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Abstract Using cDNA microarrays, we have conducted a
systematic characterization of global gene expression in
v-raf or v-raf/v-myc transformed rat liver epithelial (RLE)
cell lines exhibiting both non-metastatic and metastatic
phenotypes. Seven transformed cell lines were compared
with the non-transformed parental RLE cell. The hierar-
chical clustering analysis of gene expression profiles
revealed two groups reflecting the in vivo metastatic
potential of the cells. Surprisingly, one non-metastatic cell
line T1 was co-clustered with metastatic cell lines, sug-
gesting that T1 underwent significant genetic changes. The
T1 cell line was further compared against all the metastatic
cell lines in order to reveal the critical genes required for
metastatic conversion but not expressed in the T1. These
data demonstrated that expression of genes involved in
apoptosis and immune cell homing were altered in all
metastatic cell lines. Survival of both intravasated cells in
circulation systems and extravasated cells in a new tissue

J. Heo

Department of Molecular Biology and Immunology,
College of Medicine, Kosin University, 34 Amnam-dong,
Seo-gu, Busan 602-703, Korea

J. Heo

Institute of Medical Science, College of Medicine,
Kosin University, 34 Amnam-dong, Seo-gu,
Busan 602-703, Korea

J. Lee
Department of System Biology, University of Texas,
MD Anderson Cancer Center, Houston, TX 77054, USA

S.-H. Leem (IX)

Department of Biological Science, College of Natural Science,
Dong-A University, 840 Hadan 2-dong, Saha-gu,

Busan 604-714, Korea

e-mail: shleem@dau.ac.kr

environment might be critical for the final step in the
metastatic process. Our study provides gene expression
signatures consistent with two critical events in the meta-
static process, namely, the acquisition of early homing
capacity and increased survival potential of the tumor cells.
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Introduction

The somatic mutation theory of carcinogenesis, currently
the most widely adopted theory of tumor development,
predicts that cancer arises from a step-wise accumulation
of genetic changes that ultimately destroy the host
(Hanahan and Weinberg 2000). The acquisition by the
tumor of the capacity to invade and metastasize, the last
step in the oncogenic process, is a common feature of all
aggressive and lethal tumors. A hallmark of a metastatic
tumor is the ability of the tumor cells to cross several
biological barriers such as extracellular matrix (ECM), host
connective tissue stroma, and junctions between vascular
cells, as well as to survive and grow in tissue environments
distant from the primary location. Modulation of a number
of biological processes such as activation of extracelluar
proteases, alteration of binding specificities of cadherins,
CAM, and integrins are clearly important features of the
metastatic phenotype (Liotta and Kohn 2001). However,
re-examination of the data on the molecular mecha-
nism(s) of tumor metastasis has formulated the notion
that the metastatic process is driven by combined action
of multiple genes involved in tumorigenesis (Savagner
2001). Moreover, it was suggested that the mutant alleles
acquired early in tumor development might confer the
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proclivity to metastasize at later stages of tumorigenesis
(Bernards and Weinberg 2002). The capacity of neoplastic
cells to traverse biological barriers is frequently associated
with a morphological transformation known as epithelial to
mesenchymal transition (EMT), a phenomenon that is also
observed during embryonic development (Savagner 2001).
The structural characteristics of the mature epithelial phe-
notype include polarization of the cell surface into apical
and basolateral domains, and formation of junctional
complexes that mediate strong intercellular adhesions
(Cereijido et al. 2000). The multiprotein complexes that
comprise the tight junctions includes the transmembrane
proteins occludin and claudins as well as a family of
cytoplasmic proteins (ZO-1 and -3) that connect the junc-
tions to the microfilaments and regulate its assembly
(Tsukita et al. 2001). Similarly, the adherens junction in
which E-cadherin forms homophilic contacts between
adjacent cells and the catenins provide the connection
between the cytoplasmic tail of E-cadherin and the sub-
membranous cytoskeleton (Nagafuchi 2001). E-cadherin is
a critical factor in the development of cell polarity and the
establishment of solid adhesions, as well as being involved
in growth control via contact inhibition and the mainte-
nance of the overall differentiation state of the cells
(Vleminckx and Kemler 1999). Although the mecha-
nism(s) by which the highly structured epithelial cell
transits into a mesenchymal phenotype during the EMT is
not fully understood, a sustained cooperation between
TGF-1 signaling and oncogenic Ras has been identified as
a critical event in driving both EMT and metastasis (Oft
et al. 1996, 1998, 2002). In contrast, a number of agents
including HGF, FGFs and TGF-fB1 alone are capable of
inducing an EMT phenotype that is fully reversible after
withdrawal of anyone of these factors (Janda et al. 2002).
Employing a combination of an in vitro/in vivo carcino-
genesis model consisting of Ha-Ras transformed mammary
epithelial cells possessing a competent TGF-B1 signaling
system, Janda et al. (2002) were able to demonstrate with
specific inhibitors and effector-specific Ras mutants that
activation of Raf/MAPK is required for EMT. In addition,
they showed that the activation of phosphatidylinositol
3-kinase (PI3K) induced scattering and protected against
TGF-B1-induced apoptosis, and that activation of either the
PI3K or the Raf/MAPK pathway is sufficient for tumori-
genesis, whereas EMT in vivo and metastasis required a
hyperactive Raf/MAPK pathway. These data clearly dem-
onstrate the critical role of the Raf/MAPK pathway in the
metastatic process.

It has been demonstrated that rat liver epithelial (RLE)
cells transduced with v-raf undergo EMT (Williams et al.
1992; Garfield et al. 1988). Six cloned cell lines (R3611-T
lines) derived from a nude mouse xenograft of the v-raf
transformed RLE cells showed different degrees of
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spontaneous metastatic potential when transplanted in nude
mice (Bisgaard et al. 1997). All the R3611-T lines
expressed high levels of both v-raf and c-raf as well as
TGF-f1 and had competent TGF-f signaling (Hampton
et al. 1990; Huggett et al. 1990). Furthermore, the meta-
static conversion of the v-raf transformed RLE cells cor-
related with upregulation of urokinase-type plasminogen
activator receptor (Bisgaard et al. 1997).

In this paper, we characterized gene expression profiles
in the transformed RLE-derived cell lines and identified the
genes that are highly correlated with invasive and meta-
static potentials using two different cDNA microarrays.

Materials and methods
Cell culture

The RLE cell lines (T1, T2, T3, T4, T%, T7, and RJ2) used
for study are described in the previous study (Bisgaard
et al. 1997). The cell lines were grown in DMEM/F12
medium supplemented with glutamine (2 mM) and 10 %
fetal bovine serum. To minimize the contribution of vari-
ations in culture condition or cell density to differential
gene expression, the cells were harvested at about 80 %
confluence level in plates.

Isolation of RNA and cDNA microarray

Total RNAs were isolated from the seven transformed RLE
cell lines (T1, T2, T3, T4, TS5, T7 and RJ2) using Trizol
(Invitrogen) as described in the supplier’s instruction. Total
RNA for reference RNA was also extracted from the
parental RLE cell line. The RNAs (~5 ng) were electro-
phoresed in a 1.3 % agarose gel containing formaldehyde,
and stained with ethidium bromide to determine the
integrity of total RNAs. The customized 6.9 K rat cDNA
microarrays and 9 K mouse cDNA microarrays were used
for this study.

Microarray experiments

Labeling of total RNA for microarray analysis was per-
formed using indirect methods as described below. Briefly,
total RNA (20 pg) was reverse-transcribed for 1 h at 42 °C
in a 50 pl reaction containing 2.5 pl of 20x dNTP mixture
with 6 mM aminoallyl-dUTP (Sigma, St. Louis, MO),
10 pl of 5x first strand buffer, 5 pl of 0.1 M DDT, 1 pl of
SUPERase In™ (10,000 unit, Ambion, Austin, TX), and
3 ul of Superscript II reverse transcriptase (200 pg/pl,
Invitrogen). The synthesized cDNAs were precipitated
with ethanol and resuspended in 10 pl of 0.1 M NaHCOs.
For chemical coupling of aminoallyl groups in cDNAs with
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Cy-3 or Cy-5 dyes, monoreactive Cy-3 or Cy-5 dye
(Amersham Pharmacia Biotech, Piscataway, CA) was
dissolved in 0.1 M NaHCO; and mixed with cDNAs. The
mixture was incubated for 1h at room temperature.
Labeled cDNAs were precipitated with ethanol and puri-
fied using Nucleospin Extraction Kit (Clontech, Palo Alto,
CA). The labeled cDNA probes were combined and con-
centrated to 11 pl by a Centricon-30 micro-concentrator
(Millipore, Bedford, MA). The hybridization mix consisted
of human COT-1 DNA (0.56 ng/ul, Boehringer Mann-
heim), poly-dA DNA (0.56 pg/ul, Pharmacia), yeast tRNA
(0.22 pg/ul, Sigma), 5x SSC, 0.1 % SDS, and 25 %
formamide in final volume of 28 pl. Before hybridization,
the cDNA microarray slides were incubated with prehy-
bridization buffer (5x SSC, 0.1 % SDS, and 1 % BSA) for
1 h at 42 °C and washed in water and isopropanol. Hybrid-
ization was carried out at 42 °C for overnight in a water
bath. Before scanning, slides were washed in 1x SSC
with 0.1 % SDS for 2 min, then 1x SSC, 0.2x SSC, and
0.05x SSC, sequentially for 1 min. Hybridized arrays were
scanned on a GenePix 4000A scanner (Axon Instrument,
Union City, CA), and the resulting images were analyzed
via GenePix Pro v3.0 (Axon Instrument) as described in the
manufacturer’s manual. Each sample was examined at least
twice by switching fluorescent dye Cy-5 and Cy-3. The
variance in the duplicated fluorescence ratio measurements
approached the minimum when the fluorescence signal was
greater than approximately 0.4 % of the measurable total
signal dynamic range above background in both channels
of the hybridization. Average values of two experiments on
each sample were obtained and values that were missing in
two experiments were excluded from further analysis.

Data analysis

For cluster analysis, each Cy-3 or Cy-5 labeled experi-
ments in 6.9 K rat cDNA microarrays and 9 K mouse
cDNA microarrays were independently analyzed using
BRB ArrayTool (http://linus.nci.nih.gov/BRB-ArrayTools.
html). Before clustering, fluorescent intensity ratios of each
spots were log2 transformed and each array is normalized
separately by subtracting the median log-ratio from all log-
ratios on that array. Hierarchical clustering algorithm was
applied to cell lines using Pearson correlation coefficient as
the measure of similarity and average linkage clustering.
Examining cluster reproducibility was performed as
described in user’s manual. Briefly, the reproducibility test
is based on perturbing the normalized log-ratios by adding
normally distributed random numbers with mean zero and
variance equal to the estimated experimental noise vari-
ance. After the perturbation, the data was re-cluster to
obtain clusters and comparison made between the original
tree and the perturbed tree. The proportion of paired

members remained in the same cluster after perturbation
and re-clustering was computed (one represents a pair
remain in the same cluster and zero represents members of
a pair split to different cluster). The comparison was
repeated 1,000 times and the proportion of remained pairs
in the same cluster was averaged over the perturbed data
sets resulting in robustness (R)-index. Discrepancy (D)-
index was derived by determining a best match cluster in
the perturbed data, defined as the one having the largest
number of samples included in the original cluster. The
number of discrepancies was computed as the number of
samples in the best match cluster but not in the original
cluster and the number of samples in the original cluster
but not in the best match cluster. This number of discrep-
ancies is computed for each original cluster and averaged
over the repetitions. For analysis of average expression
ratios from duplicated experiments from rat 6.9 K and
mouse 9 K microarrays, genes with an expression ratio that
has at least threefold ratio difference relative to the refer-
ence cell line in at least one cell lines were further selected.
The hierarchical cluster analysis of combined rat and
mouse data was performed as described. To select out the
list of genes that discriminate observed clusters of cell
lines, an F test was used to select genes which are differ-
entially expressed between the two clusters at the given
significance level (p value <0.01). Principal component
analysis (PCA) was performed using GeneLinker™ Gold
(Molecular Mining Corporation, Kingston, ON) as descri-
bed in user’s manual.

Results and discussion

In order to identify the genes that are highly correlated with
invasive and metastatic potentials, we characterized gene
expression profiles in the transformed RLE-derived cell
lines by using two different cDNA microarrays. Rat
microarrays contained about 6,900 cDNA elements and
mouse GEM2 cDNA microarrays contained about 9,000
cDNA elements on glass microscope slides. Total RNAs
were purified from cell cultures when the cells were about
80 % confluent and used to prepare fluorescent cDNA
probes with the Cy-3 or Cy-5 dyes by using an indirect
labeling method. Using a matrix of Pearson correlation
coefficients from the complete pair-wise comparison of all
microarray experiments, the seven transformed RLE cell
lines were displayed in hierarchical clustering dendrogram
on the basis of similarity in gene expression pattern
(Fig. 1a, b). Due to the intrinsic nature of the cluster
algorithm that always detects clusters, even on random
data, we used two independent approaches to test the
reproducibility of cluster prediction in the transformed
RLE cell lines. First, we replicated experiments using two
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different cDNA microarrays, 6.9 K rat and 9 K mouse
microarrays. All experiments using rat or mouse micro-
arrays were duplicated by labeling total RNAs from each
cell line with the reciprocal fluorochrome. Four microarray
experiments were performed with total RNA from the cell
lines as experimental samples and the parental RLE cell
line as a reference. All replicated microarray experiments
were analyzed independently using BRB ArrayTools. All
hierarchical cluster dendrograms from four experiments
were consistent, and showed no discrepancy for the
members of two clusters (Fig. la, b). As expected, all
metastatic cell lines, RJ3611-T2lacZ (T2), RJ3611-T3lacZ
(T3), RI3611-T7lacZ (T7), and RJ2-14lacZ (RJ2), were
clustered together and separated from non-metastatic cell
lines, RJ3611-T4lacZ (T4) and RI3611-T5lacZ (T5).
Interestingly, non-metastatic cell line RJ3611-T1lacZ (T1)
was co-clustered with metastatic cell lines. These results
strongly suggest that the two major clusters of cell lines
identified in this study are not due to artifacts from
experimental errors or data processing.

To test the reproducibility of cluster prediction, we also
evaluated cluster membership after introducing random
perturbations to the data set. We perturbed data by adding
normally distributed random numbers with mean equal to O
and standard deviation equal to median variance of the log
ratios of each gene across all the cell lines as indicated in
Fig. la, b. An independent reproducibility test was also
performed for each microarray experiment, and all the tests
generated highly consistent indices. The R-index and
D-index from the four experiments tested were 1 and O
respectively, indicating that two major clusters of cell lines
are not due to artifacts from statistical processing, and may
reflect the biological characteristics among the cell lines.
For further analysis, average expression ratios of each gene
were calculated from duplicated experiments of each cell
line, after inverting Cy-3/Cy-5 ratio values of a reciprocal
experiment. Gene expression ratios that were missing in
duplicated experiments were also eliminated. Hierarchical
cluster analysis of combined gene expression ratios from
rat and mouse microarray experiments is displayed in
Fig. Ic. PCA of the combined data also supports our
finding in the cluster analysis. Metastatic cell lines were
grouped together and well separated from non-metastatic
cell lines (Fig. 1d). Also, the non-metastatic T1 cell line
was grouped with the metastatic cell lines as we observed
in cluster analysis, suggesting that T1 had acquired a
number of genetic alterations characteristic of the meta-
static cell lines, but still lacked the critical traits needed for
complete metastatic conversion.

Several independent gene expression clusters were
identified in the analysis of the expression patterns. The
largest distinctive gene expression cluster within the cluster
diagram was enriched for genes involved in cell-cell
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interaction and adhesion (Fig. Ic). Expression of these
genes varied widely among the cell lines but was well
correlated with the metastatic potentials of the cells.

We applied the F test for gene selection to create a more
limited set of genes for future exploration. At the given
significance level (p value <0.01), genes that discriminate
the metastatic cell lines including T1 from non-metastatic
cell lines was created. Applying the F test on gene
expression data produced 148 cDNAs from rat and mouse
microarray experiments (Fig. 2). More than 90 % of genes
in the list displayed lower expression in the metastatic cell
lines than the non-metastatic cell lines, indicating that loss
of function was a more critical determinant for metastatic
conversion than gain of function. The majority of genes in
the list were, not surprisingly, directly and indirectly
involved in cell-to-cell interactions and cell adhesion.
ECM proteins, such as Collal, Colla2, Col2al, Col3al,
Coldal, Cold4a5, Col5al, Col5a2, Col9al, Coll2al,
Coll4al, and Fnl, were less expressed in metastatic cell
lines when compared with non-metastatic cell lines. In
addition to ECM proteins, cytoskeletal proteins and their
binding proteins such as, Krtl-16, Krtl-17, Arpclb, Plecl,
Tmsb4X, Tmsb10, and Cfl2 were much less expressed in
metastatic cell lines. Likewise, expression of Pg25, Fhi2,
Fhi3, Gjal, Emb, Ncaml, Sparcll, Sparc, and Cdhll,
genes involved in cell adhesion, was down-regulated in
metastatic cell lines. Importantly, expression of thrombo-
spondin-1, -2, and -3, an inhibitor of angiogenesis, was
down-regulated in all the metastatic cell lines and up-reg-
ulated in non-metastatic cell lines relative to the parental
RLE cells (used as a reference). These results indicate that
disruption of (ECM and loss of cell-to-cell interaction
appear to be important events for metastatic conversion of
transformed RLE cell lines.

Another F test (p value <0.01) was applied to select
genes that could discriminate between metastatic and non-
metastatic cell lines. The list of selected genes proved less
instructive than previous F test results (Fig. 3). Among 36
selected genes, only a few (i.e. Ctsd) were known to asso-
ciated with metastasis. This is probably due to the fact that
the gene expression profile of the non-metastatic T1 cell line
is more similar to metastatic cell lines than to the T4 and TS
cell lines. Interestingly, the expression of Eps§ was
enhanced only in the metastatic cell lines. Eps8 is a substrate
of EGFR and activates small GTPase Rac that promotes
anchorage-independent growth in fibroblasts (Ruggieri et al.
2001). This may account for anchorage-independent growth
of v-raf transformed metastatic cell lines in the presence of
EGF. Also, reduced expression of Elm/ in metastatic cells is
particularly interesting, since its expression was very low in
our metastatic cell lines and over-expression of Elml in
metastatic melanoma cells reduced the frequency in lung
metastasis (Hashimoto et al. 1998).
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Fig. 1 Hierarchical cluster A
analysis of gene expression of

transformed RLE cell lines.
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<« Fig. 2 Discriminative gene expression between two clusters. F test

was performed to select genes which are differentially expressed
between the two clusters discovered in hierarchical cluster analysis at
the given significance level (p value <0.01) by using BRB Array-
Tools. After F test, genes with an expression ratio that has at least
twofold ratio difference relative to RLE in at least two cell lines were
further selected. Data are presented in pseudo-colored matrix format
as described in Fig. 1. Name of genes, clone ID, and functional
description of each gene are also provided in each column. Genes
involved in ECM and cytoskeletal remodeling and cell-to-cell
interaction are highlighted in blue. (Color figure online)

the metastatic cell lines using T1 as a common reference.
All experiments were duplicated and average expression
ratios of each gene were calculated from a subset of well-
measured spots as described in previous experiments. In
order to identify the differentially expressed genes in all
four metastatic cell lines when compared with the T1 cell
line, an expression ratio of at least 1.7-fold difference
relative to T1 in all four cell lines were selected for further
analysis. To define the genes that are most likely to be
critical in metastatic conversion, each gene was assigned to

Genes

Fonl, Fibrillin-1

EST
Sdc2, syndecan 2
EST
EST

EST
Ctsd, cathepsin D
EST
EST

Cox17, cytochrome c oxidase,
S1fnl, schlafen 1
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EST

EST

Nrn, neuritin

EST
Utx

EST
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Dnm, dynamin

Fig. 3 Discriminative gene expression between metastatic and non-
metastatic cell lines. F test was performed to select genes that are
differentially expressed between the metastatic and non-metastatic
cell lines at the given significance level (p value < 0.01). After F test,
genes with an expression ratio that has at least twofold ratio

Elml/Wispl, WNT1 inducible protein 1
Ptgfrn, prostaglandin F2 receptor negative regulator

Sfrp4, secreted frizzled-related sequence protein 4
Collal, collagen, type I, alpha 1

Col2al, collagen, type II, alpha 1

Colb5a2, collagen, type V, alpha 2

Scybl5, small inducible cytokine subfamily B, member 15

Eno2, enolase 2, gamma neuronal

subunit XVII

Pnutll, peanut Drosophila-like 1

Pter, phosphotriesterase related

Gcnbl12, general control of amino acid synthesis-like 2
Slcla3, solute carrier family 1, member 3

Stxbpl, syntaxin binding protein 1

Eps8, EGF receptor pathway substrate 8

Adfp, adipose differentiation related protein

Ngef, neuronal guanine nucleotide exchange factor

four non-mutually exclusive critical processes after inva-
sion and intravasation in the metastatic cascade, namely,
extravasation, survival/apoptosis, proliferation, and angio-
genesis (Table 1). 15 of the 43 known genes could be
assigned to the categories. The most frequently assigned
category among the metastatic cell lines was survival/
apoptosis, suggesting that survival in circulation and/or
new environments might be the most critical factor for the
final step in the metastatic cascade.

We determined the Pearson correlation coefficient of
each gene to define those displaying strong positive and/or
negative correlation with the metastatic potentials of the
cell lines. Among selected genes whose expression was
negatively correlated with the incidence of metastasis
(Fig. 4), the expression of Alrp/Carp, an inhibitor of cell
proliferation (Kanai et al. 2001), had the highest correlation
(r = —0.96). Notably, three members (Elml, Ctfg and
Cyr61) of the CCN family known to mediate cell adhesion
to ECM (Lau and Lam 1999) were grouped together as

negatively correlated genes. Moreover, metastasis
Clone ID
RGIBZ89
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IMAGE:1165522
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RGICBO4
IMAGE:764568
IMAGE: 669815
IMAGE:1053444
IMAGE: 620175
IMAGE:1067314
RGICB16
RGIBL45
IMAGE: 888693
IMAGE: 680412
IMAGE:1195703
IMAGE: 671688
IMAGE:1107961
IMAGE:1038042
IMAGE:751784
IMAGE:716546
IMAGE:1138971
IMAGE:1025651

difference relative to RLE in at least two cell lines were further
selected. Data are presented in pseudo-colored matrix format as
described in Fig. 1. Name of genes and clone ID of each gene are also
provided in each column. (Color figure online)
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Table 1 Up or down-regulated genes in metastatic cell lines compared with T1

Name Expression ratio® Accession  Biological roles of genes in metastasis®
number® - - - - - -
RI2 T3 T2 T7 Proliferation Extravasation Angiogenesis Survival
UP Slcla2, solute carrier —2.7 8.8 9.8 10.1 AI843035
family 1, member 2
Opn, osteopontin 71.8 1.9 256 10.5 AI835595 . . .
Cpe, carboxypeptidase E 7.3 3.1 32 6.4 AA760 047
Idb2, inhibitor of DNA binding 34 2.1 2.9 1.7 AI893422 e
2
Serpine2/nexin, serine 3.8 3.3 9.0 5.1 AW144764 o
proteinase inhibitor,
clade E2
Hmga?2, high mobility 28 22 3.1 1.9 C78528
group AT-hook 2
Rasa3, RAS p21 protein 2.5 20 3.0 2.0 AA089049
activator 3
Btgl, B cell translocation 29 2.5 3.8 2.1 AI848411
gene 1
Mt1, metallothionein 1 2.1 2.1 3.0 2.0 AW544811 °
Mt2, metallothionein 2 4.3 1.9 4.4 2.4 W36474 .
Kitl, c-kit ligand 3.1 32 43 23 AAI98236 e .
Gabpa, GA repeat binding 52 40 54 34 AWI123125
protein, alpha
Utx 24 25 39 1.7 AA623853
Mmd, monocyte to 62 28 54 31 AA072083
macrophage
differentiation-associated
Adfp, adipose differentiation 3.9 2.0 2.8 2.7 AA624422
related protein
Itga6, integrin alpha 6 4.2 1.9 2.5 1.8 AI847031 . o
Serpinb2/PAI2, serine 14.1 43 53 3.5 AA738996
proteinase inhibitor,
clade B2
Ctsd, cathepsin D 6.6 2.8 3.7 1.9 AWS554219 e
Ctsl, cathepsin L 2.5 2.9 2.3 1.9 AWS537016
Cts8, cathepsin 8/EPCS68 20 27 1.9 1.8 AWS544435
Pter, phosphotriesterase related 6.0 2.9 2.7 1.7 AA230452
Lgals3, lectin, galactose 2.0 32 34 1.8 AW543680 . . .
binding, soluble 3
(Galectin-3)
Siatl, sialyltransferase 1 1.9 2.1 3.2 3.5 AA265220
Pex3, peroxisomal 2.5 24 4.6 3.7 Al844116
biogenesis factor 3
Neuritin 32 47 62 60 AA237727
Eps8, EGF receptor 2.0 2.0 2.4 23 AAT11869 e
substrate 8
DOWN EST similar to glycogenin 2 —1.8 6.4 73 11.2 AWI143169
Hmgn?2, high mobility group —20 —-1.8 —-17 —-44 AA068490
nucleosomal binding domain
2
Wwox, WW domain -19 —-18 —-19 —-24 AW916655 .
containing oxidoreductase
Caspl2, caspase 12 —23 —-20 —-2.0 -2.8 AWS552373 .
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Table 1 continued
Name Expression ratio® Accession  Biological roles of genes in metastasis®
number® - - X B ) R
RJ2 T3 T2 T7 Proliferation Extravasation Angiogenesis Survival

TSC22-related inducible -1.8 —-1.7 —-19 -22 AA797886

leucine zipper 2
Tmsb4x, thymosin beta-4 —-2.1 =21 =27 =25 AWO914233
Igfbp2, IGF-binding protein 2 =50 =27 =37 —-53 AA879643
Cdknla, CDK inhibitor 1A —33 =30 -—-36 —-2.6 AWO048937 e
Arhb/RhoB —-29 =29 -29 -24 AA437783 .
Col3al, collagen, type III, —-90 —4.1 -55 -23 AI842703

alpha 1
Coll2al, collagen XII alpha 1 -3.0 -33 -27 -21 AW743884
Colla2, collagen, type I, —-87 —-23 =33 —17 AWS553502

alpha 2
Col5a2, collagen, type V, —-62 —-20 -2.7 =27 AAI138290

alpha 2
Gasl, growth arrest specific 1 —-24 —18 —1.8 —2.1 AI846734 e
Actn4, alpha actinin 4 —145 -34 =55 —-21 AWS552978
Tmpl, alpha tropomyosin —-113 —-1.7 =35 =29 AWS548270
Cdh3, cadherin 3 —129 —-20 -54 -3.1 AA467584
Bnc, basonuclin —-94 —-17 —-64 =27 AI047752

* Gene expression ratios from microarray experiments. When more than two clones representing the identical gene were printed in arrays, mean

values of ratios from all clones were presented

® Gene bank accession number for each clone. Multiple clones representing the identical genes were all listed

¢ Metastasis categories

e Assignment of gene to categories. Assignment of genes was based on PubMed search

suppressor Elml that was less expressed in metastatic cell
lines when compared with non-metastatic cell lines (Fig. 3)
had the second highest negative correlation (r = —0.81)
with metastatic potential of cell lines. These data suggest
that an inverse correlation between the expression of the
CCN family genes and the incidence of metastasis in
metastatic cell lines may not be coincidental. Among
positively correlated genes, Mmp16 displayed the strongest
correlation. Mmp16 is a member of membrane-type matrix
metalloproteinases known to be involved in tumor invasion
(Sato et al. 1997). It is noteworthy that the well charac-
terized metastasis gene osteopontin (OPN) was selected
both as the commonly over-expressed gene in all metastatic
cell lines (Table 1) and positively correlated with metas-
tasis (Fig. 4). Galectin-3 is another over-expressed gene in
the metastatic cell lines. Similar to OPN, galectin-3 also
plays multiple roles in metastasis (Table 1). Galectin-3
inhibits nitrogen free radical-mediated apoptosis (Song
et al. 2002; Moon et al. 2001), one of the major death
pathways activated during ischemia—reperfusion injury that
often is caused by the arrest of tumor cells within the
microcirculation due to its size restriction (Weiss et al.
1989; Edmiston et al. 1998). Like OPN, Galectin-3

participates in immune cell extravasation (Sato et al. 2002),
indicating that galectin-3 play a significant role in extrav-
asation of tumor cells. In addition, galectin-3 is also
involved in angiogenesis (Nangia-Makker et al. 2000).
Over-expression of versatile proteins, such as OPN and
galectin-3, might provide a great advantage for cells to
complete the metastatic process.

The current multi-step tumor model has been fundamental
for the characterization of oncogenes and tumor-suppressor
genes (Hanahan and Weinberg 2000). However, the con-
version from benign to malignant tumors with metastatic
potential requires additional changes, not adequately
account for by classical oncogenes and tumor-suppressor
genes. In particular, current tumor paradigms have so far
failed to identify metastasis-associated genes as a unique
group of tumor genes. The formation of clinical metastasis
depends on the completion of every step in a process often
referred to as the metastatic cascade (Fidler 2002). Due to the
complexity of the metastatic process, it may be useful, as
illustrated in the current work, to apply systematic analysis of
global gene expression to a simplified version of metastatic
conversion in order to better understand this complex
phenomenon.
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Fig. 4 Genes displaying correlated expression with metastatic
potential of cell lines. Average expression ratios of each gene were
calculated from the results of all three microarray experiments using
6.9 K rat and 9 and 36 K mouse cDNA microarrays. Gene expression
ratios from rat and mouse microarray experiments were combined.
Before analysis, genes with low variation across all of the arrays were
excluded by using p values (>0.01) as described in methods and
materials. Total 266 cDNAs were selected. In each gene, Pearson
correlation coefficient between gene expression and the incidence of

In conclusion, adopting transformed non-metastatic
and metastatic RLE cell lines as a model system and
global gene expression analysis, we have discovered gene
expression signatures characteristic for distinct steps in
metastatic conversion (Fig. 5). Our results suggested that
increased proclivity for escaping from primary tumor
sites is the first critical step in the metastatic process.
However, genes conferring survival both in the circula-
tion and at distant metastatic sites may constitute the
ultimate determinants for establishing the metastatic
phenotype. To this end expression of multi-functional
proteins, such as OPN and galectin-3, may be an integral
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Genbank Pearson
Accession Correlation
number Coefficient Gene Name
AA792499 -0.96 Alrp/Carp, Cardoac ankyrin repeat protein
AA032662 -0.81 EIm1/Wisp1, WNT1 inducible signaling pathway protein 1
AA619890 -0.75 Tgfb2, TGF beta 2
Al413740 -0.73 Col1at, Collagen, type |, alpha 1
AA797808 -0.73 Npr3, Natriuretic peptide receptor 3
AW142775 -0.72 EST
AW141675 -0.72 Tgfb2, TGF beta 2
AA466852 -0.71 Cyr61, Cysteine rich protein 61
Al462326 -0.69 Tagln, Transgelin
AA925689 -0.69 Col1at, Collagen, type I, alpha 1
AW140859 -0.68 EST
AW143179 -0.67 Elovl4, Elongation of very long chain fatty acids 4
AW917948 -0.67 EST
BF281627 -0.62 EST
Al838930 -0.60 Sparc, Secreted acidic cysteine-rich glycoprotein (Osteonectin)
AW141187 -0.60 Nmt1, N-myristoyltransferase 1
AW914382 -0.60 Igsf4/Tslc1, Tumor suppressor in lung cancer 1
Al851779 -0.59 Ctgf, Connective tissue growth factor
AW141079 -0.59 Sparc, Secreted acidic cysteine-rich glycoprotein (Osteonectin)
AW552007 -0.58 RIKEN cDNA 2610001E17 gene
Al838654 -0.58 RIKEN cDNA 2610001E17 gene
AW140550 -0.58 Ddah1, NG,NG dimethylarginine dimethylaminohydrolase
AA711435 -0.58 Scya7, Small inducible cytokine A7
AW142695 -0.56 EST
AW143178 -0.56 EST
AW140904 -0.55 P2rx4, Purinergic receptor P2X, ligand-gated ion channel 4
Al892747 -0.55 Gsta2, Glutathione S-transferase, alpha 2 (Yc2)
AW917686 -0.55 Sparc, Secreted acidic cysteine-rich glycoprotein (Osteonectin)
AW914649 -0.54 EST
Al845742 -0.52 Sparc, Secreted acidic cysteine-rich glycoprotein (Osteonectin)
AW556889 -0.51 ESTs
Al846744 -0.50 Tagln, Transgelin

Al464339 0.89 Mmp16, Matrix metalloproteinase 16

AA563324 0.64 Spp1, Secreted phosphoprotein 1 (Osteopontin)
AU014609 0.64 EST, similar to Cdk8

AU014610 0.62 EST

AA435278 0.58 Casq1, Calsequestrin 1

AU021552 0.57 Spp1, Secreted phosphoprotein 1 (Osteopontin)
Al847806 0.55 Spp1, Secreted phosphoprotein 1 (Osteopontin)
AW917297 0.51 Bpnt1, 3'(2'),5'-bisphosphate nucleotidase

metastasis in cell lines was determined and genes with significant
correlation (>0.5 or <—0.5) were further selected. a Expression
patterns of genes negatively correlated with the incidence of
metastasis. b Expression patterns of genes positively correlated with
the incidence of metastasis. Thin colored lines represent expression
pattern of each genes. Thick blue line represents the incidence of
metastasis in lung. Genbank accession number, Pearson correlation
coefficient, and name of genes are provided in each column. (Color
figure online)

part of empowering the tumor cell to complete the
metastatic process.
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Fig. 5 Metastatic pathway of transformed RLE cells. Green and red
arrows represent under- or over-expression of genes in metastatic cell
lines when compared with non-metastatic cell lines. Double arrows
represent more altered expression of genes in highly metastatic cell
lines than less metastatic cell lines. (Color figure online)
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