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Purpose: Gastric cancer is one of the most prevalent
cancers worldwide. 5-fluorouracil (5-FU) and cisplatin are
the most commonly used drugs for the treatment of
gastric cancer. However, a significant number of tumors
often fail to respond to chemotherapy.

Materials and Methods: To better understand the mole-
cular mechanisms underlying drug resistance in gastric
cancer the gene expression in gastric cancer cells, which
were either sensitive or resistant to 5-FU and cisplatin,
were examined using cDNA microarray analysis. To
confirm the differential gene expression, as determined
using the microarray, semiquantitatve RT-PCR was
performed on a subset of differentially expressed cDNAs.

Results: 69 and 45 genes, which were either up-regula-
ted (9 and 22 genes) or down-regulated (60 and 25 genes),
were identified in 5-FU- and cisplatin-resistant cells,
respectively. Several genes, such as adaptor-related
protein complex 1 and baculoviral IAP repeat-containing

INTRODUCTION

Gastric cancer is one of the leading causes of cancer death
in the world (1). Although the incidence of gastric cancer is
increasing, many patients still remain inoperable and are treated
with palliative chemotherapy. 5-Fluorouracil and cisplatin are
the most commonly used anticancer drugs in the treatment of
gastrointestinal tract cancer, including gastric cancer. However,
a significant number of tumors often fail to respond to
chemotherapy. Tumors usually consist of a mixed population
of malignant and normal cells. The effectiveness of treatment
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3, were up-regulated in both drug-resistant cell types.
Several genes, such as the ras homolog gene family, tropo-
myosin, tumor rejection antigen, protein disulfide isomer-
ase-related protein, melanocortin 1 receptor, defensin,
cyclophilin B, dual specificity phosphatase 8 and hepato-
cyte nuclear factor 3, were down-regulated in both drug-
resistant cell types.

Conclusion: These findings show that cDNA microarray
analysis can be used to obtain gene expression profiles
that reflect the effect of anticancer drugs on gastric cancer
cells. Such data may lead to the assigning of signature
expression profiles of drug-resistant tumors, which may
help predict responses to drugs and assist in the design
of tailored therapeutic regimens to overcome drug resis-
tance. (Cancer Research and Treatment 2005;37:54-62)

Key Words: cDNA microarray, Stomach neoplasms,
5-fluorouracil, Cisplatin, Drug resistance

will depend on the response of individual cells to the drug.
Although treatment kills sensitive cells, the remaining resistant
cells continue developing, and form clinically resistant tumors.
Resistance phenotypes, reflecting cell defense to environmental
modifications, can be a major obstacle in cancer therapy. Resis-
tance mechanisms are commonly divided into two broad cate-
gories: intrinsic resistance and induced resistance. Several
mechanisms of drug resistance in tumors are understood and
include the overexpression of the multidrug resistance gene, the
multidrug resistance-associated protein and increased DNA
repair (2~4). Mechanisms underlying the development of
intrinsic drug resistance are not thoroughly understood, and
may involve expression of multiple genes during tumor pro-
gression, while acquired resistance may be associated with drug
selection during chemotherapy. It is essential to understand the
mechanisms underlying resistance to chemotherapy in order to
better treat tumors with anticancer drugs.

DNA microarray technology has enabled simultaneous analy-
sis of expression of thousands of tumor cell genes (5~9). To
better understand the molecular mechanisms underlying drug
resistance in gastric cancer cells, we used cDNA microarray
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analysis to study differential gene expression profiles in gastric
cancer cells that were either sensitive or resistant to 5-FU and
cisplatin. The cells used in this study were derived from the
SNU638 gastric cancer cell line (10).

MATERIALS AND METHODS

1) Cell culture and establishment of a resistant cell line

The human gastric cancer cell line SNU638 was cultured in
RPMI medium, containing 10% fetal bovine serum (FBS), 100
U/ml penicillin, 100pg/ml streptomycin and 20 mM glutamine,
in a 5% CO, humidified air atmosphere at 37°C. Cells were
treated continuously with stepwise-increased concentrations of
5-FU and cisplatin every 3 weeks, up to final concentrations
of 200~800ug/ml. The resultant 5-FU- and cisplatin-resistant
cells (SNU638-F2 and SNUcis800, respectively) were each
selected from one culture dish and further subcultured. These
cell lines showed 2,117- and 20-fold acquired resistances to
5-FU and cisplatin, respectively (9).

2) ¢cDNA microarray preparation

A Human 10K cDNA microarray (GaiaGene Inc.) was used,
which consisted of 10,336 spots, including UniGEM-V clones
(Incyte Pharmaceuticals) and housekeeping genes, with yeast
DNAs as negative controls. The UniGEM-V clones contain
9,182 unique and sequence-verified cDNA elements mapped to
8,353 UniGene Homo sapien annotated clusters (11).

3) Probe preparation

Total RNA was extracted using Trizol reagent (Life Techno-
logies). Probes were labeled using the amino allyl cDNA
labeling kit (Ambion), as follows: 20ug total RNA (12ul) was
combined with oligo(dT) primer (50uM, 1), incubated at
70°C for 10 min, and then kept at room temperature. This
primer/RNA solution was added to an RT mix, consisting of
2ul 10x RT buffer, 1ul RNase inhibitor (10 units/il), 1pl
dNTP mix (10 mM dATP, dCTP and dGTP), 1ul AAdUTP
mix (3 mM dTTP and 3 mM amino allyl dUTP) and 2ul M-
MLV reverse transcriptase (200 units/il,), and incubated at
42°C for 2 h. RNA was then hydrolyzed with NaOH (1 M,
4yl) at 65°C for 15 min. The solution was neutralized with
HEPES (1 M, 10ul) and the cDNA recovered by ethanol
precipitation using sodium acetate (3 M, 3.4ul) and ethanol
(100%, 100ul). The cDNA pellet was resuspended in 4.5pl
Coupling Buffer (Ambion) followed by the addition of 2.5l
nuclease-free water and 3yl dye (NHS-ester Cy3 or CyS5, 2.22
mM in DMSO). The resulting solution was mixed by gentle
vortexing, and the briefly centrifuged. The sample tubes were
wrapped in aluminum foil and incubated at room temperature
for one hour in a dark room. The labeling reaction was stopped
by the addition of 6ul 4 M hydroxylamine hydrochloride, the
tubes vortexed, briefly centrifuged, and incubated for 15 min
at room temperature in the dark. To the solution, 70ul
nuclease-free water was added, after which the dye-labeled
cDNA was purified using NucAway spin columns (Ambion).
Purified, labeled cDNA was ethanol precipitated, pelleted by
brief centrifugation and then resuspended in 10ul nuclease-free
water.

4) Hybridization

For prehybridization, the cDNA microarray was placed in a
50 ml conical tube containing prehybridization solution (5x
SSC, 0.1% SDS and 1% bovine serum albumin) and incubated
at 55°C for 1 h. The Cy3- and Cy5-labeled products were com-
bined, and 8ug poly(dA) (Pharmacia), 4ug Escherichia coli
tRNA (Sigma Chemical), 10pg Human Cotl DNA (Life Tech-
nologies) and EasyHyb hybridization solution (U-Vision
Biotech) added, to a final volume of 60ul. The probe was
denatured at 100°C for 2 min, the debris cleared by centrifuga-
tion, and the probe solution placed onto the microarray slide,
with a coverslip, in a hybridization chamber (TeleChem Inter-
national). Hybridization was performed in a 55°C water bath
for 12~16 h. After a quick rinse in 0.1x SSC, the slides were
then washed in 2x SSC/0.2% SDS at room temperature for 5
min and then 0.1x SSC/0.2% SDS at 55°C for 5 min, and then
spun dry (500 rpm) for 5 min.

5) Scanning and analysis

The two fluorescent images (Cy3 and Cy5) were scanned
separately using a GMS 418 Array Scanner (Affymetrix) and
analyzed using the MAAS program (GaiaGene; http//www.
gaiagene.com). Yeast DNA was spotted onto each slide to
determine the background signal intensity. Values at least
2-fold above that of the background were considered signif-
icant. To filter out unreliable data, spots with signal-to-noise
ratios below three were disregarded. Each experiment was
performed three times.

6) Semiquantitative RT-PCR

From each sample, Sug total RNA was reverse-transcribed
for single-stranded cDNA, using 1uM oligo-dT primer, with
Superscript II reverse transcriptase (Life Technologies, Inc.).
Each single-stranded cDNA was diluted for subsequent PCR
amplification by monitoring the GAPDH as a quantitative
control. Each PCR was carried out in a 50ul volume of 1x
PCR buffer for 5 minutes at 95°C for the initial denaturation,
followed by 25~35 cycles at 95°C for 45 seconds, 56°C for
45 seconds and 72°C for 1 min in a Perkin-Elmer Cycler 9600
(Perkin-Elmer Applied Biosystems, Foster, CA). The sequences
of the primers used for RT-PCR were as follows: [actin
forward, 5’-TGA CGG GGT CAC CCA CAC TGT GCC CAT
CTA-3’, reverse, 5’-CTA GAA GCA TTG CGG TGG ACG
ATG GAG GG-3’; follistatin forward, 5’-AAG AGC AGC
CAG AAC TGG AA-3’, reverse, 5’-ACA GAC AGG CTC
ATC CGA CT-3’; keratin 7 forward, 5’-ACT TCG AGA TCG
CCA CCT AC-3’, reverse, 5’-CCT CAG AAT GAG GCT GCT
TT-3’; transmembrane protein 3 (1~8 U) forward, 5’-GCT
GGA CAC CAT GAA TCA AA-3’, reverse, 5’-ATA GGC
CTG GAA GAT CAG CA-3’; protein complex 1 mu 2 subunit
forward, 5’-TTG AGC ACT TCA TGC CTT TG-3’, reverse,
5’-TGA CCA GCA GGT TGA CAG AC-3’; baculoviral IAP
repeat-containing 3 forward, 5’-CAA CAG ATC TGG CAA
AAG CA-3’, reverse, 5'-GAA ACC ACT TGG CAT GTT
GA-3’; pregnancy-induced growth inhibitor forward, 5’-CCT
CAG ACC CTG TCC TCA TC-3, reverse, 5’-CAG GAT CCA
CTG CAA AGT CA-3’; MnSOD forward, 5’-GTT GGC CAA
GGG AGA TGT TA-3’, reverse, 5’-CTG ATT TGG ACA
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Table 1. Differential gene expressions in 5-FU-resistant gastric cancer cells, as determined by DNA microarray analysis (as compared
to 5-FU-sensitive gastric cancer cells)

UniGene Gene title Biological function Ratio

Up-regulated genes

Hs.127799 Baculoviral IAP repeat-containing 3 Anti-apoptosis 4.96
Hs.75183  Cytochrome P450, subfamily IIE (ethanol-inducible) Monooxygenase 3.77
Hs.17287  Potassium inwardly-rectifying channel, subfamily J, member 15 Potassium transport 3.40
Hs.318885 Superoxide dismutase 2, mitochondrial Stress response 3.33
Hs.164021 Small inducible cytokine subfamily B (Cys-X-Cys), member 6 Signal transduction 2.86
Hs.128104 ESTs 2.47
Hs.31773  Pregnancy-induced growth inhibitor 2.25
Hs.41767  PTDO002 protein 2.25
Hs.102554 ESTs 2.13
Down-regulated genes

Hs. 78991 DNA segment, numerous copies, expressed probes (GS1 gene) 0.16
Hs.98279  ESTs, Weakly similar to A43932 mucin 2 precursor, intestinal [H.sapiens] 0.24
Hs.179735 Ras homolog gene family, member C GTPase 0.28
Hs.180610 Splicing factor proline/glutamine rich (polypyrimidine tract binding protein associated) =~ mRNA processing 0.29
Hs.300772 Tropomyosin 2 (beta) Structural protein 0.30
Hs.82689  Tumor rejection antigen (gp96) 1 Stress response 0.31
Hs.75724  Coatomer protein complex, subunit beta 2 (beta prime) Exocytosis 0.34
Hs.159406 Hypothetical protein MGC2817 0.35
Hs.138617 Thyroid hormone receptor interactor 12 0.35
Hs.93659  Protein disulfide isomerase related protein (calcium-binding protein, intestinal-related) Protein secretion 0.36
Hs.75616  24-dehydrocholesterol reductase 0.36
Hs.239 Forkhead box M1 Stress response 0.36
Hs.66049  ESTs 0.37
Hs.213289 Low density lipoprotein receptor (familial hypercholesterolemia) Endocytosis 0.37
Hs.47367  Feminization 1 homolog a 0.39
Hs.26719 PR domain containing 2, with ZNF domain 0.39
Hs.122579 Hypothetical protein FLJ10461 0.39
Hs.82141  Human clone 23612 mRNA sequence 0.39
Hs.279617 Steroid dehydrogenase homolog 0.39
Hs.147097 H2A histone family, member X 0.39
Hs.301240 Melanocortin 1 receptor (alpha melanocyte stimulating hormone receptor) Developmental processes 0.40
Hs.85844  Neurotrophic tyrosine kinase, receptor, type 1 Oncogenesis 0.40
Hs.133207 PTPRF interacting protein, binding protein 1 (liprin beta 1) Cell adhesion 0.40
Hs.6349 Hypothetical gene BC008967 041
Hs.72887  Defensin, alpha 5, Paneth cell-specific Antimicrobial response 041
Hs.85146  v-ets erythroblastosis virus E26 oncogene homolog 2 (avian) Skeletal development 0.41
Hs.19261  Dystonia 1, torsion (autosomal dominant; torsin A) Protein folding 0.42
Hs.57783  Eukaryotic translation initiation factor 3, subunit 9 (eta, 116kD) Protein synthesis 0.42
Hs.22670  Chromodomain helicase DNA binding protein 1 Chromosome organization  0.42
Hs.33642  Archain 1 Protein traffic 0.42
Hs.55168  ESTs 0.42
Hs.149436 Kinesin family member 5B microtubule-based movement 0.43
Hs.9605 Cleavage and polyadenylation specific factor 5, 25 kD subunit mRNA processing 043
Hs.105941 Bagpipe homeobox homolog 1 (Drosophila) skeletal development 0.43
Hs.699 Peptidylprolyl isomerase B (cyclophilin B) protein folding 0.43
Hs.75658  Phosphorylase, glycogen; brain glycogen catabolism 043
Hs.25846  Zinc metalloproteinase (STE24 homolog, yeast) proteolysis 0.43
Hs.75104  RNA binding protein S1, serine-rich domain transcription 0.43
Hs.102548 Glucocorticoid receptor DNA binding factor 1 transcription 0.43

Hs.7720 Dynein, cytoplasmic, heavy polypeptide 1 mitosis 0.44
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Table 1. Continued

UniGene Gene title Biological function Ratio
Hs.707 Keratin 2A (epidermal ichthyosis bullosa of Siemens) epidermal differentiation 0.44
Hs.129914 Runt-related transcription factor 1 (acute myeloid leukemia 1; amll oncogene) oncogenesis 0.44
Hs.24322  ATPase, H+ transporting, lysosomal (vacuolar proton pump) 9kD proton transport 0.45

Hs.285818 Similar to Caenorhabditis elegans protein C42C1.9 0.45
Hs.30022  ESTs, Weakly similar to NAH6_HUMAN SODIUM/HYDROGEN EXCHANGER 6 0.46
Hs.227751 Lectin, galactoside-binding, soluble, 1 (galectin 1) apoptosis 0.46
Hs.336780 Tubulin, beta polypeptide 0.46
Hs.289008 Similar to hypothetical protein, MGC:7199, clone MGC:4666 IMAGE:3531630 0.47
Hs.11482  Splicing factor, arginine/serine-rich 11 mRNA processing 0.47
Hs.146393 Homocysteine-inducible, endoplasmic reticulum stress-inducible, 0.47

ubiquitin-like domain member 1

Hs.22265 Pyruvate dehydrogenase phosphatase 0.47
Hs.70725  Gamma-aminobutyric acid (GABA) A receptor, pi chloride channel 0.47
Hs.182241 Interferon induced transmembrane protein 3 (1~8U) immune response 0.47
Hs.84131  Threonyl-tRNA synthetase protein biosynthesis 0.48
Hs.8984  MGC16028 similar to RIKEN ¢cDNA 1700019E19 gene 0.48
Hs.114062 Protein tyrosine phosphatase-like (proline instead of catalytic arginine), member a  signal transduction 0.48
Hs.193124 Pyruvate dehydrogenase kinase, isoenzyme 3 glucose metabolism 0.48
Hs.31388  ESTs 0.48
Hs.322469 Transcriptional activator of the c-fos promoter 0.48
Hs.172777 Baculoviral IAP repeat-containing 4 anti-apoptosis 0.50

AGC AGC AA-3’ and cytochrome p450 forward, 5’-ACC
CGA GAC ACC ATT TTC AG-3’, reverse, 5-TGA GGT
CGA TAT CCT TTG GG-3’.

RESULTS

1) Altered gene expression in drug-resistant cells

c¢DNAs obtained from 5-FU- or cisplatin-sensitive and -resis-
tant SNU638 sublines were separately labeled with Cy5 and
Cy3, respectively, and hybridized to the 10,336-spot gene
microarray. To filter out unreliable data and identify genes with
significantly different expression, two ’cutoff’ analysis methods
were employed, whereby spots with a signal-to-noise ratio
below three, or with a signal intensity less than the negative
control spots, were not investigated further. After this filtering,
genes showing expression ratios greater than or equal to 2-fold
increases or decreases were selected.

69 and 45 genes were identified that showed either up-
regulated (9 and 22 genes) or down-regulated (60 and 25 genes)
expression in 5-FU- and cisplatin-resistant gastric cancer cells,
respectively. In the 5-FU-resistant cells, of the up-regulated
spots, 7 were known genes and 2 were expressed sequence tags
(ESTs), while of the down-regulated spots, 55 were known
genes and 5 were ESTs (Table 1). In the cisplatin-resistant
cells, the up-regulated spots included 21 known genes and 1
EST, while the down-regulated spots included 21 known genes
and 4 ESTs (Table 2). Several EST clones were identified in
both drug-resistant lines. The identification of some uncharac-
terized EST clones showing differential expression was prom-
ising, as such clones may prove to play important roles in charac-
terizing gene expressions and the regulation in chemotherapy-

resistant gastric cancer cells.

2) Altered expression of known genes in 5-FU-resistant
gastric cancer cells

Seven of the 9 genes showing up-regulated expressions in
the 5-FU-resistant gastric cancer cells have known function
(Table 1). Of particular interest was the up-regulation of the
baculoviral IAP repeat-containing gene, which is linked to
apoptosis resistance. G-protein, inwardly-rectifying the potas-
sium channel 1 (GIRK1) gene, was also up-regulated. Among
the chemokines, the small inducible cytokine B subfamily gene
showed increased expression, as did the cytochrome p450 gene,
which encodes an enzyme known to play a central role in
oxidative metabolism of a wide range of compounds. MnSOD,
the product of the superoxide dismutase 2 (SOD2) gene, was
also positively regulated. Genes showing down-regulated
expressions in the 5-FU-resistant cells included those coding for
tropomyosin 2, runt-related transcription factor, tubulin and the
tumor rejection antigen. Similarly, the ras homolog gene family
was expressed at lower levels.

3) Altered expression of known genes in cisplatin-
resistant gastric cancer cells

Cisplatin-resistant gastric cancer cells showed increased
expression of genes involved in apoptosis resistance, including
the baculoviral IAP repeat and tumor up-regulated CARD genes.
There was also increased expression of the signal transduction
genes prostate differentiation factor and formyl peptide recep-
tor-like 1. Genes involved in cell adhesion and invasion were
also up-regulated, including the trophoblast glycoprotein and
matrix metalloproteinase-like 1 genes. Genes showing lower
expressions included those coding for structural proteins, such
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Table 2. Differential gene expressions in cisplatin-resistant gastric cancer cells, as determined by DNA microarray analysis (as compared

to cisplatin-sensitive gastric cancer cells)

UniGene Gene title

Biological function Ratio

Up-regulated genes

Hs.278613 Interferon, alpha-inducible protein 27

Hs.33010 KIAA0633 protein

Hs.23582  Tumor-associated calcium signal transducer 2
Hs.53985  Glycoprotein 2 (zymogen granule membrane)
Hs.324527 Mitochondrial ribosomal protein S5

Hs.239 Forkhead box M1

Hs.289107 Baculoviral IAP repeat-containing 2

Hs.183671 Tryptophan 2,3-dioxygenase

Hs.182241 Interferon induced transmembrane protein 3 (1-8U)
Hs.169238 Fucosyltransferase 3

Hs.172572 Hypothetical protein FLJ20093

Hs.99855  Formyl peptide receptor-like 1

Hs.112165 Homo sapiens cDNA FLJ12198 fis, clone MAMMA1000876
Hs.296638 Prostate differentiation factor

Hs.300463 Aconitase 2, mitochondrial

Hs.82128  Trophoblast glycoprotein

Hs.90753  HIV-1 Tat interactive protein 2, 30 kD

Hs.35828  ESTs

Hs.119529 Niemann-Pick disease, type C2

Hs.10031  Tumor up-regulated CARD-containing antagonist of caspase nine
Hs.290222 Matrix metalloproteinase-like 1

Hs.79276  KIAA0232 gene product

Down-regulated genes

Hs.179735 Ras homolog gene family, member C

Hs.299867 Hepatocyte nuclear factor 3, alpha

Hs.300772 Tropomyosin 2 (beta)

Hs.23881  Keratin 7

Hs.57847  ESTs, Moderately similar to A57511 interleukin-1 beta converting enzyme

Hs.211773 checkpoint suppressor 1

Hs.17144  short-chain dehydrogenase/reductase 1

Hs.55168  ESTs

Hs.27372  BMX non-receptor tyrosine kinase

Hs.312323 ESTs

Hs.289008 Similar to hypothetical protein, MGC:7199, clone MGC:4666 IMAGE:3531630

Hs.93659  protein disulfide isomerase related protein (calcium-binding protein, intestinal-related)

Hs.82689  tumor rejection antigen (gp96) 1

Hs.169610 CD44 antigen (homing function and Indian blood group system)

Hs.102761 Human glucocorticoid receptor alpha mRNA, variant 3° UTR

Hs.9914 follistatin

Hs.166206 cubilin (intrinsic factor-cobalamin receptor)

Hs.180761 ESTs

Hs. 79088  Reticulocalbin 2, EF-hand calcium binding domain

Hs.1690  Heparin-binding growth factor binding protein

Hs.172813 Rho guanine nucleotide exchange factor (GEF) 7

Hs.82124  Laminin, beta 1

Hs.75295  Guanylate cyclase 1, soluble, alpha 3

Hs.164280 Solute carrier family 25 (mitochondrial carrier; adenine nucleotide
translocator), member 6

Hs.6684  KIAA0476 gene product

Cell proliferation

Stress response
Anti-apoptosis
Neurotransmitter synthesis
Immune response
Carbohydrate metabolism

Cell adhesion

Signal transduction
Energy pathways

Cell adhesion
Induction of apoptosis

Metallopeptidase

GTPase
Transcription factor
Structural protein

Transcription factor
Fatty acid metabolism
Signal transduction

Protein secretion
Stress response

Developmental processes
Vesicle transport

Tumor suppressor
Signal transduction
Signal transduction

Signal transduction
Energy pathways

40.94

5.82
5.08
5.07
421
3.63
3.46
3.30
3.29
2.98
2.94
2.84
2.66
2.59
2.44
2.43
2.35
232
224
2.16
2.06
2.05

0.16
0.21
0.21
0.21
0.24
0.27
0.30
0.31
0.31
0.31
0.33
0.34
0.34
0.36
0.39
0.39
0.41
0.42
0.43
0.43
0.45
0.46
0.47
0.48

0.49
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Table 3. Similarly regulated genes in both the 5-FU- and cisplatin-resistant gastric cancer cells

UniGene Gene title

5-FU Cisplatin

Up-regulated genes

Hs.127799 Baculoviral IAP repeat-containing 3 4.96 227
Hs.18894  Adaptor-related protein complex 1 mu 2 subunit 2.99 2.65
Hs.102554 ESTs 2.13 2.07
Down-regulated genes

Hs.179735 Ras homolog gene family, member C 0.28 0.16
Hs.300772 Tropomyosin 2 (beta) 0.30 0.21
Hs.82689  Tumor rejection antigen (gp96) 1 0.31 0.34
Hs.93659  Protein disulfide isomerase related protein (calcium-binding protein, intestinal-related) 0.36 0.34
Hs.301240 Melanocortin 1 receptor (alpha melanocyte stimulating hormone receptor) 0.40 0.54
Hs.72887  Defensin, alpha 5, Paneth cell-specific 0.41 0.54
Hs.85146  v-ets erythroblastosis virus E26 oncogene homolog 2 (avian) 0.41 0.49
Hs.55168  ESTs 0.42 0.31
Hs.699 peptidylprolyl isomerase B (cyclophilin B) 0.43 0.52
Hs.289008 Similar to hypothetical protein, MGC:7199, clone MGC:4666 IMAGE:3531630 0.47 0.33
Hs.172813 Rho guanine nucleotide exchange factor (GEF) 7 0.47 0.45
Hs.79088  Reticulocalbin 2, EF-hand calcium binding domain 0.49 0.43
Hs.41688  Dual specificity phosphatase 8 0.49 0.51
Hs.312323 ESTs 0.49 0.31
Hs.172777 Baculoviral IAP repeat-containing 4 0.50 0.52
Hs.299867 Hepatocyte nuclear factor 3, alpha 0.51 0.21

as tropomyosin 2, laminin, keratin 7 and protein disulfide
isomerase-related protein.

4) Genes similarly regulated in both resistant cell lines

The expressions of two genes were up-regulated in both
types of drug-resistant gastric cancer cells, namely the adaptor-
related protein complex 1 and the baculoviral IAP repeat-
containing 3 genes. A large number of identical genes were
down-regulated in both drug resistant cell lines, including the
ras homology gene family, tropomyosin, tumor rejection
antigen, protein disulfide isomerase-related protein, melanocortin
1 receptor, defensin, avian, cyclophilin B, Rho guanine nucle-
otide exchange factor 7, reticulocalbin 2, dual specificity
phosphatase 8 and hepatocyte nuclear factor 3 genes (Table 3).
Some genes showed discordant expressions between the two
cell lines. Tryptopan 2,3-dioxygenase, formyl peptide receptor-
like 1, prostate differentiation factor, interferon alpha-inducible
protein 27, interferon-induced transmembrane protein 3, forkhead
box M1, tumor up-regulated CARD-containing antagonist of
caspase nine and galectin 1 genes were down-regulated in the
5-FU-resistant cells, but up-regulated in the cisplatin- resistant
cells. In contrast, follistatin, short-chain dehydrogenase/reduc-
tase 1 and pregnancy-induced growth inhibitor were up-regulated
in the 5-FU-resistant cells, but down-regulated in the cisplatin-
resistant cells.

5) RT-PCR confirmation of gene expression changes

To confirm the differential gene expression determined using
the microarray, semiquantitative RT-PCR was performed on a
subset of differentially expressed cDNAs. The RT-PCR analysis
was used to examine the expressions of seven up-regulated

genes (follistatin, keratin 7, protein complex 1 mu 2 subunit,
baculoviral IAP repeat-containing 2, pregnancy-induced growth
inhibitor, MnSOD and cytochrome p450) and one down-
regulated gene (transmembrane protein 3) in the 5-FU-resistant
cells. Similarly, the RT-PCR analysis was used to determine the
expressions of four up-regulated (transmembrane protein 3,
protein complex 1 mu 2 subunit, baculoviral IAP repeat-con-
taining 2 and pregnancy-induced growth inhibitor) and four down-
regulated (follistatin, keratin 7, MnSOD and cytochrome p450)
genes in the cisplatin-resistant cells. The patterns of the gene
expressions determined using RT-PCR analysis were found to be
very similar to those using microarray analysis (Figs. 1, 2).

DISCUSSION

Resistance to chemotherapy remains a serious problem in the
treatment of gastric cancers. We established a 5-FU-resistant
subline, SNU638-F2, derived from the SNU638 human gastric
adenocarcinoma cell line. SNU638-F2 was 2,117-fold more
resistant to 5-FU than the parent cells. Similarly, from the same
parent cells, a SNUcis800 subline was created which was
800-fold more resistant to cisplatin. To better understand the
molecular mechanisms underlying 5-FU and cisplatin resistance
in SNU638 cells, the mRNA expression levels profiles were
examined using cDNA microarray analysis, and many genes
identified whose expression were either up- or down-regulated
compared to their chemosensitive counter parts.

The present study examined differential gene expressions in
5-FU-resistant cells. The most prominent finding was the
altered expressions of apoptosis resistance-associated genes,
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Fig. 1. Semi-quantitative RT-PCR analysis of the gene expressions in 5-FU-resistant cells. The left panel shows the RT-PCR results. The
right panel indicates the relative mRNA ratios of the indicated genes. (A) The expressions of seven genes are shown to be up-
regulated by the microarray analysis; follistatin, keratin 7, protein complex 1 mu 2 subunit, baculoviral IAP repeat-containing 2,
pregnancy-induced growth inhibitor, MnSOD and cytochrome p450. (B) The expression of one gene is shown to be down-regulated

by the microarray analysis; transmembrane protein 3.

such as IAP repeat-containing genes. The key effectors of
apoptosis are caspases, which are cystein proteases that cleave
after aspartate residues. The inhibitor of the apoptosis family
of proteins prevents cell death by binding to and inhibiting
active caspases (12). Thus, the inhibition of apoptosis may play
a key role in chemotherapy resistance in gastric cancer cells.
MnSOD, the product of the superoxide dismutase 2 (SOD2)
gene, is one of the major cellular defenses against oxidative
stress (13) and was found to be up-regulated in this study. This
finding was consistent with a previous report that showed an
elevated MnSOD level in 5-FU-resistant gastric cancer cells
(10). The inwardly-rectifying potassium current was recently
found in small cell lung cancer cells (14), and the overex-
pression of the G-protein inwardly-rectifying potassium channel
in primary breast carcinomas was correlated with axillary
lymph node metastasis (15). The G-protein inwardly-rectifying
potassium channel is activated during ischemia, which promotes
cellular survival and may be essential for cell protection against
chemotherapy (16). A number of cytochrome p450 enzymes are
known to metabolize a variety of anticancer drugs, with the
usual consequence of cytochrome p450 metabolism being
detoxification of the drug. In the present study, the cytochrome

p450 gene expression was up-regulated in 5-FU-resistant gastric
cancer cells, which was consistent with other data that
suggested increased expressions of the human cytochrome p450
genes, CYP1A1 and CYPIBI, decrease the cell sensitivity to
the cytotoxic effects of anticancer drugs (17,18).

Although cisplatin is one of the most widely used chemo-
therapeutic agents, its effectiveness is limited by both intrinsic
and acquired resistance. The mechanisms of resistance thus far
identified include the impaired uptake of the drug, increased
efflux, intracellular detoxification (by glutathione for example),
tolerance to cisplatin-DNA adducts and increased repair of
DNA damage (19,20). The details of the biochemical steps
involved in these processes have not been fully elucidated, and
little information is available on how these disparate mecha-
nisms coordinate with each other. The cisplatin-resistant gastric
cancer cells were found to show elevated expressions of apop-
tosis resistance-associated genes, such as the IAP repeat-conta-
ining and tumor up-regulated human caspase recruitment
domain (CARD)-containing genes. This was also the case in
5-FU-resistant cells, suggesting apoptosis resistance might be
an important mechanism in drug resistance. Another interesting
finding was the up-regulation of many genes involved in cell
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Fig. 2. Semi-quantitative RT-PCR analysis of the gene expressions in cisplatin-resistant cells. The left panel shows the RT-PCR results. The
right panel indicates the relative mRNA ratios of the indicated genes. (A) The expressions of four genes are shown to be up-regulated
by the microarray analysis; transmembrane protein 3, protein complex 1 mu 2 subunit, baculoviral IAP repeat-containing 2 and
pregnancy-induced growth inhibitor. (B) The expressions of four genes are shown to be down-regulated by the microarray analysis;

follistatin, keratin 7, MnSOD and cytochrome p450.

adhesion and invasion, such as matrix metalloproteinase-like 1,
formyl peptide receptor-like 1 and trophoblast glycoprotein.

Los et al (21) used Affymetrix’s oligonucleotide HuFL6800
array (Affymetrix, Santa Clara, CA) to monitor the mRNA
expression profiles in five different pairs of cisplatin-sensitive
and -resistant ovarian cancer cell lines. When the gene expres-
sion profiles of the cisplatin-resistant cell pairs were compared
using hierarchical clustering, all five cisplatin-resistant sublines
clustered with their corresponding parental cell line. However,
the number of genes commonly expressed in any combination
of two pairs was small, and disappeared when more than three
pairs were compared. These data suggest the cisplatin-resistance
phenotype is multi-factorial, which was apparent in the changes
in the mRNA abundance accompanying the resistance pheno-
type in the various cisplatin-resistance pairs.

Kudoh et al (22) recently analyzed the gene expression
profiles in doxorubicin-induced and doxorubicin-resistant MCF-7
cells using cDNA microarray analysis. The biochemical func-
tions of the differentially expressed genes were diverse, including
transcription factors, protein kinases and phosphatases, cell
cycle regulators, proteases, apoptotic and anti- apoptotic factors,
as well as a large number of metabolic genes. They also
compared the expression profiles between doxorubicin- resistant
and cisplatin-resistant MCF-7 cells. Although a subset of about
40 genes overlapped, these genes were distinct from those that

showed different expression in the doxorubicin- resistant
compared to doxorubicin-induced cells, demonstrating that the
signature profiles of the doxorubicin- and the cisplatin- resistant
cells were different. Similarly, in the present study, few genes
were commonly up- or down-regulated in the 5-FU- resistant
and cisplatin-resistant gastric cancer cells.

Watts et al (23) searched for differentially-expressed genes
between a human multiple myeloma cell line and its doxor-
ubicin-selected multidrug resistant counterpart. They found that
doxorubicin selection produced multiple defects in the genes
involved in apoptosis signaling pathways. Similarly, in the
present study, apoptosis resistance-associated genes were found
to be up-regulated in both the 5-FU- and cisplatin-resistant cell
lines. These data indicate that changes in the gene expressions
reducing apoptosis in response to death-inducing stimuli may
contribute to the multidrug resistance phenotype, and such
changes may be therapeutic targets for the treatment of gastric
cancer.

CONCLUSION

The ¢cDNA microarray will speed the discovery and progress
in the understanding of cellular and subcellular resistance proc-
esses. The results from the present study suggest that the
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increased expressions of anti-apoptotic genes might be crucial
for the acquisition of drug resistance by gastric cancer cells;
thus, could be of use as therapeutic targets. Specific gene-
mediated drug resistance warrants further investigation with
regard to its likely therapeutic benefits.
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