A subset of lung adenocarcinomas with intestinal features
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Figure 3. Expression of CDX2 transcripts in ¢olon, normal
lung, and tung cancers. CDX2 transcript levels correlated well
with protein expression, evaluated by immunohistochemistry

tissue-specific expression of TTF-1 [30] and MGB1
(unpublished observations) in peripheral lung and
breast, respectively. Unexpectedly, both molecules
were expressed in pulmonary high-grade neuroen-
docrine carcinomas. Similar findings were obtained
by others [31,32]. Furthermore, ectopic expression of
c-kit and the stem cel! factor is common in small
cell lung carcinomas [33,34]. We suspect that aberrant
expression of these molecules is related to the nature of
this tumour, which is characterized by its undifferenti-
ated or primitive morphology. Shamblott et al reported
that human pluripotent stem cells derived from pri-
mordial germ cells simultaneously express markers of
neural, vascular, haematopoietic, muscle, and endo-
dermal lineages [35]. This is not an artefact of culture
conditions, because Akashi et @l have reported similar
multi-lineage expression in haematopoietic stem cells,
which were freshly prepared using Dynabeads and a
fluorescence-activated cell sorter [36). Expression of
lineage-specific molecules in pulmonary high-grade
neuroendocrine tumours may have some association
with the multi-lineage gene expression of stem cells.
The frequency of K-ras mutation in the present
study (14%) appeared to be low compared with that of
pervious studies, in which the mutation was detected
in about 30—40% of lung adenocarcinomas. This low

were high-grade neurcendocrine tumours {farge cell neurcen-
docrine tumors and smail cell lung cancers). Six of the 24
tumours (25%) were positive for CDX2. A representative
picture scoring 3+ is shown in the upper panel

frequency is not due to our RNA-based analysis,
because p53 mutation was detected with a prevalence
similar to previous studies using the same methods
and the same RNA samples (data not shown). There
may be ethnic or geographical differences in the
prevalence of K-ras mutation, because Hunt et al
reported an increased prevalence of the mutation in
African-Americans around the Mississippi river [37],
and a low frequency of K-ras mutation in Japanese
subjects has been reported previously by us [38] and
in other Japanese studies [3,39].

In summary, we have demonstrated that there is a
subset of lung adenocarcinomas that frequently show
expression of CK20 and CDX2, K-ras mutations,
and/or goblet cell morphology. These phenotypes are
commonly observed in other organs, suggesting that
adenocarcinomas with these features are one of the
prototypes that are independent of the organ of origin,
The study also calls the attention of surgical pathol-
ogists to CDX2 expression in lung adenocarcinomas.
Whereas CDX?2 expression is very high and uniform
in colorectal carcinomas, as reported previously, some
lung adenocarcinomas may express CDX2, In this
case, CK20 also tends to be positive, so that the differ-
ential diagnosis should be integrated with other find-
ings. In addition to lung adenocarcinomas, pulmonary
high-grade neuroendocrine tumours may also be pos-
itive for CDX2.

J Pathol 2004; 203: 645652
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Maspin expression in normal lung and non-small-cell lung cancers: cellular
property-associated expression under the control of promoter DNA

methylation
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Maspin has been demonstrated to be a suppressor of
invasion and cell motility in vitre, whereas in vivo analyses
have reported that increased expression of maspin is
associated with malignant behavior. The present study
examined maspin expression in normal lung and non-
small-cell lung cancers. Only proximal airway cells in the
normal lung expressed maspin, and the expression was
associated with decreased methylation. This association
was also observed in non-small-cell lung cancers, but the
expression was quite different among histologic subtypes;
20 of 21 squamous cell carcinomas showed intense,
uniform expression, whereas the expression status varied
among adenocarcinomas. Of the 119 adenocarcinomas, 60
were negative, 23 positive and 36 showed a heterogeneous
expression pattern. The expression was inversely corre-
lated with markers of peripheral airway cells. Taken
together, the results suggest that maspin may be expressed
in association with the proximal airway cell type. It is of
note that the heterogeneous expression pattern of maspin
is quite distinctive, showing geographic positivity in the
individual tumors, Separate analysis of methylation status
in positive and negative portions of individual tumors
provided an instance of intratumor diversity associated
with premoter DNA methylation.
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Introduction

The mammary serine protease inhibitor maspin was first
isolated by Zou ef al. (1994) as a defective molecule in
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breast carcinoma cells by differential display analysis.
Maspin exhibits significant homology to the serpin
superfamily of serine protease inhibitors, which includes
the plasminogen activator inhibitors 1 and 2 (PAI-1 and
PAI-2), and «1-antitrypsin. Recent analyses in vitro have
suggested an inhibitory effect on tumor invasion and
metastasis. Cell motility and invasion are inhibited with
transfection of the maspin gene into cancer cell lines,
and the transplantation of the transfectants in nude mice
led to reduced tumorgenicity and decreased metastatic
potential (Sheng et al., 1994; Zou et al., 1994; Sheng
et al., 1996; Zou et al., 2000). The mechanism underlying
maspin’s inhibitory activity remains controversial, but
recent reports suggested that it does not directly inhibit
matrix-degrading proteases, but rather functions as a
regulator of plasminogen-tissue-type plasminogen acti-
vator complex (Bass et al., 2002). On the other hand, it
has been shown that maspin has two consensus p53-
binding sequences in its promoter region, and p53
regulated maspin expression, indicating that maspin is
one of the target genes of pS3 pathway (Zou et al,
2000), Furthermore, maspin was shown to have an
inhibitory effect on tumor angiogenesis (Zhang et al.,
2000) and a sensitizing effect on apoptosis (Jiang et al.,
2002). Despite a tumor suppressing role in vitro,
clinicopathological analysis using in vivo tumors failed
to demonstrate the role, and maspin-expressing tumors
tend to show more malignant behavior, including
shorter survivals, in breast cancers (Umekita et al,
2002; Bieche et al., 2003), pancreatic cancers (Maass
et al., 2001) and ovarian cancers (Sood et al., 2002).
Promoter DNA hypermethylation is one of the
epigenetic mechanisms to silence certain genes. So far,
a number of genes have been shown to be inactivated by
this gene silencing (Jones and Baylin, 2002; Laird, 2003),
whereas the silencing was predominantly reported in the
cancer tissues, but not in normal tissues. Although the
involvement of DNA methylation in X-chromosome
inactivation (Mohandas et al, 1981) and genomic
imprinting (Li ef al, 1993) has been widely accepted,
tissue-specific regulation of gene expression in normal
tissues mediated by DNA methylation has long been
speculated. Recently, Futscher et al. (2002) first demon-
strated that the tissue-specific expression of maspin was
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controlled by DNA methylation. They described a close
correlation between maspin expression and the absence
of DNA methylation using various normal tissues, and
this expression in immortalized cells was restored by
treatment with 5-aza-2’-deoxycytidine. In addition to
normal tissues, the gene silencing of maspin was
observed in breast cancers (Domann et af., 2000; Maass
et al., 2002), suggesting a contribution to breast
carcinogenesis.

Lung cancers, especially adenocarcinomas, are char-
acterized by a high degree of morphological hetero-
geneity, which in turn implies both intra- and intertumor
diversitics. We have been interested in and have
analysed the diversities. Recently, we revealed that
thyroid transcription factor-1, TTF-1, serves as a lineage
marker for peripheral airway cells, including type I and
11 pneumocytes (Yatabe et al, 2002). Furthermore,
analysis of various cancer-associated genes, including
p53 (Nishio et al., 1997), cyclin D1 (Nishio et al., 1997),
RB (Nishio et al., 1997), p27%i®' (Yatabe et al., 1998b)
and COX1 (Yatabe et al., 1998a; Achiwa et al., 1999),
suggests a different molecular pathway for carcinogen-
esis in lung adenocarcinomas between cells with and
without TTF-1 expression. This result implies that one
of the intertumor heterogeneities of lung adenocarcino-
ma is represented by putative original cells, that is,
peripheral airway cell-derived carcinomas and the
others. This distinction is supported by the expression
profiling analysis (Bhattacharjee et al., 2001; Garber
et al., 2001). Unsupervised hierarchical clustering, based
on the molecular signature, classified lung adenocarci-
nomas largely into two subtypes, which were delineated
by TTF-1. The present study also focused on the
diversities. First, we confirmed cell-type-specific expres-
sion of maspin, and then we examined lung tumors,
revealing that maspin is expressed in a highly hetero-
geneous fashion in lung adenocarcinomas, similar to the
morphology. We found that the expression of maspin is
associated with cell type in lung tissue, while intratumor
diversity of maspin is associated with regional promoter
hypermethylation. There are few references in the
literature concerning DNA methylation associated with
the intratumor diversity (Graff ez al., 2000; Nass et al.,
2000; Markl er al., 2001), and this study therefore
provides new information regarding maspin expression,
which might shed light on the complex mechanism of the
metastatic process.

Results

Cell-type-specific expression of maspin in the normal lung

Tissue-specific expression, including airway epithelium,
has been previously reported (Futscher et al., 2002), but
there are various types of the epithelium covering airway
tracts. Therefore, we further examined which cell types
in the airway epithelium expressed maspin. Immunohis-
tochemical analysis demonstrated a characteristic ex-
pression pattern, and this expression was restricted to
the basal cells of the bronchial epithelium (Figure 1 (al))

Oncogene
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Figure 1 Maspin expression in normal lung tissue (a) from a
proximal airway (al) to peripheral lung parenchyma (ad). Basal
cells of the bronchial surface epithelium (al), and myoepithelium of
the bronchial glands (a2), expressed maspin. Positive signal
frequency was reduced as being close to the alveolar spaces
(bronchioles, A3), and no expression was detected in the alveolar
spaces (a4). Squamous cell carcinoma (b) demonstrates intense,
uniform expression, whereas the expression was varied among
adenocarcinomas. A similar positive pattern was seen in mucinous
bronchioloalveolar earcinoma (¢). However, an ordinary peripheral
type of adenocarcinoma is completely negative for maspin despite
the positive internal control for bronchial epithelium (d)

and myoepithelium of the bronchial glandular acini
{Figure 1 (a2)). This was in sharp contrast to the
peripheral portion of the lung parenchyma; none of the
cells in the peripheral lung, such as type I and II
pneumocytes, were positive for maspin (Figure 1 (ad)).
In the bronchiolar cells that connect the bronchus to the
peripheral lung, a number of maspin-expressing cells
were decreased (Figure 1 (a3)).

Maspin expression in lung cancers

Similar to the normal lung, a cell-type-specific pattern of
maspin expression was observed in non-small-cell lung
cancers (Table 1). All of the squamous cell carcinomas,
except a single case, expressed maspin intensively and
very uniformly (Figure 1b), whereas adenocarcinomas
demonstrated a variety of expression patterns (Figure lc
and d). Of the 119 adenocarcinomas, 60 (50.4%) were
negative for maspin, while 23 (19.3%) demonstrated a
uniform, and 36 (30.3%) a heterogeneous expression
pattern for maspin. The heterogencous expression
pattern of maspin was quite distinctive, and details are
discussed later.

Columnar cell-specific expression in normal lung
tissue prompted us to explore the biological significance
of maspin expression in pulmonary adenocarcinomas.
First, we examined the clinicopathological characteris-
tics of the magpin-positive adenocarcinoma, which is
summarized in Table 2. Although maspin expression
was not associated with sex, smoking status or



pathological stage, maspin expression was more fre-
quently observed in advanced local tumor status (pT).
In the scheme of lung cancer staging classification, pT is
determined by tumor size and an extent of local
invasion. Individual analysis of tumor size and local
invasiveness revealed that the correlation of maspin
expression with pT was primarily dependent on the
prevalence of maspin expression in larger tumors, but
not that of locally invasive tumors. In addition, the
presence of lymph node metastasis was independent of
maspin expression.

We have recently proposed the subclassification of
lung adenocarcinoma into two major subtypes of
peripheral airway adenocarcinoma and the remainder,
which are delimited by TTF-1. Interestingly, maspin
expression is inversely correlated with TTF-1 expres-
sion, being consistent with proximal airway-specific
expression of maspin in the normal lung. This was
confirmed by the expression status of surfactant
precursor protein B, which is known as a differentiation
marker for pneumocytes. p53 alteration is frequent in
maspin-expressing adenocarcinomas, and is also con-
sistent with less-frequent p53 alteration in TTF-1-
positive adenocarcinomas. Therefore, this suggests that
maspin is expressed in association with cellular type of
the nonperipheral airway epithelium even after malig-
nant transformation. Selective expression of maspin in
normal proximal airway cells suggests that maspin may
be expressed in association with proximal airway cell
type. The K-ras mutation is also prevalent in maspin-
expressing adenocarcinomas.

Table I Maspin expression of non-small-cell lung cancers

Maspin expression

Mostly  Heterogeneous — Mostiy

negative positive
Adenocarcinoma 60 36 23
Squamous cell carcinoma 0 1 20
Large cell carcinoma 0 1 2
Adenosquamous ca. 0 0 1

Maspin expression in lung cancers
Y Yatabe et af

Heterogeneous expression of maspin in fung cancers

During the examination, we found that the heteroge-
neous pattern of maspin expression was distinct from
the common expression pattern; the expression pattern
was very geographic, that is, a part of the tumor
intensely expressed maspin, but the other was comple-
tely negative (Figure 2). In 36 of the 119 adenocarcino-
ma cases examined, maspin expression varied among the
tissue-microarrayed cores in individual tumors. There-
fore, we further analysed with regular whole sections,
and confirmed the geographic expression of maspin in
36 adenocarcinoma cases. This heterogeneous expres-
sion appears to be inconsistent with the idea of proximal
airway-cell-type-associated expression of maspin, be-
cause characteristic uniform expression of TTF-1 was
observed in 25 of 36 adenocarcinomas with hetero-
geneous maspin expression (Table 2). On this matter,
following two points were addressed. First, we examined

the expression status of maspin in preneoplastic lesions -

and in situ carcinoma of a peripheral type of adeno-
carcinoma. All five atypical adenomatous hyperplasia
and five nonmucinous bronchioloalveolar carcinomas
(carcinoma in sétu) were positive for TTF-1, but negative
for maspin. Second, clinicopathological characteristics
of the heterogeneous expression among the TTF-1-
positive, peripheral airway cell-associated adenocarci-
nomas were examined. Heterogeneous expression was
associated with higher histologic grade (x* test, P=0.02)
and lower frequency of surfactant expression (Fisher’s
exact test, P=0.03), suggesting that maspin hetero-
geneity was prevalent in less-differentiated tumeors in the
category of peripheral airway cell-associated adenccar-
cinomas. These findings imply that maspin should be
considered as a differentiation marker rather than a
lineage marker.

Characteristics of maspin-positive portions in the
individual tumors were then analysed. Although there
was some unexpected expression, two morphologically
characteristic portions tended to be positive for maspin:
a portion showing solid growth pattern (Figure 2b),
and a portion with infiltrating cancer cells in small
clusters (Figure 2d). Some adenocarcinomas contained
either solid or infiltrating patterns, while the other

Table 2 Clinicopathologic features of adenocarcinoma in relation to maspin expression

Muspin expression

Negative Heterogeneous Positive P-vafue

n 60 36 23
Female/male 35/25 16/20 11/12 (.38
Smoker/nonsmoker 3327 16/20 7/16 .12
pStage (Stage 1/ Stage I} 40/20 18/18 15/8 1.00
pTl/>pTl 32/28 10/26 7/16 0.02
Size <30mm/>30mm 44/16 18/18 9/14 <0.01
Local pieural invasion 41/19 19/17 16/17 0.25
pNO/>pNO 41119 23/13 15/4 0.30
TTF-1 +/- 52/3 25/11 4119 <0.01
SPPB +/- 46/14 16/20 4119 <0.01
p53 wild typefmutated 38/18 25/10 8/13 0.03
K-ras wild type/mutated 532 32/3 15/6 <0.01
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simultaneously had both patterns. It is of note, however,
that maspin expression was not always associated with
these features of tumor growth, in that not all of the
invasive portions and/or solid portions were positive for
maspin (Figure 3). The portions with and without the
expression were morphologically indistinguishable. The
findings raised a question about which portion was

Figurc2 (a) Representative case with heterogencous expression of
maspin, Gross appearance demonstrates a characteristic geo-
graphic pattern of expression (a). The solid growth area shows
intense, uniform positivity for maspin (b) and the tubular growth
area is completely negative (¢). In part, infiltrating cancer cells in
small clusters are intensely positive for maspin (d)

Status of invasive portion in
primary turmors
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L

-

- k]

Lndin

associated with metastasis. We therefore compared the
expression pattern between primary and metastatic sites
in order to ascertain the role of maspin in metastasis. Of
the 36 adenocarcinomas with heterogeneous expression,
13 tumors metastasized to the lymph nodes, with only 12
able to be examined. The results are summarized in
Figure 3, and the expression status in half of the 12
tumors was decreased compared to that of the
corresponding lymph nodes.

Maspin expression associated with promoter DNA
methylation

The relationship between the expression and methyla-
tion status was examined in lung cancer cell lines. The
promoter region of the maspin geme was densely
methylated in five of 13 cell lines (Table 3 and
Figure 4). All of the five cell lines showing dense
promoter methylation were shown to be negative for
maspin expression using real-time PCR. Conversely, all
of the cell lines without detectable transcripts demon-
strated promoter methylation, except for two cell
lines, ACC-LC-172 (SCLC) and VMRC-LCD (adeno-
carcinoma).

In the normal tissues, no expression was observed in
the peripheral lung and, consistently, the promoter
region of the maspin gene in the tissues was densely
methylated. Methylation of the six peripheral lung
tissues reached 89.6% on average. Similarly, 91.5% of
CpG sites examined were methylated in lymph nodes,
where no maspin expression was detected. In contrast,
percentage methylation of microdissected bronchial

Figure3 Summarized results of the comparison of expression status between primary and metastatic sites in cases with heterogeneous
expression and lymph node metastasis. Half of the tumors showed an identical or increased expression pattern between primary and
metastatic sites, whereas decreased expression in metastatic sites was observed in the other half. Three representative pictures (a—<) of
maspin expression in primary tumors (left, labeled as primary) and the corresponding lymph nodes (right, labeled as LN) are displayed.
Arrows indicate maspin-positive (closed) and -negative (open) tumor cells .
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Table 3 Summary of methylation status with bisulfite genomic sequencing

N Expression % Methylation
Cell lines* Muauspin mRNA[I8s rRNA
Small cell carcinoma 3 0/2/0° 0/0/100¢
Adenocarcinoma 4 232291171 0/0/0/0
Adenocarcinoma 2 0/0 95/0
Squamous cell carcinoma 3 0/0/11 90/98/0
Large cell carcinoma 1 0 58
Normal tissues THC resuits :
Peripheral lung 6 Almost negative 85/88/88/90/92/95
Bronchial epithelium 2 Positive in basal cells 32/43
Lymph node 2 Completely negative 91/92
Tumors IHC results
Squamous cell carcinoma 6 Mostly positive 1/1/1/2/3/4
Adenocarcinoma 6 Mostly positive 0/0/1/7/23/18
Adenocarcinoma 7 Mostly negative 0/34/35/46/65/91/98
Adengcarcinoma 3 Positive portion 23137
Negative portion 46/39/71

*Cell lines used include ACC-LC172, ACC-LC80, SK-LC2 for SCLC, SK-Lu-1, ACC-LC319, RERF-LC-MT, SK-LC3 for AD-mRNA positive,
ACC-LC%4, VMRC-LCD for AD-mRNA negative, RERF-LC-AI, SK-MES!, QG356 for squamous cell carcinoma, and Calué for large cell
carcinoma. ®In order corresponding to that listed in footnote a. *In order corresponding to that in column expression. *Positive and negative
portions are separately displayed from case 1-3
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Figure 4 Relationship between promoter DNA methylation and expression status in normal lung tissue, lung cancer cell lines and
non-small-cell carcinoma in vive (a). Lines in the chart between positive and negative expression indicate the shift in methylation
patterns between positive and negative portions in individual cases with heterogeneous expression, which were examined separately. A
representative frozen section examined is shown (b). Positive and negative portions were separately microdissected and examined.
Representative results are listed in {c)
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epithelium from two individuals was 32.3 and 43.1%.
Bronchial epithelium was only a part of the lung tissue
that expressed maspin, but the expression was limited to
the basal layer. The whole layer of bronchial epithelium
was able to be microdissected, and thus, the results
represented the methylation status of mixed bronchial
epithelium with and without maspin expression. These
results indicated that methylation and expression are
well correlated, suggesting cell-type-associated promoter
DNA methylation. '

We then examined the correlation of expression and
methylation status in tumors in vive (Table 3). As in
normal tissue, six of the squamous cell carcinoma and
six adenocarcinomas with uniform maspin expression
had almost no methylated CpG sites in the promoter
region of maspin gene (2.0 and 8.2% on average,
respectively). Methylation patterns in seven adenocarci-
nomas without maspin expression were contrasted, and
the promoter region was methylated in six of the seven
tumors. In three adenocarcinomas with heterogeneous
expression, portions with and without maspin expres-
sion were separately microdissected, and the methyla-
tion status was independently accessed. The portions
without detectable maspin expression contained a more
intensely methylated promoter than that with maspin
expression (Figure 4). The results suggested that the
expression of maspin was correlated with methylation
status both between and within tumors.

Discussion

The current study demonstrated that maspin is not
expressed in the lung parenchyma, but specifically in
bronchial epithelium, of which basal cells were the
predominant source of expression. As promoter DNA
methylation in the bronchial epithelium was contrasted
to that in lung parenchyma, this suggests that the
expression is associated with promoter DNA methyla-
tion. This observation extends the finding of Futscher
et al. (2002) that promoter hypermethylation plays a
role in the maintenance of cell-specific expression.
Differences in whole genomic methylation patterns
among various tissues with restriction landmark geno-
mic scanning (Kawai et al.,, 1993) also supports the
hypothesis.

It has been widely accepted that promoter DNA
hypermethylation is one of the mechanisms that
inactivate tumor suppressor gene. Although maspin is
frequently documented to function as a tumor suppres-
sor in vitre, current work suggests that the expression
status of maspin in non-small-cell lung cancers is
reflected in its expression in corresponding normal lung
tissues. Selective expression of maspin in normal
proximal airway cells suggests that maspin may be
expressed in association with proximal airway cell type.
Indeed, uniform expression of maspin in squamous cell
carcinoma is consistent with the idea that squamous cell
carcinoma is likely to be derived from proximal airway
cells through the metaplasia—dysplasia—carcinoma
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sequence. We have recently reported that TTF-1 is
useful for the distinction of peripheral airway cell-
derived adenocarcinomas (Yatabe et al., 2002). The
expression status of TTF-1 is inversely correlated with
that of maspin in adenocarcinomas, suggesting that
maspin expression is not associated with the role of
tumor suppressor, but that simply is a reflection of the
cell type of the proximal airway cells. This may explain
the discrepancies between several reports examining
tumors in vive and suggesting a role in vitro. For
example, in breast cancers, two articles have reported
that maspin expression is associated with a higher
histological grade, lack of estrogen receptor expression
and poor prognosis (Umekita et al., 2002; Bieche et al.,
2003). Nevertheless, breast cancer cell lines, which were
transfected with the maspin gene, suppressed motility
and invasion in vitro (Zou et al., 1994; Sheng et al,,
1996). Linkage of the discrepant findings may be present
in the fact that maspin expression is restricted to the
basal/myoepithelium of the ducts in the normal breast.
According to the molecular profiles, cDNA microarray
analysis subdivides breast cancers into three subtypes,
which include luminal, basal and ERBB2* types (Perou
et al., 2000; Sorlie et al., 2003). One of the subtypes, the
basal cell type, is characterized by (1) high expression of
the basal cell markers, cytokeratin 5 and 17; (2) negative
expression of estrogen receptor and progesterone; and
(3) clinical aggressiveness. Although the expression
status of maspin is not available in the classification,
the characteristics of this basal cell type resembles those
of maspin-expressing tumors, suggesting that maspin
expression in breast cancers may also be simply reflected
in certain cellular properties rather than tumor-suppres-
sive function of maspin. This hypothesis does not deny
the finding observed in vifro and, indeed, maspin
expression was decreased in metastatic cancer cells in
the lymph nodes, as shown in this study.

Another point of interest is that intratumor hetero-
geneity is partly mediated by promoter DNA methyla-
tion. We have previously reported that the allelic loss of
2q, 9p and 22q, which are associated with the advanced
stage of tumors, varied in individual tumors, and that
the diversity is related to morphological tumor grade
(Yatabe et al., 2000). The present study revealed that
gene silencing by DNA methylation is another con-
tributor to intratumor heterogeneity. In general, DNA
methylation is stable and inheritable over cell divisions.
However, selective pressure during the tumor progres-
sion may alter the pattern. Indeed, a reversible shift in
methylation pattern between monolayer and spheroid
culture has been reported (Graff et al., 2000). A recent
article by Kang et al. (2003) proposed the hypothesis
that metastasis is enhanced by intratumor clonal
diversity superimposed on a background of poor-
prognosis signature property.

Infiltrating cancer cells to the stroma in small clusters
are conceivable as a source of metastasis. In the current
study, when the expression status is compared between
the clusters and metastatic cancer cells, decreased
expression is observed in half of the cases with
heterogeneous expression and lymph node metastasis.



This is compatible with the results in vitro that maspin
functions as an invasion suppressor, However, in
another comparison with a low-grade lesion and the
infiltrating portion of individual tumors, the infiltrating
portion expressed maspin. These findings appear to be
in conflict. A similar complex issue was addressed by
Graff et al. (2000). E-cadherin is known to be
heterogeneously expressed throughout all stages of
malignant progression, including primary and meta-
static tumors. They revealed a drift in methylation
pattern of E-cadherin between monolayer and spheroid
culture in vitro, suggesting a dynamic, reversible process
of methylation in tumors. Based on the results, they
speculated that a portion of tumor cells with decreased
E-cadherin expression preferentially infiltrate to the
stroma and metastasize to the lymph nodes. This is
followed by an expansion of the E-cadherin-expressing
portion in lymph nodes to survive in the microenviron-
ment, because restoration of E-cadherin facilitates
proliferation and cell survival through cell-to-cell inter-
action (Day et al., 1999). Thus, the status in lymph
nodes appears heterogeneous. Maspin may follow a
similarly complex scenario. Alternatively, different
processes may be involved between heterogeneous
maspin expression in tumors and decreased expression
in lymph nodes. Preferential expression of maspin in
high histological grade tumors and in solid/infiltrating
portions in individeal tumors suggests the following
hypothesis. Generally, maspin is expressed in accor-
dance with the cell type. As tumors progress, the
methylation maintenance system is impaired, and it
alters some expression, including maspin, that results in
increased heterogeneity in the individual tumors. Then,
metastatic clone(s) is selected among the heterogeneous
cell population according to its metastatic potential, and
metastasizes to lymph nodes. This explains the findings
obtained, and lack of expression in preneoplastic and in
situ lesions of the peripheral type of adenocarcinoma
supports the hypothesis.

Maspin is one of the target genes of the p53 pathway.
It has been shown that mutated p53 lacks an ability to
induce maspin (Zou et al., 2000), and that restoration of
wild-type p53 and inhibition of DNA methylation by 5-
aza-doxycytidine treatment reactivate maspin expres-
sion (Oshiro et al, 2003). In the current study,
correlation between maspin expression and p53 status
in lung cancers was not clear, and the expression status
of maspin was not affected by p53 status in cases
without promoter methylation. This implies that cell-
type-specific expression of maspin might function
differently from induced maspin that is mediated by
p53. However, two cell lines and a case of adenocarci-
noma, showing a negative expression of maspin (despite
no promoter hypermethylation), exhibited mutated p53.
p53 may modulate the expression in some occasions. In
contrast, K.ras status was associated with maspin
expression in lung adenocarcinoma. It has been reported
that mucinous bronchioloalveolar carcinoma (BAC)
preferentially harbors a K-ras mutation (Tsuchiya
et al., 1995; Marchetti et al., 1996). Mucinous BAC is
composed of neoplastic cells resembling goblet cells,
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which are present in the proximal airway tracts in the
normal tissue. Although the mucinous BAC spreads
over the peripheral lungs in a manner similar to lepidic
growth, a marker of peripheral airway cells, TTF-1, is
mostly negative (Goldstein and Thomas, 2001; Lau
et al, 2002), suggesting proximal airway-associated
tumors of mucinous BAC. Therefore, prevalence of K-
ras mutations in maspin-positive adenocarcinoma might
represent maspin expression in association with cell type
of proximal airway cells.

It is of no doubt that the accumulation of genetic and
epigenetic alterations generates a tumor. The alterations
are not always the same among a certain group of
tumors. Indeed, a metastatic tumor is categorized as
being adjacent to the primary tumor among any other
tumors with unsupervised hierarchical clustering of
expression profiles. The current study used a cross-
sectional analysis to illustrate the difference in methyla-
tion patterns in individual tumors. The analysis gives the
ability to reveal real differences independent of the
background of the alterations. The analysis can be
applied to various methods, including chromatin im-
munoprecipitation and expression profile analysis, and
the results may shed light on complex phenomena in
tumors in vivo.

Materials and methods

Patients

A series of 145 consecutive, non-small-cell carcinoma cases
presenting between September 2000 and December 2002 at the
Department of Pathology and Molecular Diagnostics, Aichi
Cancer Center, Nagoya, Japan were used for the present study.
In addition, five cases of atypical adenomatous hyperplasia
and five cases of nonmucinous BAC were examined to
determine the expression status in premalignant and in situ
neoplasia. Pathological staging was determined according to
the ATCC Cancer Staging Manual (Greene ef al., 2002).

Tissue microarray

In order to represent a whole tissue, four regions were selected
per tumor, and tissue microarrays were constructed with an
MTA-1 manual tissue arrayer (Beecher Instruments, Inc.,
Silver Spring, MD, USA). Briefly, selected regions of the
donor paraffin block were punched with a 0.6 mm core needle,
transferred and arrayed in the recipient block using the
arrayer. Serial 4 um thick sections were then placed on coated
glass slides for immunohistochemical analysis.

Immunohistochemistry

Immunohistochemical examination was performed with the
standard avidin-biotin-peroxidase complex method using the
monoclonal antibodies against maspin (G167-70, BD
Bioscience Pharmingen, San Diege, CA, USA), TTF-1
(3G7G3, DAKO, Copenhagen Denmark) and surfactant
precursor protein B (19H7, Novocastra, Newcastle upon
Tyne, UK). Antigens were retrieved by autoclave. Some of
the tissue cores, which were missing during the procedure, or
unable to be evaluated, were excluded from the analysis. Each
core stained was evaluated semiquantitatively for the following
criteria. A greater than moderate intensity. of signal was
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considered as positive, and the proportion was scored as
0=negative, 1==less than 50% positive tumor cells and
2 =equal to or more than 50% positive tumor cells. Averaged
scores were caleulated, and each case was categorized into
'mostly positive’ when the averaged score was more than or
equal to 1.75, 'mostly negative’ when less than or equal to 0.25
and ‘heterogeneous’ when the score was greater than 0.25 and
less than 1.75. The expression status in all cases in the
hctcrogeneous category and 15 cases each of the mostly
positive and mostly negative category was verified with
staining of the corresponding whole sections.

Relative quantification by real-time RT-PCR

Total RNA was extracted from 13 cell lines, and first-strand
c¢DNAs were synthesized using Superscript II (Invitrogen,
Carlsbad, CA, USA) and random hexamer primers (Roche
Applied Science, Alameda, CA, USA). Real-time quantitative
PCR amplifications were performed with the Smart Cycler
system (SC-100, Cepheid, Sunnyvale, CA, USA). The reac-
tions were carried out using the QuantiTect SYBR Green PCR
kit (Qiagen, Valencia, CA, USA). In cach reaction, standard
samples were diluted up to 1/1000 with cDNA from a lung
cancer cell line, selected in preliminary experiments for each
gene, and were run with unknown tumor samples. Finally,
relative quantitative values from each sample were compared
to their 18s TRNA values.

Mutation status of p53 and K-ras

Frozen tissue of the tumor specimens was grossly dissected to
enrich for the tumor cells and to extract total RNA with the
RNeasy kit (Qiagen). Using a standard RT-PCR procedure,
exon 4 to exon 10 of the p33 gene was amplified, and the
products directly sequenced with an ABI PRISM 310 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA). When
no mutation signals were obtained, the result was confirmed by
a functional assay in yeast (Ishioka et al., 1993; Waridel et al.,
1997). When more than 10% of red colonies or significant
deviation of the split assay using pWF35 and pFW34 were
observed with the functional assay, RNA was re-extracted
from tumor cells removed with a laser-captured microdissec-
tion system (PixCell-II, Arcturus, CA, USA), and the products
of RT-PCR were sequenced. Using the same RNA as the p53
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mutational analysis, the K-ras mutation was examined with
direct sequencing.

Analysis of methylation status

Methylation status of the maspin promoter was examined in
representative cases, including eight cases with uniformly
positive expression, five cases with completely negative
expression and three cases with heterogeneous expression,
where the positive and negative portions were analysed
separately. Genomic DNA was microdissected from frozen
tissues mounted in OCT compound, to ¢nsure that over 90%
of the extract was derived from tumor cells, using a laser
captured microdissection system. Then, bisulfite genomic
sequencing was performed as previously described (Yatabe
et al., 2001). Briefly, converted DNA was amplified with
maspin-specific primers based on the sequence obtained from
Genebank (Accession NT_033907). The PCR product con-
tained 13 CpG sites, was 153 bp downstream from an Mspl site
(Zou et al., 1994; Futscher et al., 2002), and the product was
located between the p53 binding site 1 and 2 (Zou et al., 2000).

The primer sequences were: forward, 5-TGTTAA-
GAGGTTTGAGTAGGAGAGG-Y  and  reverse, &5'-
CCCACCTTACTTACCTAAAATCACAAT-Y. Amplified

products were cloned (TOPO TA cloning kit, Invitrogen,
Carlsbad, CA, USA), and five or more clones per case were
sequenced. The averaged percentage of CpG sites was
considered for methylation status of the case or tumor portion.

Statistical analysis

The ¥? test for independence and unpaired r-test compared
incidences of maspin expression and frequencies of clinico-
pathologic variables. A P-value below 0.05 was considered
statistically significant.
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Individualized outcome prediction classifiers were success-
fully constructed through expression profiling of a total of
8644 genes in 50 non-small-cell lung cancer (NSCLC)
cases, which had been consecutively operated on within a
defined short period of time and followed up for more than
5 years. The resultant classifier of NSCLCs yielded 82%
accuracy for forecasting survival or death 5 years after
surgery of a given patient. In addition, since two major
histologic classes may differ in terms of outcome-related
expression signatures, histologic-type-specific outcome
classifiers were also constructed. The resultant highly
predictive classifiers, designed specifically for nonsqua-
mous cell carcinomas, showed a prediction accuracy of
more than 90% independent of disease stage. In addition
to the presence of heterogeneities in adenocarcinomas, our
unsupervised hierarchical clustering analysis revealed for

the first - time the existence of clinicopathologically’

relevant subclasses of squamous cell carcinomas with
marked differences in their invasive growth and prognosis.
This finding clearly suggests that NSCLCs comprise
distinct subclasses with considerable heterogeneities even
within one histologic type. Overall, these findings should

advance not only our understanding of the biology of lung - -

cancer but also our ability to individualize postoperative
therapies based on the predicted outcome.
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Introduction

Lung cancer is the most prevalent and deadly cancer in
economically developed countries. In the US, more than
170000 people die annually due to lung cancer, while
Japan is facing a continuing and steep increase in lung
cancer deaths with loss of more than 51000 lives
annually. Lung cancers are classified into two major
groups, small-cell Jung cancer and non-small-cell lung
cancer (NSCLC), based on their clinicopathologic
characteristics. Owing to the considerable differences
in their etiologies, genetic and epigenetic changes and
clinicopathologic features, NSCLCs are often further
subgrouped into two major categories, that is, squamous
cell carcinomas and nonsquamous cell carcinomas
(Minna et al., 1997; Osada and Takahashi, 2002).

Surgical resection gives the best hope for a cure for

NSCLC cases, which comprise 80-85% of lung cancers.
Unfortunately, however, their long-term survival rate
remains unsatisfactory and no more than 50% of the
cases that have successfully undergone potentially
curative resection can survive for 5 years after opera-
tion. The TNM classification according to tumor size,
extent of nodal involvement and the presence or absence
of distant metastasis is routinely used as a prognostic
tool, .but it only provides information about what
percentage of cases at a particular disease stage, which
a given patient belongs to, can be expected to be alive
at specific postoperative time points. Although various
genetic and epigenetic changes of cancer-related genes
have been identified and examined in the search for
clinically relevant prognosticators, no single variable
thus far evaluated has proven to be sufficiently
predictive to-accurately forecast a patient’s outcome
(Slebos et al., 1950; Hono et al., 1993; Mltsudorm et al.,

2000).

Recent rapid progress in m1croarray technology has
made it possible to analyse gene expression profiles on a
genome-wide basis in order to search for molecular
markers for cancer classification and outcome predic-
tion (Golub er al, 1999; Alizadeh er al., 2000; Perou
et al., 2000; Khan et al., 2001; Pomeroy et al., 2002; Ye
et al., 2003). While lung cancers are known to be very
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heterogeneous in various aspects as clearly mentioned,
recent expression profiling studies have shown the
presence of several subclasses with distinct expression
profiles not only among NSCLC but also and specifi-
cally among adenocarcinoma (Bhattacharjee et al., 2001;
Garber et al., 2001; Beer et al.,, 2002; Virtanen et al.,
2002). However, the existence of clinically relevant
subclasses of squamous cell carcinomas in terms of
expression profiles has not been detected thus far, while
development of an individualized outcome classifier is
eagerly awaited in the hope of implementing tailor-made
treatments for this fatal disease.

In the study presented here, a consecutively operated,
well-defined cohort of 50 NSCLC cases, followed up for
more than 5 years, was used to acquire expression
profiles of a total of 8644 unique genes, leading to the
successful construction of supervised learning method-
based individualized outcome prediction classifiers with
high accuracy. In addition, the identification by means
of unsupervised hierarchical clustering analysis of two
distinct subclasses of squamous cell carcinomas with
interesting histologic distinctions - and a significant
difference in their prognosis is also reported.

Results

Unsupervised hferarchz‘cal clustering of NSCLCs

We first applied unsupervised hierarchical clustering
algorithm to a comparison of gene expression profiles of
50 NSCLC cases using the filtered 900 spots correspond-
ing to 829 unique genes that had passed our filtering
procedures. The resulting clusters recapitulated the
distinctions between weli-established histologic classes
of NSCLCs, that is, squamous cell and nonsquamous
cell carcinomas (Figures la—f), and the results of
immunohistochemical analysis of TTF-1 and cytoker-
atin 7 (KRT7) expression, which used tissue microarrays
containing all of the cases examined in this study, were
consistent with those of the cDNA ‘microarray analysis
(data not shown). We noted that squamous cell
carcinomas formed a more discrete cluster than non-
squamous cell carcinomas, demonstrating the generally
strong expression of several well-accepted differentia-
tion markers of squamous epithelium including cytoker-
atins 5.and 13, S100A2 and galectin 7 (LGALS7)
(Figure 1d) (Magnaldo et al., 1998; Chu and Weiss,
2002). Markedly high-level expression of small proline-
rich proteins such as SPRRI1B and SPRR2C was also

generally observed in squamous cell carcinomas (Hu -
et al, 1998). While squamous cell carcinomas were -

clustered as a large single cluster, there appeared to be
two major subclasses of squamous cell carcinomas in
relation to the gene expression profiles, and the
distinctions between the two subclasses could be even
more clearly illustrated in the separate hierarchical
clustering analysis of squamous cell carcinomas (data

" not shown). Squamous cell carcinoma cluster 1 (SQ1) -

expressed a characteristic set of genes that are related to
extracellular matrix proteins, including fibronectin and

Incogene

various collagen subunits such as o2(0) and «I{II)
(Figure 1£), as well as those related to DNA replication
and cell proliferation including ARAF1 and EPHAI
(Figure le) (Shelton er al., 2003; Walker-Daniels ez al.,
2003). Interestingly, - patients belonging to the SQI
cluster had a significantly poorer prognosis after
potentially curative resection than those of SQ2
(Figure 2a, P=0.013 by log-rank test). Another
prominent distinction between SQ1 and SQ2 was their
growth patterns. Seven of the eight (88%) cases of SQ1
showed an infiltrative growth pattern with dense fibrous
stroma in contrast to lack of these features in six of the
seven SQ2 tumors (P=0.010 by Fisher’s exact test),
which showed a rather well-circumscribed, expansive
growth pattern. with inconspicuous keratinization
(Figure 2b).

Adenocarcinomas, a major fraction of nonsquamous
cell carcinomas, also appeared to be subclassifiable into
two major groups according to their expression profiles:
adenocarcinoma cluster 1 (ADI) clustered together with
squamous cell carcinomas, and AD2, 3 and 4, which
formed another distinct cluster.- Of the latter subclass,
AD3 most - typically - showed strong expression of
peripheral lung cell markers including TTF-1 (TITF1),
SP-C (SFTPC) and SP-A (SERPA2) (Figure 1b)
(Yatabe er al., 2002). Patients belonging to the AD3
cluster were predominantly female nonsmokers with a
well-differentiated adenocarcinoma. In addition, 80%
(eight of 10) of the AD3 cases were female subjects in
contrast to 29% (six of 21) in non-AD?3 adenocarcinoma
clusters (P=0.018, Fisher's exact test), while well-
differentiated tumors were more frequent in AD3
{60%) cases than other adenocarcinoma clusters (14%)

(P=10.015 by Fisher’s exact test). A total of 70% of the -
AD?3 cases were found to be nonsmokers, and this ratio '

was considerably higher than that for non-AD3 clusters
(38%), which in fact contained significantly more heavy
smokers (>20 pack years) than AD3 (P=0.046 by
Fisher’s exact test). In marked contrast, AD1 showed
low-level expression of peripheral lung markers such as

TTF-1 and SP-C ‘and to some extent shared gene -

expression profiles with squamous cell carcinomas,
although they were still clearly distinct. Tumors
corresponding to AD2 characteristically showed a
strong expression of a number of expressed sequence
tags (ESTs), whereas expression of the same set of ESTs
was found to be distinctly reduced in AD4 as well as
5Q!, suggesting that characterization of these ESTs may
shed light on the biology of these tumor subclasses
(Figure 1c).

Construction of a survival prediction model for NSCLCs

In order to develop an individualized outcome predic-
tion classifier, we used a signal-to-noise metric first to
select genes that most clearly distinguished prognosis-
favorable from fatal patients. The unsupervised hier-
archical clustering algorithm using the top 100 spots
corresponding to 98 unique genes yielded two major

branches representing those with favorable and fatal.

prognosis (Figure 3a). Of the 21 patients in the left or
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Figure 1 Hierarchical clustering defining subclasses of NSCLCs. (a) Dendrogram of two-dimensional hierarchical clustering analysis
of the 900 filtered genes across 50 samples of NSCLCs. The expression index for the transcript sequences (rows) in the samples
(columns) is indicated by a color code (see expression index in the bar at the bottom of this figure). (b) A cluster of genes with high
relative expression in adenocarcinomas. (¢) A gene cluster relevant to AD2. (d) A cluster of genes highly expressed in squamous cell
lung carcinomas. (e, f) Cluster of genes with high-level expression in SQ1. (g) Histopathologic grade (orange, poor; yellow, moderate;
green, well). (W) Mitotic indices (green, less than 10 in 10 high-power field; yellow, 10—40 orange, over 40). (i) Estimated nucleated

tumor content (yellow, 50~74%; orange, more than 75%)

‘favorable’ branch, 19 had survived 5 years after
surgery, while 15 of the 29 cases in the right or ‘fatal’
branch had died within 5 years after surgery. Their
Kaplan—Meier survival curves showed a statistically
significant difference (Figure 3b, P =0.0025, log-rank
test).

Since the ultimate aim was the development of an
individualized outcome prediction classifier, we next
applied a supervised learning method. To this purpose, a
weighted-voting oOutcome * classifier was ™~ constructed
based on the predictive genes, which were preselected
using a signal-to-nois¢ metric. The learning errors for
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Figure 2 Clinicopathologic distinctions between the SQT and SQ2
clusters. (a) Kaplan—Meier survival curves of SQl and SQ2
showing a significantly different prognosis. (b) Representative
morphologies of tumors in the SQ! and SQ2 clusters. Tumors
belonging to the SQI cluster frequently exhibited invasive growth
to surrounding normal lung tissues with active stromal reaction
{SQI1-i), while prominent keratinization was a characteristic of SQ1
(8Q!1-ii). Tumors of the SQ2 cluster were generally well circum-
scribed due to their expansive growth ($Q2-i), and minimal stromal -
reaction is observed in this type. In addition, keratinization and -
nuclear pleomorphisms were inconspicuous i tumors of SQ2

(SO2-i)

each model, to which increasing numbers of the

preselected predictive genes were applied, calculated

with the leave-one-out cross-validation method. Tle
weighted-voting model using 25 predictive genes showed
the highest accuracy for the prediction of an individual's
outcome (Figure 4a), that is, in 41 of 50 (82%) cases.
The 25 genes used for constructing the outcome
classifier of NSCLCs are listed in Table 1. With this
classifier, 27 of 33 (82%) cases, who actually had
survived longer than 5 years after surgery, were judged
to have a ‘favorable’ prognosis, while 14 of the 17 (82%)
patients who had died within 5 years were correctly
predicted as having a ‘fatal’ outcome (Figure 4b).
Survival curves of the patients with ‘favorable’ and
‘fatal’ predictions are plotted in Figure 4c¢, showing a
significant difference between the groups
(P=60x10"%. We also employed other supervised
learning algorithms, including the support vector
machine and k-nearest neighbors, using increasing

numbers of -genes as mentioned above. Although .

accuracies of these models were comparable to that of
the weighted-voting outcome classifier, . the . latter
achieved the highest accuracy (data not shown).
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Figure 3 Unsupervised hiecarchical clustering of 5¢ NSCLCs
according to the expression of top 100 genes by signal-to-noise

. metric, which distinguish fatal and favorable prognosis. (a) Two-
dimensional hierarchical with the top 100 predictive genes. (b)
Kaplan-Meier survival curves for favorable versus fatal groups of
50 samples characterized by hierarchical clustering using the top
100 predictive genes

Construction of the survival prediction models specific for
squamous or nonsquamous cell carcinoma cases

It is generally accepted that squamous cell and
nonsquamous ~ ¢ell carcinomas are distinct disease
entities in terms of their clinicopathologic features as
well as their etiologies (Minna et al., 1997; Osada and
Takahashi, 2002). This concept has been supported by
the presence of clearly discriminating expression profiles
for these two tumor types (Bhattacharjee et al., 2001;
Garber et al., 2001; Kikuchi et al., 2003). We therefore
constructed outcome prediction classifiers specific for
each tumor subtype by using the weighted-voting
algorithm and the predictive genes for each subtype
selected by signal-to-noise metric. Leave-one-out cross-
validation of the classifiers with increasing numbers of
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Figure 4 Results of outcome classification by the weighted-voting
algorithm using genes preselected with the signal-to-noise metric.
(a) Search for optimum number of genes for outcome classification.
{b) Assessment of the outcome classifier using weighted voting
algerithm. Open (O) and closed circles (») indicate patieats alive 5
years after surgery, while open (A) and closed triangles (A)
correspond to patients dead within 5 years after surgery. Open
marks (O and A) indicate 50 samples used for leave-one-out cross-
validation, while closed marks (o and A) indicate additional
blinded samples used for independent validation. (¢) Kaplan-Meier
survival curves for the favorable and fatal groups in 50 NSCLC
cases predicted by the weighted-voting outcome classifier

Profile-based outcome prediction for fung cancer
S Tomida et al

the higher-ranked predictive genes yielded the highest
accuracies with 12 genes for nonsquamous and 19
genes for squamous cell carcinomas (Tables 2 and 3).
Results showed that patients’ outcome 35 years after
surgery were cortectly predicted for 31 of 34 (91%)
nonsquamous cell carcinoma cases (Figure 5a). Of the
25 cases judged as having ‘favorable’ prognosis, 23
(52%) had indeed survived 5 years after surgery,
whereas only one of nine (11%) patients predicted as
being ‘fatal’ had survived for 5 years. The differences
between survival curves of the 25 patients with the
‘favorable’ and the nine cases with the ‘fatal’ prediction
were highly significant (Figure 5b, P=24x10"". In
the case of squamous cell carcinomas, the weighted-
voting model successfully predicted 5-year outcome for
15 of 16 (94%) patients (Figure 5c). Eight of eight
(100%) samples judged as being ‘favorable’ had
survived 5 years after surgery, while seven of eight
(883%) samples predicted as being ‘fatal’ had actually
died within 5 years. Survival curves based on these
predictions showed highly significant differences be-
tween the favorable and fatal groups (Figure 5d,
P=33x10"9).

It was noted that the 12 and 19 genes, which were
used to construct the respective outcome classifiers for
nonsquamous and squamous cell carcinomas, did not
show any overlaps, and histologic-type-specific outcome
classifiers contained only two genes each of the top 100,
signal-to-noise-preselected genes of the other type of
NSCLCs.

Confirmation of the robustness of the classifiers by using
an independent blinded validation dataset as well as by
random permutation tests

To validate the prognosis classifiers described here, we
analysed an additional independent set of six NSCIL.C
cases, three nonsquamous and squamous cell carcino-
mas each, in a completely blinded fashion. The outcome
classifier for both types of NSCLCs correctly predicted
the disease outcome in five of the six cases, including the
death of a patient with a stage I tumor (Figure 4b). The
outcome classifier for nonsquamous cell carcinomas
accurately predicted both deaths and one survival
(Figure 5a). The outcome classifier for squamous cell
carcinomas correctly predicted the outcome for one of
the three cases (Figure 5c).

We also performed permutation tests to determine
whether the gene sets used in the outcome classifiers

were robust, and found highly significant results.

(£<0.0001 in all three classifiers). Through permutation
tests analysing 10000 datasets with permutated class
labels, it was shown that outcome classifiers performing
with equal or higher accuracy for the initial dataset as
well as for the validation dataset could not be obtained

by chance association in either NSCLCs (P =0.0104) or..

in nonsquamous cell carcinomas (P =0.0055). This type
of estimate, however, did not support the statistical
significance of the results obtained with squamous cell
carcinoma classifier.

o
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Table 1 A total of 25 predictive genes selected for the weighted-voting outcome classifier of NSCLCs

Rank
Rank Gene Description UniGene 1D Class correlation p* Non-SQ*  S@*
WEEI WEE! homolog Hs.75188 Fatal 0.0027 2 148
MYC v-myc viral oncogene homolog Hs.79070 Fatal 0.0057 14 35
TITF1 Thyroid transcription factor 1 Hs.197764  Favorable 0.0085 31 63
FOSLI FOS-like antigen 1 (Fra-1) Hs.233565 Fatal 0.0062 30 135
LYPLAI Lysophospholipase 1 Hs.393360 Fatal 0.0081 26 123
SSBPI Single-stranded DNA binding protein Hs.923 Fatal 0.0199 3 641
SFTPC Surfactant, pulmonary-associated protein C Hs.1074 Favorable 0.0113 12 290
THBD Thrombomodulin Hs.2030 Fatal 0.0099 51 14
NICE-4 NICE-4 protein - Hs.8127 Fatal 0.0099 1 294
10 PTN Pleiotrophin (heparin binding growth factor 8) Hs.44 Fatal 0.0100 38 139
11 SNRPB Small nuclear ribonuclecprotein polypeptides B and Bl Hs.83753 Fatal 0.0115 1¢ 621
12 NAPILI Nucleosome assembly protein 1-like 1 Hs.302649  Fatal 0.0131 46 116
13 CTNND! Catenin delta 1 Hs. 166011 Fatal 0.0120 50 149
14 CCT3 Chaperonin containing TCP1, subunit 3 Hs. 1708 Fatal 0.0186 16 515
15 ESTs Hs.95612 Fatal 0.0160 112 25
16 SPRRIB Small proline-rich protein 1B {cornifin) Hs. 1076 Fatal 0.0209 70 6
17 COPB Coatomer protein complex, subunit beta Hs.3059 Fatal 0.0195 151 17
18 - ARGI Arginase type I (liver) Hs.332405 Fatal 0.0193 28 435
19 ARCNI Archain 1 (coatomer protein complex, subunit delta) Hs.33642 Fatal 0.0169 33 174
20 MST1 Macrophage stimulating 1 Hs.349110 Fatal 0.0193 7 634
21 SERPINEIl Serine (or cysteine) proteinase inhibitor, clade E member 1 Hs.82085 Fatal 0.0194 17 532
22 SERPINBl Serine (or cysteine) proteinase inhibitor, clade B member 1 Hs.183583 Fatal 0.0205 183 31
23 ESTs Hs.215113 Favorable 0.0205 36 254
24 ACTR3 Actin-related protein 3 homolog (ARP3) Hs.380096 Fatal 0.0229 99 67
25 PTP4A3 Protein tyrosine phosphatase type 4A, member 3 Hs.43666 Fatal 0.0199 171 5

*P.values were assigned based upon the frequency, with which signal-to-noise statistics, which were calculated for the 10000 permutations of the
sample labels in each of the nonsquamous cell and squamous cell carcinoma datasets, yielded better results than the actual signal-to-noise statistic.
*Ranking of the signal-to-noise statistics for the genes in the nonsquamous cell and squamous cell carcinoma datasets

Table 2 A total of 12 predictive genes selected for the weighted-voting outcome classifier of nonsquamous cell carcinomas

Rank Gene Description UniGene ID Class correlation p* Rank in SQ*
<+ NICE-4  -NICE-4 protein Hs.8127 -Fatal - - 0.0036 294
WEE! WEEI homolog Hs.75188 Fatal 0.0039 148
SSBP1 Single-stranded DNA binding protein Hs.923 Fatal 0.0122 641
WFDC2  WAP four-disulfide core domain 2 Hs.2719 Favorable 0.0155 559
ACTA2 Actin, alpha 2, smooth muscle, aorta Hs.195851 Favorable 0.0149 50
G22P1 Thyroid autoantigen 70kDa (Ku70) Hs.197345 Fatal 0.0176 256
MSTI Macrophage stimulating 1 Hs.34%110 Fatal 0.0153 684
PHB Prohibitin Hs.75323 Fatal 0.0219 85
"""DRPLA  Dentatorubral-pallidoluysian atrophy Hs.169488 Fatal T 0.0238 749
10 SNRPB Small nuclear ribonucleoprotein polypeptides B and Bl Hs.83753 Fatal 0.0192 621
11 GJA Gap junction protein, alpha 1 . Hs. 74471 Fatal 0.0268 295
12 SFTPC Surfactant, pulmonary-associated protein C Hs.1074 Favorable 0.0313 290

* P-values were assigned based upon the frequency, with which signal-to-noise statistics, which were calculated for the 10000 permutations of the
sample labels in the nonsquamous ce!l carcinoma dataset, yielded better results than the actual signal-to-noise statistic. *Ranking of the signal-to-

noise statistics for the genes in the squamous cell carcinoma dataset

Discussion

A patient’s survival is currently estimated on the basis of
empirical information in the TNM classification system
about survival distributions according to disease stages.
Since survival or death is a matter of all or nothing,
currently available information regarding what percen-
tage of those at a certain disease stage are likely to
survive after a certain period of time is insufficient in
many respects. The study presented here described the
successful construction of individualized outcome clas-

Oncogena

sifiers as a result of using the gene expression profiling
data- and weighted-voting algorithm-based approach,
which allowed us to predict outcomes for surgically
treated lung cancer patients on an individual basis.
Although our outcome classifiers were constructed by
using a modestly sized cohort, highly robust prediction
models were obtained especially for the prediction of
outcome for nonsquamous cell carcinomas, which
constitute about 60% of NSCLCs. In fact, patients’ 5-
year postoperative survival status was correctly pre-
dicted for 91% of the leave-ome-out cross-validation
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Table 3 A total of 12 predictive genes selected for the weighted-voting outcome classifier of squamous cell carcinomas

Rank Gene Deseription UniGene ID  Class correlation pP* Rank in non-5Q"
1 ESTs Hs.28399 Favorable 0.0068 356
2 ESTs Hs.98269 Favorable 0.0087 178
3 ESTs Hs.35552 Favorable 0.0034 272
4 KRTS Keratin 5 Hs.433845 Fatal 0.0046 240
5 PTP4A3 Protein tyrosine phosphatase type 4A, member 3 Hs.43666 Fatal 0.0104 171
6 SPRRI1B Small proline-rich protein 1B Hs.1075 Fatal 0.0147 70
7 , LOC339324  Hypothetical protein LOC339324 Hs.18103 Favorable 0.0171 361
8 MYST4 MYST histene acetyltransferase 4 Hs.27590 Fatal 0.0183 529
S SPARCLI SPARC-like 1 Hs.75445 Fatal 0.0210 846
10 1GJ Immunoglobulin I polypeptide Hs.76325 Fatal 0.0143 265
11 EIF4A2 Eucaryotic translation initiation factor 4A, isoform 2 Hs.173912 Favorable 0.0233 382
12 ESTs Hs.261314 Fatal 0.0226 822
13 D2 Inhibitor of DNA binding 2 Hs. 180919 Fatal 0.0214 329
14 THBD Thrombomaodulin Hs.2030 Fatal 0.0077 51
15 MGC15476  Thymus expressed gene 3-like Hs.134185 Fatal 0.0231 298
16 ZFP . Zinc-finger protein Hs.1148 Favorable 0.0217 297
17 COFB Coatomer protein complex, subunit beta Hs.305% Fatal 0.0272 151
18 . ZYG ZYG homolog Hs.29285 Fatal 0.0237 632
19 CACNAIL Calcium channel, voltage-dependent, alpha 1f subunit  Hs.125116 _  Fatal 0.0312 492

* P-values were assigned based upon the frequency, with which the signal-to-noise statistics, which were calculated for the 10 000 permutations of
the sample labels of the squamous cell carcinoma dataset, yielded better results than the actual signal-to-noise statistic. *Ranking of the signal-to-

noise statistics for the genes in the nonsquamous cell carcinoma dataset

dataset, and this prediction accuracy was confirmed for
the independent validation dataset. It should be noted
that the outcome classifier appeared to perform well
independently of disease stage; among 24 stage I/II
nonsquamous cell carcinoma cases, 17 survivals and five
deaths were correctly predicted with just a single
misclassification for each, while accurate prediction
was also obtained for nine of the 10 stage III cases.
Beer et al. (2002) recently described a prediction model,
which classifies adenocarcinoma cases into high- and
low-risk groups, although their model was not intended
to predict 5-year survival for individual cases. The
difference in 5-year survival between the high- and low-
risk groups can be estimated as 40% based on the
Kaplan-Meier survival curves shown in Figure 3d,
whereas our nonsquamous cell carcinoma outcome
classifier yielded an 81% difference in 5-year survival
between the fatal and favorable classifications
(Figure 5b). At present, intensive chemotherapy is given
only to patients with an advanced metastatic disease.
However, the development of highly accurate, indivi-
dualized outcome classifiers should make it possible to
select patients, who are at high risk of future failure and
thus most eligible for such intensive adjuvant therapy
with the intention of eradicating undetectable micro-
metastases, sources of future recurrence.

The gene sets used for the outcome classifiers
contained various functionally relevant genes (Table 1).
For example, MYC and FOSLI are known to be
involved in the process of cellular transformation
(Vennstrom et al, 1982; Mechta er al., 1997). The
MYC oncogene, frequently overexpressed with or with-
out amplification in lung cancers, is associated with a
poor prognosis (Johnson et al., 1987), as is SERPINEI.
(Robert et al., 1999) FOSL1 has been shown to play a
role as 2 predominant component of the AP-1 complex
in ras-induced transformation (Mechta et al., 1997), and

it also mediates induction of SPRR1B in response to
epithelial injury caused by a variety of carcinogens
(Patterson et al., 2001; Vuong et al., 2002). Both COPB
and ARCNI1 constitute COPI-coated vesicles and are
involved in the transport of G protein-coupled recep-
tors, while the binding of Ras-related GTP-binding
protein Cdcd2 to another COPI subunit, COPG, has
been shown to be important for transmitting transform-
ing signals (Wu et al., 2000). PTN and MST1 are ligands
of tyrosine kinase receptors, while it has been suggested
that MSTI and its receptor RON form an autocrine/
paracrine system involved in cell migration of NSCLC
cells (Willett ez al., 1998). CCT3 and ACTR3 may also
be involved in motile and invasive features,. since
ACTR3 is a major constituent of the ARP2/3 complex
required for protrusion of the lamellipodia (Craig and
Chen, 2003), while CCT3 is involved in actin and
tubulin folding (Martin-Benito et al., 2002). Increased
WEEI expression in patients with fatal outcome may be
a reflection of higher proliferative activity. In this
connection, high-level expression of WEE1 in combina-
tion with the Cyclin and CDK genes has been reported
in hepatocellular carcinoma (Masaki et al., 2003).
Ramaswamy ef al. (2003) recently suggested the
presence of a metastatic signature based on their
analysis of lung adenocarcinoma cases and identification
of a 17-gene set associated with metastatic capability. It
is interesting to note that two closely related genes, that
is, members of the actin and small nuclear ribonucleo-
protein families, are included as predictors of con-
cordant directions in both the 12-gene set of our
nonsquamous- cell carcinoma outcome classifier and
their 17-gene set predicting metastasis of adenocarcino-
mas (Tables 2 and 3). In addition to SNRPB, three
other genes (EIF4Al, EIF252 and HNRPA1) involved
in translation apparatus are also:included as fatal
outcome predictors in our list of top 100 genes, while
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Figure 5 ; Results of histologic-type-specific outcome classification
of nonsquamous cell and squamous cell lung cancers. The
weighted-voting supervised learning was conducted using histolo-
gic-type-specific sets of genes preselected with the signal-to-noise
metric. Circles and triangles indicate the same items as those in-
Figure 3. (a) Resulis for outcome classifier of nonsquamous cell
lung cancer cases used for leave-one-out cross-validation (O and
A) as well as for an additional blinded validation set (» and A). (b)
Kaplan-Meier survival curves of the 34 nonsquamous cell
carcinoma cases based on the favorable and fatal outcomnes
predicted by the weighted-voting outcome classifier. (c) Results of
outcome classification of squamous cell lung cancer cases used for
leave-one-out cross-validation (O and A) as well as for indepen-
dent validation with an additional blinded sample set (¢ and &). (d}
Kaplan-Meier survival curves of 16 squamous cell carcinoma cases
based on the favorable and fatal outcomes predicted by the
weighted-voting outcome classifier

Ramaswamy et al.’s 17-gene set contained two func-
tionally related genes, EIF4EL3 and HNRPAB, sug-
gesting the involvement of their upregulation in tumor
progression. Moreover, HLA class IT genes are included
in both gene sets as favorable predictors. Although the
use of different array platforms makes it difficult to
evaluate frequencies of overlap of the selected genes in
the present study and others, it is interesting that four of
the five genes, which are shared by the top 100 genes
of the Michigan group (Beer et al., 2002) and ours,
appear to be predictive in the same direction.

The outcome classifiers described here were con-
structed with a relatively modest number of cases, but
the use of nonbiased, consecutive cases collected within
a short period of time with complete follow-up data may

Oncogena

have been a factor in their high accuracy, especially of
the outcome classifier for nonsquamous cell carcinomas.
This needs to be confirmed, however, in a large,
independent cohort of patients, preferably in a pro-
spective manner, before these classifiers can be put to
clinical use for the selection of candidates for intensive
adjuvant therapies. Nevertheless, the strategy presented
here appears to be promising, and suggests that it may
also be possible to develop similar predictive classifiers
for predicting patients’ response to conventional che-
motherapy and/or molecular-targeted therapeutics such
as those recently introduced involving EGF receptor
inhibition. In the future, lung cancer patients who are
classified as having fatal but therapeutic agent-respon-
sive expression signatures can be expected to be
selectively and intensively treated with the most appro-
priate active ‘agents in an individualized manner,
ultimately leading to significant improvement in the
present dismal survival rate.

Our unsupervised hierarchical clustering analysis
underscores previous observations that adenocarcino-
mas and squamous cell carcinomas are very distinct
in terms of gene expression profiles (Bhattacharjee
et al., 2001: Garber et al., 2001; Virtaren et al., 2002;
Kikuchi et al., 2003}). In addition, we observed that
genes useful for conmstructing nonsquamous cell and
squarnous cell carcinoma outcome classifiers did not
show any overlap, providing further support to the
notion of two distinct entities. Interestingly, the
unsupervised hierarchical clustering analysis used in
our study demonstrated for the first time the existence of
two clinically relevant subsets of squamous cell carci-
nomas with distinct gene expression signatures and
markedly . different . clinicopathologic features. SQI
showed a characteristic invasive growth pattern and a
significantly worse prognosis than SQ2 (Figure 2).
The most noticeable feature of the expression signature
of SQ1 was high-level expression of extracellular
matrix proteins, including fibronectin, SPARC and
various collagen subunits such as «2(I) and «1(III)
(Figure 1f). By using an expression profiling analysis of
a in vivo-selected, highly metastatic melanoma model,
Clark et al. (2000) found that enhanced expression
of genes involved in the extraceflular matrix assembly,
including fibronectin, collagen «2(I) and «I{III), was
associated with the acquisition of a metastatic pheno-
type during the in vivo selection, a finding consistent
with the invasive growth pattern and poor prognosis
of SQI in our study. Ramaswamy et al (2003) also
found a similar association between metastatic potential
and collagen gene expression in the molecular signature
analysis of solid tumors. In addition, expression of a
set of ESTs was found to be distinctly reduced in
SQ1 when compared with SQ2 (Figure ic), suggesting
that the reduced expression of genes corresponding
to these ESTs may be related to the aggressive nature
of SQIl. Although the gene expression-based sub-

- classes of squamous cell carcinomas were identified by

using a small cohort of squamous cell carcinomas,
the present findings warrant further validation and
characterization. :



In view of their distinct molecular signatures, the
existence of a few subclasses of adenocarcinomas has
been reported (Bhattacharjee e al., 2001; Garber et al.,
2001; Beer et al., 2002; Virtanen er al., 2002), although
the expression signatures identified in these studies did
not show complete correspondence with each other or
with those identified by us. However, there is a high
degree of consistency in the fact that all these studies
have identified a subset of adenocarcinomas with a high-
level ‘expression of genes related to differentiation of
normal peripheral lung epithelial cells such as TTF-1
and SP-C. This subclass of adenocarcinomas is most
typically represented by AD3 in our study, which
appears to correspond to AD group 2 in the Stanford
study and to C4 in the MIT study. Counsistently notable
features of this subclass are significantly higher propor-
tions of females, non/light smokers and well-differen-
tiated tumors. These findings are consistent with our

previous observations that there is a subset of adeno-

carcinomas which may represent those arising from cells
committed to become peripheral lung epithelial cells
under weaker influence of smoking (Yatabe et al., 2002).
In conclusion, we have been successfully constructing
an individualized outcome prediction classifier, which
appears to be useful especially for nonsquamous cell
carcinomas. In addition, we have been able to demon-
Strate the presence of marked heterogeneities of
NSCLCs by identifying clinically relevant subclasses
not only for adenocarcinomas but also for squamous
cell carcinomas, Further studies appear to be warranted
on the basis of these findings, with the aim to improve
both understanding and survival of this fatal disease.

Materials and methods

Tissue sample

A total of 50 NSCLC tissue specimens (30 adenocarcinomas,
16 squamous cell carcinomas and four large cell carcinomas)
were obtained from 15 female and 35 male patients, who had
consecutively undergone potentially curative resection at Aichi
Cancer Center Hospital (Nagoya, J apan). The vast majority of
these lung cancer specimens were acquired within an [1-month
period between December 1995 and October 1996, while
squamous cell and large cell carcinomas were also obtained
during an additional few months around this period of time.
An additional three cases each of adenocarcinomas and
squamous cell carcinomas, which were collected just before
or after the specimen collection period, were used for an
independent validation dataset. The tumor specimens were
embedded in OCT compound and stored at —80°C until use
with the approval of the institutional review board. The
median age of this cohort was 63 (range: 43-76), and there
were 23 pStage I tumors, 11 pStage II, and 16 pStage III,
Approvals for this study were obtained from the institutionai
review board of the Aichi Cancer Center.

BNA extraction and microdissection

On average, 50 7 um-thick cryostat sections were preparad for
the extraction of total RNA from tumor celi-rich areas, which
were identified by a surgical pathologist (YY) using every 10th
section stained by May—Giemsa. Careful attention was paid to
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the microdissection of only such tumor cell-rich areas, yielding
an average of 75.4% tumor cell content (Figure 1i). RNAs
were then isolated using RNAeasy (Quiagen, Valencia, CA,
USA) according to the manufacturer’s instruction, and their
quality was checked with the RNA 6000 Nano Assay kit and
the 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA).

Microarray experiments and acquisition of datasets

We used two sets of membrane cDNA microarrays (Gene-
Filter Human Microarrays Release I and Release II; Iovitro-
gen, Carlsbad, CA, USA), which contained a total of 11168
spots corresponding to 8644 independent genes. A measure of
Sug of total RNA was reverse-transcribed using oligo-dT
primers (Invitrogen) and SuperScript IT reverse transcriptase
(Invitrogen) in the presence of 100 HCi of PPPIACTP (Amer-
sham Bioscience, Piscataway, NI, USA) according to the
instructions for the GeneFilters (Invitrogen} with slight
modification. The GeneFilters were prehybridized for 2h at
S1°C with 0.5pg/ml of poly-dA (Invitrogen) and 0.5 ug/ml
Cot-1 DNA (Invitrogen) in 10ml of AlkPhos DIRECT
hybridization buffer (Amersham Bioscience) and then hybri-
dized for 17h at 51°C with the denatured radiolabeled probe.
Hybridization of the arrays was followed by two washings with
a solution containing 2 M of urea, 0.1 % of SDS, 50 mM of Na
phosphate buffer (pH 7.0), 150 mM of NaCl, I mM of MgCl,
and 0.2% of AlkPhos DIRECT blocking reagent (Amersham
Bioscience). The arrays were then washed twice with a solution
containing 2mM of MgCl,, S0mM of Tris and 100mM of
NaCl, and with a solution containing 2mM of MgCl,, 50 mM
of Tris and 15mM of NaCl, All procedures were carried out
with .the aid of custom-made AutoHybridizers (Fuji Photo
Film, Tokyo, Japan). The arrays were then exposed for 2h to
an Imaging Plate and scanned at 25-uym resolution with a
BAS5000 phosphoimager (Fuji Photo Film), images of the
hybridized arrays were processed with L Process (Fuji Photo
Film) and signal intensities quantified with ArrayGauge
software._(Fuji Photo Film). After each hybridization, the
arrays were stripped by boiling them in 0.5% SDS solution for

60 min and scanned for residual hybridization before the pext

round of hybridization with a newly labeled probe of the same
sample to acquire their expression profiles in duplicate.

Data rescaling and preprocessing

The raw data were rescaled to account for the differences in
individual hybridization intensities. We employed a rank-
invariant scaling methed to select genes (Tseng et al., 2001),
which were then wsed for fitting of a nonlinear normalization
curve. After normalization, scatter plots of the 50 pairs of
replicate data points for each of the genes were generated, the
reproducibility of expression between the replicate pairs was
assessed, and genes showing a Pearson correlation coefficient
higher than 0.85 were selected, Averaged values of the first and
the second hybridizations were used for further analyses. In
addition, genes whose expression levels did not vary by a
factor of at least 2 across the 50 samples were eliminated,
because they were unlikely to be informative, Genes with a
median intensity lower than 0.3 were also filtered out from the
following analyses. '

Hierarchical clustering and construction of outcome classifiers

Average linkage hierarchical clustering was performed by
using the Cluster program following log transformation and
median centering, and the results were visualized using the
TreeView program (Eisen et al., 1998). Predictive genes that
most effectively distinguished prognosis-favorable patients
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