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Although postoperative adjuvant chemotherapy (PAC) with uracil—tegafur significantly improves the prognosis of patients with stage
I tung adenocarcinoma, subset analysis has revealed that only |1.5% of patients with stage IB derive actual benefit from such therapy.
Therefore, it is extremely important to identify patients for whom adjuvant chemotherapy will be beneficial. We performed
comprehensive protein analysis of 24 surgically resected specimens of stage | adenocarcinoma using liquid chromatography-tandem
mass spectrometry (LC-MS/MS), followed by bicinformatical investigations to identify protein molecules. Furthermore, we carried out
immunohistochemical studies of 90 adenocarcinoma specimens to validate the results of LC-MS/MS. We detected two kinds of
protein molecules {(myosin IIA and vimentin) by LC-MS/MS. We confirmed their immunohistochemical expression and distribution,
and evaluated the relationship between the expression of these proteins and prognosis after adjuvant chemotherapy. Patients with
no expression of either myosin {lA or vimentin showed a significantly better outcome regardless of PAC using uracii—tegafur.
However, we were unable to select responders to uracil-tegafur using these proteins. Cases of adenocarcinoma lacking expression
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Death due to lung cancer is still increasing in most industrialised
countries, including Japan, despite improvement of various
diagnostic and therapeutic modalities. Even though the opportu-
nities to detect lung cancer at an early stage are increasing,
approximately 60000 patients with lung cancer die every year in
Japan, usually due to distant metastasis. Distant metastasis,
including intrapulmonary metastasis, frequently occurs in patients
with advanced-stage non-small cell lung cancer (NSCLC) who
undergo only surgical resection, because in such cases micro-
metastases probably exist at the time of surgery. The concept of
postoperative adjuvant chemotherapy (PAC) for control of
micrometastasis does not conflict with the improved prognosis
of NSCLC patients. However, the efficacy of PAC in patients after
complete resection of NSCLC was a matter of controversy in the
1990s. Even as recently as 2003, the efficacy of PAC could not be
demonstrated (Scagliotti et al, 2003). In 2004, however, some
studies demonstrate a beneficial effect of PAC (Arriagada et al,
2004; Strauss et al, 2004; Winton et al, 2005). We have also
reported that PAC with oral uracil-tegafur (DPD Inhibitory
Fluoropyrimidine, Taiho Pharmaceutical Co. Ltd, Tokyo, japan)
provided better survival than surgical treatment alone in patients
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of either myosin lIA or vimentin show a good outcome without PAC, and therefore do not require such treatment.
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with stage I adenocarcinoma of the lung (Kato et al, 2004). The
combination of uracil and tegafur (also referred to as UFT) ata
molar ratio of 4: 1 is an oral anticancer agent with good absorption
in the small intestine (Fujii et al, 1979). Tegafur is a prodrug that is
gradually converted into fluorouracil in the liver by the
cytochrome P-450 enzyme system. Uracil enhances the serum
concentration of fluorouracil by competitive inhibition of dihydro-
pyrimidine dehydrogenase, the enzyme responsible for fluoro-
uracil catabolism (Ikenaka et al, 1979). Oral uracil-tegafur
generates a higher maximal plasma level of fluorouracil than
protracted intravenous infusion of fluorouracil at a dose that is
equimolar to the amount of tegafur in uracil-tegafur (Ho et al,
1998).

Even though PAC with uracil-tegafur has significantly
improved the prognosis of patients with stage I primary lung
adenocarcinoma, even subset analysis of stage IB has revealed that
11.5% of patients actually derive some benefit from the freatment
{Kato et al, 2004). Nonresponders to uracil-tegafur, including
relapse-free patients without any adjuvant therapy, gain no benefit
from PAC. In this context, it is important to establish biomarkers
for prediction of responders to uracil-tegafur, and/or for
favourable prognosis without the use of PAC.

Clarification of the entire human genome is one of the mast
significant events in the history of bioscience, and has accelerated
the comprehensive analysis of human genes and their protein




products. Many biologists recognise the importance of protein
analysis, because proteins play central role various cellular
functions. However, in cancer research, there has been a tendency
for most researchers to avoid investigation of cancer-related
proteins, because their structures are more complicated than those
of the genes. Nevertheless, techniques for the comprehensive
analysis of proteins have improved greatly in recent years. The
concept of comprehensive protein analysis has been established,
and the new research field of proteomics has been developed. One
of the main purposes of clinical proteomics in the field of oncology
is the development of new therapeutic strategies for cancer,
centred on individualised therapy. In this study, we attempted to
identify biomarkers for the selection of responders to wuracil-
tegafur and nonresponders, including relapse-free patients without
any requirement for PAC, using clinical proteomics methodology.

MATERIALS AND METHODS

Institutional review board approval for this investigation

The institutional review board approved the use of proteomics
analysis to explore biomarkers for selection of responders to oral
uracil -tegafur (294/323/480/702).

Surgical samples of stage I lung adenocarcinoma for mass
spectrometry

After obtaining written informed consent, lung cancer tissues were
obtained from patients with pathologically confirmed stage 1
adenocarcinoma resected at Tokyo Medical University Hospital
between 1995 and 2001. Tissues were kept frozen at ~80°C until
use. We collected 11 lung adenocarcinoma specimens from 11
patients who subsequently underwent PAC using uracil - tegafar
for more than 2 years. In 5 of these 11 patients, recurrent lesions
were detected within 2 years after surgery (UIRI), and the
remaining 6 were confirmed to be disease-free for 5 years after
surgery (UIRO). Furthermore, 13 specimens of lung cancer were
collected from patients receiving no adjuvant therapy after
surgery. In 6 of these 13 patients; recurrence was recognised
within 2 years after surgery (UOR1), but no recurrent lesions were
detected during 5 years after surgery in the other 7 (UGRO).

Protein extraction

The surgically resected materials were suspended and homoge-
nised in PBS supplemented with a protease inhibitor cocktail
(Roche Diagnostics Inc., Basel, Switzerland) at 4°C. The cell lysate
was then fractionated by ultracentrifugation (52000g, 4°C,
20 min). The resulting pellet containing plasma membranes from
the cells, was solubilised in PBS containing 5% SDS with
continuous ultrasonication. The resulting solution was taken as
the insoluble fraction, whereas the supernatant from the ultra-
centrifugation, containing mainly cytosolic proteins, was taken as
the soluble fraction. The total protein concentrations of both
fractions were measured (Lowry et al, 1951) using bovine serum
albumin as a standard.

Protein condensation with SDS-PAGE

We added 150pmol egg white lysozyme (Sigma-Aldrich Inc.,
St Louis, MO, USA) to an aliquot containing 75ug protein from
each fraction, then dried it under vacuum. The mixture was then
solubilised in sample buffer (Laemmli, 1970) with gentle stirring at
37°C for 1h. A two-third volume of the solution containing 50 ug
sample protein and 100pmol lysozyme was subjected to SDS-
PAGE on 12.5% polyacrylamide gel 1-mm-thick. SDS-PAGE was
carried out at a constant current of 20A until the bromophenol
blue marker passed the boundary between the stacking and
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separation gels. In this ‘halfway’ running, most proteins remained
stacked in a small area of approximately 2mm in height between
the gel boundary and the blue marker. After electrophoresis, this
small gel area was excised from the gel slab, and the proteins were
fixed in the gel slice with an excess volume of aqueous solution
containing 40% methanol and 10% acetic acid.

In-gel tryptic digestion of protein

The gel slice was subjected to an in-gel tryptic digestion process
(Shevchenko et al, 1996), with minor modifications. Briefly, after
S-carboxyamidomethylation of Cys residues with iodoacetamide,
the gel slice was incubated in a small volume of 50 mM ammonium
bicarbonate buffer solution containing 1 ug of trypsin (Promega
Co., Madison, W1, USA). The resulting peptides were extracted
from the gel matrix, and dried under vacuum.

Liquid chromatography-tandem mass spectrometry

The peptide mixture (1 ug) was analysed using a liquid chromato-
graphy-tandem mass spectrometry (LC-MS/MS) system in a fully
automated manner (Kawakami et al, 2005). Briefly, reversed-phase
peptide separation was performed on a C18 capillary LC column
(Michrom BioResources Inc., Auburn, CA, USA) at a flow rate of
14l/min. For gasification of the protonated peptides, the LC
effluent was directly interfaced with an electrospray ionisation
(ES1) source in a positive ion mode modified on a Finnigan LTQ
linear ion trap mass spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) (Schwartz et al, 2002). The ESI used a Teflon-
coated spray needle (20 um id, AMR Inc., Tokyo, Japan). The ESI-
MS/MS operation and continuous data acquisition of full MS scan
and subsequent three MS/MS scans were carried out on an

. Xcalibur system controller (Thermo Fisher Scientific).

Semiquantitative analysis

All full MS data were investigated using an i-OPAL semiquanti- -

tative LC-MS data analysis system (i-OPAL algorithm: Patent no.
WO 2004/090526 Al). First, the signal intensity of the full MS scan
was normalised so that the total signal intensity of each sample
became the same value. Several standard signals derived either
from the injected egg white lysozyme or from sample intrinsic
common proteins were selected as i-OPAL alignment markers, The
i-OPAL alignment programme was used to align the nonlinearly
fluctuating LC retention time axis of all LC-MS data to finally
generate a single combined LC-MS data set for the soluble and the
insoluble fractions, respectively. Analysis of variance (ANOVA)
was applied for each peak signal in the final combined LC-MS data
set to select candidate marker signals whose intensity differed
significantly in a particular patient group. ANOVA was carried out
using a Spotfire DecisionSite package.

Database searches

All MS/MS data were investigated using the Mascot search engine
(Matrix Science Ltd., London, UK, http://www. matrixscience.com)
against the Homo sapiens (human) subset of the Swiss-Prot and the
RefSeq protein sequence databases. The database searches were
performed allowing for fixed modification of cysteine residues
(§-carbamidomethylation, +57.0Da) and variable modification
of methionine residues (oxidation, + 16.0Da), peptide mass
tolerance *2.0Da and fragment m/z tolerance * 0.8.

Surgical specimens of stage I lung adenecarcinoma for
immunohistochemical staining

Sample set A for confirmation of LC-MS semiquantitative
results To confirm the semiquantitative results of LC-MS, 23
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Table | Cinical features of fung adenocarcinoma cases subjected to

Table 2 Clinical features of lung adenocarcinoma cases as revealed by

LC-MSMS immunohistochemical staining
Characteristic %) Characteristic (%)
Age {year) Age (year)
Median 6590 Median 64.8
Range 32-78 Range 45-82
Gender : Gender
Male 19 cases (79.2%) Male 54 cases (£0.0%)
Female S cases (20.8%) Female 36 cases (400%)
Pathological stage FPathological stage
A 10 cases (41.7%) 1A 33 cases (36.7%)
1B 14 cases (58.3%) B 57 cases (63.3%)
Presence of recurrence Existence of recurrence
*) 11 cases (45.8%) +) 41 cases (456%)
=) 13 cases (54.2%) - 49 cases {54.4%)
PAC PAC with wasil-tegafur
+) 1 cases (45.8%) +) Sl cases (56.7%)
=) 13 cases (54.2%) =) 39 cases (43.3%)

PAC = postoperative adjuvant chemotherapy with oral uracil-tegafur.

formalin-fixed, paraffin-embedded specimens derived from the
same cases as those used for LC-MS analysis were collected for
immunochistochemical investigation. As one formalin-fixed speci-
men had already been exhausted for the previous investigations,
the remaining 23 specimens were investigated.

Sample set B for validation To validate the expression of the
protein molecules on lung adenocarcinoma cells, 90 formalin-
fixed, paraffin-embedded specimens from patients with lung
adenocarcinoma, resected at Tokyo Medical University Hospital
between 1995 and 2001, were used. All the patients had undergone
curative resection of lung cancer, and after surgery, a pathologi-
cally definitive diagnosis of stage I adenocarcinoma had been
obtained. We evaluated recurrence after surgery using chest
roentgenography and serum tumour markers (CEA, CA19-9 and
SLX) every 3 months and computed tomography of the head and
body, and bone scintigraphy, every 6 months. When it was difficult
to evaluate roentgenographically whether the lesion was recurrent
or not, either cytological or pathological examinations were
performed to obtain a definitive diagnosis (Table 1).

Of the 90 patients, 51 underwent PAC using uracil -tegafur.
These 51 cases included 24 recurrences (U1R1) within 5 years and
27 cases without recurrence (UIR0) within 5 years after surgical
treatment. The remaining 39 patients did not receive any adjuvant
chemotherapy. These 39 patients included 17 with recurrence
(UORI1) and 22 without recurrence (UORO). The clinicopathological
backgrounds of the 90 patients with lung adenocarcinoma are
summarised in Table 2,

Immunohistochemical staining of surgically resected
specimens of stage I lung adenocarcinoma

Four-micrometer-thick tissue sections were prepared from for-
malin-fixed, paraffin-embedded surgical specimens and collected
on glass slides. The sections were stained immunohistochemically
by the ABC method using either anti-myosin IIA mouse
monoclonal antibody (clone ab24762, abcam, Cambridge, CB4
OFW, UK) (diluted 1:500) or anti-vimentin antibody (Dako
Cytomation, Denmark A/S) (diluted 1:100) as the first antibody.
After deparaffinisation, specimens were treated with 0.01% trypsin
and an autoclave antigen retrieval system {Barbareschi et al, 1994).
Sequentially, after inhibition of endogenous peroxidase activity
with 0.5% hydrogen peroxide and incubation with 2% normal
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PAC = postoperative adjuvant chemotherapy.

swine serum, the first antibody was applied. Biotinylated anti-
mouse immunoglobulin (Vector Laboratories Inc., Burlingam, CA,
USA) was applied as the second antibody (diluted 1 : 200}, followed
by application with avidin-biotin peroxidase complex (Vector
Laboratories Inc.) (diluted 1:100). The specimens were reacted
with 0.06% 3,3’-diaminobenzidine tetrahydrochloride and 0.03%
hydrogen peroxide in Tris-buffered saline to visualise the positive
areas. Meyer’s haematoxylin was used for counterstaining,

Evaluation of immunohistochemically stained
preparations

Cells showing cytoplasmic staining were evaluated as positive. For
myosin A immunohistochemical staining, we evaluated a case as
positive when more than 50% of the cells were stained. Also, for
vimentin immunostaining, cases in which more than 25% of the
cells were stained were evaluated as positive. For both kinds of
staining, normal alveolar epithelium served as an internal negative
control.

Statistical analysis

Statistical analysis was carried out using the SPSS program.
Statistical significance of the relationship between recurrence
and immunchistochemical reactivity was evaluated using x* test.
Disease-free survival curves were calculated from the day of
surgery using the Kaplan- Meier methad, and the significance of
differences in survival rates between the patient groups was
calculated by the log-rank test. In all statistical analyses, a P-value
of <0.05 was taken to indicate a statistically significant difference.

RESULTS

LC-MS data analysis

After i-OPAL alignment and peak detection, we obtained 13136
signal peaks from the soluble fraction and 14984 peaks from
the insoluble fraction, Using Spotfire, we restricted the candidate
signal peaks on the basis of the fallowing conditions:

(1) A Mascot search result with a score equal to or more than 50.
(2) An ANOVA P-value equal to or less than 1x 107> (for the
soluble fraction) or 1 x 107% {for the insoluble fraction).

© 2008 Cancer Research UK
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Figure | Comparison of the intensity of peptide signals originating from the same protein molecule in each group detected by LC-MS. The vertical axis
indicates normalised signal intensity measured by LC-MS. In each box plot, the upper and lower sides of the box represent the upper and the lower quartile
values (Q3/Q1), and the upper and lower horizontal bars outside the box indicate the upper and the lower adjacent values (UAVALAV). Note that UAV is
the largest observation value that is less than or equal to Q3+ 1.5x (Q3~Ql), and LAV is the smallest cbservation greater than or equal to
Qi -1.5x (Q3~Q1). Black triangle marks represent the median values, and black square marks represent outliers. UORQ: patients without PAC showing no

recurrence within 5 years after surgery. UORI: patients without PAC in showing recurrence within 5 years after surgery. UIRO: patients who received PAC -

with uracil-tegafur and showed no recurrence within 5 years after surgery. UIR|: patients who received PAC with uracil—tegafur and showed recurrence
within 5 years after surgery. (A) These three peptide signals were shown by MS/MS to have originated from myosin 1A There was a significant difference
between the UIR! and the other groups (P<9.7 x 1077). (B) These six peptide signals were shown by MS/MS to have originated from vimentin. There
was also a significant difference between the UIR| and the other groups (P<83 x 107,

As the peptide compositions of the soluble and the insoluble Figure 1A shows the distribution of the signal intensity of
fractions differed, we applied different criteria to obtain approxi-  several peptide ions derived from myosin I14, and Figure 1B shows
mately the same number of candidate signals. As a result, we were the signal intensity distribution of vimentin-derived peptide ions.
able to restrict the number of candidate signals to 23 and 28 forthe ~ For most signals, the intensity for group UIRI patients showed
soluble and insoluble fractions, respectively. From the restricted patterns that differed significantly (i.e., were markedly higher)
candidate signals, we selected several myosin [IA and vimentin from those of the other patient groups.
signals as final candidate biomarker signals, because these two
candidate biomarkers were identified by more than one distinct
peptide sequence, and almost all of these signals had similar
patterns of intensity (Figure 1A and B; Table 3).

Table 3 lists the amino-acid sequences from the selected  Representative staining of myosin IIA and vimentin is shown in
candidate biomarker signals described above. These sequences  Figure 2, and a summary of the immunohistochemical data is
were identified from MS/MS data using Mascot software. presented in Table 4. Cytoplasmic staining was observed in cases

Immunohistochemical staining of myosin IIA and
vimentin
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Table 3 Amino-acid sequences from the sefected peptide ion signals positive for myosin ITA and vimentin. We evaluated cases in which
more than 50% of the cells showed immunohistochemical
Name Fraction Sequence reactivity for myosin I1A, considered as overexpressing (positive).
) . We also evaluated overexpressing (positive) cases in which more
MV;S;’I':‘QQTVY lﬁosZpepude %, non-musde _ than 25% of the cells sh:vged imﬁmll’lohistochemical reactivity for
_ uble IRELESQISELQEDLESER . . . .
MYH9_2 hsohble  KANLQIDQINTDLNLER vimentin. On the basis of these criteria, we evaluated sample sets
MYH9_3 Insoluble  HEMPPHIYAITDTAYR Aand B.
Immunohistochemical evaluation of sample set A (Table 4A): all
Vimentin patients with cancers lacking expression of both myosin 11A and
VIM_|  Insoluble  ETNLDSLPLVDTHSK vimentin showed relapse-free survival at 5 years. On the other
VIM_2  Isoluble  NLQEAEEWYK hand, all patients with cancers showing positive expression of both

ViM3  Insoluble  LGDLYEEEMR myosin TIA and vimentin suffered disease recurrence.
VIM_4 insoluble LLQDSVOFSLADAINTEFK

VIMS  Solble SGDAANDMYPGKPMCVESFSDYPPLGR Immunohistochemical evaluation of sample set B (Table 4B):

among 90 cases, 75 (83.3%) showed overexpression of myosin 1A,
] TVED GGl VT W . f s
VM6 Sokble - HYVEGGIGEAVSSAVVGEPGITVTHLAVINR and 48 (53.3%) showed overexpression of vimentin. There was no

Vimentin

Case A

Case B

Cass C

CaseD 1, = .- .~

Figure 2 Immunohistochemical reactivity of representative cases using anti-myosin lIA antibody. ab24762 (abcam, Cambridge, UK) and anti-vimentin
antibody (Dako Cytomation, Denmark A/S). Case A showed positive cytoplasmic staining for both myosin lIA and vimentin. Case 8 showed positive
cytoplasmic staining for myosin #lA and negative cytoplasmic staining for vimentin. Case C showed negative cytoplasmic staining for myosin IIA and positive
Cytoplasmic staining for vimentin, Case D showed negative cytoplasmic staining for both myosin 11A and vimentin.
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Table 4 Relationship between PAC, recurrence and immunohistochem-
ical reactivity for myosin IIA and vimentin

M(=)V(4) or
M(-)V(-) M(HV(-) M(HV(+) ND
(A) Somple set A (n = 24) denived from the same cases as those subjected to LC-MS/
MS
UORO 5 2 0 0
UiRO 2 3 0 |
UOR! 0 2 4 0
UIRI 0 0 S 0
(B) Sample set B (n =90} for validation by immunchistochemical analysis
UORO 6 tt 5 0
UIRO 3 12 2 o i,
UORI 0 6 i 0
UIR! 0 HY 14 0

M= expression of myosin A, ND =not done; UORO =patients without PAC
showing no recurrence within 5 years after surgery; UORI =patients without
PAC showing recurrence within S years after surgery; UIR0 = patients who received
PAC with uracil-tegafur and showed no recurrence within 5 years after surgery
UIR} =patients who received PAC with uracil-tegafur and showed recumrence
within 5 years after surgery, V =expression of vimentin. *Statistically significant
difference between UORO and UIRI was detected (P =0.008).

relationship between the immunohistochemical reactivities of
myosin [1A and vimentin. All nine patients whose cancers lacked
immunohistochemical reactivity for both myosin I1A and vimentin
showed relapse-free survival at 5 years. Among cases that were
immunchistochemically negative for both myosin IIA and
vimentin, we recognised a statistically significant difference
between U1RI and UQRO (P = 0.008), but there were no significant
differences between UIR1 and the other groups.

Disease-free survival and coexpression of myosin IIA and
vimentin in sample set B

The non-relapse survival curves of cases with/without PAC are
shown in Figure 3A and B. Irrespective of whether patients had
undergone PAC or not, the non-relapse survival rate of cases
lacking expression of both myosin IIA and vimentin was 100%.
Among patients who had not undergone PAC, there was a
statistically significant difference between cases lacking expression
of both myosin IIA and vimentin and cases that were positive for
both {P=0.011) (Figure 3A). Among the patients who received
PAC, there was no statistically significant difference in this respect
{Figure 3B). When the cases showing positive expression of both
myosin IIA and vimentin were evaluated, we recognised a 5-year-
survival rate benefit of approximately 19% in patients who had
undergone PAC with uracil - tegafur, but there was no statistically
significant difference in this respect between patients who had and
who had not received PAC.

When we evaluated the non-relapse survival curves of all the
studied cases, there were statistically significant differences
between cases negative for myosin I1A and vimentin expression
and cases that were positive for both (P=0.006), and between
cases positive for either myosin IIA or vimentin and cases that
were negative for both (P=0.029; Figure 4).

DISCUSSION

Lung cancer is the leading cause of cancer death in Japan, and its
incidence is still increasing. Even if surgical resection involving
either lobectomy or pneumonectomy accompanied by lymph node
dissection is performed at a relatively early stage, distant
metastasis often occurs within a few years. More than 20% of
patients with stage I NSCLC suffer recurrence caused by distant
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Figure 3 Kaplan—Meier curves for disease-free survival after complete
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with uracil-tegafur (A), or did not receive any PAC (B). a Cases lacking
both myosin lIA and vimentin expression (non-refapse survival rate at §
years: 100% in panels A and B). b: Cases negative for myosin IIA
expression and positive for vimentin expression, or positive for myosin #1A
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was recognised in patients who received PAC With uracil—tegafur.
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Figure 4 Kaplan—Meier curves for disease-free survival after complete
resection in patients with stage | lung adenocarcinoma a Cases lacking
both myosin A and vimentin expression (non-relapse survival rate at 5
years: 100%). b: Cases negative for myosin llA and positive for vimentin, or
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higher survival than group b, and significantly higher survival than group ¢
(a-b: P=0029 a~c P=0006).
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metastasis. Distant metastasis is the most frequent mode of
recurrence in patients who undergo surgical resection of lung
cancer, and it is believed that in such patients, micrometastasis is
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invariably present at the time of initial treatment. If an efficient
PAC regimen could be devised for total control of micrometastasis,
then the prognosis of patients with lung cancer would be markedly
improved. A meta-analysis conducted in the 1990s showed that
PAC using platinum-based agents had no effect on the survival of
patients with NSCLC, even though previous studies had suggested
a 5% increase in survival at 5 years (Non-Small Cell Lung Cancer
Collaborative Group, 1995). At the 2004 ASCO meeting, the results
of two randomised adjuvant trals showing the efficacy of
platinum-based chemotherapy - the CALGB-9633 trial (carbopla-
tin and paclitaxcel) (Strauss et al, 2004) and the JBR 10 trial
(cisplatin and vinorelbine) - were reported. Furthermore, a recent
large-scale randomised clinical trial involving meta-analysis
contcluded that patients assigned to cisplatin-based PAC had a
significantly higher survival rate than those assigned to post-
operative observation (44.5 vs 40.4% at S years; P<0.03}
(Arriagada et al, 2004). Also our previous study showed that
PAC with uracil - tegafur conferred a survival benefit for patients
with resected stage I adenocarcinoma of the lung (Kato et al, 2004).
Also, meta-analysis of PAC with tegafur-uracil supported this
result (Hamada et al, 2005). However, even though a significant
difference was found in this study, the 5-year-survival rate benefit
of this therapy was 11.5% for stage IB adenocarcinoma (Kato et al,
2004). At present, although leading lung cancer experts appear to
have reached a consensus concerning the effectiveness of PAC,
none of the present PAC regimens are of benefit to more than 15%
of patients with NSCLC. In this context, it is very important to
predict the response to PAC and to select potential responders
before carrying out PAC. Therefore, we attempted to identify
biomarkers of either responders or nonresponders including
relapse-free patients without PAC using uracil-tegafur, for
selection of patients who would benefit from PAC using proteomic
analysis of surgically resected specimens of stage 1 lung
adenocarcinoma.

As proteins play a role in both physiological and pathological
functions, it is now recognised that investigation of proteins is
essential to obtain an accurate grasp of cellular physiology. Recent
advances in proteomic techniques, including two-dimensional
polyacrylamide gel electrophoresis and MS, have brought hope
that the pathogenesis of any type of malignant neoplasm will be
ultimately clarified. We believe that the present concepts of
proteomic analysis will prove to be extremely valuable in the field
of clinical oncology, and will lead to the development of new
therapeutic strategies. Liquid chromatography-tandem mass spec-
trometry enables simultaneous evaluation of a large number of
polypeptides, and furthermore, MS/MS has made it possible to
identify protein molecules by obtaining information about their
amino-acid sequences. We attempted to identify proteins asso-
ciated with the effectiveness of postoperative uracil- tegafur
chemotherapy and the favourable prognosis of stage I adenocarci-
noma, and detected two kinds of protein molecules (myosin ITA
and vimentin) showing significantly high expression in the group
that suffered recurrence despite administration of uracil - tegafur,
in comparison with the other groups. Our semiquantitative results
of LC-MS were confirmed by immunohistochemistry for myosin
ITA and vimentin (Table 4A).

Nonmuscle myosin IIA is a major component of the actomyosin
cytoskeleton and is generally considered to contribute to contrac-
tion of the cell posterior during migration (Ridley et al, 2003).
However, there is still a profound lack of understanding of the
exact mechanical roles of myosin IIA during cell migration. A
recent clinical study of patients with NSCLC found a significant
positive correlation between the expression levels of myosin light
chain kinase (which activates myosin II) and the likelihood of
disease recurrence and metastasis (Minamiya et al, 2005),
indicating that myosin 1A activation could be a factor contribut-
ing to metastasis. A key role for myosin IIA in cancer cell
metastasis has been further suggested, indirectly, by a number of
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published studies focusing on the small calcium-binding protein,
metastasin-1. This protein is upregulated in many metastasis cell
lines, and when overexpressed enhances metastatic behaviour
(Davies et al, 1993). A major cellular target of metastasin-1 seems
to be myosin I1IA (Garrett et al, 2006). Although studies of
metastasin-1 suggest critical roles for myosin IIA in metastasis,
it remains completely unknown how myosin IIA contributes to
metastasis, and which isoforms are important for this process.

Vimentin is the most ubiquitous intermediate filament protein
and the first to be expressed during cell differentiation, All
primitive cell types express vimentin, but in most nonmesen-
chymal cells, it is replaced by other intermediate filament proteins
during differentiation. Vimentin is expressed in a wide variety of
mesenchymal cell types (fibroblasts, endothelial cells, etc), and
also in a number of other cell types derived from mesoderm,
mesothelium and ovarian granulose cells. Epithelial - mesenchymal
transition is a key mechanism operating in the normal develop-
ment of multicellular organisms. During this process, epithelial
cells progressively acquire a reversible or irreversible mesenchy-
mal phenotype that is essential for organogenesis (Thiery, 2002),
Morphogenetic epithelial - mesenchymal transition is aberrantly
recapitulated during tumorigenesis in a variety of epithelial
cancers, including those of the thyroid, liver, kidney, prostate,
breast and lung (Arias, 2001; Thiery, 2002). The common signature
of this process involves disruption of normal epithelial integrity,
with loss of morphological features including polarised epithelia,
and partial or total gain of mesenchymal markers with progressive
acquisition of a motile and invasive phenotype (Islam et al, 1996).
In addition to a disrupted epithelial morphology, dysregulation of
adhesion and junctional molecules and aberrant expression of
N-cadherin, epithelial- mesenchymal transition involves de novo
expression of other mesenchymal markers, such as fibronectin and
vimentin in epithelial cells. Aberrant expression of vimentin in
tumours and transformed cell lines has been correlated with
increased motility, invasive behaviour and poor prognosis (Gilles
et al, 1996; Hendrix et al, 1997). Recently, it was reported that the
presence of vimentin-positive tumour cells mainly in fibrotic areas
is consistent with other studies that have shown a correlation
between tumour fibrosis and epithelial - mesenchymal transition
(Blanco et al, 2004).

These two molecules identified by proteomic analysis might reflect
the cellular functions of metastasis and the mechanism of recurrence
of malignant neoplasms, We attempted to validate the results of
LC-MS/MS using immunohistochemistry of an additional sample
set (sample set B: 90 surgically resected lung cancer specimens) with
monoclonal antibodies against the two proteins. The results showed
that cases lacking expression of the two proteins had a good
prognosis, irrespective of whether the patients had undergone PAC.
Therefore, these two proteins appear to be potentially useful
biomarkers for the selection of patients who do not require PAC,
In the cases positive for both of these proteins, the 5-year-survival

‘benefit was approximately 19% in patients with adenocarcinoma

who underwent PAC with uracil-tegafur. However, there was no
significant difference between patients who did, and did not,
undergo PAC with uracil - tegafur. Therefore, in this investigation,
we failed to select patients who might benefit from this adjuvant
chemotherapy. A larger-scale investigation is therefore needed to
establish suitable biomarkers for the selection of patients who might
benefit from PAC with uracil-tegafur, because a few per cent of
patients with stage I adenocarcinoma do obtain such a benefit.
Individualised chemotherapy for lung cancer patients is
currently attracting attention, because the efficacy of systemic
chemotherapy using any single agent is less than 30%. Therefore, it
is extremely important to select patients who might benefit from
chemotherapy. Until an ideal chemotherapy agent is established,
we propose that rather than focusing only on improving the
efficacy of chemotherapy regimens, we should also make efforts to
identify patients who will show a good response to regimens that

® 2008 Cancer Research UK



are already established. This proposal is justified only on the basis
of evidence-based medicine. In this situation, positive indicators
for the effectiveness of PAC with uracil-tegafur are needed.
However, in this study, we were unable to detect novel biomarkers
for selection of good responders. The two protein molecules
detected in this proteomic analysis were biomarkers indicative of
good prognosis.

The ultimate purpose of clinical proteomics is to improve
diagnostic procedures including the exact evaluation of biological
characteristics of tumour cells and to understand the molecular
pathogenesis of cancers to devise novel therapeutic strategies. We
believe that proteomic analysis will become an integral tool for
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investigation of tumour biology. We conclude that negative
expression of both myosin IIA and vimentin is an indicator of
good prognosis for stage T lung adenocarcinoma without the need
for PAC.
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Proteomic Signature Corresponding to the Response to Gefitinib
(lressa, ZD1839), an Epidermal Growth Factor Receptor
Tyrosine Kinase Inhibitor in Lung Adenocarcinoma
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Abstract Purpose: We aimed to identify candldate proteins for tumor markers to predict the response to

gefitinib treatment.

Experimental Design: We did two-dimensional difference ge! electrophoresis to create the
protein expression profile of lung adenocarcinoma tissues from patients who showed a different
rasponse to gefitinib treatment.We used a support vector machine algorithm to selact the proteins
that best distinguished 31 responders from 16 nonresponders. The prediction performance of the
selected spots was validated by an external sample set, inciuding six responders and eight non-
responders. The results were validated using specific antibodies.

Results: We selected nine proteins that distinguish responders from nonrasponders. The predic-
tiva performance of the nine proteins was validated examining an additional six respondars and
eight nonresponders, resulting in positive and negative predictive values of 100% (six of six) and
87.5% (seven of elght) respectively. The differential expression of one of the nine proteins, heart-
type fatty acid — binding protein, was successfully validated by ELISA. We also identified 12
proteins as a signature to distinguish tumors based on their epidermal growth factor receptor gene
mutation status.

Conclusions: Study of thess proteins may contribute to the development of personalized

therapy for lung cancer patients.

Non - small cell lung carcinoma (NSCLC) accounts for ~85%
of lung cancer cases (1). Biomarker(s) that predict the response
to gefitinib (Iressa; AstraZeneca, Macclesfield, United King-
dom), an epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitor, may help to improve the choice of therapeutic
strategy in patients with NSCLC. Gefitinib improves NSCLC-
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related symptoms and quality of life in some patients with
advanced NSCLC who do not respond to platinum-based
chemotherapy. However, the response rate for gefitinib remains
<20% in patients with NSCLC (2-4), and treatment with
gefitinib is associated with serious adverse effects, such as severe
acute interstitial pneumonia in 5.4% of the patients who
received the treatment (5, 6). Thus, it is imperative to select
appropriate patients for treatment with gefitinib and exclude
patients in whom gefitinib is unlikely to exhibit any dinical
benefit. Women, patients who have never smoked, patients
with adenocarcinoma, and East Asians are major subgroups
of responders (3, 4, 6-8). Recently, gain-of-function somatic
mutation in the tyrosine kinase domain of the EGFR has been
comrelated with the response to gefitinib (9, 10). However,
other studies have revealed that correction of the phenotype
arising from EGFR mutation may not account for all of the
clinical benefits of gefitinib (11, 12), and both preclinical and
clinical studies have reported that the efficacy of gefitinib is
independent of EGFR expression level (11, 13-15). Although
molecular features of the EGFR gene, including mutation and
high copy number, (16, 17) are associated with response to
gefitinib, other molecular markers in the tumor, such as HER2
overexpression (18), Akt phosphorylation (19), and other
EGFR downstream molecules (20), also correlate with response.
These observations suggest a role for unknown, but important,
factors in gefitinib sensitivity. Identification and elucidation
of such factors will improve existing therapeutic protocols
and contribute to further understanding of the mechanisms of
gefitinib sensitivity.
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To identify the gene products correlated with the efficacy
of gefitinib, genome-wide screening was done recently for
NSCLC. A global mRNA expression study using DNA micro-
arrays and biopsy samples identified 51 genes associated with
the sensitivity to gefitinib and established a numerical scoring
system to predict the response (21). This expression study
also Ied to the establishment of ELISA assays for the identified
gene products in serum. Preclinical studies involving mRNA
profiling of NSCLC xenografts resulted in the identification
of a set of genes that were differentially expressed between
tumors that were sensitive and insensitive to gefitinib treatment
(22, 23). These studies will lead to the identification of novel
biomarkers to predict the response to gefitinib treatment.
However, mRNA expression does not necessarily comrelate with
protein level, and posttranslational modifications, such as
phosphorylation, cannot be predicted from the amount of RNA
or from the DNA sequence (24). With this background,
comprehensive expression studies at the protein level, an
approach called proteomics, have been conducted in patients
with lung cancer to develop biomarkers that predict clinical
outcomes (25). However, no global protein expression study
has yet been done on the mechanism of response to gefitinib.

To identify the proteomic signature for sensitivity to gefitinib
and to use that signature as a tumor marker to predict the
response to gefitinib, we analyzed global protein expression
levels in lung adenocarcinoma tissues for whom we have
detailed information on EGFR gene status. The surgical
specimens were obtained at the time of surgery from patients
who subsequently had recurrence and received gefitinib
monotherapy. We then used two-dimensional difference gel
electrophoresis (2D-DIGE) covering ~2,000 proteins to
identify a set of proteins of which expression was associated
with sensitivity to gefitinib and with EGFR mutation. The
predictive performance of the protein set was validated with an
independent data set and compared with that of EGFR
mutation.

Materials and Methods

Patients and tissue samples. We examined tumor tissues from
patients who relapsed after surgery and received gefitinib monotherapy.
Two hundred seventy-nine patients who received gefitinib at the
National Cancer Center Hospital from July 2002 to December 2004
were evaluated for inclusion in this study. Ninety-two patients relapsed
after surgical resection of primary NSCLC and started to receive
monotherapy with gefitinib 250 mg/d for 14 days (n = 92). We used
tumor tissues obtained at the time of surgery and stored in vapor
nitrogen. Fifteen patients were excluded from our study for the
following reasons: frozen tissues were not available (n = 10) and
tumor histology showed squamous cell carcinoma (n = 4) or
pleomorphic carcinoma (n = 1). The histologic features of the tissues
were reviewed by two board-certified pathologists (Y.M and KT.) and
diagnosis was based on the latest WHO classification of lung
adenocardnoma (8, 26-28). The tumor responses were classified into
complete response (CR), partial response (PR), and progressive disease
{PD) using standard bidimensional measurements (29). In this study,
patients without a marked reduction of tumor size were subdivided into
minor response {MR) and stable disease (SD) groups. MR was defined
as a 25% decrease in the sum of the products of perpendicular
diameters of all measurable lesions at any point during gefitinib
treatment. SD was defined as a <25% decrease in tumor size after
treatment. The clinical information is summarized in Table I, and

Clin Cancer Res 2007:13(3) February 1, 2007

800

further information, including EGFR mutation status, is summarized in
Supplementary Table S1. Consent was obtained from all patients and
the protocol was approved by the institutional review board of the
National Cancer Center.

To identify the proteins associated with response to gefitinib, we
compared the protein expression profiles of responders (CR and PR)
and nonresponders (PD). Of 77 samples available, the effects of
gefitinib treatment were not examined for six cases because the
treatment was not completed. These six samples were excluded from
this study. We constructed two sample sets in the following way
(Table 2): a training sample set comprising 31 responders (2 CRs + 29
PRs) and 16 nonresponders (16 PDs) and a test set comprising six
responders (6 PRs) and 8 nonresponders (8 PDs) from whom samples
were obtained between June and December 2004 (Table 2}). As no
significant differences were observed between CRs and PRs (Supple-
mentary Fig. S1A), we grouped CRs and PRs together in the responder
group.

Protein extraction and protein expression profiling. The frozen tumor
tissues were crushed to frozen powder with a Multi-Beads Shocker
(Yasui-kikal, Osaka, Japan) under cooling with liquid nitrogen. The
frozen powder was then treated with urea lysis buffer (7 mol/L urea,
2 mol/L thiourea, 3% CHAPS, 1% Triton X-100) for 30 min on ice.
After centrifugation at 15,000 rpm for 30 min, the supernatant was
recovered as cellular protein for the protein expression study.

Protein samples were labeled with CyDye DIGE Fluor saturation dye
(GE Healthcare Amersham Biosciences, Uppsala, Sweden) according to

Table 1. Patient characteristics
No. patients %
Gender
Female 33 43
Male 44 57.
Age (y)
Median (range) 62.2 (32-80) -
Histologic type s
Adenocarcinoma 100
Papitlary/acinar/ 30/16/9/6 49/26/15/10
bronchioloalveolar/solid
Smoking history*
Never smokers 37 48
Former smokers 12 16
Current smokers 28 36
ECOG performance status'
0/1/2/3 24/39/9/S 31/51/12/6
Prior chemotherapy
Yes 3¢ 39
No 47 61
Response to gefinitib
CR/PR/MR/SD/PD/NE 2/35/2/8/24/6 3/45/3/10/31/8
EGFR gene status
Mutation L858R 18 234
DEL*® 18 234
G719 2 2.6
Wild-type 35 45.4
Unknown 4 5.2
Abbbreviation: NE, not evaluated.
*Never-smokers; those who had never had a smoking habit;
former smokers: those who had stopped smoking at least 1 yr
before diagnosis; and current smokers: active smokers at
diagnosis of NSCLC or those who had stopped smoking less than
1 yr before diagnosis.
'ECOG performance status was monitored according to the
previous report (44).
! Deletional mutations in exon 19,
§G719S and G719C.

www,aacrjournals.org

384



Proteomic Signature in Lung Adenocarcinoma

Table 2. Training and test sets to develop the classifier for the response to gefitinib
Training set Test set
Responders, Nonresponders, P Responders, Nonresponders, P
n = 31 (%) n = 16 (%) n =6 (%) n = 8 (%)
Age
Mean + SD 64.0 £ 8.9 60.5 £ 12.0 0.330 575+t 12.8 62.8 + 6.1 0.386
Gender
Male 17 (55) 9 (56) 0.927 3(50) S (62.5) 0.640
Female 14 (45) 7 (44) 3(50) 3(37.5) :
Smoking history
Never smokers 17 (55) 9 (56) 0.286 4 (67) 4 (50) 0.054
Former smokers 7 (22.5) 1(6) 2 (33) 0 (0)
Current smokers 7 (22.5) 6 (38) 0 (0) 4 (50)
EGFR gene status
Mutation 27 (87) 1(6) <0.001 4 (66) 0(0) 0.006
Wild type 3 (10) 13 (81) 1(17) 8 (100)
Unknown ) 1(3) 2(13) 1(17) 0(0)
Prior chemotherapy
+) . 12 (39) S (31) 0.614 6 (100) 0(22) <0.001
-) 19 (61) 11 (69) 0(0) 8 (100)
Performance status
0 11 (35.5) 6 (37.5) 0.945 2(33) 1(12.5) 0.347
1 11 (35.5) 10 (62.5) 4 (67) 7 (87.5)
2 6 (19) 0 (0) 0 (0) 0 (0)
3 3(10) 0 (0) 0 (0) 0 (0)

our previous report (30). We prepared an internal control consisting of
2 mixture of small portions of all protein samples obtained before May
2004 (31). The intenal control sample and the individual experimental
samples were labeled with Cy3 and Cy5 CyDye DIGE Fluor saturation
dyes, respectively. Five micrograms of Cy3- or CyS-labeled protein were
mixed and coseparated by two-dimensional PAGE. The first-dimension
separation was achieved on an Immobiline pH gradient gel (isoelectric
point range, 4-7; 24 cm length) with a Multiphor II {GE Healthcare
Amersham Biosciences). The second-dimension separation was done
with an EttanDalt II {GE Healthcare Amersham Biosciences) with a 9%
to 15% gradient polyacrylamide gel. After electrophoresis, the gels were
scanned at appropriate wavelengths for Cy3 and Cy5 {Supplementary
Fig. S2A). The ratio between CyS5 and Cy3 intensity was calculated for
all protein spots in identical gels by the use of DeCyder software (GE
Healthcare Amersham Biosciences; ref. 31). The standardized spot
intensities were then logarithmically transformed and subjected to a
data-mining package (Impressionist; GeneData, Basel, Switzerland).
We ran triplicate gels for each sample and calculated the averaged
standardized spot intensity.

To assess the reproducibility of the proteomic data with the internal
control in our analyses, we generated triplicate protein profiles from
identical samples (case 9; Supplementary Table S1) and compared the
standardized intensity of the paired spots (Supplementary Fig. $2B).
Scattergrams with 1,980, 1,646, and 1,873 spots showed that the
intensities of 1,916 (93.7%), 1,599 (94.7%), and 1,770 (94.5%)
‘spots, respectively, were scattered within a 2-fold difference, and the
correlation values were also high (r values > 0.93; Supplementary
Fig. S2B).

Data analpsis. A bioinformatic approach based on a support vector
machine (SVM) algorithm and a leave-one-out cross-validation was
used to identify proteins of which expression was associated with tumor
characteristics, including therapeutic response to gefitinib and the
presence of EGFR mutation (32).

Protein identification. Proteins corresponding to the protein spots
of interest were identified by mass spectrometry (30). The proteins
were recovered in a gel plug by using an automated spot collector
(SpotPicker; GE Healthcare Amersham Biosciences) and digested with
sequence grade trypsin (Promega, Madison, WI; ref. 30). Trypsin digests
were applied to liquid chromatography coupled with tandem mass
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spectrometry (LTQ, Thermo, Waltham, MA). A database search against
Swiss-Prot was done with Mascot software. Patients with a Mascot score
of 35 or more were used for protein identification. When multiple
proteins were identified in a single spot, the proteins with the highest
number of peptides were considered as those corresponding to the spot.

Mutations in the EGFR gene. EGFR mutations in the samples
obtained between July 2002 and May 2004 were examined as
described in our previous report (8). Analysis of samples obtained
between June 2004 and December 2004 was done by high-resolution
melting analysis with a LightCycler HR-1 system (Idaho Technology
Inc., Sait Lake City, UT).

ELISA. The expression level of heart-type fatty acid-binding
protein (H-FABP) in protein samples from 55 lung adenocarcénoma
patients {2 CRs, 28 PRs, 6 SDs, 1 MR, and 18 PDs} was measured in a
clinical laboratory (SRL, Tokyo, Japan) with a commercially available
ELISA kit (MARKIT-M H-FABP, Dainippon Pharmaceutical, Tokyo,
Japan} according to the manufacturer's instructions (Supplementary
Table S1). All these 55 samples were included in a 2D-DIGE analysis
set in this study.

Results

Proteomic signature for the response to gefitinib. We first
selected 1,685 protein spots that appeared in at least 80% of the
images of Cy3-labeled intemal control. We further selected 87
protein spots that showed different intensities between
responder and nonresponder groups (P < 0.05, Wilcoxon test).
Although potentially resulting in a loss of information, this
trimming process decreased the possibility that the classifier
would be significantly influenced by irrelevant expression data.
We selected protein sets for which expression was associated
with response to gefitinib by using a SVM algorithm. Accuracy,
plotted as a function of spot number, was constant until the
number of spots decreased to less than nine, showing that
accurate classification did not require all protein spots
(Fig. 1A). The location on the two-dimensional map is shown
for the selected nine spots (Fig. 1B; Supplementary Fig. S3).
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Mass spectrometry revealed that these nine spots corresponded
to nine gene products (Table 3). Overall similarity of the selected
spots is shown in Supplementary Fig. S1B and C. As the res-
ponder group in the training set consisted mainly of PRs, the
obtained proteomic signature would presumably be more
reflective of PR than CR.

The classification performance of the selected nine protein
spots was validated by unsupervised classification. Hierarchical
clustering showed that all tumor samples in the training set,
except for cases 5, 20, and 37, were grouped according to their
sensitivity to gefitinib based on the expression pattern of the
nine proteins (Fig. 1C). In principal component analysis, all 47
samples seemed to be separated into two groups, although the
border between these groups was not clear (Fig. 1D). Although
hierarchical clustering and principal component analysis are
crude methods of validation of dassification, the results
obtained using them were consistent.

To validate the predictive performance of the nine protein
spots, we investigated a newly enrolled test sample set that was
completely independent of the learning set. Based on the
expression level of the nine protein spots, the distance of each
sample from the hyperplane created by the SVM algorithm,
defined as the SVM value, was calculated. The samples with a
positive SVM value were grouped as responders and the
samples with a negative SVM value were grouped as non-
responders. As a consequence, all training set samples were
correctly classified in accordance with their clinical response to
gefitinib (Fig. 2). All responders (six PRs) and seven of eight
nonresponders (eight PDs) in the test set were also correctly
classified. The expression pattern of the nine protein spots
in the nonresponder patient {case 75) was more similar to that
of the responder group, for unknown reasons. We also
validated the results using the samples from patients who
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showed MR and SD. We found that the two patients showing
MR were categorized as responders and that among the eight
patients showing three SDs were classified into the responder
group and five SDs into the nonresponder group. We did a leave-
one-out cross validation for all 47 samples in the training set and
the test set using nine protein spots with 1,000 times random
permutation. All but two cases, cases 37 and 75, were correctly
classified according to their status of response to the treatment.
The overall misclassification error rate was 3.3%. Consequently,
the model predicted the response to gefitinib in 13 of the 14
{92.8%) newly enrolled samples from the responders and
nonresponders and may be useful for disease monitoring.

Proteomic signature for EGFR gene mutation. We studied the
spots on the prediction for EGFR mutation. We set a training
sample set, including 58 samples (34 mutation-positive
samples and 24 mutation-negative samples; Supplementary
Table $2). We found that the 12 protein spots showed the high
correlation with the EGFR mutation (Supplementary Data;
Supplementary Figs. $4-6). The classification and prediction
performance of the selected 12 protein spots was successfully
validated using the external validation sample set, incuding
four mutation-positive samples and 11 mutation-negative sam-
ples (Supplementary Fig. $7). Only one protein, sulfate modifying
factor 2, was shared between the signatures for the response and
for the mutation (Table 3; Supplementary Table S3).

Expression of H-FABP measured by ELISA. We validated the
differential expression of the identified proteins by the use of a
widely available dinical assay. The expression level of H-FABP
in the same tumor samples as those used in 2D-DIGE was
measured with a commercially available ELISA kit intended for
serum assays (Fig. 3). H-FABP expression measured by ELISA
was highly correlated with that measured by 2D-DIGE (Pearson
correlation, 0.76295; P < 0.0001). The ELISA study also showed
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that the expression level of H-FABP was significantly different
between the responder (PR and CR) and nonresponder (PD)
groups (P = 0.0031, Mann-Whitney U test) and also between
the patients with MR or 8D and the nonresponder group {P =
0.0047, Mann-Whitney U test). These results indicate that up-
regulation of H-FABP in tumor tissues can be monitored by
routine clinical methods.

Discussion

We identified 87 protein spots of which the intensity was
statistically significantly different between samples from the

responder (CR and PR} and nonresponder (PD) groups in the
training set. Application of a data-mining procedure allowed
identification of a set of nine protein spots that accurately
distinguished between responders and nonresponders. The
different expression levels of these nine protein spots allowed
classification of 13 of 14 of our test PR and PD cases in
accordance with their clinical response to gefitinib. These
protein spots classified cases showing a MR to gefitinib (MR)
into the responder group. The intermediate cases, SD, were
categorized into both responder and nonresponder groups. The
usefulness of our findings will be validated in a larger dinical
data set.

Table 3. List of proteins for the response to gefitinib
Spots Rank Accession Identtified MW  pI* Ion charge MZ Mass! 5%  Miss** Mascot Peptide
no.* no.’ protein’ (DA)* state (+) (obs) tons sequence
score**
384 5 Q96RPY  Ig mu chain C region 49,557 6.35 2 810.3 1,617.7 0.91 0 74 QVGSGVTTDQVQAEAK
2 640.1 1,277.5 0.63 o 47  YAATSQVLLPSK
671 1 P01876 Ig «-1 chain C region 37,655 6.08 2 919.2 1,836.0 0.32 3} 68 QEPSQGTITFAVTSILR
2 771.8 1,540.7 0.91 [¢] 54 DASGVTFTWTPSSGK
1090 7 Q9UNH?7 SNX 6 46,649 5.81 2 636.5 1,270.5 0.55 Y 73 NLVELAELELK
2 577.0 1,152.2 -0.33 0 39  SLVDYENANK
1182 8 P50453  Cytoplasmic 42,404 5.61 2 8164 1,629.8 0.95 0 82 IEELLPGSSIDAETR
antiproteinase 3
2 626.6 1,249.4 1.66 1] 75  AFQSLLTEVNK
2 591.0 1,179.5 0.47 0 63  LVLVNAIYFK
2 757.5 1,513.6 -0.56 0 47 LQEDYDMESVLR
+Oxidation (M)
1292 6 P40121  Macrophage capping 38,518 5.88 2 633.8 1,2644 1.18 [4] 85 VSDATGQMNLTK
protein
2 676.8 1,351.4 0.05 0 79 YQEGGVESAFHK
2 932.1 1,861.1 1.11 o 50 MQYAPNTQVEILPQGR
+0xidation (M)
2 659.8 1,317.3 ©.23 0 41  EGNPEEDLTADK
1711 3 Q8NBJ7  Sulfatase modifying 33,857 7.78 2 792.5 1,581.7 1.32 0 112 MGNTPDSASDNLGFR
factor 2
2 7799 1,557.6 0.15 0 95 GASWIDTADGSANHR
2 740.0 1,477.6 0.36 0 83  LPTEEEWEFAAR
2 613.2 1,224.4 -0.02 o] 66 FLMGTNSPDSR
2 629.9 1,256.5 1.27 0 55 SVLWWLPVEK
2 818.0 1,633.8 0.12 1 S5  RLPTEEEWEFAAR
2 837.7 1,672.9 0.48 (4] 47  LEHPVLHVSWNDAR
2091 9 P09211  Glutathione 23,225 5.44 2 647.5 1,292.5 0.44 0 36 MLLADQGQSWK
S-transferase P +0Oxidation (M)
2182 4 P02794  Ferritin heavy chain 21,094 5.30 2 8234 1,643.8 1.04 o] 91 MGAPESGLAEYLFDK
+Oxidation (M)
. 2 648.3 1,294.,5 0.03 o 53  NVNQSLLELHK
2478 2 PO5413  Fatty acid-binding 14,727 6.34 2 735.2 1,467.5 0.81 4] 103 LGVEFDETTADDR
protein, heart
2 798.7 1,595.7 -0.32 1 73 LGVEFDETTADDRK
2 603.3 1,204.3 0.26 0 70 WDGQETTLVR
2 455.0 907.0 1.04 0 67 SLGVGFATR
2 774.7 1,546.8 0.56 0 61 QVASMTKPTTIIEK
2 438.0 873.0 0.88 0 54 NGDILTLK
1 889.6 889.0 -0.41 1] 45 SIVTLDGGK
Abbreviation: pl, isoelectric point.
*Spot numbers refer to those in Fig. 1B (Supplementary Fig. S3).
'Accesslon nos. of proteins were derived from Swiss-Prot and National Center for Biotechnology Information nonredundant databases.
tTheoretical molecular weight and isoelectric point were obtained from Swiss-Prot and the ExPASy database (http://au.expasy.org).
SExperimental m/z value,
IRelative molecular mass calculated from the peptide sequence.
1Difference (error) between the experimentat and calculated masses.
“*Number of missed cleavage sites.
'*Mascot lons score (http://www.matrixscience.com/search_form_select.htmi),
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Fig. 2. Predictive performance of the nine spots was validated by examining the
SVM value of each sample in the group.

We identified the proteins whose expression was correlated
with response to gefitinib and found associations with the EGFR
signal pathway and with the biology of lung cancer. Sorting
nexin (SNX) 6 is a member of a SNX family that functions in the
intracellular trafficking of plasma membrane receptors (33).
SNXs form complexes with other SNXs and with plasma
membrane receptors. In complexes with SNX1, SNX2, and
SNX4, SNX6 interacts with the intercellular portion of the EGFR
as well as with transforming growth factor- receptor, insulin
receptor, leptin receptor, and platelet-derived growth factor
receptor {34). By binding to the kinase domain of the
transforming growth factor-g receptor, SNX6 perturbs trans-
forming growth factor-g signal transduction (34). The other
SNX family, SNX1, decreases the expression of EGFR by
activating the endosome-to-lysosome pathway with enterophi-
lin-1 (35), although the functions of the complex of SNX6 and
EGFR have not yet been reported. The functional association
of SNX6 with oncogene product Pim-1, which has been impli-
cated in the development of hematopoietic (36), gastric (37),
and prostatic (38) malignancies, suggests the involvement of
SNX6 in cancer biology. Kakiuchi et al. (21) reported that
another SNX family member, SNX13, was correlated with the
response to gefitinib in patients with NSCLC. These reports
suggest that SNX6 might play an important role in signal
transduction pathways that affect the phenotypes of lung cancer.

We tried to identify the proteins whose expression was
associated with EGFR mutation. Because gefitinib is a specific
inhibitor of EGFR and mutation of EGFR is considered to be a
predictive marker for gefitinib sensitivity, we had expected
some similarity between the set of proteins predicting
sensitivity to gefitinib and the set of proteins reflecting EGFR
mutation status. However, only sulfate modifying factor 2 was
common to the two sets. Search of the PubMed database
revealed no association of sulfate modifying factor 2 with the
EGFR pathway and no evidence for its involvement in
resistance to chemotherapy. Similarly, the other proteins corre-
lated with EGFR mutation status had no obvious involvement
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in the EGFR pathway. Functional studies on these proteins will
contribute to further understanding of EGF signaling in cells
and to discovery of novel therapeutic targets in lung cancer.

2D-DIGE is a high-performance proteomic technology and
a powerful tool to develop candidate biomarkers. However,
2D-DIGE requires expensive fluorescent dyes and well-trained
operators to run the gels. Thus, routine dinical studies with
multiple large-format two-dimensional gels and a 2D-DIGE
protocol are unlikely 1o be practical. Application of our results
Tequires a simple and cost-effective method that can be used
routinely in the dinic. In addition, as we need to examine the
expression of multiple proteins, a practical tool for simulta-
neously measuring the amount of the other proteins is
required. With that in mind, we validated measurement of
the differential expression of H-FABP by the use of a commer-
cially available ELISA kit (MARLIT-M H-FABP) that is routinely
used in hospitals for the early diagnosis of acute myocardial
infarction using serum samples. The expression level of H-FABP
in tumor tissues as monitored by the ELISA assay was highly
correlated with that by 2D-DIGE, and a significant difference
in H-FABP expression was observed between responders (CR +
PR), minor responders {MR + SD), and nonresponders (PD).
Thus, our results can provide a simple and direct method to
predict the response to gefitinib.

H-FABP functions in intracellular lipid transport, storage,
and metabolism. As H-FABP is highly expressed in heart and
released into plasma after myocardial injury, it has been used
as a plasma marker for early diagnosis of acute myocardial
infarction and stroke. However, many lines of evidence also
suggest an association of H-FABP with cancer biclogy. Higher
expression of H-FABP was observed in a more tumorigenic
small-cell lung cancer cell line (39) compared with its
counterpart. Increased expression of H-FABP is associated with
tumor aggressiveness, metastasis, and poor prognosis of gastric
cancer (40). In contrast, H-FABP is known to have growth-
inhibitory activity in breast cancer cells (41), and breast cancer
does not express H-FABP because of gene silencing by hyper-
methylation (42). These observations suggest complexity in
the way that H-FABP is involved in the progression of cancer.
Recently, Loeffler-Ragg et al. (43) reported that another FABP
family member, E-FABP, is up-regulated in gefitinib-resistant
colon cancer cell lines compared with gefitinib-sensitive cell

30+ P=0.0031

254 P=0.0047

H-FABP (ng/ml)

PR+CR MR+SD PD

Fig. 3. ELISA assay for H-FABP. The differential expression level of H-FABP was
validated by ELISA assay.
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lines. Further study on the contribution of the FABP family to
cancer phenotypes, including resistance to chemotherapy, will
provide novel insights into cancer biology.

In condusion, our proteomic study has identified proteins
whose expression can predict the response to gefitinib in
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Autoantibodies against tumor antigens represent one type of
biomarker that may be assayed in serum for detection of cancer and
monitoring of disease progression. In the present study, we used a
proteomics-based approach to identify novel tumor antigens in non-
small cell lung cancer (NSCLC). By combining two-dimensional
electrophoresis, western blotting, mass spectrometry and enzyme-
linked immunosorbent assay technology, we detected auto-
antibodies against a-enolase in a subset of NSCLC patients’ sera.
When ‘Mean OD, ., controt sera + 3 SDheaithy control sera. WS Used as the
cut-off point, the prevalence of this autoantibody was 27.7% in
patients with NSCLC (26 of 94), 1.7% in healthy control subjects (1
of 60), and not detectable in sera from 15 patients with small cell
lung cancer, 18 patients with gastrointestinal cancer and nine
patients with Mycobacterium avium complex infection of lung.
Immunohistochemical staining showed that expression of a-enolase
was increased in cancer tissues of NSCLC patients, and flow
cytometric analysis confirmed the expression of a-enolase at the
surface of cancer cells. The combined detection of autoantibodies
against o-enolase, carcinoembryonic antigen and cytokeratin 19
fragment (CYFRA21-1) enhanced sensitivity for the diagnosis of
NSCLC. Therefore, autoantibodies against a-enolase may constitute
a promising biomarker for NSCLC. (Cancer Sci 2007; 98: 1234-1240)

L ung cancer is the leading cause of cancer death,” and
NSCLC accounts for nearly 80% of lung cancer cases. There
is an urgent need for a better understanding of the biological
mechanisms of NSCLC as well as the identification of reliable
biomarkers for its diagnosis and prognosis. To date, a number of
NSCLC markers have been evaluated, including CEA, CYFRA
21-1, SCC antigen, CA125 and NSE.®® Autoantibodies against
several tumor antigens such as L-myc and c-myc, p53 and
antineural/antinuclear antigens have also been investigated.®-'?
Recently, autoantibodies against PGP9.5, peroxiredoxin-I,
annexin-I and annexin-Il were identified in the sera of lung
cancer patients using a proteomic approach.!*!» However, the
sensitivity and specificity of these biomarkers are not yet satis-
factory and there are currently no data to support any particular
method for screening for lung cancer.('®

Autoantibodies against tumor antigens represent one type of
biomarker that may be assayed in serum for detection of cancer
and monitoring of disease progression. In spite of the fact that the
quantity of any tumor antigen in cancer cells or in the circulation
is usually very small, especially in the early stages of cancer, the
body’s immune response to such antigens represents a remarkable
phenomenon of biological amplification of these weak signals
from tumor antigens.!'"” The identification of panels of tumor
antigens that elicit an immune response may thus be useful for
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detecting potential specific biomarkers as well as for the initia-
tion of immunotherapy against NSCLC. The aim of the present
study was to identify novel candidate tumor antigens in NSCLC
by means of a proteomics-based approach. One of these antigens
was identified as o-enolase, and its immunogenicity was confirmed
by western blotting using recombinant protein. The results obtained
with enzyme-linked immunosorbent assay (ELISA) demonstrated
that when ‘Mean ODy,u., control sera + 3 SDheattny controt sera. WaS used
as the cut-off point, a humoral immune response directed against
a~enolase occurred in 27.7% of NSCLC patients, but in only
1.7% of healthy control subjects. Immunohistochemical staining
showed that a-enolase was overexpressed in cancer tissues of
NSCLC patients. The combined detection of autoantibodies
against o-enolase, CEA and CYFRA 21-1 enhanced sensitivity
for NSCLC diagnosis. Therefore, autoantibodies against a-enolase
may constitute a promising biomarker for NSCLC.

Materials and Methods

Subjects. Sera and tumor tissue were obtained at the time of
diagnosis after informed consent had been given by the subjects.
The experimental protocol was approved by the ethics com-
mittee of Osaka University. Sera from 94 patients with NSCLC, 15
patients with SCLC, 18 patients with gastrointestinal cancer (10
patients with gastric cancer, 8 patients with colon cancer) and
nine patients with MAC were analyzed. In terms of TNM
stages, the NSCLC patients comprised 17 cases of stage I, 14
cases of stage II, 34 cases of stage III and 29 cases of stage IV.
The histological distribution of NSCLC was 73 adenocarcinoma
cases and 21 SCC cases. Clinical data for the serum tumor
marker CEA and CYFRA 21-1 were also collected for investi-
gation. Sera from 60 asymptomatic healthy subjects, whose average
age and sex were comparable to those of the NSCLC patient
group, were used as controls.

1-DE and 2-DE. Proteins were extracted from NSCLC tumor
tissues using the Complete Mammalian Proteome Extraction Kit
(Calbiochem, Darmstadt, Germany). For 1-DE, extracted proteins

*To whom correspondence should be addressed. E-mail: tnaka@nibio.go.jp
Abbreviations: 1-DE, one-dimensional electrophoresis; 2-DE, two-dimensional elec-
trophoresis; a.a., amino acids; CA, cancer antigen; CBB, Coomassie brilliant blue;
CEA, carcinoembryonic antigen; CYFRA21-1, cytokeratin 19 fragment; ELISA,
enzyme-linked immunosorbent assay; HRP, horseradish peroxidase; IEF, isoelectric
focusing; IHC, immunohistochemical; LC, liquid chromotography; MAC, Mycobac-
terium avium complex; MALDI-TOF, matrix-assisted laser desorption-ionization
time-of-flight; MS, mass spectrometry; NSCLC, non-small cell lung cancer; NSE,
neuronspecific enolase; OD, optical density; PCR, polymerase chain reaction; PMF,
peptide mass fingerprinting; PVDF, polyvinylidene difluoride; SCC, squamous cell
carcinoma; SCLC, small cell lung cancer; TNM, tumour-node-metastasis.
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were resolved by using 10% Bis-Tris Criterion XT Precast
gels (Bio-Rad Laboratories, Hercules, CA, USA), transferred to
PVDF membranes or stained with CBB. For 2-DE, IEF was carried
out using the PROTEAN IEF cell (Bio-Rad Laboratories)
according to the manufacturer’s instructions. Extracted proteins
were reconstituted in a rehydration buffer (7 M urea, 2 M
thiourea, 4% CHAPS, 2 mM tributyl phosphine (TBP), 0.0002%
bromophenol blue (BPB), 0.2% bio-lyte ampholyte 3-10) and
applied to ReadyStrip IPG strips (11 cm, pH 3-10). IEF was run
for 45 000 Vh, and 2-DE was carried out using 10% Bis-Tris
Criterion XT Precast gels. The gels were then stained with the
Silver Stain MS Kit (Wako Pure Chemical Industries, Osaka,
Japan) or used for protein transfer to PVDF membranes.

Waestern blotting. After blocking with 5% skim milk, the PVDF
membranes were incubated with serum at a 1:100 dilution or
rabbit anti-enolase antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at a 1:1500 dilution. The membranes were then
incubated with sheep anti-human IgG or donkey anti-rabbit
IgG (Amersham Biosciences UK, Buckinghamshire, UK).
Membranes incubated with sheep anti-human IgG only were
used as negative controls. Finally, the signals were visualized
with an enhanced chemiluminescence reaction system (Perkin
Elmer Life Sciences, Boston, MA, USA).

Identification of protein bands or spots. Protein bands on gels
stained with CBB or protein spots on gels stained with silver,
which corresponded to positive bands or spots on western blot
membranes, were excised from the gel and digested with trypsin
(Promega, Madison, WI, USA) according to published proce-
dures."® For protein bands, the LC-MS/MS analysis was carried
out using an LCQ ion trap mass spectrometer (ThermoElectron,
San Jose, CA, USA) coupled on-line with Magic 2002 capillary
high-performance liquid chromatography (Michrom BioResources,
Auburn, CA, USA). For protein spots, all PMF spectra were
obtained by using an ultraflex TOF/TOF MALDI-TOF mass
spectrometer (Bruker Daltonics, Bremen, Germany). MS/MS or
PMF data were then searched with Mascot software (Matrix
Science, London, UK) against the NCBInr or swiss-prot data-
bases. Protein database searching was carried out with following
parameters for PMF: Homo sapiens, maximum of one missed,
cleavage by trypsin, monoisotopic mass value, charge state of 1+,
allowing a mass tolerance of 100 p.p.m., and carbamidomethyl
modification of cysteine. '

Preparation of recombinant protein. To prepare recombinant
proteins, the human full-length o-enolase complementary DNA
(1-434 a.a.) was amplified by PCR from the Hep3B cell line
c¢DNA library using the primers: sense 5"-GTGGCTAGAAGT-
TCACCATG-3’, antisense 5-TTACTTGGCCAAGGGGTTTC-
3’. To map the autoepitope on o-enolase, three cDNA fragments
that encode C-terminal deletion mutant proteins (a-Enol,
a-Eno2, a-Eno3) were similarly amplified. The nucleotide
sequences of the primers for PCR were: o-Enol (1-334 a.a.)
sense 5’-TGTCTATTCTCAAGATCCATGCC-3, antisense 5'-
TTACTCGTTCACGGCCTTGGC-3"; o-Eno2 (1-234 aa),
sense 5-TGTCTATTCTCAAGATCCATGCC-3’, antisense 5’-
TTAAGCTTTCCCAATAGCAGTC-3’; and a-Eno3 (1-134 a.a.)
sense 5-TGTCTATTCTCAAGATCCATGCC-3’, antisense 5’-
TTAGATGTGGCGGTACAGGGG-3’. These cDNA fragments
were then subcloned into the pET-28a(+) vector (Novagen,
Madison, WI, USA), resulting in expression of a-enolase or
its fragments with a 6 x His tag. Recombinant proteins were
produced in Escherischia coli BL21-CodonPlus (DE3)-RIL
cells (Stratagene, La Jolla, CA, USA) and purified by affinity
chromatography using Ni-NTA resin (QIAGEN, Tokyo, Japan).
Recombinant human full-length or C-terminal deletion mutant
a-enolase, rabbit B-enolase (Sigma, St Louis, MO, USA) and
human Y-enolase (Calbiochem) were subjected to sodium
dodecylsulfate—polyacrylamide gel electrophoresis, using a 4-
20% precast gel, then stained with CBB or transferred to PVDF
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membrane and probed with anti-enolase antibody, anti-6 X His
monoclonal antibody or sera as described above.

Flow cytometry. Human lung adenocarcinoma cell line A549
was maintained in RPMI-1640 medium supplemented with 10%
heat-inactivated fetal bovine serum, 100 U/mL penicillin and
100 pg/mL streptomycin. Cells (105) were incubated with
rabbit anti-enolase antibody at a 1:100 dilution and labeled with
fluorescein isothiocyanate-conjugated goat anti-rabbit immuno-
globulin (BD Biosciences, San Jose, CA, USA). Normal rabbit
IgG was used as a control. Stained cells were analyzed using a
FACS Canto cytometer (Becton-Dickinson, Mountain View,
CA, USA) and the results were analyzed using FlowJo software
(Tree Star, Stanford, CA, USA).

ELISA. To assess the potential of these autoantibodies as a
diagnostic marker, their frequencies in the sera were determined
by means of ELISA using recombinant human full-length o-
enolase protein. The ELISA was carried out as published
elsewhere, with modifications.!” Briefly, each well of a Micro-
titer plate (MaxiSorp; Nunc A/S, Roskilde, Denmark) was
coated with 1 pug of recombinant human full-length o-enolase.
After blocking with 1% bovine serum albumin, all wells were
incubated with human serum at a 1:500 dilution at room
temperature for 1 h. To reduce the background level originating
from the non-specific reactivity of sera with bacterial proteins,
the sera were diluted and incubated with 100 pg/mL E. coli
BL21-CodonPlus (DE3)-RIL cell lysate for 2h at room
temperature before incubation with coated recombinant human
a-enolase. The antigen—antibody complexes were detected with
1:5000-diluted HRP-conjugate sheep anti-human IgG with
TMB (Dako, Carpinteria, CA, USA) as the substrate. OD was
read at 450 nm. The antibody titer was expressed by using
arbitrary binding units calculated according to the formula:

binding units of sample = (OD,,,,,./[Mean OD, .y controt sera
+3 SDhealthy control sem]) x 100.

Based on this formula, 100 binding units was used as the cut-off
point.

IHC staining. After deparaffinization, tissue sections were treated
with 100% cold methanol containing freshly prepared 0.3%
hydrogen peroxide for 30 min, blocked in 10% normal goat
serum for 20 min and incubated with rabbit anti-enolase anti-
body (Santa Cruz Biotechnology) at a 1:250 dilution overnight.
Incubation of parallel sections omitting the first antibody was
done to generate negative controls. Staining of sections was
completed with a biotin-conjugated secondary antibody, HRP-
conjugated streptavidin and diaminobenzidine. ,

Statistical analysis. Significant differences between groups were
assessed with the y>-test and Fisher’s exact test. P <0.05 was
considered significant.

Results

Detection of autoantigens associated with NSCLC by 1-DE western
blotting and LC-MS/MS. In order to screen for autoantibodies against
cancer cells in patients with NSCLC, proteins extracted from a
given patient’s tumor tissue were subjected to 1-DE, transferred
to membranes, and incubated with sera from the same patient or
from healthy control subjects. Membranes incubated with only
the secondary antibody were used as negative controls. An
approximately 47-kDa band was recognized only by a subset of
NSCLC patient sera, whereas no such reaction was observed
with healthy control sera or negative controls (Fig. 1a). To
identify this 47-kDa protein, the corresponding band on the gel
stained with CBB was digested and analyzed using LC-MS/MS.
The eight proteins, including a-enolase and elongation factor
1-o0 1, which were identified by database searching through
Mascot software, are listed in Table 1. Many of these proteins
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Fig.1. (a) Screening by means of one-
dimensional electrophoresis (1-DE) western blotting
analysis for autoantigen associated with non-
small cell lung cancer (NSCLC). Lane 1: ~47-kDa

8
8
1004 €29

Intens {a.u)

positive band (arrow), which was recognized by
anti-enolase antibodies. Lanes 2, 3: 47-kDa
positive band, which was recognized by NSCLC
sera. Lane 4: no 47-kDa positive band was
observed in a negative NSCLC case. Lane 5: no
positive reaction was observed with healthy
control sera. Lane 6: no positive reaction was
observed in negative controls. (b) Detection by
means of two-dimensional electrophoresis (2-DE)
western blotting analysis of autoantigen associated
with NSCLC. Left panel: Representative 2-DE western
blotting analysis. Right panel: corresponding 2-
DE silver-stained image. Protein spots recognized
only by NSCLC sera are marked with arrows and
numbers. (c) Peptide mass fingerprinting spectra

3
H § of positive spot 5. For spot 5, 14 peptide masses
g l were matched with human a-enolase by execut-
¢ ing an NCBInr database search, yielding 52%
| bl protein sequence coverage. The matched mass
1000 1250 1500 1750 2000 250 2500 2750 3000 peaks are marked with arrow heads.

Table 1. Mascot search results of the liquid chromatography-mass spectrometry/mass spectrometry (LC-MS$/MS) data
Protein name Swiss Prot Molecular ol Score* Peptide Protein
Accession number weight (Da) matched coverage (%)

Elongation factor 1-o 1 P68104 50 451 9.10 123 4 7
Cytokeratin 17 Q04695 48 230 4,97 271 13 25
o-Enolase P06733 47 037 6.99 96 3 5
Elongation factor Tu P49411 49 852 7.26 56 1 3
a-1-acid glycoprotein 1 precursor P02763 23725 4,93 160 4 18
Vimentin P08670 53 545 5.06 115 5 9
Albumin precursor P02768 71317 5.92 106 4 6
Actin-like protein 3 P61158 47 797 5.61 46 2 7

*Scores > 39 indicate identity or extensive homology (P < 0.05). To identify the 47-kDa protein recognized only by non-small cell lung cancer
patient sera, the corresponding band stained with Coomassie brilliant blue was digested and analyzed by LC-MS/MS. The eight proteins identified

are listed.

are of similar molecular weight and one of them may be the
autoantigen associated with NSCLC. We used western blotting
with rabbit anti-enolase antibodies to confirm that the expres-
sion of a-enolase occurred at the same position as that of the
47-kDa positive band (Fig. 1a).

Autoantibodies against a-enolase present in NSCLC patient sera.
To characterize autoantibodies in NSCLC sera, proteins
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extracted from a given patient’s tumor tissue were separated by
2-DE, transferred to membranes, and incubated with sera from
the same patient or from healthy control subjects. Compared
with the sera of healthy control subjects, 2-DE western blotting
with NSCLC patient sera showed five positive protein spots
(Fig. 1b, left panel), including one spot (spot 5) that also had a
molecular weight of approximately 47 kDa and a pl value of

doi: 10.1111/j.1349-7006.2007.00509.x
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Table 2. Mascot search results of matrix-assisted laser desorption-ionization time-of-flight (MALD!-TOF) data

Spot no. Protein name Sequence coverage (%) Molecular weight (Da) pl
1 Chain D, myeloperoxidase 22 53 806 9.43
2 Tumor rejection antigen-1 (gp96) 17 92 696 4.76
3 Not identified -

4 a glucosidase Il o subunit 15 86 236 5.71
5 a-enolase 52 47 037 6.99

To identify the immunoreactive spots in two-dimensional electrophoresis western blotting analysis recognized by non-small cell lung cancer
patient sera, corresponding silver-stained spots were digested and analyzed by MALDI-TOF/mass spectrometry. ‘Spot no.’ corresponds to spots

marked in Fig. 1b.

a
b Y
Bl i o
CBB NSCLC  Healthy control
Fig. 2. (a) Western blotting analysis of recombinant human full-length

a-enolase protein. Recombinant human full-length a-enolase protein
was probed with rabbit anti-enolase antibodies (lane 1), with sera from
non-small cell lung cancer (NSCLC) patients (lane 2-5), and with sera
from healthy control subjects (lane 6-7). (b) Western blotting analysis
of o, B and y-enolase. o, B and y-enolase protein were stained with
Coomassie brilliant blue (left panel) or probed with sera from NSCLC
patients (middle panel) and from healthy control subjects (right panel).

approximately 7.0. The corresponding spots on the silver-stained
gel (Fig. 1b, right panel) were identified by MALDI-TOF/MS
and database search. The identified proteins are summarized in
Table 2. Spot 5 was recognized as a-enolase, as in the previous
LC-MS/MS analysis. Its PMF spectrum is shown in Fig. 1c and
the database search produced 14 peptide masses that coincided
with human a-enolase, thus yielding 52% protein sequence
coverage.

Next, western blotting with full-length recombinant human -
enolase protein was used to confirm and analyze the immuno-
genicity of a-enolase. Correct expression of the recombinant
protein was verified by westem blotting using rabbit anti-enolase
antibodies (Fig. 2a). The recombinant proteins were then probed
with sera from NSCLC patients or healthy control subjects, and
positive bands were detected only in sera from the former, not
from the latter (Fig. 2a). In addition, western blotting was used
to determine the reactivity of NSCLC patient sera to enolase
isoforms, which contain o, § and y-enolase. The sera that were
positive for autoantibodies against o-enolase reacted with neither
B-enolase nor y-enolase (Fig. 2b), whereas healthy control sera
did not react with any of the enolase isoforms. This indicates the
specificity of autoantibodies against at-enolase in NSCLC patient
sera, and the overall results suggest that a subset of NSCLC
patient sera contains autoantibodies against ¢-enolase.

Frequencies of autoantibodies against o-enolase in the sera
were determined by means of ELISA using recombinant human
full-length a-enolase protein. We tested 94 sera from patients
with NSCLC, 15 from patients with SCLC, 18 from patients
with gastrointestinal cancer (10 patients with gastric cancer,
8 patients with colon cancer), nine from patients with MAC
infection of lung and 60 from healthy control subjects. When
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Fig. 3. (a) Prevalence of autoantibodies against a-enolase determined
by enzyme-linked immunosorbent assay (ELISA). The y-axis denotes
binding units. The solid horizontal line represents the positive cut-off
limit. The prevalence of autoantibodies against a-enolase was 27.7% in
patients with non-small cell lung cancer (NSCLC) (26 of 94), 1.7% in
healthy control subjects (1 of 60), and not detectable in small cell lung
cancer gastrointestinal cancer (10 patients with gastric cancer, 8
patients with colon cancer) and Mycobacterium avium complex
infection of lung. (b) Positive detection rate of autoantibodies against
a-enolase, cytokeratin 19 fragment (CYFRA21-1) and carcinoembryonic
antigen (CEA) in NSCLC patients. Detection of CYFRA 21-1 and CEA
in combination increased the positive detection rate to 58.7%.
Furthermore, combined detection of autoantibodies against a-enolase,
CEA and CYFRA 21-1 achieved a positive detection rate of up to 69.3%.

‘Mean ODhcalthy control sera +3 38D, healthy control sem’ was used as the
cut-off point, the prevalence of autoantibodies against o-enolase
was 27.7% in patients with NSCLC (26 of 94), 1.7% in healthy
control subjects (1 of 60), and not detectable in SCLC, gastroin-

testinal cancer or MAC infection of lung (Fig. 3a). These results
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showed that titers of autoantibodies against oi-enolase are
increased in a subset of NSCLC patients. Next, we examined the
correlation between the prevalence of autoantibodies against
o-enolase and clinicopathological features in NSCLC patients.
Positive reactivity was detected in 21 of the 73 sera from aden-
ocarcinoma patients (28.8%) and in five of the 21 sera from
SCC patients (23.8%). There was no significant correlation
between the occurrence of autoantibodies against d-enolase and
pathological types (P = 0.654). In addition, there was a tendency
for autoantibodies against o-enolase to be more prevalent in
patients with advanced NSCLC cases (stage III/IV, 33.3%, 21 of
63) than in stage I/II cases (16.1%, 5 of 31), although the results
of the statistical analysis suggest that the prevalence has no
significant correlation with disease stage (P = 0.08). We also
investigated the relationship between autoantibodies against o.-
enolase and other tumor markers (CEA, CYFRA 21-1) that have
been applied to clinical practice in NSCLC patients. In a total of
94 NSCLC patients, clinical data of both CEA and CYFRA 21-
1 were available for 75 patients. In these patients, 25.3% (19/75)
were positive for autoantibodies against a-enolase, 42.7% (32/
75) were positive for CEA, and 30.7% (23/75) were positive for
CYFRA 21-1. The occurrence of autoantibodies against ¢-enolase
didn’t show a significant correlation with CEA (P = 0.63) or
with CYFRA 21-1(P = 0.92). Detection of CYFRA 21-1 and CEA
in combination increased the positive detection rate to 58.7%
(44/75). Furthermore, positive detection rate was enhanced up
to 69.3% (52/75) when combined detection of autoantibodies
against o-enolase, CEA and CYFRA 21-1 was used (Fig. 3b).

IHC and flow cytometric analysis of a-enolase. We used IHC
staining to compare o.-enolase expression in non-malignant and
malignant lung tissues from 20 NSCLC patients, including 10
patients with autoantibodies against a-enolase and 10 patients
without autoantibodies against o-enolase. The staining results
showed that expression of a-enolase was increased in malignant
lung tissue of NSCLC patients (Fig. 4a—c). Additionally, IHC
staining showed not only cytoplasmic but also membranous
immunoreactivity in cancer cells (Fig. 4c). Flow cytometric
analysis of human lung adenocarcinoma cell line A549 also
confirmed the expression of ct-enolase at the surface of lung
cancer cells (Fig. 4d).
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Fig. 4. Immunohistochemical and flow cytometric
analysis of a-enolase. (a) Normal lung tissue (x100).
(b) Lung adenocarcinoma (x100). (c) o-Enolase
staining showing a mixture of cytoplasmic, and
membranous immunoreactivity (x400). (d) A549
cells were stained with anti-enofase antibody,
labeled with fluorescein-isothiocyanate-conjugated
goat antirabbit immunoglobulin, and analyzed
on a FACS Canto (open histogram). Shaded
histogram indicates staining with control IgG.

Epitopes located at the N-terminal region (1-134 a.a.) of a-enolase
that are recognized by autoantibodies. To locate the serological
epitopes of o-enolase, full-length and C-terminal deletion
mutant proteins (0-Enol, o-Eno2, o-Eno3) were prepared. The
full-length a-enolase (1-434 a.a.), a-Enol (1-334 a.a.), o-Eno2
(1-234 a.a.) and a-Eno3 (1-134 a.a.) recombinant proteins were
clearly shown by an anti-6 x His antibody or stained with CBB,
which verified their expression (Fig. 5). A commercially available
rabbit anti-enolase antibody reacted only with the full-length
a-enolase, 0-Enol and o-Eno2 recombinant proteins (Fig. 5).
However, sera from NSCLC patients who showed the presence
of autoantibodies against a-enolase reacted with the a-Enol, a-
Eno2, and a-Eno3 recombinant proteins (Fig. 5), indicating that
in NSCLC patients at least the N-terminal region of o-enolase
contains epitopes.

Discussion

In the present study we used a proteomics-based screen test to
identify proteins such as o-enolase and gp96 that may elicit a
humoral immune response in NSCLC patients. We then con-
firmed that some NSCLC patients’ sera contained autoantibodies
against o-enolase by means of western blotting using recom-
binant protein. Furthermore, the results obtained with ELISA
demonstrated that when ‘Mean OD\_. conrot sera + 3 SDheattny conol sera
was used as the cut-off point, the humoral immune response
directed against a-enolase occurred in 27.7% of NSCLC patients,
but in only 1.7% of healthy control subjects. a-enolase is an
isoenzyme of enolase, a key protein that catalyzes the conversion
of 2-phosphoglycerate to phosphoenolpyruvate, which is the
second of the two high-energy intermediates that generate ATP
in glycolysis.® Three isoforms of enolase have been identified
and are known as ¢, B and y-enolase. a-enolase is present in
most tissues and is predominant in early embryonic tissue, f-
enolase is expressed in muscle tissue, and y-enolase, also known
as NSE, is found only in neuronal tissues.

Autoantibody responses to tumors are generally thought to
be elicited in three ways. These are overexpression of specific
proteins, especially on the cell surface, gene mutation or post-
translational modification of proteins, which shows new epitopes
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