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ARTICLE INFO ABSTRACT

Purpose: The purpose of this study is to clarify the clonality status of multifocal lung adenocarcinomas
based on the mutation patterns of epidermal growth factor receptor (EGFR) and K-ras.

Methods: We analyzed 82 multifocal lung adenocarcinomas from 36 patients who underwent surgical
resection. Genomic DNA was extracted from formalin-fixed, paraffin-embedded tissue and analyzed for
EGFR and K-ras mutations. We determined the clonality status of multifocal lung adenocarcinomas based
on the mutation patterns of EGFR and K-ras. The actuarial survival time was estimated and the prognostic
factors were evaluated for 31 patients with synchronous multifocal lung adenocarcinomas.

Results: EGFR and K-ras mutations were detected in 36 (44%) and 19 (23%) of the 82 tumors, respectively.
EGFR mutations had occurred randomly in 20 (81%) of the 22 patients with at least one EGFR mutated
tumor. K-ras mutations had occurred randomly in 14 (93%) of the 15 patients with at least one K-ras
mutated tumor. Combining the results for the EGFR and K-ras mutation patterns, the clonality status
of multifocal lung adenocarcinomas could be determined in 30 (83%) of the 36 patients. No statistically
significant difference in the actuarial survival of the patient subgroups stratified according to the clonality
status, which was based on the presence of EGFR and K-ras mutations, was observed.

Conclusions: Both EGFR and K-ras mutations frequently occur randomly in multifocal lung adenocarcino-
mas. Combined mutation pattern analyses of EGFR and K-ras may be useful for making decisions regarding
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treatment strategies for patients with multifocal lung adenocarcinomas.
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1. Introduction

Adenocarcinoma is now the most common histological type of
lung cancer, followed by squamous cell carcinoma and small cell
carcinoma. Bronchioloalveolar carcinoma (BAC) is a specific sub-
type of adenocarcinoma that disproportionately affects women,
Asians, and non-smokers [1]. Adenocarcinomas, including BACs,
frequently develop as synchronous and/or metachronous multifo-
cal disease [2]. Although surgical resection is considered to be the
best means of obtaining a definitive diagnesis and curative treat-
ment, resecting all the lesions completely is sometimes difficult
in patients with a poor cardiopulmonary function or those with
numerous pulmonary lesions.

Epidermal growth factor receptor (EGFR) mutation is the most
important predictor of the efficacy of EGFR tyrosine kinase
inhibitors (TKIs) such as gefitinib and erlotinib [3-7]. In contrast,
K-ras mutations are a useful biomarker of resistance to EGFR-TKIs
[51]. Therefore, if multifocal lung adenocarcinomas simultaneously
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harbor EGFR mutations, they can likely be managed successfully
using EGFR-TKIs. But, if they simultaneously harbor K-ras muta-
tions, the use of EGFR-TKIs is not preferred. If EGFR and K-ras
mutations are random events in multifocal lung adenocarcinomas,
the efficacy of EGFR-TKIs would be limited to only the tumors car-
rying EGFR mutations, and not to those carrying K-ras mutations.

The purpose of this study was to clarify the clonality status of
multifocal lung adenocarcinomas. The present study, to our knowl-
edge, is the largest investigation of the clonality status of multifocal
lung adenocarcinomas based on the mutation patterns of EGFR and
K-ras.

2. Materials and methods
This retrospective review was performed under a waiver of

authorization approved by the institutional review board of Jun-
tendo University School of Medicine.

2.1. Patients

Between September 1996 and December 2008, 1047 patients
with primary lung cancers underwent pulmonary resection. Among
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them, 57 patients had synchronous or metachronous multifocal
lung cancers. Patients with pneumonic-type mucinous BAC were
excluded. Patients whose tumor tissues were not available for
molecular analyses were also excluded. Therefore, we conducted
a retrospective review of a total of 82 multifocal lung adenocarci-
nomas in 36 patients.

2.2. Histological examination

The differential diagnosis of multiple primary lung cancer
(MPLC) or pulmonary metastasis (PM) was clinicopathologically
performed according to the criteria proposed by Martini and
Melamed [8]. The proportion of the BAC component was evaluated
microscopically on all the slides, including the largest cut surface of
the tumor, using hematoxylin and eosin staining and elastica van
Gieson staining. The BAC component was defined as the component
of lepidic growth patterns of tumor cells.

2.3. Molecular analyses

DNA extraction and mutation analyses for EGFR and K-ras were
conducted at Mitsubishi Chemical Medience Corporation (Tokyo,
Japan). Genomic DNA was extracted from formalin-fixed, paraffin-
embedded tissue. Serial slices at 5 um were made from each block
for tumor cell dissection. After deparaffinization with xylene, the
tissue sections were stained with hematoxylin and eosin, and the
target tumor lesions were macroscopically dissected to minimize
contamination with normal tissue. The peptide nucleic acid-locked
nucleic acid (PNA-LNA) polymerase chain reaction (PCR) clamp
method [9] was used for EGFR mutation analysis, while the pep-
tide nucleic acid (PNA)-mediated PCR clamping method [10] was
used for the K-ras mutation analysis.

2.4. Clonality assessment

In synchronous multifocal tumors, the largest tumor was
defined as the “primary tumor” and the remaining tumors
were defined as “secondary tumors”. In metachronous multifocal
tumors, the first tumor was defined as the “primary tumor” and
the tumors that developed after the surgical resection of the first
tumor were defined as “secondary tumors”.

First, we separately compared EGFR and K-ras mutation sta-
tuses between each primary and secondary tumor and classified
the results as belonging to one of six different patterns of multi-
focal tumors (Table 1): pattern A, mutation in only the primary
tumor; pattern B, different mutations in the primary and secondary
tumors; pattern C, mutation in only the secondary tumor; pattern
D, identical mutations in the primary and secondary tumors; pat-
tern E, no mutations both in the primary and secondary tumors;
and pattern F, undetermined mutation status in either the primary
or secondary tumor regardless of the mutation status in the other
tumor. Patterns A, B and C were regarded as indicating different
clonal origins, whereas pattern D was regarded as indicating the

Table 1
Patterns of EGFR and K-ras mutations.
Clonality status Pattern Primary tumor Secondary tumor
Different clonality A . @)
B [ ] n
C O [
Same clonality D [ ] [ ]
Not determined E o) O
F Any/[? ?{any

EGFR, epidermal growth factor receptor; @/, mutation positive; O, mutation neg-
ative; ?, clonality status could not be determined.

same clonal origin. Patterns E and F were regarded as indicating an
undetermined clonality status.

Next, we determined the clonality status based on combining
the results of the mutation patterns for EGFR and K-ras genes. A
secondary tumor was classified as exhibiting a different clonal-
ity if either EGFR or K-ras mutation belonged to pattern A, B or
C but both EGFR and K-ras mutations did not belong to pattern D.
A secondary tumor was classified as exhibiting the same clonality
whenever either the EGFR or K-ras mutation belonged to pattern D.
The clonality status was regarded as undetermined for secondary
tumors in which both EGFR and K-ras mutations belonged to either
pattern E or F.

2.5, Statistical analysis

The relationships between EGFR/K-ras mutation status and the
clinicopathological features were statistically evaluated using a chi-
square test or a Fisher's exact test.

Survival analyses were performed only for the patients with syn-
chronous multifocal adenocarcinomas, since most of the patients
(31/36) had synchronous tumors. The length of survival was
defined as the interval in days between the day of surgical interven-
tion and the date of either death or the last follow-up. The survival
rates were calculated using the Kaplan-Meier method, and the

. curve differences were tested using the log-rank test. Multivariate

analyses of independent prognostic factors were performed using
Cox’s proportional hazards model. A P-value of less than 0.05 was
considered statistically significant. All statistical analyses were per-
formed using the SPSS statistical software package (version 17.0,
SPSS Inc., Chicago, IL).

3. Results
3.1. Clinicopathological characteristics of patients (Table 2)

The patients comprised 18 men and 18 women. The median
age at the time of the first operation was 67 years (range 44-79
years). Twenty-two patients (61%) had a smoking history (either
current or ex-smoker). Synchronous multifocal adenocarcinomas
were noted in 31 patients (86%) and metachronous ones were noted
in5patients (16%). The median size of the tumors was 16 mm (range
1-105 mm). Twenty secondary tumors (43%) were located in the
same lobe as the primary tumor, and 26 (57%) were located in a dif-
ferent lobe. The number of patients according to the pathological
nodal status was 29 with NO, 3 with N1, and 4 with N2, respectively.
Therefore, the majority of patients in the present study did not have
lymph node involvement.

3.2. Clonality assessment based on EGFR mutation status
(Table 2)

EGFR mutations were detected in 36 (44%) of the 82 tumors in
total: 20 (56%) of the 36 primary tumors, and 16 (35%) of the 46 sec-
ondary tumors. The point mutation L858R in exon 21 and a deletion
in exon 19 were detected in 18 and 17 tumors, respectively. T790M
in exon 20, which has been recognized as a mutation that confers
resistance to EGFR-TKIs, was detected in one tumor.

Simultaneously, two tumors in one patient (No. 16) harbored
double EGFR mutations and one tumor in one patient (No. 27) had
three different types of EGFR mutations.

Patient No. 27 had a primary tumor with three different types of
EGFR mutations and three secondary tumors with one EGFR muta-
tion (L858R in exon 21) identical to one in the primary tumor. We
classified this patient as having tumors exhibiting the same clon-
ality (pattern D), which corresponds to PM according to the EGFR
mutation status. Because lung adenocarcinoma is morphologically



Table 2
Clinicopathological characteristics and molecular findings of 82 multifocal lung adenocarcinomas from 36 patients,

Case PJS Sex Age Pack-year CEA M/S Locationof  Tumor  BAC(%)® pN PMorMPLCC EGFR mutation  EGFR mutation  K-rgs mutation  K-ras mutation  Clonalityd
secondary size pattern pattern
tumors®
1 P F 57 0 43 S 32 30 0 MPLC Ex21:1858R" Same
S Same 32 80 Ex21: L858R D codon12 AGT C
2 P F 67 0 14 S 10 100 0 MPLC codon12 GCT Different
S Same 2 100 F A
3 i F 44 24 2 S 18 0 0 MPLC ND
S Same 2 70 F E
4 P M 75 55 103 S 32 30 0 MPLC Ex19: Different -
L747-T751del
S Same [ 60 A B
5 P M 61 10 27 S 45 20 2 MPLC codon12 GAT Different
S Same 5 40 E A
6 P F 78 0 29 S 25 40 0 MPLC Ex19: Different
E746-A750del
s Same 1 100 A E
7 P F G8 (¢} 43 S 33 40 0 MPLC Ex21: L858R Same
S Different 16 60 Ex21: L858R D E
8 P F 60 0.2 38 S 50 60 1 MPLC Ex21: L858R Same/Different
S1 Different 3 60 A codon13 AGC C
s2 Same 5 100 Ex21: L858R D E
9 P M 58 O 1.2 S 23 40 0 MPLC Ex19: Different
E746-A750del
S Different 5 100 Ex19: del® B E
10 P F 66 20 1.8 S 25 60 0 MPLC Ex19: Same/Different
L747-E749del
Ex19: A750P
s1 Same 10 60 Ex19: D E
L747-E749del
Ex19: A750P
S2 Same 13 60 Ex18: G719S B E
1B P M 68 86 52 M 42 0 0 MPLC codon12 TGT Different
S Different 18 60 E A
12 P F 74 54 14.1 S 52 80 0 MPLC Ex19: Different
E746-A750del
S Same 6 100 A codon12 GCT C
13 P F 73 0 3 S 15 50 4] MPLC Ex21: L858R Different/Different
S1 Same 8 100 A E
S2 Different 6 100 A E
14 P M 63 40 32 M 20 0 0 MPLC codon12 GCT Different
S Different 12 10 E A
15 P F 78 0 65 S 40 80 0 MPLC codon12 GAT Different
S Same 7 80 Ex21: L858R C A

0ze-€1€ (Z10Z) 52 4aouv) Bunt /v 33 WYIOWDYDL N
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Table 2 (Continued)
Case P/S Sex Age Pack-year CEA M/S Locationof  Tumor BAC(%)® pN PMorMPLCC EGFRmutation  EGFR mutation  K-ras mutation  K-ras mutation  Clonality®
secondary size pattern pattern
tumors?®
16 P F 60 0 3.1 S 32 5 2 MPLC Ex21: L858R Different
Ex19: del®
S Different 6 30 Ex18: G719S B E
Ex19: del®
17 P M 78 325 12 S 29 10 0 MPLC codon12 GCT Different
S Same 15 100 E codon12 GIT B
18 P M 72 52 152 S 36 0 2 MPLC codon12 GCT Different
S Different 13 0 E codon12 TGT B
19 P M 58 0 1.8 S 27 60 0 MPLC Ex21: L858R Different/Different
S1 Different 8 90 Ex19: B E
E746-A750del
S2 Different 22 10 A codon13 GAC C
20 P M 70 50 05 S 20 100 0 MPLC Ex21: LB58R Different
S Different 5 100 Ex19: del® B E
21 P M 66 45 18 S 18 20 2 PM ND
S Same 6 10 F E
22 P M 74 90 231 § 35 (¢} 0 PM Ex19: Different/Different
E746-A750del
S1 Different 25 0 A E
S2 Different 25 0 A E
23 P M 61 21 62 S 25 0 1 PM Different/ND
S1 Different 7 0 E E
S2 Same 12 0 Ex19: C E
E746-A750del
24 P M 56 19 71 S 105 0 ¢ PM Ex18: G719S Different
S Different 22 0 A E
25 P M 79 90 36 S 70 80 1] PM ND
S Same 7 100 E E
26 P M 49 60 6 M 27 0 0 MPLC Different
S Different 57 (¢} E codon12 GAT C
27 P F 68 0 42 M 35 40 0 MPLC Ex19: Same/Same/Same
L747-S752del
Ex19: E746V
Ex21:1858R
Ex20: T790M
S1 Different 19 70 Ex21: L858R D E
S2 Different 12 100 Ex21: L858R D E
S3 Different 12 100 Ex21: L858R D E
28 p F 78 0 24 S 22 60 0 MPLC Ex18: G719S Different
S Same 20 90 A E
29 P M 63 60 213 M 31 70 0 MPLC Different
S Different 15 0 E codon12 AGT C
30 P F 63 [¢ 14 S 21 70 ¢ MPLC Ex19: Different
E746-A750del
S Different 15 100 A E

91¢
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Same/Different
Same/Same

Different
Different

ND
ND

D
D

codon12 GAT
codon12 TGT
codon12 TGT
codon12 TGT

D

Ex21: L858R
Ex21: L858R
Ex21: L858R
Ex19:
L747-T751del
E746-A750del

Ex19:

MPLC
MPLC
MPLC
MPLC
MPLC
MPLC

0
0
1
¢
0
0

70
100
100

60

80

95

90

80
90
100

7

7
P, primary tumor; S, secondary tumor; M, male; F, female; CEA, carcinoembryonic antigen; M/S, metachronous/synchronous; BAC, bronchioloalveolar carcinoma; pN, pathological nodal status; MPLC, multiple primary lung

16
cancer; PM, pulmonary metastasis; EGFR, epidermal growth factor receptor; ND, not determined.

15
16
12
16
17

Same
Different
Different
Same
Same
Different
Different
Different

1.2
4.7
1.8
1.8
12

20
72 138
1.8
40

7
74
48
60
67

S1

S2
S1
S2

31
32
33
34
35
36
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and genetically heterogenous [11], we considered that a clone with
the L858R mutation metastasized to three secondary tumors from
a primary tumor with genetic heterogeneity.

Twenty-three (50%) secondary tumors were categorized into
pattern A, B or C and were regarded as exhibiting a different clon-
ality. Eight (17%) secondary tumors were regarded as exhibiting
the same clonality (pattern D). The remaining 15 (33%) were cate-
gorized into either pattern E or F, and their clonality status could
therefore not be determined. An independent analysis of the EGFR
mutation status enabled a clonality assessment of multifocal lung
adenocarcinomas in 21(58%) of the 36 patients.

EGFR mutations were detected in at least one tumor in 22
patients, and no EGFR mutations were detected in any of the tumors
in 14 patients. The EGFR mutations had occurred randomly in 20
(91%) of the 22 patients. Concordant activating EGFR mutations
in all the multifocal tumors were detected in the remaining two
patients. Different activating EGFR mutations in all the multifocal
tumors were detected in six of the 20 patients with tumors exhibit-
ing random EGFR mutations. In total, some type of activating EGFR
mutation was found in all the multifocal tumors in eight (22%) of
the 36 patients.

3.3. Clonality assessment based on K-ras mutation status
(Table 2)

K-ras mutations were detected in 19 (23%) of the 82 tumors
in total, 9 (25%) of the 36 primary tumors and 10 (22%) of the
46 secondary tumors. A point mutation in codon 12 was found in
17 tumors, and a point mutation in codon 13 was detected in two
tumors. The coexistence of EGFR and K-ras mutations was observed
in 2 (2%) of the 82 lung adenocarcinomas, each from a different
patient.

Fourteen (30%) secondary tumors were categorized into pattern
A, B or C and were regarded as exhibiting a different clonality. Two
(4%) secondary tumors were regarded as exhibiting the same clon-
ality (pattern D). The remaining 30 (65%) were categorized into
either pattern E or F. An independent analysis of the K-ras mutation
status enabled a clonality assessment of multifocal lung adenocar-
cinomas in 15(42%) of the 36 patients.

K-ras mutations were detected in at least one tumor in 15
patients, and no K-ras mutations were detected in any of the tumors
in 21 patients. The K-ras mutations had occurred randomly in 14
(93%) of the 15 patients.

3.4. Clonality assessment based on combined EGFR and K-ras
mutation status (Table 2)

Combining the results for EGFR and K-ras mutation patterns,
23 (64%) patients were regarded as having tumors with a differ-
ent clonality, four (11%) patients were regarded as having tumors
with the same clonality, and three patients (Nos. 8, 10, and 31)
were regarded as having both a tumor with the same clonality
and one with a different clonality. Therefore, the clonality status
of multifocal adenocarcinomas was determined in 30 (83%) of the
36 patients.

Based on Martini and Melamed’s criteria [8], 31 (86%) of the 36
patients were diagnosed as having MPLC and the remaining five
(14%) patients were diagnosed as having PM. The results of the
clonality assessment based on the combined EGFR and K-ras muta-
tion status was consistent with the differential diagnosis of MPLC
or PM according to Martini and Melamed’s criteria in 21 (70%) of
the 30 patients whose tumor clonality status could be determined
(Table 3).

# Location of secondary tumors in comparison to the primary tumor (the same lobe or a different lobe).

b Proportion of the BAC component in a tumor.
¢ Differential diagnosis of MPLC or PM based on Martini and Melamed's criteria.

4 Clonality status based on the presence of EGFR and K-ras mutations.
¢ Sequence of deleted region in exon 19 could not be determined.
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Table 3
Comparison of differential diagnosis of MPLC or PM based on Martini and Melamed’s
criteria and a clonality assessment based on EGFR and K-ras mutation status.

MPLC? PMR
Tumors with a different clonality® 21 2
Tumors with the same clonality® 4 0
Tumors with a different/the same clonality® 3¢ 0
Not determined 3 3

MPLC, multiple primary lung cancer; PM, pulmonary metastasis.

2 Differential diagnosis of MPLC or PM based on Martini and Melamed’s criteria.

b Clonality assessment of multifocal adenocarcinomas based on EGFR and K-ras
mutation status.

¢ Three patients (Nos. 8, 10, and 31) had both a secondary tumor with the same
clonality and one with a different clonality.

3.5. Relationships between EGFR/K-ras mutation status and
clinicopathological features

The relationships between the EGFR/K-ras mutation status and
the clinicopathological features, such as gender, age, smoking sta-
tus, preoperative serum carcinoembryonic antigen (CEA) level,
pathological nodal status, tumor size, or the proportion of BAC
component, were evaluated. Among them, gender and smoking
status were associated with the EGFR mutation status. The fre-
quency of EGFR mutations was significantly higher among women
than among men (P=0.041) and among never smokers than among
current or former smokers (P=0.014).

3.6. Survival analyses

The median follow-up period for the 31 patients with syn-
chronous multifocal adenocarcinomas was 40 months (ranging
from 6 to 118 months). The overall 3-year and 5-year survival rates
were 82.1% and 77.3%, respectively (Fig. 1A). The actuarial survival
was significantly higher in female patients than in male patients
and in patients with MPLC diagnosed according to Martini and
Melamed’s criteria than in those with PM (Fig. 1B).

However, no statistically significant differences in actuarial sur-
vival were observed among patient subgroups stratified according
to age, smoking status, preoperative serum CEA level, pathological
nodal status, tumor size, proportion of BAC component, clonality
status based on EGFR mutations, or clonality status based on EGFR
and K-ras mutations (Fig. 1C) (Table 4).

In a multivariate analysis, the differential diagnosis of MPLC
or PM according to Martini and Melamed’s criteria was the only
significant prognostic factor (P=0.001).

4. Discussion

With the recent advance of molecular biology, a number of
investigators have performed clonality assessments of multifocal
lung cancers using markers such as p53 mutation [12-15], K-
ras mutation [16-18], EGFR mutation [14,17,18], X-chromosome
inactivation [2,13], or loss of heterozygosity analyses of various
microsatellite markers [13]. We considered both EGFR and K-ras
to be suitable for investigating the clonal origin of lung adeno-
carcinomas for the following reasons. First, both EGFR [19,20] and
K-ras mutations [19-21] have been found in atypical adenomatous
hyperplasia (AAH), which is considered to be a precursor to lung
adenocarcinoma. Moreover, a close relationship between EGFR or
K-ras mutation and lung adenocarcinoma pathogenesis has been
demonstrated in transgenic mice [22-24]. Therefore, both EGFR
and K-ras mutations are thought to be early events in lung adeno-
carcinoma pathogenesis. Second, both EGFR and K-ras mutations
are known to be frequent genetic alterations in lung adenocarci-
noma, and these mutations are observed in a mutually exclusive
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Fig. 1. Survival curves for patients with synchronous multifocal lung adenocarci-
nomas. (A) Overall patients. (B) Comparison between the outcomes of patients with
MPLC and patients with PM diagnosed according to Martini and Melamed's criteria
(log-rank test, P<0.001). (C) Comparison between the outcomes of patients with
tumors exhibiting the same clonality and patients with tumors exhibiting a dif-
ferent clonality based on the presence of EGFR and K-ras mutations (log-rank test,
P=0.267).

manner [25]. Therefore, a large portion of multifocal lung ade-
nocarcinomas could be assessed for the clonality status using a
combined mutation pattern analysis of EGFR and K-ras. In the
present study, the independent analysis of EGFR or K-ras mutation
status enabled a clonality assessment of multifocal lung adenocar-
cinomas in 21 (58%) and 15 (42%) of the 36 patients, respectively.
However, a clonality assessment was possible in 30 (83%) of the 36
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Table 4
Univariate survival analysis of synchronous multifocal lung adenocarcinomas.
Prognostic factors No. Survival rates (%) Pvalue?
3-Year 5-Year

Total 31 82.1 773

Age (years)
<65 12 80.2 80.2 0.746
>65 19 833 75.8

Gender
Male 14 684 58.6 0.038
Female 17 94.1 94.1

Smoking status
Smoker 18 749 66.5 0.158
Nonsmoker 13 923 92.3

Serum CEA level
Normal 18 794 79.4 0.736
Elevated 13 84.6 74.0

Pathological nodal status
NO 24 875 81.3 0.447
N1orN2 7 66.7 66.7

Tumor size
<30 mm 18 88.2 88.2 0.245
>30 mm 13 75.2 65.8

Proportion of BAC component
<50% 16 65.2 65.2 0.068
>50% 15 90.0 90.0

Martini and Melamed’s criteria
MPLC 26 904 90.4 <0.001
PM 5 40.0 0.00

EGEFR clonality status
Same 5 100 100 0.317
Different 16 81.3 81.3
ND 10 74.1 59.3

EGEFR and K-ras clonality status
Same 6 100 100 0.267
Different 19 77.7 777
vND 6 80.0 40.0

CEA, carcinoembryonic antigen; BAC, bronchioloalveolar carcinoma; MPLC, multiple
primary lung cancer; PM, pulmonary metastasis; EGFR, epidermal growth factor
receptor; ND: not determined.

2 Log-rank test.

patients when the results of EGFR and K-ras mutation analyses were
combined.

We showed that both EGFR and K-ras mutations frequently
occurred randomly. Although the numbers of cases were small,
several investigators have also reported that EGFR and K-ras muta-
tions occurred randomly in the same patients with multifocal lung
cancers and/or AAHs [18,20,21,26,27]. Multiple primary lung can-
cers are potentially curable by surgical resection, especially in
patients without nodal involvement [28,29]. In this series, no sta-
tistical differences in survival were observed between the patients
with synchronous multifocal adenocarcinomas exhibiting the same
clonality and patients with those exhibiting a different clonal-
ity. Therefore, whenever possible, all multifocal adenocarcinomas
should be resected in operable patients, regardless of the clonality
status.

Recently, in two randomized phase 3 trials, first-line gefitinib
monotherapy was shown to improve progression-free survival,
compared with standard chemotherapy, in patients with advanced
non-small-cell lung cancer harboring EGFR mutations [6,7]. EGFR-
TKIs could be useful as an alternative treatment for inoperable
patients with multifocal adenocarcinomas with activating EGFR
mutations. In the present series, some type of activating EGFR muta-
tion was found in all the multifocal tumors in eight (22%) of the
36 patients. If a surrogate marker for EGFR mutations becomes
available in the future, these patients may be managed success-
fully using EGFR-TKIs, since the sampling of all tumors is often
impossible practically.

The results of the EGFR/K-ras clonality assessment were not
completely consistent with the differential diagnosis of MPLC or

PM according to Martini and Melamed’s criteria. In general, dif-
ferences in genetic alteration patterns are considered to be a good
marker for determining tumors of the same (PM) or different origin
(MPLC). As shown in the present study, the prognosis of patients
with PM according to Martini and Melamed’s criteria was worse
than that of those with MPLC. However, surprisingly, the clonal-
ity status based on EGFR and K-ras mutations was not prognostic.
Although no significant difference was observed, the prognosis of
the patients with tumors showing the same clonality was some-
what better than that of those showing a different clonality. All but
one patient with synchronous multifocal adenocarcinomas exhibit-
ing the same clonality had EGFR-mutated tumors. Therefore, the
same EGFR mutation might occur simultaneously in a subgroup
of multifocal adenocarcinomas through some mechanism other
than metastasis. One possibility is the “field effect phenomenon”
proposed by Tang et al. [30]. They reported that EGFR mutations
identical to the tumors were detected in the normal respiratory
epithelium in 9 of 21 (43%) patients with EGFR-mutated adeno-
carcinomas but none in patients without mutation in the tumors.
A widespread field effect phenomenon caused by some mutagen
other than tobacco carcinogen may affect the pathogenesis of mul-
tifocal lung adenocarcinoma. Further studies to identify mutagens
of EGFR are needed to confirm the involvement of the field effect
phenomenon in the development of multifocal lung adenocarci-
noma.

In summary, EGFR and K-ras mutations frequently occur ran-
domly in multifocal lung adenocarcinomas. Combined mutation
pattern analyses of EGFR and K-ras may be useful for making deci-
sions regarding treatment strategies for patients with multifocal
lung adenocarcinomas. Further well-designed prospective studies
with larger numbers of patients are needed to establish guidelines
for selecting treatment options, such as surgery or the use of EGFR-
TKIs or chemotherapy, based on the EGFR and K-ras mutation status
for patients with multifocal lung adenocarcinomas.
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Upregulation of Notch2 and Six1 Is Associated with
Progression of Early-Stage Lung Adenocarcinoma and
a More Aggressive Phenotype at Advanced Stages
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Takao Inoue®, Yoshinori Murakami?, and Akihiko Ito®

Abstract

Purpose: Lung adenocarcinoma often manifests as tumors with mainly lepidic growth. The size of
invasive foci determines a diagnosis of in situ, minimally invasive adenocarcinoma, or invasive types and
suggests that some adenocarcinomas undergo malignant progression in that order. This study investigates
how transcriptional aberrations in adenocarcinoma cells at the early stage define the clinical phenotypes of
adenocarcinoma tumors at the advanced stage.

Experimental Design: We comprehensively searched for differentially expressed genes between pre-
invasive and invasive cancer cells in one minimally invasive adenocarcinoma using laser capture micro-
dissection and DNA microarrays. We screened expression of candidate genes in 11 minimally invasive
adenocarcinomas by reverse transcriptase PCR and examined their involvement in preinvasive-to-invasive
progression by transfection studies. We then immunohistochemically investigated the presence of candi-
date molecules in 64 samples of advanced adenocarcinoma and statistically analyzed the findings, together
with clinicopathologic variables.

Results: The transcription factors Notch2 and Six1 were upregulated in invasive cancer cells in all 11
minimally invasive adenocarcinomas. Exogenous Notch2 transactivated Six1 followed by Smad3, Smad4,
and vimentin, and enlarged the nuclei of NCI-H441 lung epithelial cells. Immunochemical staining for
the transcription factors was double positive in the invasive, but not in the lepidic growth component of
a third of advanced Ads, and the disease-free survival rates were lower in such tumors.

Concdlusions: Paired upregulation of Notch2 and SixI is a transcriptional aberration that contributes
to preinvasive-to-invasive adenocarcinoma progression by inducing epithelial-mesenchymal transition
and nuclear atypia. This aberration persisted in a considerable subset of advanced adenocarcinoma and
conferred a more malignant phenotype on the subset. Clin Cancer Res; 18(4); 945-55. ©2011 AACR.

introduction

Adenocarcinoma is the most widespread histologic sub-
type of lung cancer in most countries, accounting for almost
half ofall lung cancers (1). Lungadenocarcinomas, especially
advanced tumors, rarely comprise a single histologic com-
ponent, and more than 90% of lung adenocarcinomas are of
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the mixed subtype according to the 2004 WHO classification
(2). In an effort to address the complex histologic hetero-
geneity of adenocarcinomas, a new classification has recently
been proposed (3). According to it, a small tumor with the
lepidic growth pattern is diagnosed as eitheradenocarcinoma
in situ or minimally invasive adenocarcinoma, depending
on the presence or absence of microinvasion (< 5 mm). Ifa
microinvasion focus of a minimally invasive adenocarcino-
ma becomes overt (overt invasion; > 5mm), the tumor will
be then diagnosed as lepidic-predominant invasive adeno-
carcinoma. As might be predicted from these diagnostic
criteria, to clearly distinguish between adenocarcinoma in
situ and minimally invasive adenocarcinoma, as well as
between minimally invasive adenocarcinoma and lepidic-
predominant invasive adenocarcinoma can be difficult. Rath-
er, it seems reasonable to consider that a significant subset of
these 3 subtypes is biologically serial and that each subtype
represents a different stage of adenocarcinoma progression.

The concept of progression from adenocarcinoma in situ
to minimally invasive adenocarcinoma is widely accepted
(4-9). Noguchi and colleagues noted 2 types of small
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Translational Relevance

- Lung adenocarcinomas with mainly lepidic growth
component are diagnosed as in situ, minimally inva-
sive adenocarcinoma, or lepidic-predominant invasive
adenocarcinoma types, depending on the size of inva-
sive foci. In a minimally invasive adenocarcmoma,
differentially expressed genes were comprehen51vely
searched between the preinvasive and invasive com-
ponents, and 2 transcrlptlonal factors, Notch2 and
Six1, were identified as genes upregulated in the inva-
sive component in all 11 minimally invasive adeno-
carcinomas examined. Transfection experiments sug-
gested that Notch2 and Six1 cooperatively induced
epithelial- mesenchymal transition of adenocarcino-
ma cells: Chrucopathologlc analyses revealed that
upregulation of both Notch2 and Six1 in invasive foci
was detected in one-thlrd of 64 lepldlc-predommant
invasive adenocarcmomas, and these tumors repre-
sented an aggressive phenotype. Paired upregulation
of Notch2 and Six1 seemed to occur durlng preinva-
sive-to-invasive adenocarcinoma progression and
define a more malignant subset of advanced adeno-
carcinoma. Notch2 and Six1 are not only useful bio-
markers for malignant potential of adenocarcinoma
but also can be therapeutic targets in adenocarcinoma.

(maximum diameter, < 2 cm) adenocarcinomas. These are
type A (adenocarcinoma in situ according to the 2011
classification) that consists entirely of neoplastic cells that
grow in lepidic growth pattern and type C (minimally
invasive adenocarcinoma according to the 2011 classifica-
tion) that consists of peripheral lepidic growth and a central
microinvasion focus. The 2 types of tumors differ clinico-
pathologically. (i) After complete resection, patients with
type A have 100% disease-specific survival, whereas the 5-
year survival rate for patients with type C is 75% (9). (ii)
Type C tumors have higher rates of p53 positivity, prolif-
eration, and nuclear atypia than type A (8, 10, 11). Inter-
preting these data based on the 2011 classification, the
microinvasion focus of minimally invasive adenocarcino-
ma is considered to develop due to the malignant progres-
sion of noninvasive, in situ neoplastic cells of the lepidic
growth component. In contrast to the development of type
C or minimally invasive adenocarcinoma tumors, the pro-
gression of minimally invasive adenocarcinoma to more
advanced forms, including lepidic-predominant invasive
adenocarcinoma, has not been studied in detail.

Genetic studies of adenocarcinoma progression have
found mutations in KRAS and EGFR at the preinvasive stage,
such as atypical adenomatous hyperplasia and adenocarci-
noma in situ (12-15), and some adenocarcinomas have the
amplification of these genes at the later stage of invasion and
metastasis (7, 16, 17). Besides such genomic alterations,
specific transcriptional pathways seem to become upregu-

lated during the progression of adenocarcinoma, because
recent findings have increasingly clarified that lung cancer
progression is promoted by epithelial-mesenchymal tran-
sition (EMT; ref. 18) that is controlled by a group of tran-
scription factors thatincludes Slug, which is a zinc finger type
(19). The homeobox transcription factors Oct4 and down-
stream Nanog both function upstream of Slug to promote
EMT in A549 lung adenocarcinoma cells (20). Although
lung adenocarcinoma progression is assumed to be a step-
wise process triggered by multiple genetic aberrations, which
aberration(s) accounts for each process in the stepwise
progression requires precise examination.

In this study, we attempted to obtain the genetic evidence,
indicating that all or a subset of lepidic-predominant inva-
sive adenocarcinoma develops from minimally invasive
adenocarcinoma, and to clarify what clinical phenotypes
the subset has. For this purpose, we designed the experi-
ments that were composed of 3 parts. In the first part, we
aimed to comprehensively compare the gene expression
profiles between lepidic growth and microinvasion cancer
cells from a single minimally invasive adenocarcinoma and
successfully identified 2 transcription factors Notch2 and
Six1 as genes upregulated in microinvasion cells. In the
second part, we examined whether the identified genes
might play causative roles in early-stage adenocarcinoma
progression from lepidic growth to microinvasion cells, and
found that Notch2 and Six1 coordinately induced EMT and
nuclear atypia in lung epithelial cells. Finally in the third
part, we immunohistochemically stained 64 specimens of
lepidic-predominant invasive adenocarcinoma for Notch2
and Six1 and found that a third were a simple advanced
form of minimally invasive adenocarcinoma, judging from
the upregulation of Notch2 and Six1 in overt invasion cells.
Importantly, the disease-free survival of patients with such
tumors was poorer.

Materials and Methods

Sample selection

This study included patients with both consolidated lung
tumors and ground glass opacities on chest high-resolution
computed tomography images who underwent lobectomy
or segmentectomy at Hiroshima University Hospital
between 2007 and 2010 (Hiroshima, Japan). All patients
provided written, informed consent to participate in this
study and our Institutional Review Board approved the
protocol (approval number: Hi-29). Half of the cancerous
tissues were placed in Ultramount Aqueous Permanent
Mounting Medium (DakoCytomation) and frozen for later
studies, whereas the other half was preserved in 10% for-
malin for diagnosis. Gene expression was analyzed in sam-
ples of minimally invasive adenocarcinoma from 11 patients
and 64 lepidic-predominant invasive adenocarcinoma
tumor samples were immunohistochemically stained.

Cell culture
NCI-H441 human lung papillary adenocarcinoma cells,
A549 human lung adenocarcinoma cells and MDA-MB-231
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human breast cancer cells were purchased from the
American Type Culture Collection and RERF-LC-MS human
lung adenocarcinoma cells were from Japanese Cancer
Research Resources Bank (JCRB, Osaka, Japan) in 2010,
and all experimentation using cell lines proceeded within
6 months after resuscitation. NCI-H441 cells and A549
cells were grown in RPMI-1640 (Nacalai Tesque) and Dul-
becco’s Modified Eagle Medium (Nacalai Tesque) supple-
mented with 10% FBS, antibiotics containing 100 units/mL
penicillin, 100 pg/mL streptomycin (Invitrogen), and
0.01M-HEPES buffer (Nacalai Tesque) at 37°C in 5%
C0O,/95% air. RERF-LC-MS cells were grown in Eagle's
minimal essential medium (Nacalai Tesque) supplemented
with 10% FBS, antibiotics, and 0.1 mmol/L nonessential
amino acids (GIBCO-Invitrogen) at 37°C in 5% CO,/95%
air. MDA-MB-231 cells were grown in L-15 (Sigma-Aldrich)
medium supplemented with 10% FBS, antibiotics, and
0.3 g/L 1-glutamine (Sigma-Aldrich) at 37°C in 100% air.

Laser capture microdissection

Serial 15-um sections of the 11 frozen minimally invasive
adenocarcinoma tumors were stained with hematoxylin.
Only cancer cells were selectively and separately collected
from the lepidic growth and microinvasion components
using laser capture microdissection (LMD7000; Leica
Microsystems GmbH). The cancer cells were placed in the
caps of collection tubes containing Tris [2-carboxyethyl]
phosphine hydrochloride buffer. The collection time for
one slide was 30 minutes. Twenty slides were done for each
component. Each cell pool was frozen with dry ice imme-
diately after collection.

RNA purification and amplification with Cy3 or Cy5
labeling

Total RNA was extracted from each cell pool using
NucleoSpin RNA XS (Macherey-Nagel GmbH & Co. KG)
and from one small (< 1 cm) minimally invasive adeno-
carcinoma tumor and then ¢cDNAs and amino allyl aRNA
were synthesized from the RNA using Amino Allyl Messa-
geAmp II aRNA Amplification Kits (Applied Biosystems).
CyeDye coupling and fragmentation proceeded according
to a protocol supplied by Toray Industries Inc. The concen-
tration, purity, and integrity of the amplified and labeled
aRNA were determined using a Eukaryotes Total RNA Nano
Series II (Agilent Technologies). Total RNA from cultured
cells was also extracted using NucleoSpin RNA XS.

Gene microarray analysis

Amplified RNA samples from microinvasion compo-
nents were analyzed using 3D-Gene Human Oligo chip
25k (Toray Industries Inc.) microarrays of 25,370 distinct
genes and RNA samples from lepidic growth components as
controls. The 3-dimensional microarrays were constructed
with wells as spaces between probes and cylinder stems with
70-mer oligonucleotide probes on the top to promote
efficient hybridization. Cy3- or Cy5-labeled aRNA pools in
hybridization buffer were hybridized for 16 hours accord-
ing to the supplier’s protocol (www.3d-gene.com). Hybrid-

ization signals were scanned using ScanArray Express
Scanner (PerkinElmer) and processed using GenePixPro
version 5.0 (Molecular Devices). Signals detected for each
gene were normalized by global normalization (Cy3/Cy5
ratio median = 1) and Cy3/Cy5 normalized ratios >2.0 or
<0.5 were, respectively, defined as commonly upregulated
or downregulated genes.

Semiquantitative reverse transcriptase PCR

We analyzed the expression of Notch2, Six1, thyroid tran-
scription factor-1 (TTF-1), Smad3, Smadd, vimentin, E-cadherin,
and GAPDH mRNA using reverse transcriptase PCR (RT-
PCR) using SuperScriptTMIII First-Strand Synthesis Super-
Mix (Invitrogen) for the RT. In brief, total RNA was incubated
with 50 ng of random hexamer primersand 1 uL of annealing
buffer at 65°C for 5 minutes. The RNA was then incubated
at 25°C for 5 minutes and at 50°C for 50 minutes in a final
volume of 20 uL of reaction mixture containing 1x
first-strand reaction mix comprising 5 mmol/L MgCl,,
0.5 mmol/L of each deoxynucleotide triphosphate (dNTP),
and 2 pl. of SuperScriptTMIII/RNaseOUTTM Enzyme Mix.

The ¢DNA constructs were amplified by PCR using
TaKaRa Ex Taq (Takara). The PCR conditions were 35 cycles
of 30 seconds at 94°C (denaturation), 30 seconds at 55°C
(annealing), and 30 seconds at 72°C (extension). The sense
and antisense primers were 5'-AAAAATGGGGCCAACCGA-
GAC-3’ and 5'-TTCATCCAGAAGGCGCACAA-3' for
human Notch2, 5-ACTCTCTGCTCGGCCCCCTC-3' and
5-AAGGCTGCTGAAACAGGCGT-3' for human Six1, 5'-
ATGTCGATGAGTCCAAAG-3’ and 5-TCACCAGGTCCGA-
3’ for human TTF-1, 5-CGGGCCATGGAGCTGTGTGA-3’
and 5'-ACCTGCGTCCATGCTGTGGT-3’ for human Smad3,
5" TCAGGGCCTCAGCCAGGACA-3" and 5'-TCTCCTCCA-
GAAGGGTCCACGT-3’ for human Smad4, 5'-CAAGGGC-
CAAGGCAAGTCGC-3" and 5-GCCGTGAGGTCAGGC-
TTGGA-3' forhuman vimentin, 5'-CCCTGGCTITGACGCC-
GAGA-3’ and 5-AAACGGAGGCCTGATGGGGC-3' for
human E-cadherin, and 5-ACCACAGTCCATGCCATCAC-
3’ and 5-TCCACCACCCTGTTGCTGTA-3' for human
GAPDH, respectively. The PCR products were resolved by
electrophoresis on 1% agarose gels, stained with ethidium
bromide, and densitometrically analyzed. The RT-PCR sig-
nal intensity was quantified using Image]J software (NIH)
to compare Notch2, Six1, TTF-1, Smad3, Smad4, vimentin,
E-cadherin, and GAPDH mRNA levels.

Construction of plasmid vectors expressing Notch2
intracellular domain, TTF-1, and siRNA against Six1
The ¢cDNA construct for Notch2 intracellular domain
(ICD; amino acids 1,703-2,475) inserts was amplified
by PCR using KOD EX DNA polymerase {Toyobo Co.
Ltd.) with following primer set: sense, 5'-CCGGATCCAT-
GAAGCGTAAG-3' (containing the first codon of Notch2
ICD); antisense, 5'-CCGTTAACTCACGCATAAACCTG-3’
(containing the stop codon of Notch2 ICD). The TTF-1
gene produces 2 alternative transcripts, of which the short
form consists of more than 90% of the total transcripts (21).
The open reading frame of the short form of the cDNA from
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NCI-H441 cells was amplified by PCR using the primer set:
sense, 5 -CCGAATTCATGTCGATGAGTCCAAAG-3'; anti-
sense, 5'-CCGTTAACTCACCAGGT-CCGA-3'. The PCR pro-
ducts were resolved by electrophoresis on 1% agarose gels
and stained with ethidium bromide. Targeted bands were
excised from gels and DNA was extracted and purified using
the Wizard SV Gel and PCR Clean-Up System (Promega
Corporation), as described by the manufacturer. Extracted
DNA chains were annealed and ligated into the BamHI/
Hpal (for Notch2) and EcoRI/Hpal (for TTF-1) sites of
pCX4-bsr, a modified pCX-bsr retroviral vector (22) pro-
vided by Dr. T. Akagi (Osaka Bioscience Institute, Osaka,
Japan), and sequenced.

The pSilencer4.1-CMVneo siRNA plasmid vector
(Ambion) was used to construct pSilencer4.1-CMVneo-
si-Six1 and the negative control, pSilencer4.1-CMVneo-
scramble. A DNA chain with the following sense and
antisense sequences was synthesized to target the Six1
sequence: 5-GATCCCCAGCTCAGAAGAGGAATTITC-
AAGAGAAA-TTCCTCTTCTGAGCTGGTT-3' (sense) and
5-AGCTTAACCAGCTCAGAAGAGGAATT-TCTCTTGAA-
AATTCCTCTTCTGAGCTGGG-3' (antisense). The target
sequence of the negative control (scramble-pSilencer4.1-
CMVneo) was 5-GATCCCGT-CGATTTTGTGATGCTCG-
TCAGTTCAAGAGACTGACGAGCATCACAAAATCGACG-
G-TT-3’ (sense) and 5-AGCTTAACGTCGATTTTGTGA-
TGCTCGTCAGTCTCTTGAACTGA-CGAGCATCACAAAAT-
CGACGG-3' (antisense), which has no homology with any
human DNA. The DNA chains were annealed and ligated
into the BamHI/Hindlll sites of pSilencer4.1-CMVneo to
generate pSilencer4.1-CMVneo-si-Six1. The negative con-
trol pSilencer4.1-CMVneo-scramble vector was constructed
in the same manner. The plasmids were extracted and the
accuracy of the constructs was confirmed by sequencing.

Transfection

NCI-H441 cells were transiently transfected with empty
pCX4-bsr, pCX4-bsr-Notch2 ICD, or pCX4-bsr-TTF-1 using
FuGENE 6 (Roche Applied Science). In brief, 2.0 x 10° cells
were seeded on 60-mm culture dishes overnight until 50% to
80% confluence was reached. Serum-free medium (194 uL)
and 6.0 uL of FuGENE 6 reagent were mixed in 1.5-mL tubes
and incubated for 5 minutes at room temperature. Plasmid
vectors (2.0 [1g each) were added and the contents were mixed
and incubated with transfection reagent and DNA complex for
at least 15 minutes at room temperature. The transfection
reagent and DNA complex were added drop wise to the
cultured cells and incubated for 48 hours. The medium was
removed and the cells were rinsed 3 times with PBS. The
transfected cells were then used in various experiments. A549,
RERF-LC-MS, and MDA-MB-231 were also transiently trans-
fected with empty pCX4-bsr or pCX4-bsr-Notch2 ICD using
FuGENE 6.

Double transfection proceeded as follows. NCI-H441
cells were transiently transfected with 2.0 pg of each of
pCX4-bsr-Notch2 ICD and the empty pSilencer4.1-
CMVneo, or pSilencerd.1-CMVneo-scramble, or pSilen-
cer4.1-CMVneo -si-Six1 using FuGENE 6.

Immunohistochemistry

Tissues fixed with 10% formalin were embedded in par-
affin and cut into 4-um thick sections that were deparaffi-
nized, rehydrated, and autoclaved for 20 minutes at 121°C
in 10 mmol/L citrate buffer (pH 6.0) and then incubated in
methanol containing 3% peroxide for 5 minutes. The sec-
tions were washed 3 times with PBS between all steps of the
procedure. Nonspecific Ig binding in the sections was
blocked by incubation with PBS containing 2% bovine
serum albumin (BSA) for 10 minutes. The sections were
then incubated with anti-Notch2 antibody (ab8926, 1:400
dilution; Abcam) and/or anti-Six1 antibody (HPA001893,
1:100 dilution; Sigma-Aldrich) in PBS containing 2% BSA
for 2 hours at room temperature, followed by horseradish
peroxidase-conjugated anti-rabbit Ig G antibody (1:100
dilution; Santa Cruz) in PBS containing 2% BSA for 2 hours
at 4°C. Color was developed using aminoethylcarbazole
(DAB; Dako) as the substrate for peroxidase. Tissues were
counterstained with hematoxylin and mounted. Negative
immunohistochemical control procedures comprised the
omission and replacement of primary antibodies with
appropriate concentrations of normal rabbit or mouse IgG.
Slides were examined using a light microscope (BX51;
Olympus) equipped with a CCD camera DP72 (Olympus).
The results on the control slides were negative.

Cancer cells were deemed positive for Notch2 when the
cytoplasm of over half of the cancer cells in each of the
lepidic growth and microinvasion components was intense-
ly stained. Other staining profiles were defined as negative.
Cancer cells were deemed positive for Six1 when nuclei in
over half of the cancer cells in each of the lepidic growth and
microinvasion components were intensely stained. Other
staining profiles were defined as negative.

Nuclear size analysis

Five minimally invasive adenocarcinoma tumors that
contained a Notch2-negative lepidic growth component
and a Notch2-positive microinvasion component were
immunohistochemically selected. The greatest nuclear
dimension of cancer cells in both the lepidic growth and
microinvasion components was separately determined in 5
tumors using hematoxylin and eosin (H&E) staining and
light microscopy (BX51). The greatest nuclear dimension of
200 cells was measured in random fields for each compo-
nent from each tumor. The greatest nuclear dimension of
the control and of NCI-H441 cells transfected in vitro with
empty pCX4-bsr, pCX4-bsr-Notch2 ICD, or pCX4-bsr-TTF-
1 was assessed by nuclear staining using 4’,6-diamino-2-
phenylindole (DAPI) and the fluorescence microscope,
Axio Observer D1 (Carl Zeiss). We determined the nuclear
dimensions of 100 cells in randomly selected fields in 3
independent experiments.

Statistical analysis

Data about signal intensity and cell morphology are
described as means + SD or as means = SE and were
analyzed using Student t test. The clinicopathologic findings
were analyzed using the Mann-Whitney U test for
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Figure 1. Laser capture microdissection of lepidic growth (LG) and
microinvasion (Ml) cancer cells from a single minimally invasive
adenocarcinoma (case 1) and probe preparation for DNA microarray
analysis. A, photomicrograph of minimally invasive adenocarcinoma
from case 1 stained with H&E. Top, low-power field view (original
magnification, x100) containing both lepidic growth and
microinvasion components; bottom, high-power field view (original
magnification, x400) of each component. B, lepidic growth and
microinvasion cancer cells collected by laser capture
microdissection from frozen sections of minimally invasive
adenocarcinoma tumor. Cancer cells circled in red (top) were cut out
using laser puises run along the circles (bottom). C, verification of
aRNA probes for DNA microarray analysis. Total RNA extracted from
pools of lepidic growth and microinvasion cancer celis served as
templates for preparation of aRNA probes. Quality and quantities of
probes were verified by resolving Cy3- or Cy5-labeled aRNA by
capillary gel electrophoresis. The amounts of RNA extracted and
amplified were 46.2 ng and 14.3 pg for lepidic growth component and
48.4 ng and 4.0 ug for microinvasion component, respectively.
Bar, 100 pm.

continuous variables and y? tests for categorical variables.
Disease-free survival (DFS) curves were calculated using the
Kaplan-Meier method. Univariate and multivariate analy-
ses were done using the log-rank and logistic regression
tests, respectively. A P value of < 0.05 was regarded as
significant.

Resuits

Isolation of genes that are differentially expressed in
lepidic growth and microinvasion cancer cells in a
single minimally invasive adenocarcinoma

Asmall (1 cm in greatest dimension), solitary lung tumor
was surgically resected and histopathologically diagnosed
as minimally invasive adenocarcinoma (formerly, type Cby
Noguchi classification; Fig. 1A; case 1 in Fig. 2A and Sup-
plementary Table S1). We separately isolated lepidic growth
and microinvasion cancer cells without contamination
from frozen tumor sections using a laser capture microdis-
section system (Fig. 1B). We extracted total RNAs from
about 500 lepidic growth and microinvasion cancer cells
and then amplified and labeled the RNAs using T7 RNA
polymerase. Fig. 1C shows the amounts and quality of the
original total RNAs and amplified aRNAs. The aRNAs were
comparatively analyzed using highly sensitive oligo DNA
microarrays. The complete gene expression dataset of the
microdissected minimally invasive adenocarcinoma speci-
men is available at Gene Expression Omnibus (GEO) acces-
sion number GSE30663 (23). The numbers of genes whose
expression levels were double or more and halfor less in the
microinvasion cancer cells were 2,905 and 2,143, respec-
tively. Supplementary Table S2 shows the top 30 of each of
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Figure 2. RT-PCR analyses of Notch2 and Six? in total RNA from lepidic
growth (LG) and microinvasion (Ml) cancer cells in 11 minimally invasive
adenocarcinomas. lepidic growth and microinvasion cancer cells were
separately collected from frozen sections of minimally invasive
adenocarcinomas (cases 1to 11 listed in Supplementary Table S1) using
laser capture microdissection. Total RNAs were extracted from each cell
pool and analyzed by RT-PCR using primer sets for Notch2, Six1, or
GAPDH. Portions of PCR products were resolved by electrophoresis on
1% agarose gels (A). All band intensities were converted to densitometric
values; Notch2 and Six7 values were normalized to that of GAPDH and
then means and SD of 11 minimally invasive adenocarcinomas were
calculated. Expression levels of Notch2 and Six7 mRNA in microinvasion
cancer cells are expressed as relative values normalized to 1 for means in
lepidic growth cancer cells (B).
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the upregulated (>94-fold) and downregulated (<1/25.4-
fold) candidate genes.

Upregulation of Notch2 and its downstream Six1 in
microinvasion cancer cells

We found that Six1 (136-fold) was the most upregulated
among the top 30 genes in microinvasion cancer cells, and
Notch2 was 10.7-fold upregulated in the complete dataset.
We considered that this paired upregulation was worthy of
further investigation because both Six1 and Notch2 can
function as transcription factors and Six1 is a putative
downstream target of Notch2 (24, 25). As with minimally
invasive adenocarcinoma from case 1, we extracted total
RNAs from lepidic growth and microinvasion cancer cells
separately from minimally invasive adenocarcinomas
resected from cases 2 to 11 (Fig. 2A and Supplementary
Table S1). SixI and Notch2 mRNA expression was then
screened in all 11 minimally invasive adenocarcinomas by
semiquantitative RT-PCR. Significantly more mRNA for
either gene was found in microinvasion than in lepidic
growth cancer cells from all 11 minimally invasive adeno-
carcinomas (Fig. 2A and B). The expression of Notch2 and
Six1 proteins was examined in the case 10 minimally
invasive adenocarcinoma by immunohistochemistry.
Notch2 and Six1 immunoreactive signals were clearly
detected in the cytoplasm and nucleus of microinvasion
cancer cells, respectively, whereas lepidic growth compo-
nent cells were nearly completely negative for the two
molecules (Fig. 3).

We speculated whether Notch2 upregulation results in
Six1 transactivation in lung epithelial cells and examined
this notion in NCI-H441 cells that have been widely studied
as lung epithelial cells. The results of RT-PCR analyses
revealed that these cells expressed endogenously undetect-
able levels of Notch2 or Six1 (Fig. 4A, lane 1). Because
Notch2 is enzymatically processed to release its ICD that
functions as a transcription factor (26), we subcloned
Notch2 ICD ¢DNA into the mammalian expression vector,
pCX4-bsr. NCI-H441 cells transfected with this plasmid
contained not only abundant exogenous transcripts for
Notch2 ICD but also abundant endogenous transcripts for
Six1 (Fig. 4A, lane 3 and Supplementary Fig. S1). We also
transfected NCI-H441 cells with the cDNA for TTF-1, well
known as a lung epithelial transcription factor, but SixI
transactivation was undetectable (Fig. 4A, lane 4 and Sup-
plementary Fig. S1). Similar experiments using MDA-MB-
231 breast cancer cells that express endogenously detectable
levels of Notch2 and SixI showed that exogenous Notch2
ICD did not upregulate, but rather slightly downregulated
Six1 (Fig. 4A, lanes 8-10). These results suggested that
Notch2 specifically transactivates SixI in NCI-H441.

Involvement of Notch2 and Six1 in EMT and nuclear
atypism in lung epithelial cells

Notch2 and Six1 promote EMT in various cancers partly
through activating the TGF-f intracellular signaling path-
ways that involve the intracellular signal transducers Smad3
and Smad4 (27-29). Consistent with their epithelioid

Notch2

Figure 3. Immunohistochemical staining for Notch2 and Six1 on a
minimally invasive adenocarcinoma. Serial sections of the minimally
invasive adenocarcinoma from case 10 (listed in Fig. 2A and
Supplementary Table S1) were stained with H&E (A) and immunostained
with either the Notch2 or Six1 antibody (B). Representative staining
images of the lepidic growth (LG) and microinvasion (Ml) components are
shown in the left and right panels, respectively. Bar, 100 pm.

morphology, NCI-H441 cells expressed easily and faintly
detectable levels of E-cadherin and vimentin, respectively
(Fig. 4A, lane 1). The expression levels of these two genes
were inverse in NCI-H441 cells transfected with Notch2
ICD cDNA (Fig. 4A, lane 3 and Supplementary Fig. S2).
Such transfection also resulted in Smad3 and Smad4 trans-
activation (Fig. 4A, lane 3 and Supplementary Fig. S2).
Transfection with the empty vector did not alter the endog-
enous expression of these 4 genes (Fig. 4A, lane 2 and
Supplementary Fig. S2). Transfection with TTF-1 resulted
in vimentin transactivation and E-cadherin downregulation
(Fig. 4A, lane 4 and Supplementary Fig. S2). Notch2 seemed
to promote EMT in NCI-H441 cells more efficiently than
TTF-1. NCI-H441 cells were transfected with Notch2 ICD
c¢DNA and with either Six1-targeting siRNA or a control
scrambled siRNA. The Six1-targeting siRNA abrogated not
only Notch2 ICD-induced transactivation of Six1 but also
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Figure 4. Transcriptional and cell morphologic alterations induced by
exogenous Notch2 ICD in NCI-H441 cells. A, expression of EMT-
related genes in NCI-H441 and MDA-MB-231 cells before and after
transfection with various transcription factors and si-RNA, NCI-H441
and MDA-MB-231 cells were transiently transfected with pCX4-bsr
empty (*lanes 2 and 9) or with vectors expressing either Notch2 ICD
(lanes 3 and 10) or TTF-1 (lane 4). NCI-H441 cells were transiently
transfected in some experiments with Notch2 ICD ¢cDNA and with
either empty pSilencer4.1-CMVneo (jlane 5) or vectors expressing
scrambled (lane 6) or Six1-targeting (lane 7) siRNA. Total RNAs
extracted from intact or transfected cells were analyzed by RT-PCR
using primer set for indicated genes. Portions of PCR products were
resolved by electrophoresis on 1% agarose gels. B, changes in sizes
of nuclei in NCI-H441 cells transfected with Notch2 ICD cDNA. NCI-
H441 cells were transfected or not (control) with either empty pCX4-
bsr or vectors expressing cDNAs for Notch2 ICD or TTF-1 and then
stained with DAPI to visualize nuclei (blue). Phase-contrast (top) and
UV laser (middle) images of cells are merged (bottom). Sizes of nuclei
were determined as described in Materials and Methods, and
calculated means and SE are shown below the images. *, P < 0.01
compared with values of other types of cells. Bar, 50 um.

that of Smad3, Smad4, and vimentin, whereas it further
enhanced the Notch2 ICD-induced downregulation of E-
cadherin (Fig. 4A, lane 7). Control transfection did not alter
the gene expression induced by Notch2 ICD (Fig. 4A, lanes 5
and 6). These results indicated that Six1 is essential for

Notch2 to transactivate Smad3, Smad4, and vimentin, but
not to downregulate E-cadherin.

Notch2 ICD transfection experiments, followed by RT-
PCR, were conducted on 2 other lung adenocarcinoma cell
lines, A549 and RERF-LC-MS, both of which expressed
endogenously undetectable levels of Notch2 and Six1 (Sup-
plementary Fig. S3). Exogenous Notch2 ICD in these cells
induced gene expression alterations resembling those in
NCI-H441 cells, except that Smad4 and E-cadherin were not
upregulated in A549 and RERF-LC-MS, respectively (Sup-
plementary Fig. S3). These results suggested that Notch2
and Six1 played pivotal roles in inducing EMT of lung
adenocarcinoma cells.

Early-stage lung adenocarcinoma progression is
assumed to be associated with an increase in the size of
cancer cell nuclei (8). We measured the greatest dimen-
sion of cancer cell nuclei in 5 minimally invasive adeno-
carcinomas and found significantly larger nuclei in micro-
invasion, than in lepidic growth cancer cells from all
5 minimally invasive adenocarcinomas (Supplementary
Table S1). A comparison between intact NCI-H441 cells
and those transfected with the Notch2 ICD ¢cDNA showed
significantly larger nuclei in the transfectants than in the
intact cells (Fig. 4B). Transfection with empty vector or
with TTF-1 ¢DNA did not alter the size of nuclei in NCI-
H441 cells (Fig. 4B).

Upregulation of Notch2 and Six1 defines a clinically
aggressive phenotype of lepidic-predominant invasive
adenocarcinoma

We immunohistochemically analyzed 64 samples of
lepidic-predominant invasive adenocarcinoma tumors
using antibodies against Notch2 and Six1. Table 1 sum-
marizes the clinicopathologic features of each case. The
immunohistochemical staining results were judged pos-
itive when more than 50% of the cancer cells in each of
the lepidic growth and overt invasion components had
significant cytoplasmic (Notch2) or nuclear (Six1) stain-
ing. The tumors were classified based this judgment as
double (Notch2 and Six1) negative in lepidic growth,
but double positive in overt invasion (N/P; n = 23) cells;
double negative in both components (N/N; n = 19);
double positive in both components (P/P; n = 19) and
other (n = 3; summarized in Table 1). A representative
staining profile of N/P tumors was shown in Supplemen-
tary Fig. S4. A statistical analysis of the clinicopathologic
parameters among the groups showed that the N/P group
was less favorable than the N/N group with respect to pT,
pN, PL factor, and ly factor (Table 1). Univariate log-rank
analyses of Kaplan-Meier survival curves revealed that
DFS duration was shorter in the N/P, than in the N/N
group (P = 0.015; Fig. 5). DFS duration was also affected
by various clinicopathologic parameters including
pStage, pT, pN, PL factor, and ly factor (Supplementary
Table S3). Multivariate logistic regression analyses among
the 3 groups revealed that the N/P and P/P groups were
more likely to recur than the N/N group in 2-year post-
operative follow-up (Supplementary Table S4).
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Table 1. Classification of patients with lepidic-predominant invasive adenocarcinoma according to Notch2
and Six1 immunohistochemical findings
Notch2 and Six1
Variable All patients N/N N/P P/P Other P
Sex N/N vs. N/P 0.59
Male 36 10 14 il 1 N/N vs. P/P 0.74
Female 28 N/P vs. P/P 0.85
Age N/N vs. N/P 0.95
Mean 71 70.5 70.7 70.8 78.3 N/N vs. P/P 0.93
Range 49-86 49-86 58-83 56-85 74-85 N/P vs. P/P 0.97
pStage® N/N vs. N/P 0.33
1A+ 1B 52 17 18 14 3 N/N vs. P/P 0.21
HA + 1IB + HIA + 1IIB 12 5 0 N/P vs. P/P 0.73
pT? N/N vs. N/P 0.04
la+1b 39 15 11 11 2 N/N vs. P/P 0.16
2a+2b+3 25 12 1 N/P vs. P/P 0.52
pN? N/N vs. N/P 0.03
0 55 19 18 15 3 N/N vs. P/P 0.03
142 9 5 0 N/P vs. P/P 0.96
PL factor® N/N vs. N/P 0.005
0 50 18 13 17 2 N/N vs. P/P 0.55
>1 14 1 10 1 N/P vs. P/P 0.02
ly Factor® N/N vs. N/P 0.039
0 46 18 16 10 2 N/N vs. P/P 0.003
1 18 1 1 N/P vs. P/P 0.26
v Factor® N/N vs. N/P 0.67
0 56 18 21 14 3 N/N vs. P/P 0.08
1 8 1 2 0 N/P vs. P/P 0.13
Tumor size (mm) N/N vs. N/P 0.89
Mean 25.3 255 25 247 30 N/N vs. P/P 0.82
Range 11-70 11-70 15-40 12-38 15-50 N/P vs. P/P 0.87
2According to TNM classification (7th Edition).
Discussion
1.0 yre
This study comprised 3 parts. A clinical issue had to be 08 L'l';’i-..-,'__
considered for the first part that compared comprehensive ge "'1;}--; ____________________ N
gene expression between lepidic growth and microinvasion T Zos e e e —
cancer cells in individual minimally invasive adenocarci- § .g 0.4 — NN :l N
nomas. Because the cut surface at the greatest dimension of 2 3 resmmen N/P i
the tumor is used for pathologic diagnosis, remaining 0.2 :! t
. : ——= P/P
specimens for LMD contained only a small amount of each 0.0
component, particularly the microinvasion component. 0 10 20 30 40 50
The original estimated amount of total RNA used for the Months

present DNA microarray analysis was in the order of 100 ng
per component or less. This limitation might have caused
considerable RNA degradation and consequently result-
ing in shorter aRNA probes (theoretical average length,
~1.5 kb) (Fig. 1C). Regardless, the DNA microarray analysis
seemed reliable because (i) the range of the relative expres-
sion levels of 10 housekeeping genes was sufficiently small

Figure 5. DFS rates of 64 lepidic-predominant invasive adenocarcinomas
grouped by Notch2 and Six1 immunohistochemistry. DFS rates of
N/N, N/P, and P/P tumor groups shown as function of months. The
mean interval of DFS (95% CI) for N/P and P/P are 34.9 (28.8-41.1)
months and 34.7 (26.2-43.2) months, respectively. Values for N/N
were not calculated because N/N tumors did not recur. *, P = 0.015;
T, P = 0.626; i, P = 0.006.
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(within 0.5- to 2-fold) between lepidic growth and micro-
invasion cells (Supplementary Table S2), and (ii) differen-
tial expression of the selected 2 genes, that is, Notch2
and SixI1 genes, was reproducibly confirmed by RT-PCR
(Fig. 2A, case 1). These results indicate that tumor lesions at
the early stage that contain cancer cells with different
malignant potential, for example, in situ and invasive cells
in minimally invasive adenocarcinoma, are practical for
comparative gene expression analyses among cancer cells
during progression in vivo.

Both Notch2 and Six1 were upregulated in microinvasion
cancer cells not only in the minimally invasive adenocar-
cinoma that was analyzed using DNA microarrays but also
in 10 other minimally invasive adenocarcinomas exam-
ined. We therefore considered that paired upregulation of
Notch2 and Six1 is commonly associated with the progres-
sion of lepidic growth to microinvasion cancer cells in
minimally invasive adenocarcinoma. Notch2 is a cell mem-
brane-bound ligand-dependent receptor for the Type 1
transmembrane protein family named Notch (30-33).
When Notch ligands bind to Notch2 receptors between
two neighboring cells, Notch? is cleaved through a cascade
of proteolytic enzymes, including y-secretase, and released
Notch2 ICD translocates into the nucleus where it tran-
scriptionally activates Notch?2 target genes (26). Although
Notch1 and Notch3, other members of the Notch family,
have long been regarded as candidate molecules responsi-
ble for the development of lung cancer (34-36), whether
Notch2 has similar roles remains to be determined. Six1 is
a homeodomain transcription factor (37) and a putative
downstream target of Notch2 (24, 25). Interestingly, Ford
and colleagues showed that Six1 stimulates the malignant
transformation of mamimnary epithelial cells through trans-
activating cyclin A1 (38, 39) and induces EMT in mammary
cancer cells through the induction of TGF-B signaling
(27, 40). These findings suggested that Notch2 and Six1
play coordinate roles during the early-stage lung adenocar-
cinoma progression.

The second part of this study examined this notion using
transfection experiments. Consistent with previous charac-
terization, exogenous expression of the Notch2 ICD
resulted in Six1 transactivation in NCI-H441 lung epithelial
cells. The exogenous Notch2 ICD also transactivated Smad3,
Smad4, and vimentin in association with the downregula-
tion of E-cadherin. Similar transactivation effects of Notch2
ICD were detected in 2 other types of epithelial cells derived
from lung adenocarcinomas. Interestingly, Six1 was notably
essential for transactivation of the 3 genes, but not for the
downregulation of E-cadherin, suggesting that Notch2 and
Six1 coordinately played a causative role in inducing EMT
during the progression of lepidic growth to microinvasion
cells. Exogenous expression of the Notch2 ICD in NCI-
H441 cells also resulted in nuclei becoming enlarged. This
was in accordance with the cytologic finding that nuclei
were larger in microinvasion cancer cells than in lepidic
growth cells from 5 minimally invasive adenocarcinomas
examined. These results supported the notion that the
transcriptional cascades activated coordinately by Notch2

and Six1 are involved in lepidic growth-to-microinvasion
progression.

The third part of the study immunohistochemically
investigated Notch2 and Six1 in 64 samples of lepidic-
predominant invasive adenocarcinoma tumors and
found that they could be assigned almost equally into
groups on the basis of positive and negative staining as N/
N, N/P, and P/P. Consistent with the results of the second
part of the study showing that Six1 is a downstream target
of Notch2, these transcription factors were either double
negative or double positive in lepidic growth and overt
invasion cancer cells, respectively, with some exceptions.
As might be predicted from the diagnostic criteria, lepidic-
predominant invasive adenocarcinoma seemed to
include heterogeneous tumors with distinct natural his-
tories and genetic alterations. Judging from the immu-
nostaining profiles of lepidic growth and overt invasion
cells, N/P tumors seem to be a simple advanced form of
minimally invasive adenocarcinoma, in which microin-
vasion cells have grown into an overt invasion focus, and
N/N tumors develop via other molecular mechanisms
than those involving Notch2 and Sixl. On the other
hand, the origin of P/P tumors is uncertain, but they
might be a more advanced form of N/P tumors. Because
lepidic growth cancer cells were positive for both Notch2
and Six1, they might be potentially invasive. This spec-
ulation is reminiscent of a recent report by Anami and
colleagues who notably pointed out that the lepidic
growth pattern might represent the intraalveolar epithe-
lial spread of overt invasion cancer cells (41). Whether
or not lepidic growth cancer cells are invasive did not
seem to affect the prognostic outcomes of patients with
lepidic-predominant invasive adenocarcinomas (N/P vs.
P/P in Fig. 5). Interestingly, we found that N/N tumors
metastasized less often to lymph nodes, were less invasive
to lymphatic vessels, and were associated with better
DEFS than N/P and P/P tumors (P = 0.015 and 0.006 by
log-rank tests, respectively). These findings agree with a
summary of reviews that emphasize the critical role of
Notch signals in the malignant progression of non-small
cell lung cancer (34-36). The paired upregulation of
Notch2 and Six1 seemed to be one transcriptional alter-
ation that is responsible for minimally invasive adeno-
carcinoma-to-lepidic-predominant invasive adenocarci-
noma progression, and it defined a clinically aggressive
phenotype subset of lepidic-predominant invasive ade-
nocarcinoma. Because Notch2 and Sixl immunohis-
tochemistry seemed to independently discriminate lepi-
dic-predominant invasive adenocarcinomas with high
risk of recurrence in a 2-year postoperative period, during
which the recurrence of most lung cancers occurs even
after curative-intent therapy (42), it could be a clinically
useful examination for selecting patients with lepidic-
predominant invasive adenocarcinoma needing intensive
follow-up.

Aviel-Ronen and colleagues {2008) examined genomic
changes associated with adenocarcinoma in situ and min-
imally invasive adenocarcinoma using array comparative
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genomic hybridization and found that genomic profiles are
indistinguishable between adenocarcinoma in situ and min-
imally invasive adenocarcinoma, although they developed
in distinct individuals (5). In contrast, this study success-
fully revealed that gene expression profiles substantially
differed between lepidic growth and microinvasion cancer
cells in a single minimally invasive adenocarcinoma. The
findings of these two studies and the present results
indicate that the Notch2 and Six1 upregulation detected
in minimally invasive adenocarcinoma is attributable not
to particular genomic alterations, but to environmental
factors, including immune and stromal cells around can-
cer cells. In fact, activation of the Notch2 signaling
pathway is cell membrane-bound ligand dependent
(26). Although further characterization of lepidic-pre-
dominant invasive adenocarcinoma is required at the
molecular level, subclassification of lepidic-predominant
invasive adenocarcinoma on the basis of Notch2 and Six1
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Abstract. Metabolomics has developed as an important new
tool in cancer research. It is expected to lead to the discovery
of biomarker candidates for cancer diagnosis and treat-
ment. The current study aimed to perform a comprehensive
metabolomic analysis of the intracellular dynamic responses
of human gastric cancer cells to 5-fluorouracil (5-FU), refer-
encing the mechanisms of drug action and drug resistance.
Small metabolites in gastric cancer cells and 5-FU-resistant
cells were measured by liquid chromatography-mass spec-
trometry. Candidates for drug targets were selected according
to the presence or absence of resistance, before and after 5-FU
treatment. In addition, the gene expression of each candidate
was assessed by reverse transcription-polymerase chain reac-
tion. The number of metabolites in cancer cells dramatically
changed during short-term treatment with 5-FU. Particularly,
proline was reduced to one-third of its original level and gluta-
mate was increased by a factor of 3 after 3 h of treatment. The
metabolic production of glutamate from proline proceeds by
proline dehydrogenase (PRODH), producing superoxide. After
5-FU treatment, PRODH mRNA expression was upregulated
2-fold and production of superoxide was increased by a factor
of 3. In 5-FU-resistant cells, proline and glutamate levels were
less affected than in non-resistant cells, and PRODH mRNA
expression and superoxide generation were not increased
following treatment. In conclusion, the authors identified a
candidate biomarker, PRODH, for drug effects using a meta-
bolomic approach, a result that was confirmed by conventional
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methods. In the future, metabolomics will play an important
role in the field of cancer research.

Introduction

Gastric cancer is common in Asia, South America and Eastern
Europe, accounting for more than 800,000 new cases per year
worldwide. It is also the second most common cause of cancer-
related deaths globally (1). Several chemotherapy regimens
have been established as the first-line therapy in the treatment of
advanced gastric cancer (2-4). Nevertheless, the effectiveness of
gastric cancer chemotherapy is limited, compared with similar
treatment for other malignancies, such as colorectal cancer and
breast cancer. Therefore, in order to improve the effectiveness
of chemotherapy for this cancer, it is important to investigate
the cellular responses and resistance mechanisms associated
with anticancer agents.

To investigate these topics, we turned to metabolomics,
which is considered the third pillar of systems biology,
after genomics and proteomics, representing the end of the
biochemical cascade (5). Well-recognized tools of metabo-
lomics include gas chromatography-mass spectrometry (6),
liquid chromatography-mass spectrometry (LC-MS) (7) and
nuclear magnetic resonance (8). This is a novel perspective,
and the comprehensive investigation of metabolic alterations
in malignancies has rarely been conducted, in contrast to the
well-studied genomics and proteomics fields. Moreover, only a
few experiments investigating the cellular responses to chemo-
therapy have been reported (9-11).

Herein, we applied the LC-MS method to investigate the
cellular response of gastric cancer cells to 5-fluorouracil (5-FU).
We observed short-term reactions and the dynamic responses to
assess the effect of the anticancer agent. In addition, we estab-
lished a 5-FU-resistant cell line, MKN45/F2R, by subjecting
the human gastric cancer cell line MKN45 to continuous
5-FU exposure (12). We also investigated the mechanisms of
drug resistance, comparing 2 cell lines, and identified a factor,
proline dehydrogenase (PRODH), that induces superoxide and
is involved in the action and resistance of 5-FU. This is the first
study highlighting a short-term, cellular, dynamic response of
gastric cancer cells and the resistance mechanism to an anti-
cancer agent by using the metabolomics approach.



