor for laminin,
although the expression is more pronounced in tumor cells.
Metastatic invasion of the basement membrane by tumor
cells involves their binding to laminin. The platelet isoform
of 12-lipoxygenase is expressed in a variety of human tumors.
This enzyme is able to bind to lamin A, and is involved in the
cellular responses associated with tumor progression and
metastasis (28). Dysregulation of the ubiquitin/proteasome
system often accompanies tumorigenesis and progression.
Comparative proteasome analysis of mouse lung adeno-
carcinoma cell lines has revealed that aberrant expression of
proteasome proteins is involved in cancer development and
metastasis (29).

Aldehyde dehydrogenase and inorganic pyrophosphatase
were down-regulated in tumors from patients who developed
recurrence. The expression of inorganic pyrophosphatase is
reportedly decreased in neoplastic cells (30), similar to the
findings we obtained in the present study. However, other
studies have demonstrated that aldehyde dehydrogenase is
highly expressed in tumors (31,32) and that stem cells in breast
cancer cell lines showing positive expression of aldehyde
dehydrogenase are responsible for mediating metastasis (33).
In contrast, our study showed that aldehyde dehydrogenase
was down-regulated in primary tumors, and was present as
a transformed acidic form. Down-regulation of aldehyde
dehydrogenase in mitochondria was found at 5 points to
distinguish the non-recurrence and recurrence groups in our
study, indicating that this minor form of the enzyme has an
important role in metastasis of early-stage lung cancer.

Our prognostically relevant proteins represented forms that
had been modified after translation and accounted for rather a
minor proportion of each protein. For example, annexin A2
was shown to account for only 0.5% of total protein by
Western blot analysis. Two other candidate prognostic proteins,
aldehyde dehydrogenase and tropomyosin subunit components,
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that had the potential to distinguish the non-recurrence and
recurrence groups, were identified in the 2D-DIGE gel. It
was thought that these shifts were attributable to protein
modifications such as phosphorylation, acetylation and glyco-
sylation. These data suggest that post-translational modifi-
cation of proteins plays a very important role in the initiation
of metastasis in early-stage lung adenocarcinoma. An investi-
gation of protein glycosylation using multiplex proteomics
technology has demonstrated that alteration of protein glyco-
sylation would be of great significance for metastasis in human
liver cell lines (34), and another proteomic study has also
shown that post-translational modifications of high-mobility
proteins are related to the metastatic potential of breast cancer
cells, metastatic and non-metastatic cells showing a difference
in amino acid residue acetylation and methylation (35).
However, these previous studies employed cancer cell lines,
and our present study is the first to have used tumor tissues
from patients with lung cancer, demonstrating that post-
translational modification of proteins is related to metastasis.
It is unclear why no proteins related to translational modifi-
cation were found, as revealed by differences in such proteins
between non-recurrence and recurrence patients, although
minor regulation of translationally modified prognostic
proteins might have occurred. Such minor modifications of
prognostic proteins may have explained the difficulty we
experienced in raising antibodies against them. However,
such minor modification was an early change characteristic
of metastasis, and therefore might provide clues to devising
new treatments for suppression of metastasis.

We conclude that up-regulation of five proteins, including
annexin 2, and down-regulation of mitochondrial aldehyde
dehydrogenase are indicators of poor prognosis for stage I
adenocarcinoma with hobnail cell morphology. A confirmation
study of these biomarkers of poor prognosis is needed with
the long-term aim of allowing selection of patients with early-
stage lung cancer who might benefit from chemotherapy.
Further proteomic investigations are also required to examine
any other biomarkers of poor prognosis in other pathological
types of early-stage NSCLC.
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