
Abstract. We developed a reliable new model system for
assaying liver metastasis using NOD/SCID/γc

null (NOG) mice.
Seven human pancreatic cancer cell lines were examined for
their ability to form diverse metastatic foci in the livers of
NOD/SCID and NOG mice. Capan-2 and PL45 showed no
metastasis when seeded at up to 105 cells in both strains, and
no BxPC-3 metastasis was observed in NOD/SCID mice. The
NOD/SCID mouse model detected liver metastasis only in
the AsPC-1 cell line when inoculated with >103 cells. In
contrast, when inoculated with only 102 MIA PaCa-2, AsPC-1
and PANC-1 cells, liver metastasis was evident in 71.4%
(5/7), 57.1% (4/7) and 37.5% (3/8) of the NOG mice,
respectively. Capan-1 and BxPC-3 cells metastasized when
seeded at 103 cells in 50% (5/10) and in 12.5% (1/8) of the
mice, respectively. Using the NOG mouse model system, we
established a highly metastatic cell line, liver metastasized-
BxPC-3 (LM-BxPC-3), from liver metastatic foci formed by
the relatively poorly metastatic parental BxPC-3 cell line.
The gene expression profiles of parental and LM-BxPC-3
cells were compared, and we identified forty-five genes that
were either upregulated or downregulated >4-fold in the LM-
BxPC-3 cell line. We validated 9 candidate protein-coding
sequences, and examined the correlation between their

expression pattern and the in vivo liver metastatic potential of
all 7 pancreatic cancer cell lines. Only S100A4 expression
correlated with the ability to form liver metastases, as
evaluated in our quantitative model of metastasis in NOG
mice. These results suggested that S100A4 is a key regulator
of liver metastasis in pancreatic cancer, and demonstrated the
feasibility of using the quantitative metastasis model to
search for and develop new anti-cancer therapies and novel
drugs against this and other key molecules.

Introduction

Pancreatic cancer is one of the most aggressive human
cancers. The inability to detect early-stage carcinoma, and the
lack of effective systemic therapies for treating the disease
are significant factors in the rapid death and low survival rate
of patients with pancreatic cancer. Even after extensive
curative pancreatectomy, patients have a poor prognosis due
to the high rate of liver metastasis in pancreatic cancer.
Metastasis is a complex cascade of events that involves
interactions between cancer cells and multiple host factors
(1). Information on the pathobiology of metastatic pancreatic
cancer, and elucidation of the underlying molecular
mechanisms are urgently needed in order to develop novel
and effective therapeutic approaches to treatment. New
strategies for treating metastatic pancreatic cancer will also
require the development of appropriate animal models for
studying their effectiveness. Attempts to demonstrate the liver
metastatic potential of human cancers have been carried out
using intrasplenic injections of cancer cells into immuno-
compromised mice, such as athymic nude mice or severe
combined immunodeficient (SCID) mice (2-4). However,
metastatic rates in these systems were usually low, despite
the fact that a large number of cells were injected (>1x106

cells).
Recently, we developed NOD/SCID/γc

null (NOG) mice by
backcrossing IL-2 receptor γ-chain deficient (γc

null) mice (5)
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to NOD/Shi-SCID mice (6). NOG mice have no lymphocytes
(neither T nor B) or natural killer (NK) cells, and have
impaired dendritic cell function. The severe immuno-
deficiency in these mice allowed for high engraftment
efficiency of human hematopoietic stem cells, leading to full
lineage differentiation in NOG mice (7). Moreover, when
compared with NOD/Shi-SCID mice, NOG mice were a
superior xenotransplantation system for the engraftment of
human cancer cells (8). In a stable and reproducible animal
model of metastasis, differences in liver metastatic potential
in vivo can be reliably assessed. Metastatic potential is due,
in part, to differential gene expression. In this context, analysis
of gene expression of pancreatic cancer cells with different
metastatic potential, in terms of incidence and grade, is
extremely relevant to our understanding of the mechanism of
pancreatic cancer metastasis.

In this study, intrasplenic injections of NOG mice were
used to select a metastatic cell subpopulation derived from
the human pancreatic cancer cell line, BxPC-3, allowing us
to derive a highly metastatic variant cell line, LM-BxPC-3. We
explored genes whose expression was associated with in vivo
metastatic potential by analyzing the expression profiles of
~47,000 genes in parental BxPC-3 and LM-BxPC-3 cells
using a high-density oligonucleotide array. From this analysis,
nine candidate genes that had altered expression profiles in
LM-BxPC-3 cells were selected. Subsequent to expression
analysis of these nine genes in 6 other human pancreatic
cancer cell lines, we identified a gene, S100A4, whose
expression level correlated closely with the development of
liver metastatic behavior.

Materials and methods

Cells. AsPC-1, BxPC-3, Capan-1, Capan-2, MIA PaCa-2,
PANC-1, and PL45 were obtained from the American Type
Culture Collection (Manassas, VA). BxPC-3, Capan-2 and
PL45 were maintained in RPMI-1640 (Sigma, St. Louis,
MO) supplemented with 10% fetal bovine serum (FBS,
HyClone, UT, USA). MIA PaCa-2 and PANC-1 were
maintained in Dulbecco's modified Eagle's medium (DMEM)
with 10% FBS. DMEM containing 20 or 15% FBS was used
for AsPC-1 and Capan-1, respectively. Cells were incubated
in a humidified (37˚C, 5% CO2) incubator and passaged on
reaching 80% confluence.

In vivo growth and liver metastasis assay . We bred
NOD/SCID (NOD/ShiJic-SCID) and NOG (NOD/ShiJic-
SCID with γc

null) mice and used them at the age of 7-9 weeks,
in accordance with institutional guidelines. For evaluation of
the growth potential of individual cell lines in vivo, NOG
mice were given a subcutaneous (s.c) injection of 104 tumor
cells suspended in 0.1 ml of serum-free medium and 0.1 ml
of Matrigel (BD Biosciences, Bedford, MA). Apparent tumors
were measured weekly. Experimental liver metastases were
generated by intrasplenic injection of cancer cells and
splenectomy (9). The mice were sacrificed 6-8 weeks later,
and liver metastases were enumerated immediately, without
fixation. We defined the ratio of tumor to total liver surface
area (T/L score) using Image processing and analysis in Java
software (ImageJ version 1.33, http://rsb.info.nih.gov/ij/).

Establishment of a highly metastatic pancreatic cell line.
NOG mice were given an intrasplenic injection of 1x105

BxPC-3. The mice were euthanized 6 weeks after injection,
and the livers were removed and subjected to gross examination.
Metastatic foci with diameters >2 mm were collected and cut
into 1-mm3 cubes. Foci were dispersed into single cells in a
solution of trypsin-EDTA (IBL Co., Ltd. Takasaki, Japan).
Contamination with non-human cells (mouse-derived cells)
was checked by PCR using the following primers: forward
primer, 5'-TGTAGGTACTAACACTGGCTCGTGTGACA
A-3' and reverse primer, 5'-GGTGTTGAAGGTCTCAAAC
ATGATCTGTA-3'. This set of primers amplifies not only
human ß-actin gene, but also mouse ß-actin gene (247 bp and
273 bp, respectively). Short tandem repeat (STR) analysis
was carried out to check for cross contamination of other
pancreatic cancer cell lines using the following markers:
D5S818, D13S317, D7S820, and D16S539. Primer information
is available at the UniSTS database on the NCBI web site
(http://www.ncbi.nlm.nih.gov/). The liver metastasized cell
line that was isolated in this manner, LM-BxPC-3, was
expanded and injected into a new cohort of mice as described
above to confirm its metastatic ability.

Oligonucleotide array hybridization; data analysis and
validation. Total cellular RNA was obtained from 90%
confluent cultures of BxPC-3 and LM-BxPC-3 cells using the
RNeasy mini kit (Qiagen K.K. Tokyo, Japan). Gene expression
was analyzed using the HG-U133A Plus 2 GeneChip array
(Affymetrix Inc., Santa Clara, CA). Signal intensity for each
transcript (background subtracted and adjusted for noise) and
detection call (present, absent, or marginal) was determined
using Microarray Suite software 5.0 (Affymetrix Inc.).
Scatter plot and fold-change analyses were performed using
the Data mining tool (Affymetrix Inc.). Genes with altered
expression were pinpointed with the local-pooled-error test
(10) with a false discovery rate p of 0.05, indicating a
statistically significant difference (either increased or
decreased) in their expression in the LM-BxPC-3 line,
compared with the parental BxPC-3 line. To validate
GeneChip expression data, reverse transcription-polymerase
chain reaction (RT-PCR) was performed using the same
RNA samples as in the GeneChip array experiment. We
confirmed that nine genes had significantly different
expression levels in LM-BxPC-3 cells, compared with
parental BxPC-3 cells. RT-PCR using primer sets specific for
these nine genes (sequences available upon request) was
conducted under the following conditions: 95˚C for 10 sec;
23 to 32 cycles at 95˚C for 5 sec; and 62˚C for 31 sec. For
quantitative analysis, an aliquot of cDNA was added to the
Master mix of SYBR-Premix Ex Taq™ (Perfect real time,
Takara Bio Inc., Shiga, Japan), and quantitative gene
expression data was acquired using an ABI PRISM 7700
sequence detection system (Applera Corporation, Applied
Biosystems, CA). RT-PCR of GAPDH RNA was used to
standardize the results.

Protein expression of selected genes was carried out by
immunoblot analysis. Primary antibodies used were rabbit
polyclonal anti-S100A4 antibody at a dilution of 1:100
(DakoCytomation, Kyoto, Japan), and goat polyclonal anti-
GAPDH antibody at a dilution of 1:300 (Santa Cruz
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Biotechnology, Inc. Santa Cruz, CA). Secondary antibodies
were horseradish peroxidase-conjugated anti-rabbit Ig 1:500
(Amersham Biosciences, Tokyo, Japan), and anti-goat Ig
(Bethyl Inc., Montgomery, TX) at a dilution of 1:500.
Immunoblots were developed using the ECL Western
blotting detection system (Amersham Biosciences) and
Hyperfilm ECL (Amersham Biosciences).

Plasmid constructs, transfection and derivation of stable cell
lines. The full-length cDNA encoding S100A4 was cloned
into the pCXN2 vector, which possesses a neomycin-
selectable marker (11). Transfection of pCXN2-S100A4 was
performed by Magnetofection (Oz Biosciences, France)
according to the manufacturer's instructions. Two days after
transfection, 500 μg/ml of neomycin (Invitrogen Corp.,
Carlsbad, CA) was added to the cultures and maintained until
cell death in the cultures ceased.

Statistical analyses. All statistical analyses were performed
using StatView, version 5.0 (SAS Institute, Tokyo, Japan).
The significance of variances was analyzed as required by
the Kruskal-Wallis test, Tukey-Kramer test and Mann-Whitney
U test. A p-value <0.05 was considered to indicate significant
differences.

Results

In vivo model of liver metastasis. Seven human pancreatic
cancer cell lines were examined for their ability to form
diverse metastatic foci in the liver of NOD/SCID and NOG
mice. The incidences of liver metastases in NOG mice were
far higher than those in NOD/SCID mice (Table I). Capan-2
and PL45 showed no metastasis when seeded up to 105 cells
in both strains, and no BxPC-3 metastasis was observed in
NOD/SCID mice. The NOD/SCID mouse model detected
liver metastasis only for the AsPC-1 cell line when inoculated
with >103 cells. In contrast, when inoculated with only 102

MIA PaCa-2, AsPC-1 and PANC-1 cells, liver metastasis
was evident in 71.4-37.5% of the NOG mice. Representative
images of liver metastases are shown in Fig. 1. The incidence
of metastasis of Capan-1 or BxPC-3 cells was greatly
reduced when fewer numbers of cells were inoculated into
the NOG mice. In contrast, apparent metastases were evident
in >50% of NOG mice inoculated with 1x102 AsPC-1 or MIA
PaCa-2 cells (Table I). Thus, the occurrence of metastatic
lesions in the livers of NOG mice was dose dependent,
reproducible, and apparent over a wide range of logarithmic
values. The metastatic potential of the different cell lines can
be ranked as follows: MIA PaCa-2 > AsPC-1 > PANC-1 >
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Table I. Liver metastasis after intrasplenic injection of human pancreatic cancer cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Cell line Cell dose Number of animals with Metastatic score in NOG mice

(cells/head) liver metastasisa

(metastasis/total)
–––––––––––––––––––––––––––––––––––          –––––––––––––––––––––––––––––––

NOD/SCID NOG %T/Lb Liver surface areac

(mean±SD) (mm2, mean±SD)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
MIA PaCa-2 1x104 0/10 (0.0%) 10/10 (100.0%) 60.6±13.9 1056.0±338.0

1x103 0/7 (0.0%) 5/6 (83.3%) ND ND
1x102 0/6 (0/0%) 5/7 (71.4%) ND ND

AsPC-1 1x104 8/9 (88.9%) 9/9 (100.0%) 48.2±12.3 434.4±77.6
1x103 2/8 (25.0%) 8/8 (100.0%) ND ND
1x102 0/6 (0.0%) 4/7 (57.1%) ND ND

PANC-1 1x104 0/10 (0.0%) 8/8 (100.0%) 26.6±11.3 374.0±68.5
1x103 0/6 (0.0%) 6/8 (75.0%) ND ND
1x102 0/7 (0.0%) 3/8 (37.5%) ND ND

Capan-1 1x104 0/10 (0.0%) 9/10 (90.0%) 15.6±5.3 425.6±38.5
1x103 0/10 (0.0%) 5/10 (50.0%) ND ND
1x102 0/8 (0.0%) 0/8 (0.0%) ND ND

BxPC-3 1x105 0/8 (0.0%) 8/8 (100.0%) ND ND
1x104 0/8 (0.0%) 1/8 (12.5%) 0.0±0.0 409.4±37.3

Capan-2 1x105 0/8 (0.0%) 0/8 (0.0%) ND ND
1x104 ND 0/10 (0.0%) 0.0±0.0 426.7±39.1

PL45 1x105 0/8 (0.0%) 0/8 (0.0%) ND ND
1x104 ND 0/10 (0.0%) 0.0±0.0 395.0±36.1

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aLiver metastasis was evaluated 6 weeks after inoculation of 1x103, 104 and 105 cancer cells, and 8 weeks after inoculation of 102 cancer cells. bAll
liver images showing liver metastases in response to injection of 1x104 cancer cells were used to calculate the percent tumor occupancy in the liver
(T/L). cThe surface area of the liver was calculated using all liver images obtained from mice which were injected with 1x104 cancer cells. ND, not
done.

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Capan-1 > BxPC-3 > Capan-2 and PL45. The liver metastatic
potential of 7 individual pancreatic cancer cell lines in NOG
mice was quantitated as the T/L score (Table I). The ranking
of metastatic potential was quantitatively reproduced using
T/L score analysis. Six weeks after 1x104 cells were
implanted, the T/L score of each cell line was as follows: MIA
PaCa-2, 60.6%; AsPC-1, 48.2%; PANC-1, 26.6%; and
Capan-1, 15.6% (Table I). The overall surface area of livers
inoculated with pancreatic cancer cells was not significantly
different from that of normal (non-inoculated) NOG mouse
livers, with the exception of livers inoculated with MIA
PaCa-2 cells (data not shown). The surface area of the livers
of NOG mice inoculated with 1x104 MIA PaCa-2 cells was
double that of the livers inoculated with other cell lines
(Table I). 

To evaluate in vivo growth activities, 1x104 pancreatic
cancer cells were injected subcutaneously into NOG mice.
The tumor volume for MIA PaCa-2 was the largest among
the seven cell lines. In contrast, PL45 cells did not form
tumors in NOG mice. The doubling times of tumors derived
from AsPC-1, BxPC-3, Capan-1 and Capan-2, were not
statistically different (data not shown), and subcutaneous
tumorigenicity did not correlate with metastatic potential.
These results indicated that the liver metastatic potential of
human pancreatic cancer cells in NOG mice is not directly
related to tumor growth.

Establishment and characterization of a highly metastatic
pancreatic cell line. Parental BxPC-3 cells (Fig. 2b) showed
poor metastatic capability in our liver metastasis model using
NOG mice, but a few visible tumor foci consistently
developed (Fig. 2a and c). We isolated cells from these foci,
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Figure 1. Representative gross findings of liver metastases of human
pancreatic cancer cell lines. Seven human pancreatic cancer cell lines: MIA
PaCa-2, AsPC-1, PANC-1, Capan-1, BxPC-3, Capan-2 and PL45 were
intrasplenically implanted into NOG mice. The mice were sacrificed 6
weeks later, and liver metastases were enumerated immediately, without
prior fixation.

Figure 2. Establishment of a highly metastatic liver cell line. Primary tumors were generated by intrasplenic injection of 1x105 BxPC-3 cells into NOG mice
(a-c). Cells from liver metastatic foci (open circles in a) were isolated and designated as LM-BxPC-3. Metastatic ability of the LM-BxPC-3 cell line was
evaluated by intrasplenic injection with 1x105 cells (d-f). BxPC-3 and LM-BxPC-3 cells were seeded onto a culture dish after trypsinization, cultured for the
indicated number of days and then enumerated after suspension under a microscope (g). STR analysis was carried out to check for cross contamination of
other pancreatic cancer cell lines (h). Four microsatellite loci D5S818, D13S317, D7S820, and D16S539 were examined with NED, VIC, 6-FAM and PET
fluorescent dye-labeled primers. The relationship between signal intensity and detection p-value was averaged for each of the 100 genes. Arrowhead on the Y-axis
indicates a detection p-value of 0.05 (i). The expression levels of nine genes were validated by comparing GeneChip data with the results of quantitative RT-
PCR (j). 
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and designated them ‘LM (Liver-Metastasized)-BxPC-3’
cells (Fig. 2e). After a short period in culture, 1x105 LM-
BxPC-3 cells were injected into NOG mice. In contrast to the
parental cell line, we observed aggressive metastasis at 6
weeks when LM-BxPC-3 cells were injected into NOG mice
(Fig. 2d and f). When we compared the growth characteristics
of parental BxPC-3 and LM-BxPC-3 cells, we observed no
major difference in in vitro growth activity (Fig. 2g). To
eliminate the possibility of cross contamination with other
pancreatic cancer cell lines, we carried out STR analysis of 4
microsatellite loci. Both cell lines had the same genetic
profile at all microsatellite markers examined (D5S818,
143/143 bp; 13S317, 182/182 bp; D7S820, 210/222 bp;
D16S539, 146/156 bp; Fig. 2h). No other pancreatic cancer
cell lines had this type of genetic profile (data not shown).

Gene expression profiling of the metastatic phenotype and
validation of the data. We performed oligonucleotide micro-
array analysis (Affymetrix, Human Genome U133 Plus 2.0
array) to identify genes that were differentially expressed in
BxPC-3 cells and their derivative LM-BxPC-3 cells. Genes
were sorted by increasing signal intensity, and then the
average signal intensity and detection p-value were averaged
for each of the 100 genes in the list. The average detection
p-value was low for well-expressed genes, but increased for
genes with signal intensities <200 (Fig. 2i). Although signal
intensities of <200 were variable, they were still useful for
comparing highly metastatic LM-BxPC-3 cells with the
control parental BxPC-3 cell line. Thus, to avoid over-
estimating fold changes, and to increase reliability, we set a
lower limit of detection at 200 (detection p-value=0.05) and
replaced all values of <200 with 200. Among >47,000 total
feature sets present on the chip, when parental cells were
compared with LM-BxPC-3 cells, statistically significant
differences in gene expression (4-fold or greater) were
observed with 54 probe sets. The 54 probe sets corresponded
to 45 gene sets because the GeneChip we used in this study
included multiple probe sets that recognized different regions
of the same transcript. All of the genes that had significantly

different (>4-fold) expression levels, ranked in order of fold-
difference, are listed in Table II. Nine genes had decreased
expression levels, whereas 36 genes had increased expression
levels in LM-BxPC-3 cells, compared with the parental cell
line. To validate the GeneChip data, RT-PCR was performed
on two underexpressed genes (RGS4 and PTHLH), and
seven overexpressed genes (TRIM31, KISS1, TXNIP,
S100A4, YPEL3, FLJ23598 and DFKZp56P1263) in the
LM-BxPC-3 line. Real-time RT-PCR was carried out to
quantitate the expression of each of these genes. The
expression dynamics based on quantitative RT-PCR were in
agreement with the GeneChip data (Fig. 2j).

The S100A4 gene is associated with pancreatic cancer liver
metastasis. To determine whether the genes identified by
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Figure 3. Correlation analysis between gene expression levels and liver
metastatic potential. The expression levels of 9 selected genes were
analyzed in 7 pancreatic cancer cell lines. The liver metastatic ability is
represented as the percentage of tumor occupation in the liver (T/L).

Figure 4. S100A4 enhances liver metastatic potential of human pancreatic
cancer cells. Expression levels of S100A4 and GAPDH in BxPC-3 cells, and
S100A4-transfectants B and G. Immunoblots were probed with a rabbit
polyclonal anti-S100A4 antibody (a, top), and a goat polyclonal anti-
GAPDH antibody (a, bottom). Gross analysis of liver metastases in mice
injected with BxPC-3 (b, left), S100A4-transfectant clone B (b, center) and
clone G (b, right). Cells were intrasplenically implanted, mice were
sacrificed 6 weeks later, and liver metastases were enumerated immediately,
without prior fixation.
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expression profiling of BxPC-3 and LM-BxPC-3 cells were
associated with liver metastasis in other pancreatic cancer
cell lines, we examined gene expression using quantitative
RT-PCR, and liver metastatic potential with the T/L score of
each of the other six pancreatic cancer cell lines. For eight
of the nine genes, there was no correlation between gene
expression and liver metastasis (Fig. 3). However, expression
of S100A4 strongly correlated with liver metastasis
(R 2=0.644) (Fig. 3). The level of S100A4 protein was
analyzed by immunoblot (data not shown), using NIH ImageJ
to evaluate signal intensity and GAPDH protein levels as the
standard. There was a strong correlation between S100A4
protein level and liver metastasis, as defined by the T/L score,
in all seven pancreatic cancer cell lines (R2=0.739, data not
shown).

Effect of S100A4 overexpression on liver metastasis. The
S100A4 gene was identified because its expression level
correlated closely with liver metastasis. We were interested
in the effect of S100A4 overexpression on liver metastatic
potential of pancreatic cancer cells. The full-length human
S100A4 cDNA was cloned into pCXN2 and transfected into
BxPC-3 parental cells. Two neomycin-resistant cell lines were
selected, Tf clones G and B, in which S100A4 expression
was dramatically increased, or was the same as that in non-
transfected parental cells, respectively (Fig. 4a). Both cell
lines were implanted intrasplenically into NOG mice to
evaluate their in vivo liver metastatic potential. Metastatic
potential was evaluated by the incidence of liver metastasis
and the T/L score (Table III). When NOG mice were inoculated
with 1x105 cells and sacrificed 6 weeks later, the incidence of
liver metastasis in the mice that received either S100A4-
transfectants or non-transfectants (BxPC-3 cells) was 100%.
However, the features of liver metastases seemed to be quite
different depending on S100A4 expression levels. Typical
images are shown in Fig. 4b. The T/L score of each cell line
was calculated, and the correlation between S100A4
expression and liver metastatic potential was evaluated. Tf
clone G which expressed high levels of S100A4 protein had
a significantly higher T/L score compared with the Tf clone
B, which was neomycin resistant but had extremely low levels
of S100A4 protein and non-transfected parental BxPC-3
cells. Liver metastatic lesions formed reproducibly and
semiquantitatively in a dose-dependent manner. On inoculation
with 1x104 cells, liver metastasis was evident in only 12.5%
of NOG mice that received non-transfected parental BxPC-3
cells, and was never observed in mice that received Tf clone B
cells. In contrast, inoculation of 1x104 Tf clone G cells resulted
in apparent metastasis in >50% of NOG mice.

Discussion

Several studies using microarrays and serial analysis of gene
expression (SAGE) to characterize the molecular biology of
pancreatic tumors and pancreatic cancer cell lines have been
reported (12-14). While these cell lines from different tumor
types may share some features at the molecular level, it is
believed that the function of the genes showing similar
expression profiles among different cancer cell lines is to
promote pancreatic tumorigenesis. We are particularly

interested in liver metastasis of pancreatic tumors. In this
study, we first examined the in vivo biological behavior of
seven human pancreatic cancer cell lines. Reproducible in vivo
evaluation of liver metastatic potential was possible using
completely immunocompromised NOG mice developed in
our laboratory. The liver metastatic incidence and grade of
each of the pancreatic cancer cell lines were quantitatively
evaluated, and were dose dependent over a wide range of
inoculation doses. To date, ours is the only in vivo model for
liver metastasis that can evaluate metastatic potential with an
inoculation dose of 102 cells. Using this system, we succeeded
in deriving a highly metastatic cell line from a poorly
metastatic parental line in a single in vivo passage in the
mouse liver. Differentially expressed genes in these two cell
lines were identified by global gene expression analysis with
Affymetrix oligonucleotide microarrays. To validate whether
the differentially expressed genes were involved in liver
metastasis of other pancreatic cancer cell lines, we analyzed
the correlation between gene expression and in vivo liver
metastatic ability in 6 pancreatic cancer cell lines. A candidate
liver metastasis-related gene, S100A4, was exogenously
expressed in a poorly metastatic cell line, and the effect on
in vivo liver metastasis was evaluated in the NOG mice. These
experiments indicated that S100A4, which is a member of
the S100 family of calcium-binding proteins, is a strong
candidate for genes involved in liver metastasis in vivo.

Several models of liver metastasis using intrasplenic
injection of cancer cells have been established and characterized
using athymic nude mice (15-17). Hematogenous metastasis
occurs as a consequence of a well-characterized set of
sequential events. These types of metastasis models mimic
only those events that occur after entrance of cells into the
blood vessels. In most of these model systems, more than one
million cancer cells are intrasplenically inoculated into mice
to generate liver metastases (3,17-19). It is unlikely, however,
that such a large number of cancer cells would enter the liver
at one time via the portal vein, and form metastatic foci in
patients with pancreatic cancer. 

In this study, we demonstrated a high rate of liver
metastasis in NOG mice inoculated with small numbers of
cancer cells (as low as one hundred cells), and a higher level
of liver metastasis in the NOG mouse model than that in
NOD/SCID mice. This liver metastasis model using NOG
mice is reliable and quantitative, and more closely mimics
the in vivo conditions in patients with pancreatic cancer. It
will also be a valuable tool for exploring new metastasis-
related genes using genome-wide gene expression profiles of
different cancer cell lines. Several cell lines with a high
metastatic potential were established by serial intrasplenic
transplantation of cancer cells in order to explore putative
genes associated with pancreatic cancer-liver metastasis in
patients (17,18). In athymic nude mice, poorly metastatic
cells required several passages before they acquired the
ability to metastasize. When a poorly metastatic bladder
cancer cell line, T24T, was serially passaged through nude
mice, the cellular characteristics progressively changed,
resulting in an increased pulmonary metastatic load and
decreased period of time for metastases to develop (16). In
most experiments involving serial passaging, not only
metastatic ability, but also cellular characteristics such as
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Table II. Differences in gene expression between the human pancreatic cancer cell line BxPC-3 and the highly metastatic
derivative LM-BxPC-3.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Probe set IDa Geneb Fold differencec Chromosomed

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Highly expressed in BxPC-3 parental cells

204338_s_at Regulator of G-protein signalling 4 (RGS4) 7.5 1q23.3

204337_at Regulator of G-protein signalling 4 (RGS4) 5.7 1q23.3

204339_s_at Regulator of G-protein signalling 4 (RGS4) 4.9 1q23.3

211756_at Parathyroid hormone-like hormone (PTHLH) 4.9 12p12.1-p11.2

1556773_at Parathyroid hormone-like hormone (PTHLH) 4.9 12p12.1-p11.2

206300_s_at Parathyroid hormone-like hormone (PTHLH) 4.9 12p12.1-p11.2

206343_s_at Neuregulin 1 (NRG1) 4.9 8p21-p12

207526_s_at Interleukin 1 receptor-like 1 (IL1RL1) 4.6 2q12

231771_at Gap junction protein, ß 6 (GJB6) 4.3 13q12

211423_s_at Sterol-C5-desaturase (ERG3 Δ-5-desaturase 4.3 11q23.3
homolog, fungal)-like (SC5DL)

212977_at Chemokine orphan receptor 1 4.0 2q37.3

223779_at Hypothetical protein MGC10981 4.0 4p16.1
----------------------------------------------------------------------------------------------------------------------------------------------------------------
Highly expressed in LM-BxPC-3 cells

202376_at Serine (or cysteine) proteinase inhibitor, clade A, 36.8 14q32.1
member 3 (SERPINA3)

220390_at Hypothetical protein FLJ23598 29.9 11p11.2

219508_at Glucosaminyl (N-acetyl) transferase 3 (GCNT3) 13.9 15q21.3

205597_at Chromosome 6 open reading frame 29  (C6orf29) 11.3 6p21.3

202357_s_at B-factor (properdin) 11.3 6p21.3

220196_at Mucin 16 (MUC16) 10.6 19q13.2

203186_s_at S100 calcium-binding protein A4 (S100A4) 9.8 1q21

214456_x_at Serum amyloid A1 (SAA1) 9.2 11p15.1

229927_at LEM domain-containing 1 (LEMD1) 9.2 1q32.1

211848_s_at Carcinoembryonic antigen-related cell adhesion 8.6 19q13.2
molecule 7 (CEACAM7)

206199_at Carcinoembryonic antigen-related cell adhesion 8.6 19q13.2
molecule 7 (CEACAM7)

202917_s_at S100 calcium-binding protein A8 (S100A8) 7.5 1q21

1555203_s_at Chromosome 6 open reading frame 29  (C6orf29) 7.5 6p21.3

223179_at Yippee-like 3 (Drosophila) (YPEL3) 7.0 16p11.2

204259_at Matrix metalloproteinase 7 (MMP7) 7.0 11q21-q22

207076_s_at Argininosuccinate synthetase (ASS) 7.0 9q34.1

201009_s_at Thioredoxin-interacting protein (TXNIP) 6.5 1q21.1

226622_at Mucin 20 (MUC20) 6.5 3q29

209183_s_at Hypothetical protein DKFZp564P1263 6.5 10q11.21

242649_x_at Chromosome 15 open reading frame 21 6.1 15q21.1

225283_at Arrestin domain-containing 4 (ARRDC4) 6.1 15q26.3

201860_s_at Plasminogen activator (PLAT) 5.7 8p12

226755_at Unknown 5.7 ---

201008_s_at Thioredoxin-interacting protein (TXNIP) 5.3 1q21.1

226071_at Thrombospondin repeat containing 1 (TSRC1) 5.3 1q21.2
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in vitro growth activity and the expression levels of certain
oncogenes were altered (17,20). In this study, we were able
to establish a highly metastatic pancreatic cancer cell line,
LM-BxPC-3, from a poorly metastatic parental cell line,
BxPC-3, by a single passage in completely immuno-

compromised NOG mice. The in vitro growth characteristics
of the highly metastatic LM-BxPC-3 cell line did not differ
from those of the parental cell line. Furthermore, neither cell
line had mutations in the nucleotide sequences of the K and
N-ras proto-oncogenes, but did carry the same mutation at
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Table III. Liver metastasis after intrasplenic injection of parental BxPC-3 cells and S100A4 transfectants.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Cell line Cell dose Number of animal with Metastatic score in NOG mice

(cells/head) liver metastasisa

(metastasis/total)
––––––––––––––––––– ––––––––––––––––––––––––––––––––––––

NOG %T/Lb Liver surface areac

(mean±SD) (mm2, mean±SD)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
BxPC-3 1x105 8/8 (100%) 2.8±1.5 434.5±35.0
Tf-clone B 1x105 5/5 (100%) 4.2±2.7 415.9±30.0
Tf-clone G 1x105 6/6 (100%) 20.2±10.8d 543.3±41.0

BxPC-3 1x104 1/8 (12.5%) ND ND
Tf-clone B 1x104 0/6 (0%) ND ND
Tf-clone G 1x104 3/6 (50%) ND ND
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aLiver metastasis was evaluated 6 weeks after inoculation. bAll liver images showing liver metastases in response to injection with 1x105 cells were
used to calculate the percent tumor occupancy in the liver (T/L). cThe surface area of the liver was calculated using all liver images obtained from
mice injected with 1x105 cells. dp<0.0001 and p=0.0006 when compared with BxPC-3 and Tf-clone B, respectively. ND, not done.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table II. Continued.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Probe set IDa Geneb Fold differencec Chromosomed

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
225987_at Tumor necrosis factor, α-induced protein 9 (TNFAIP9) 5.3 7q21.12

206421_s_at Serine (or cysteine) proteinase inhibitor, clade B, 5.3 18q21.33
member 7 (SERPINB7)

212531_at Lipocalin 2 (LCN2) 5.3 9q34

218963_s_at Keratin 23 (KRT23) 5.3 17q21.2

205563_at KiSS-1 metastasis-suppressor (KISS1) 5.3 1q32

219529_at Chloride intracellular channel 3 (CLIC3) 5.3 9q34.3

201010_s_at Thioredoxin-interacting protein (TXNIP) 4.9 1q21.1

208170_s_at Tripartite motif-containing 31 (TRIM31) 4.9 6p21.3

219795_at Solute carrier family 6, member 14 (SLC6A14) 4.6 xq23-q24

209365_s_at Extracellular matrix protein 1 (ECM1) 4.6 1q21

210029_at Indoleamine-pyrrole 2,3 dioxygenase (INDO) 4.3 8p12-p11

202748_at Guanylate-binding protein 2 (GBP2) 4.3 1p22.2

213693_s_at Unknown 4.3 ---

213172_at Tetratricopeptide repeat domain 9 (TTC9) 4.0 14q24.2

219014_at Placenta-specific 8 (PLAC8) 4.0 4q21.3

204885_s_at Mesothelin (MSLN) 4.0 16p13.3

242907_at Guanylate-binding protein 2 (GBP2) 4.0 1p22.2
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aProbe set ID and gene description based on the assignment on the Affymetrix HG-U133 Plus 2.0 GeneChip (www.affymetrix.com). bThe genes in
bold print were further evaluated by RT-PCR. cFold difference indicates the ratio of gene expression of LM-BxPC-3/BxPC-3. dChromosomal
location.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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codon 27 of Ha-ras (CAT to CAC, His to His), and at codon
220 of the p53 tumor suppressor gene (TAT to TGT, Tyr to
Cys) (data not shown). Thus, while LM-BxPC-3 cells acquired
a highly liver metastatic character, the in vitro growth
characteristics and oncogene status of this cell line were
similar to the parental cell line. These results suggest that our
NOG model should permit molecular evaluation of the
metastatic phenotype, including elucidation of putative genes
associated with pancreatic cancer-liver metastasis. We used
our metastatic model system to look for specific genes that
may be involved in regulating liver metastasis. We screened
LM-BxPC-3 cells and parental BxPC-3 cells for transcripts
with at least a 4-fold difference in signal intensity between
the highly metastatic cells and the parental cell line. Of the
47,000 transcripts analyzed, only 42 (0.09%) were expressed
at ≥4-fold higher levels, and only 12 (0.03%) transcripts were
expressed at ≥4-fold lower levels in LM-BxPC-3 cells
compared with the parental cell line. A subset of nine genes
was selected for validation of mRNA expression using real-
time PCR, and the data was compared with the results from
DNA chip analysis (Fig. 2j). In another method to
corroborate the accuracy of our array data, genes that were
identified many times, such as the regulator of G-protein
signaling 4 (RGS4), parathyroid hormone-like hormone
(PTHLH), thioredoxin-interacting protein (TXNIP),
chromosome 6 open reading frame 29 (C6orf29), carcino-
embryonic antigen-related cell adhesion molecule 7
(CEACAM7) and guanylate-binding protein 2 (GBP2),
served as internal controls for reproducibility of the array
data (Table II). 

We identified 36 genes (42 probe sets) that were expressed
at higher levels in LM-BxPC-3 cells than in parental BxPC-3
cells. These genes included several cell adhesion molecules,
such as CEACAM7, extracellular matrix protein 1 (ECM1),
matrix metalloproteinase 7 (MMP7), mucin family (MUC 16
and 20), and mesothelin (MSLN). These cellular components
are important factors in the execution of metastatic potential
and represent putative molecular targets for diagnostic/
prognostic markers and gene therapy. However, we wanted
to identify factors that were higher up in the hierarchy of
metastatic regulation, i.e. upstream regulators of these
execution factors. Therefore, we focused on genes encoding
nucleoproteins and putative transcription factors, by looking
for nuclear localization signals in the deduced amino acid
sequences. The subcellular localizations of the putative
proteins were predicted by PSORT (http://psort.ims.u-tokyo.
ac.jp/) or PLOC (21), which are computer programs for
predicting protein localization sites in cells. Four known
(TRIM31, KISS1, YPEL3 and S100A4) and two novel genes
(DFKZp56P1263 and FLJ23598) encoding putative nucleo-
proteins were validated by quantitative RT-PCR (22-25), in
addition to three highly redundant genes (RGS4, PTHLH and
TXNIP) that appeared three times in the array table (Table II).
We were interested in identifying genes whose expression
correlated with in vivo liver metastatic ability. At both the
mRNA and protein levels, expression of S100A4 strongly
correlated with in vivo liver metastatic ability in NOG mice.
It is well known that the expression of S100A4 is associated
with metastasis in several human solid carcinomas, including
those of the bladder (26), breast (27), colon (28) and stomach

(29), as well as melanoma (8). Overexpression of S100A4 has
been shown to induce a metastatic phenotype in experimental
rodent models of breast cancer (30,31), and transfection of
the cDNA of S100A4 into a nonmetastatic rodent tumor cell
line conferred a metastatic phenotype to the cells (32). The
expression level of S100A4 seemed to influence tumor
metastasis in our study as well, since there was a positive
correlation between S100A4 expression (both at the level of
mRNA and protein), and the liver metastatic potential of
pancreatic cancer cell lines in the NOG mouse model. Down-
regulation of S100A4 using hammerhead ribozymes or anti-
sense RNA was shown to reduce in vivo metastatic potential
and in vitro motility and invasive properties in a rodent model
of osteosarcoma (33,34) and in the Lewis lung carcinoma
model (35). Interferon-γ (IFN-γ) has been shown to suppress
tumor cell growth in vivo and decrease the metastatic potential
of several human cancer cell lines (36). The anti-tumor
effects of IFN-γ are mediated in part by host-derived natural
killer cells or macrophages. It has been shown that IFN-γ can
downregulate the expression of S100A4, both at the mRNA
and protein levels (37,38). Therefore, the anti-tumor activity
of IFN-γ might be the result of a synergistic effect of
activation of the host immune response and suppression of
metastasis through downregulation of S100A4.

As mentioned above, the expression level of S100A4
closely correlated with the development of metastases in
many human and rodent carcinomas. However, it is not clear
how S100A4 expression was upregulated in these tumors.
ERBB2 (HER-2/neu) upregulates expression of the S100A4
gene in human medulloblastoma cells via an ERBB2-
responsive element located in the S100A4 promoter region
(39). DNA methylation has also been shown to affect the
expression of S100A4 in established cell lines and in primary
pancreatic carcinomas (40-42). Treatment of benign rat
mammary epithelial cells (Rama 37CL-A3) that express low
levels of S100A4 with either of two demethylating agents, 5-
azacytidine (5-aza-C) or S-adenosyl-L-homocysteine (SAH)
resulted in a significant increase in the level of S100A4
mRNA. Furthermore, Southern blot analysis with a
methylation-site-specific restriction enzyme showed different
methylation patterns in the upstream region of the S100A4
gene in S100A4-low-expressing and -high-expressing benign
rat mammary epithelial cells (41). The methylation status of
two CpG sites in the first intron of the S100A4 gene has been
associated with S100A4 expression in the human pancreatic
cancer cell line Hs766T, because treatment of these cells with
the demethylating agent 5-aza-2'-deoxycytidine (Decitabine)
resulted in induction of expression of the S100A4 gene
(40,42). These results strongly suggest that methylation of
genomic DNA is, at least in part, responsible for repressing
the expression of S100A4. Altered DNA methylation has
been associated with carcinogenesis in a number of experi-
mental systems (43,44). Thus, methylation/demethylation of
genomic DNA is likely to be a mechanism for global control
of gene expression.

S100 genes include at least 13 members, which are located
in a cluster on chromosome 1q21 (45). Acquisition of 1q21-
q23 has been associated with metastasis and a drug-resistant
phenotype, particularly in sarcoma and ovarian cancer
(46,47). Studies using comparative genomic hybrid-ization
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(CGH) analysis indicated that a gain of chromosome 1 (1q21-
23) often occurs in hepatocellular carcinoma and renal clear
cell carcinomas (48,49). These data suggest that the long arm
of chromosome 1, in particular 1q21-23, is important for the
development of cancer and metastasis. Surprisingly, nine out
of the forty-five genes we identified, based on differential
expression between LM-BxPC-3 and parental BxPC-3 cells
mapped to chromosome 1 (Table II). Moreover, six genes,
including S100A4, S100A8, ECM1, TXNIP, thrombo-
spondin repeat containing 1 (TSRC1) and RGS4 mapped to
the 1q21-23 loci. We observed a similar pattern for several
other differentially expressed genes, several of which were
clustered in a single chromosomal locus: B-factor (properdin),
TRIM31, and C6orf29 were located on chromosome 6p21.3;
and lipocalin 2, arginino-succinate synthetase (ASS) and
chloride intracellular channel 3 (CLIC3) were located on
chromosome 9q34. These loci may be under global control as
a locus control region (LCR), or may perhaps be regulated by
genome-wide DNA methylation/demethylation or acetylation/
deacetylation of the histone core.

In summary, we demonstrated that S100A4 gene
expression in human pancreatic cancer cells correlated
closely with in vivo liver metastatic ability, as evaluated in a
quantitative model of metastasis in NOG mice. Our results
suggest that S100A4 could be a potential therapeutic target in
pancreatic carcinoma, in addition to being a molecular marker
for diagnosis. Our quantitative model of metastasis in NOG
mice is, of course, applicable to evaluation of the safety,
efficacy, and medicinal benefits of new anticancer drugs.
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