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Abstract Podoplanin (aggrus) is a mucin-like trans-
membrane sialoglycoprotein that is expressed on lym-
phatic endothelial cells. Podoplanin is putatively involved
in cancer cell migration, invasion, metastasis, and malig-
nant progression and may be involved in platelet aggre-
gation. Previously, we showed upregulated expression of
podoplanin in central nervous system (CNS) germino-
mas, but not in non-germinomatous germ cell tumors,
except for parts of immature teratomas in limited num-
bers. However, little information exists about its role in
CNS astrocytic tumors. In this study, 188 astrocytic
tumors (30 diffuse astrocytomas, 43 anaplastic astrocyto-
mas, and 115 glioblastomas) were investigated using
immunohistochemistry with an anti-podoplanin antibody,
YM-1.1n 11 of 43 anaplastic astrocytomas (25.6%) and in
54 of 115 glioblastomas (47.0%), podoplanin was expressed
on the surface of anaplastic astrocytoma cells and glio-
blastoma cells, especially around necrotic areas and
proliferating endothelial cells. However, the surrounding
brain parenchyma was not stained by YM-1. On the
other hand, podoplanin expression was not observed in
diffuse astrocytoma (0/30: 0%). Furthermore, we investi-
gated the expression of podoplanin using quantitative
real-time PCR and Western blot analysis in 54 frozen

K. Mishima - R. Nishikawa - M. Matsutani
Department of Neurosurgery, Saitama Medical School,
38 Morohongo Moroyama-machi Iruma-gun,

Saitama 350-0495, Japan

Y. Kato ((2) - M. K. Kancko

Research Center for Glycoscience,

National Institute of Advanced Industrial Science and
Technology (AIST), Open Space Laboratory C-2,
1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan
E-mail: yukinari-k@bea.hi-ho.ne jp

Tel.: +81-29-8613197

Fax: +81-29-8613191

T. Hirose

Department of Pathology, Saitama Medical School,
38 Morohongo Moroyama-machi Iruma-gun,
Saitama 350-0495, Japan

astrocytic tumors (6 diffuse astrocytomas, 14 anaplastic
astrocytomas, and 34 glioblastomas). Podoplanin mRNA
and protein expression were markedly higher in glioblas-
tomas than in anaplastic astrocytomas. These data sug-
gest that podoplanin expression might be associated with
malignancy of astrocytic tumors.

Keywords Podoplanin - Astrocytoma - Glioblastoma
YM-1

Introduction

Astrocytic tumors are the most common tumors of the
central nervous system (CNS) and are categorized into
diffuse astrocytomas (World Health Organization
(WHO) Grade II), anaplastic astrocytomas (AA; WHO
Grade III) and glioblastomas (GBM; WHO Grade 1V)
[11]. Among them, GBMs are the most frequent and
most malignant type of astrocytic tumor. Despite
advances in surgical techniques, radiation therapy, and
adjuvant chemotherapy, their prognosis remains poor:
the median survival time for patients with GBMs is only
1 year [2]. Glioblastoma may occur de novo or may
result from progression of low-grade astrocytomas [4].
Molecular mechanisms of tumorigenesis and malignant
progression are associated with the inactivation of tumor
suppressor genes such as p53-Rb pathway or the overex-
pression of oncogenes such as epidermal growth factor
receptor [10]. However, the mechanisms of tumorigenesis
and progression of astrocytic tumors have not been
resolved. Identification of genes that are expressed differ-
entially in high-grade astrocytomas, low-grade tumors,
or normal brain tissues is important to elucidate the
molecular mechanisms of tumorigenesis and to develop
novel therapeutic strategies.

Podoplanin was reported to be expressed in lymphatic
endothelium and in tumor-associated lymphangiogenesis;
also, podoplanin deficiency resulted in congenital lym-
phedema and impaired lymphatic vascular patterning
[16]). Furthermore, expression of podoplanin has been
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shown to be upregulated in skin squamous cell carcinoma
[12], lung squamous cell carcinoma [9], malignant meso-
thelioma [14], Kaposi's sarcoma, angiosarcoma [l],
hemangioblastoma [15], testicular seminoma (7, 8], and
dysgerminoma [17).

We have recently shown that podoplanin is overex-
pressed in CNS germinomas, but not in non-germinoma-
tous germ cell tumors, except in a limited number of
immature teratomas with partial positive reactivity [13].
In adult non-neoplastic CNS, podoplanin was evident in
the subependymal areas, the leptomeninges, choroid
plexus, ependyma, and Purkinje cells [15, 17]. However,
podoplanin expression in CNS astrocytic tumors has not
been studied intensively. In this study, we investigated
podoplanin expression in 188 astrocytic tumors.

Materials and methods
Tissue samples

Tumor specimens were obtained during surgery from
eight patients with diffuse astrocytomas, 14 patients with
anaplastic astrocytomas, and 34 patients with glioblasto-
mas. Informed consent had been obtained previously
from patients or their guardians. The tumor specimens
were routinely fixed in 10% buffered formalin for 18-20 h
at room temperature and processed to paraffin. Sections
(5 pm thick) were cut and attached to poly-L-lysine-
coated glass slides. Hematoxylin-eosin was used for rou-
tine staining. Tissue microarrays of 132 astrocytic
tumors (22 diffuse astrocytomas, 29 anaplastic astrocyto-
mas, and 81 glioblastomas) were purchased from Cybrdi,
Inc. (Frederick, MD). The histology of these tissue sam-
ples was confirmed by experienced neuropathologists.

Immunohistochemical analysis

'Specimens were deparaffinized, rehydrated, and incubated
first with YM-1 (1/100 diluted; Medical Biological Labo-
ratories Co., Ltd, Nagoya, Japan) at room temperature
for 1h, then with biotin-conjugated secondary anti-rat
1gG antibody (DakoCytomation, Glostrup, Denmark)
for 1h, and finally with peroxidase-conjugated biotin-
streptavidin complex (Vectastain ABC Kit; Vector Lab-
oratories, Inc,, Burlingame, CA) for 1 h. Color was devel-
oped using 3,3-diaminobenzidine tetrahydrochloride
tablet sets (DakoCytomation) for 3 min. Podoplanin
expression was assessed semi-quantitatively from the
percentage of tumor cells with cytoplasmic/membrane
staining: 0, no staining; +, <10%; ++, 10-50%; and
+++, > 50%.

Western blot analysis
Tissues were solubilized with lysis buffer (25 mM Tris

(pH 7.4), 50 mM NaCl, 0.5% Na deoxycholate, 2% noni-
det P-40, 02% SDS, 1mM phenylmethylsulfonyl

fluoride, and 50 mg/ml aprotinin). They were then elec-
trophoresed under reducing conditions on 10-20% poly-
acrylamide gels (Daiichi Pure Chemicals Co,, Ltd, Tokyo,
Japan). The separated proteins were transferred to a
nitrocellulose membrane. After blocking with 4% skim
milk in PBS, the membrane was incubated with YM-I
(1/500 diluted) or anti-B-actin antibody (1 pg/ml; Sigma
Chemical Co., St. Louis, MO), and then with peroxidase-
conjugated secondary antibodies (1/1,000 diluted; Amer-
sham Pharmacia Biotech UK Ltd, Buckinghamshire,
UK). The proteins were subsequently developed for 3 min
using ECL reagents (Amersham Pharmacia Biotech)
using X-Omat AR film (Eastman Kodak Co.).

Quantitative real-time PCR

Total RNAs were prepared from frozen sections that
have been obtained from astrocytic tumor patients,
employing an RNeasy mini prep kit (Qiagen, Inc,
Hilden, Germany). The initial cDNA strand was synthe-
sized using SuperScript 111 transcriptase (Invitrogen Co.,
Carlsbad, CA) by priming nine random oligomers and
an oligo-dT primer according to the manufacturer’s
instructions. We performed PCR using oligonucleotides:
human podoplanin sense (5'-GGAAGGTGTCAGCT
CTGCTC-3') and human podoplanin antisense (5'-CG
CCTTCCAAACCTGTAGTC-3'). Real-time PCR was
carried out using the QuantiTect SYBR Green PCR
(Qiagen, Inc.). The PCR conditions were 95°C for 15 min
(1 cycle), followed by 40 cycles of 94°C for 15 s, 53°C for
20 s, 72°C for 10 s. Subsequently, a melting curve program
was applied with continuous fluorescence measurement.
A standard curve for podoplanin templates was gener-
ated through serial dilution of PCR products (1x10%-
1x 102 copies/ul). The expression level of podoplanin was
normalized by total RNA weights. The statistical signifi
cance of podoplanin mRNA expression in astrocytic
tumor tissues was determined using paired 7 tests.

Results

Immunohistochemical staining for podoplanin
in malignant astrocytic tumors

The cellular distribution of podoplanin in astrocytic
tumors was examined immunohistochemically using
anti-podoplanin antibody, YM-1, which can strongly
recognize podoplanin [6, 13]. In this study, we used 56
surgical tissues (8 diffuse astrocytomas, 14 anaplastic
astrocytomas, and 34 glioblastomas). Podoplanin immu-
noreactivity was detected in 5 of 14 (35.7%) anaplastic
astrocytomas and in 18 of 34 (52.9%) glioblastomas;
staining was graded as +++ in 16 glioblastomas and as
++ in two glioblastoma cases. We also stained other
astrocytic tumors of tissue microarrays. Podoplanin was
detected in 6 of 29 (21%) anaplastic astrocytomas and in
36 of 81 (44%) glioblastomas. In all, 11 of 43 anaplastic
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astrocytomas (25.6%) and 54 of 115 (47.0%) glioblasto-
mas were stained using YM-1 (¥*, P<0.05; Table 1).
Representative staining for podoplanin in glioblastoma
samples is shown in Fig. 1. Immunostaining for podopla-
nin demonstrated predominantly cell surface patterns in
glioblastoma cells (Fig. 1). In anaplastic astrocytoma, the
tumor cell surface was stained using YM-1 (Fig. lc, d). In
glioblastomas, podoplanin-positive tumor cells were
prominent around microvascular proliferations (Fig. le, f)
and necrotic tissues (Fig. 1g). Proliferating endothelial
cells were negative for podoplanin (Fig. le, f). Podopla-
nin was detected strongly in the plasma membrane of
highly anaplastic multinucleated giant cells (Fig. 1h). In
non-neoplastic areas of the brain (Fig. 1a) and in diffuse
astrocytoma (Fig. 1b), podoplanin immunostaining was
absent.

Podoplanin expression in malignant astrocytic tumors
using Western blot analysis
i

To confirm immunohistochemical findings from astro-
cytic tumors, lysates of frozen tumor specimens from 54
patients (6 diffuse astrocytomas, 14 anaplastic astrocyto-
mas, and 34 glioblastomas) were analyzed using Western
blotting. As shown in Fig. 2, an antibody to podoplanin,
YM-1, detected about 36-kDa proteins in extracts of
malignant astrocytomas. Using YM-1, 6 of 14 adaplastic
astrocytomas (42.8%) and 22 of 34 glioblastomas (64.7%)
showed strong labeling (3%, P<0.05), while all diffuse
astrocytomas were negative. Podoplanin expression
detected by Western blot analysis was closely correlated
with the results of immunohistochemistry.

Differential expression of podoplanin mRNA in
astrocytic tumors

To quantify the expression of podoplanin mRNA in
human astrocytic tumors of different grades, we per-
formed quantitative real-time PCR analyses of astrocytic
'tumors from 54 patients (6 diffuse astrocytomas, 14 ana-
plastic astrocytomas, and 34 glioblastomas). The relative
podoplanin mRNA expression levels of each tumor
grade are shown in Fig. 3. Average copies of podoplanin
mRNA/ug total RNA in diffuse astrocytomas (Grade
II), anaplastic astrocytomas (Grade III), and glioblasto-
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mas (Grade IV) were 21.7430.6, 16.1+354, and 4112+
511.7, respectively. Podoplanin transcript levels were sig-
nificantly higher in glioblastomas than those in diffuse
astrocytomas, anaplastic astrocytomas, or non-neoplas-
tic human brain tissues (P <0.01).

Discussion

Immunohistochemical, Western blot, and real-time PCR
analyses demonstrate that the expressions of podoplanin
mRNA and protein are correlated with the malignant
progression from anaplastic astrocytoma (Grade III) to
glioblastomas (Grade IV). Of particular interest, 47.0%
of highly invasive glioblastomas express podoplanin,
whereas 25.6% of anaplastic astrocytomas and 0% of the
less invasive diffuse astrocytomas (Grade II) express
podoplanin by immunohistochemical staining on surgi-
cally resected and microarray tissues (Table 1). On the
other hand, 6 of 14 anaplastic astrocytomas (42.8%) and
22 of 34 glioblastomas (64.7%) were strongly labeled by
Western blot analyses using YM-1 (Fig. 2). Of all 188
astrocytic tumors analyzed immunohistochemically, 132
cases were derived from tissue microarrays whose tissue
spots are small and, therefore, the percentage of podopl-
anin-positive tumors might have been underestimated.
Furthermore, YM-1 detected podoplanin strongly by
Western blot analysis, as described previously [6]. For
these reasons, podoplanin-positive ratios in immunohis-
tochemical analysis are inferred to be smaller than those
of Western blot analysis, although the expression of
podoplanin detected by immunohistochemistry was
closely correlated with that by Western blot or real-time
PCR analyses. The distribution of podoplanin-positive
tumor cells was prominent around necrotic tissue and
proliferating endothelial cells in glioblastomas (Fig. 1).
Normal brain tissue surrounding the tumor bed was neg-
ative for podoplanin. Therefore, podoplanin expression
was correlated with high tumor grades and aggressive
histological behavior.

The biological functions of podoplanin remain largely
unknown. In vascular endothelial cells, overexpression of
Tla/podoplanin induces elongated cell extensions and
considerably increases cell adhesion, migration, and tube

Table 1 Results of podoplanin

immunostaining in 188 patients Tumor type No.of  Podoplanin immunostaining Positive

with astrocytic tumors cases p—, . R - rate (%)
Diffuse astrocytoma 30 0 0 0 30 0
Surgical resection samples 8 0 0 0 ] 0
Tissue microarray 22 0 0 0 22 0
Anaplastic astrocytoma 43 6 3 2 32 256
Surgical resection samples 14 3 1 1 9 357
Tissue microarray 29 3 2 1 23 20.7
Glioblastoma 115 30 10 5 61 47
Surgical resection samples 34 16 2 0 16 529
Tissue microarray 81 23 8 s 45 44
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Fig. 1 Immunohistochemical detection of podoplanin in astrocytic  glioblastoma (e, x200; f, x400). Podoplanin immunostaining of
tumors. No staining is apparent in a normal brain (a, x200) and in  glioblastoma cells at the necrotic area () (g, x200) and in the plas-
diffuse astrocytoma (b, x200). In anaplastic astrocytoma, the tumor ma membrane of highly anaplastic multinucleated giant cells
cell surface was stained positively (¢, x200; d, x400). Accentuated  (h, x400). Bar= 10 jum

staining is visible around an area of microvascular proliferation in
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Fig. 2 Western blot analyses of
podoplanin expression in astro-

a normal brain
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b diffuse astrocytoma

cytic tumors. Tissues from nor- ‘::’_ 1308 ‘::'_ 123484
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formation by promoting the rearrangement of the actin
cytoskeleton [16]. PA2.26/podoplanin was identified as a
cell surface protein induced in epidermal carcinogenesis
and skin remodeling [18, 19]. Expression of PA2.26/
podoplanin in pre-malignant keratinocytes induces a
fully transformed and metastatic phenotype. Further-
more, human PA2.26/podoplanin has been found in the

g 2000 p<0.01
s |
2 4500 - s
2 s
a L]
2 1000 - &
_'_5 N.S. p-
o
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3 — 1 T
o
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anaplastic
glioblastoma

Fig. 3 Quantitative real-time PCR analysis of podoplanin tran-
scripts in astrocytic tumors. First-strand cDNA samples derived
from astrocytic tumor tissues of 54 patients (6 diffuse astrocytomas,
14 anaplastic astrocytomas, and 34 glioblastomas) and four normal
brain tissues were used as real-time PCR templates. The respective
expression levels of podoplanin were normalized to pg or total
RNA, as described in Materials and methods
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invasive front of oral squamous cell carcinomas, consis-
tent with a role in tumor cell migration and invasion [12].
Moreover, a monoclonal antibody against gp44/aggrus/
podoplanin inhibits pulmonary metastasis of a highly
metastatic clone of mouse colon adenocarcinoma in vivo
[21, 22]. In this study, we showed upregulated expression
of podoplanin in CNS malignant astrocytic tumors.
Recently, Shibahara et al. [20] also reported podoplanin
expression in subsets of CNS tumors. However, the
results obtained so far showed only associations between
podoplanin expression and malignancy of astrocytic
tumors, while its direct biological function in malignant
astrocytomas remains to be established.

PA2.26/podoplanin was co-localized with ezrin,
radixin, moesin family proteins, which are concentrated
in cell surface projections, where they link the actin cyto-
skeleton to plasma membrane proteins [18]. Consistent
with the association of podoplanin with ezrin, the latter’s
immunoreactivity is also associated with increasing
malignancy of astrocytic tumors [3, 23]. The combination
of podoplanin and ezrin might thus represent a possible
tool for grading of astrocytic tumors.

Platelets play an important role in hemostasis and
thrombeosis and are also involved in tissue repair and
tumor metastasis [5]. Glioblastoma is differentiated from
low-grade astrocytomas based on the histological pres-
ence of tumor necrosis and associated microvascular
proliferation [l11]. Large necroses are attributable to
insufficient blood supply and thrombosed tumor vessels
are often observed. We speculate that the local platelet
aggregation and thrombus formation might be increased
by podoplanin-expressing malignant astrocytic tumor
cells, resulting in tumor vessel obstruction and subsequent
necrosis. Indeed, our unpublished results suggest that
podoplanin expressed by glioblastoma cells induces
platelet aggregation in vitro (data not shown).
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In conclusion, podoplanin expression was markedly
higher in glioblastomas than in anaplastic astrocytomas.
Furthermore, podoplanin expression was not observed in
diffuse astrocytoma. It will be intriguing to investigate the
functional basis of the association between podoplanin
expression and malignant progression of astrocytomas.
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Frequent EGFR mutations in brain metastases of lung adenocarcinoma
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Lung adenocarcinomas often metastasize to the brain, and the
prognosis of patients with brain metastases is still very poor. The
epidermal growth factor receptor (EGFR) gene is mutated in a con-
siderable fraction of primary lung adenocarcinomas, in particular
those with drastic response to EGFR tyrosine kinase inhibitors.
The present study was designed to elucidate the prevalence of
EGFR mutalions in brain metastases and the timing of their
occurrence during cancer progression. EGFR mulations were
detected in 12 of 19 melastatic lung adenocarcinomas to the brain
(63%). This frequency was higher than those in previous studies
for EGFR mutations at various stages of lung adenocarcinoma in
East Asin, including Japan (i.e., 20-55%). In 6 cases with EGFR
mutations, the corresponding primary lung tumors were also
examined for the mutations, and in all of them, the same tylpn of
EGFR mutations were detected also in the primary tumors. In 2
them, second metastatic brain tumors in addition to the first ones
were also available for analysis, and the same types of EGFR
mutations were detected in both the first and momf?nes in both
cases. These results indicate that EGFR mutations are present fre-
quently in brain metastases and occur preceding brain metastasis.
These findings will be highly informative for treatment of meta-
static lung adenocarcinoma to the brain.

© 2006 Wiley-Liss, Inc.

Key words: EGFR mutation; metastatic brain tumor; lung adeno-
carcinoma

Epidermal growth factor receptor (EGFR) is a member of a fam-
ily comprised of 4 homologous receptors, EGFR (ERBB1), HER-2/
neu (ERBB2), HER-3 (ERBB3) and HER-4 (ERBBA4). Ligand
binding to EGFR leads to receptor iyrosine kinase (TK) activation
and a series of downstream signaling activation that mediates rilmilf-
eration, migration, invasion and suppression of apoptosis.’ Re-
cently, it was revealed that most lung adenocarcinoma patients who
were responsive to gefitinib, an EGFR TK inhibitor, had somatic
mutations in the kinase domain of the EGFR gene in their tumor
cells.™® Subsequently, it was reported that EGFR mutations are
present in a considerable fraction of lung adenocarcinoma and occur
more frequently in Easl Asian patients, including Jopanese, than in
Caucasian patients,*'"” Furthermore, the incidence of EGFR muta-
tions was significantly high in female patients and patients without
smoking histories. In our previous study, EGFR mutations were
detected frequently in noninvasive bronchioloalveolar carcinomas,
suggesting that EGFR mutations occur early in the development of
adenocarcinoma, and those with the mutations further progress to
invasive and metastatic carcinomas.'' However, to our knowledge,
there is no report showing the prevalence of EGFR mutations in
metastatic lung adenocarcinomas, and thus, it remains unclear
whether EGFR mutations are indeed retained in metastatic lung ad-
enocarcinoma or not. Elucidation of this issue will be implicative
for treatment with EGFR TK inhibitors against advanced lung
adenocarcinomas, which often metastasize sys!emlcally to diverse
sites, such as brain, bone, adrenal glands and liver.'? Therefore, we
examined metastatic lung adenocarcinomas to the brain for EGFR
mutations and compared the mutation status in the metastatic brain
tumors with the corresponding primary tumors, if they were avail-
able for the analysis. We also examined these umors for KRAS
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mutations, which have been reported as being mutually exclusive
for EGFR mutations,*”

A total of 21 metastatic brain tumor tissues were obtained from
19 patients who were treated during the period from 1986 to 2001
at the National Cancer Center Hospital, Tokyo, Japan. These tumor
tissues were obtained at surgery or at autopsy. In 2 of the 19 cases,
the second brain surgery was performed against the second recur-
rence in the brain |5 months and 24 months after the first brain sur-
gery, respectively, and thus brain tumor tissues were obtained twice
during their clinical courses. In § of the 19 cases, the corresponding
primary lung tumors were oblained at lung surgery preceded by
brain surgery. None of the patients were treated with gefitinib
through all clinical courses. In 16 of the 19 cases, primary and met-
astatic tumors were macrodissected and were subjected to 3gemmu:
DNA extraction by the method described previously.'? In the
remaining 3 cases, from which 3 primary tumors and 5 metastatic
tumors were oblained, cancer cells were microdissected using the
Pixcell Laser Capture Microdissection system (Arcturus Engineer-
ing, Mountain View, CA) Their genomic DNAs were isolated by
SDS/proteinase K le‘ jon and phenol/chloroform extraction as
described previously.”™ Exons 18-21 of the EGFR gene and exons
| and 2 of the KRAS gene were examined for mutations by genomic
PCR amplification and direct sequencing of PCR products, PCR
primer sequences and PCR conditions are described previously.''

Table I shows the result of all cases examined. In 12 of the 19
cases (63%), EGFR mutations were detected in their metastatic
brain tumors. In 2 cases (cases 2 and 3), for which both the first and
second metastatic brain tumors were available for the analysis,
EGFR mutations were detected in both the metasiatic tumors, and
the type of mutation in the second metastatic tumor was the same as
that in the first one in both cases. In 8 cases, for which primary lung
tumors were also available for the analysis, 6 cases had EGFR
mutations in their primary umors. All metastatic tumors from the 6
cases with EGFR mutations in the primary tumors had the same
types of mutations as those in the primary tumors, respectively. Fig-
ure | shows representative sequence chromatograms of case |, for
which cancer cells of primary and metastatic tumors were collected
by microdissection. There was no case that EGFR mutations were
not detected in primary tumors and were detected in the correspond-
ing metastatic brain tumors. Additionally, there was also no case
that EGFR mutations were detected only in primary tumors and
were not detected in the comesponding metastatic brain tumors.
Thus, it was shown that EGFR mutations in primary adenocarcino-
mas are retained in their metastatic brain tumors.
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TABLE | - EGFR AND KRAS MUTATIONS IN LUNG ADENOCARCINOMA WITH BRAN METASTASIS

Case Clinical ¢h Mutation
Na. Tumot Age Oender i Stape’ interval time (months)® Gene Exon Amino ncid chanpe
| P.M 48 F - 1A 26 EGFR 19 E746-A750 del
2 P, M1, M2 43 F = 1A MI, 18; M2, 33 EGFR 19 E746-E749 del, AT750-751VA
3 P, MI, M2 59 M + 1B M1, 40; M2, 64 EGFR 19 L747-T751 del
4 P,M 49 F - 1B 0.5 EGFR 19 E746-A750 del
5 P,M 54 M + 1B 6 EGFR 19 E746-A750 del
6 P,M 70 M + A 14 EGFR 21 L858R
7 P.M 64 M + IB 16
8 P.M 58 M + A 22 v
9 M 56 M L EGFR 19 E746-A750 del
10 M 51 F = EGFR 19 E746-A750 del
11 M 56 F = EGFR 19 E746-A750 del
12 M 49 M + EGFR 19 E746-A750 del, T751A
13 M 59 M * EGFR 19 E746-T75 | del, SP752-75315
14 M 48 F - EGFR 21 L858R
15 M 53 M + KRAS | Gl2c
16 M 59 M + KRAS | Gl2c
17 M 62 M +
18 M 74 M +
19 M 67 M +

P, primary tumor; M, metastatic brain tumor;, M, first metastatic brain tumor; M2, second metastatic brain tumor.
‘Pnhulnguc:.[ stage according to the TNM classification at the time of lung surgery for the primary tumor.~"Interval time from lung surgery to

brain surgery.

Types of EGFR mutations detected in the present study were
10 in-frame deletions (83%) in exon 19 and 2 point mutations
(17%) in exon 21. The most frequent mutation was a simple dele-
tion of 5 amino acid residues from codon 746 to 750 (6/12, 50%).
Both of the 2 point mutations were the leucine to arginine muta-
tion at codon 858 (L858R). These 2 types of mutation are known
to be the most common ones in lung cancer, especially in lung
adenocarcioma. The remaining types of EGFR mutations detected
were a simple deletion of 5 amino acid residues from codon 747
to 751 and 3 deletions coupled with 1 or 2 amino acid substitu-
tions. No mutation was detected in exons I8 and 20 in the present
study, although several point mutations and in-frame insertions
have been identified in those exons in primary lung adenocarcino-
mas in previous studies.™

KRAS mutations were detected in 2 of 7 metastatic brain tumors
without EGFR mutations. Both of the 2 mutations were the glycine
1o cysteine mutation at codon 12 (G12C). We also analyzed the
association of EGFR mutations with clinicopathological character-
istics, such as age, gender and smoking history (Table I). All female
patients, who were never-smokers, had EGFR mutations in their
tumors and the mutations were msmﬁca.ntly more frequent in
female patients (6/6, 100%) than in male patients (6/13, 46%) (Fish-
er’s exact test, p = 0.0436). Therefore, the mutual exclusiveness of
EGFR and KRAS mutations as well as frequent mutations in female
nonsmokers was consistent with previous findings. SERI0

We demonstrated here that EGFR mutations were frequently pres-
ent in metastatic brain tumors of lung adenocarcinoma. In previous
sludles for EGFR mutations in various stages of lung adenocarcino-

n_East Asia, the frequency of the mulations were 20-
55%‘”»" The higher incidence of EGFR mutations in our study
raises a possibility that the mutations may be associated with metas-
tasis of lung adenocarcinoma. In recent studies, it was suggested that
EGFR mummns occur early in the development of lung adenocarci-
noma.''*'® Yoshida er al.'? showed that EGFR mutations were
present in 3% of atypical adenomatous hyperplasia (AAH), which is
considered to be a precursor lesion of lung adenocarcinoma, and the
presence of the mutations was increasingly frequent during sequen-
tinl progression from AAH to invasive adenocarcinoma through
bronchioloalveolar carcinoma (BAC). Our previous study also dem-
onstrated that a rrm,onty of BACs had EGFR mutations.'' More-
over, Tang et al.'* reported that EGFR mutations identical to those
in tumors were present in the histologically normal respiratory epi-
thelium in 9 of 21 patients with lung adenocarcinoma carrying

EGFR mutations in the tumors. In the present study, we also showed
that all 6 cases with EGFR ions in their ic brain tumors
had the identical mutations in the corresponding primary tumors.
Thus, EGFR mutations are likely to be an early genetic alteration in
multistage carcinogenic processes of lung adenocarcinoma, and
additional genetic alterations responsible for brain metastasis may
occur in cancer cells with EGFR mutations. Indeed, our previous
study, using the same samples as those from 16 of the 19 cases,
showed the sequential accumulation of allelic losses during tumor
progression. In particular, in case 6, which has EGFR mutations in
both the primary and metastatic tumors, loss of heterozygosity
(LOH) on cMmosarncs 2% 13q and 18q was shown to accumulate
during tumor progression.” In the present study, we showed that
EGFR mutations, which had been present in the primary tumors at
stages [IB-TIIB, were all retained in their brain metastases. Although
EGFR mutations may be associated with the genesis and/or early
progression of lung adenocarcinoma, our results showing the reten-
tion and frequent presence of the mutations in metastatic brain
tumors indicate that lung adenocarcinomas with EGFR mutations
may also have a higher potential of m to the brain. For
this reason, it should be noted that EGFR gene alierations occur fre-
quently in gliomas, a common brain tumor.**' However, since
there is no information on the prevalence of EGFR mutations in met-
astatic lung adenocarcinomas (o sites other than the brain at present,
further studies will be needed to clarify the association of EGFR
mutations with metastatic sites of lung adenocarcinoma.

The brain is one of the most frequent metastatic sites of lung ad-
enocarcinoma. Since traditional chemotherapy is not so effective
against metastatic brain tumors of lung adenocarcinoma, radio-
therapy is. to date, the main treatment for patients with them,
Nevertheless, the prognosis of those patients is poor and median
survival is only 3-6 months.™* Interestingly, recent reports demon-
strated that metastatic brain tumors of lung adenocarcinoma fre-
quently and drastically responded to gefitinib, an EGFR TK inhib-
itor,”*** although EGFR mutations were not examined in these
cases. Those reports could have an impact on treatment for meta-
static brain tumors of lung adenocarcinoma; however, the role of
gefitinib in therapeutic strategies against metastatic lung adenocar-
cinoma has not yet been established. This is the first report, to our
knowledge, to analyze a considerable number of metastatic brain
tumors of lung adenocarcinoma for EGFR mutations and to dem-
onstrate the frequent presence of them. These results will provide
us with a rationale for the use of this drug for treatment against
metastatic brain tumors of lung andenocarcinoma.
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Ficure 1 - Representative photographs of laser capture microdissection and sequence data obtained from a primary lung adenocarcinoma (a)
and a comresponding metastatic brain tumor () in the same patient (case | in Table I; magnification of photographs, > 100). (a-1) and (b-/)
shows the tumors in hematoxylin-stained tissue sections before microdissection. (a-2) and (b-2) shows the same sections after microdissection
(a-3) and (b-3) shows the cells captured on the transfer films. The sequence chromatogram from the primary tumor is shown in (a-4), and that
from the metastatic brain tumor is shown in (b-¢). Both show sequence chromatograms in exon 19 using antisense sequencing primer. A helero-
zygous in-frame 15 bp deletion was detected from both the samples. demonstrating a deletion of 5 amino acid residues from codon 746 to 750.
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Esophageal cancer is a well-known cancer with poorer prognosis than other cancers. An opti-
mal and individualized treatment protocol based on accurate diagnosis is urgently needed to im-
prove the treatment of cancer patients. For this purpose, it is important to develop a sophisticated
algorithm that can manage a large amount of data, such as gene expression data from DNA mi-
croarrays, for optimal and individualized diagnosis. Marker gene selection is essential in the anal-
ysis of gene expression data. We have already developed a combination method of the use of the
projective adaptive resonance theory and that of a boosted fuzzy classifier with the SWEEP oper-
ator denoted PART-BFCS. This method is superior to other methods, and has four features,
namely fast calculation, accurate prediction, reliable prediction, and rule extraction. In this study,
we applied this method to analyze microarray data obtained from esophageal cancer patients. A
combination method of PART-BFCS and the U-test was also investigated. It was necessary to use
a specific type of BFCS, namely, BFCS-1,2, because the esophageal cancer data were very com-
plexity. PART-BFCS and PART-BFCS with the U-test models showed higher performances than
two conventional methods, namely, k-nearest neighbor (kNN) and weighted voting (WV). The
genes including CPK6 could be found by our methods and excellent IF-THEN rules could be ex-
tracted. The genes selected in this study have a high potential as new diagnosis markers for esoph-
ageal cancer. These results indicate that the new methods can be used in marker gene selection for
the diagnosis of cancer patients.

[Key words: cancer classification, boosting, projective adaptive resonance theory, esophageal cancer, intramural

metastases)

Cancer is a major cause of human deaths in the many
countries. Esophageal cancer is the eighth most common
cancer and the sixth most common cause of cancer-related
mortality in the world (1). This cancer is a well-known can-
cer with poorer prognosis than other cancers. Lymph node
metastasis is one of the reasons for its poor prognosis in
potentially resectable solid epithelial tumors. Furthermore,
intramural metastasis (skip metastasis) has poorer prognosis
than lymph node metastasis (2). From such situations, the
prognosis of cancer patients with the same clinical diagno-
sis can differ, frequently. Therefore, it is important that the
prognosis of cancer patients is made accurately and that an
adequate treatment is proposed. However, the diagnosis of
cancer patients is determined by a complex causality involv-
ing multiple factors because the mechanisms of cancer de-
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velopment (or malignancy) are extremely complex. Gene
expression data from DNA microarrays are individualized
and useful in the diagnosis and prognosis of diseases (3). To
conduct this analysis, it is necessary to select genes signifi-
cantly expressing mRNA and strongly related to the diagno-
sis or prognosis of disease, because the performance of clas-
sification analysis can decline owing to such large quantities
of data.

Feature selection has been performed to screen candidate
genes for modeling. There are two types of approach: the
wrapper and filter approaches. In the former, features (genes)
are selected as a part of mining algorithms, such as support
vector machines (SVMs) (4), a fuzzy neural networks
(FNNs) combined with the SWEEP operator method (FNN-
SWEEP) (3), and a boosted fuzzy classifier with the SWEEP
operator method (BFCS) (5, 6). On the other hand, in the
filter approach, features are selected by filtering methods,
such as the U-test, the t-test, signal-to-noise statistic (S2N)



