
Abstract. Background: 5-Fluorouracil (5-FU) and cisplatin
combined chemotherapy (FP) is commonly used for
esophageal cancer. Acquired resistance needs to be overcome
to improve the chemotherapeutic effect. Materials and
Methods: The FP-resistant xenograft model using severe
combined immunodeficient (SCID) mice was established as
an acquired resistance model. RNA was extracted
pretreatment, at the onset of the anticancer effect, during the
most effective, and regrowth period in the FP administration
group and during the mid-progressive period and the far
advanced period in the control group. A microarray was
applied to explore gene expression changes. Results: The
data set containing up-regulated genes in the regrowth
period was uploaded into Ingenuity Pathway Analysis. The
expression change profiles suggested that activation of not
only 5-FU- and cisplatin-specific genes, but also the
Phosphoinositide 3-kinase (PI3K)/AKT signal were
associated with FP resistance. Conclusion: A xenograft
model using SCID mice with esophageal cancer cells would
monitor gene changes during treatment and regrowth.

Esophageal cancer is a malignant carcinoma with high
invasiveness and metastasis, therefore, the prognosis is poor
even after radical resection (1). The standard and active
regimen for esophageal cancer is 5-fluorouracil (5-FU) and
cisplatin combined chemotherapy (FP) (2). Clinical reports
have shown that esophageal cancer, especially squamous cell
carcinoma, responds well to chemotherapy and radiotherapy
(3, 4). Recently, research concerning predictive factors for

prognosis and chemoresponse has been performed and
clinical application as tailor-made treatment is expected,
however, the effect of anticancer drugs is not sufficient to
improve the prognosis despite high response rates. Previous
studies have not shown a significant difference in survival
between responders and non-responders to anticancer drugs.
One reason for this result is acquired resistance to anticancer
drugs, therefore, overcoming acquired resistance is essential
for improving the survival of patients treated with
chemotherapy. Several researchers have already reported
chemoresistant-related genes and the molecular mechanism
of acquired resistance by clustering analysis of gene
expression between sensitive and resistant cell lines in tissue
and biopsy specimens from patients (5,6). It has been
reported that genetic changes were associated with acquired
resistance to the anticancer agent in cancer cell-line
experiments (7), however, no reports have focused on
expression change related to the chemoresistance of tumors
during chemotherapy using cDNA microarray. Our previous
studies have demonstrated that an orthotopically implanted
thymic nude and severe combined immunodeficient (SCID)
mouse model of human cancer cell lines was suitable for
investigating metastases and anticancer drug effects (8-10).
In this study, an acquired chemoresistant xenograft model
was established using SCID mice with human esophageal
cancer cell lines and a cDNA microarray analysis was
conducted aimed at identifying changes in gene expression
in the xenografts, in each period during treatment. The value
of cDNA microarray in the FP-resistant xenograft model to
elucidate complicated chemoresistant mechanisms was
investigated.

Materials and Methods

Cell line. A human esophageal squamous cell carcinoma cell line
(YES-3) was kindly provided by the Department of Surgery,
Yamaguchi University, Japan. YES-3 was cultured in RPMI-1640
medium (Life Technologies, Inc., Grand Island, NY, USA) containing
10%  heat-inactivated fetal bovine serum (FBS; BioWhittaker,
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Verviers, Belgium) and L-glutamine at 37˚C in a humidified
atmosphere of 5%  CO2 and maintained in continuous exponential
growth. For in vivo inoculation, the cells were harvested from the
culture flasks after brief trypsinization. Only single-cell suspensions
of >95%  viability (trypan blue exclusion) were injected.

Chemicals. The 5-FU was kindly provided by Kyowa Hakko Kogyo
Co., Ltd. (Tokyo, Japan) and was dissolved in distilled water just
before use. Cisplatinum (CDDP) was provided by Nihon Kayaku
Co., Ltd. (Tokyo, Japan) and was dissolved in sterile 0.85%  NaCl.

SCID mouse subcutaneous xenograft model and tumor size
measurement. SCID mice, 8-10 weeks old (Fox CHASE C.B.
17/Icr-Scid Jcl) were obtained from CLEA Japan, Inc (Tokyo,
Japan) and maintained under specific pathogen-free conditions.
Tumor cell suspensions were concentrated to 1×106 cells/ml
phosphate-buffered saline (PBS) and injected into the
subcutaneous dorsal region of the mice using a 26-gauge needle
(whole injection volume, 0.3 ml/mouse). The SCID mice with
xenografts were divided into a 5-FU/CDDP administration group
and a control group. The anticancer drugs and solvents were
administered when the xenografts became measurable. The tumor
volume and body weight were measured once a week from the
start of drug administration. The tumor weight was calculated
according to the following formula: estimated tumor weight
(g)=width (mm)2×length (mm)/2. The body weight average of
each group was measured once a week before the drug
administration for determining dosage of 5-FU and CDDP. The
anticancer drugs and control solvent were administered repeatedly
throughout the experimental period. Xenograft tissue with a
volume adequate for cDNA microarray was harvested pretreatment
(FP0), at the onset of treatment effect (FP1), when the treatment
was most effective (FP2) and after regrowth (FP3) and in the
control group pretreatment (FP0) and at the mid-progressive (C1)
and far advanced (C2) periods just before the first administration
at pretreatment and 24 h later after the final administration during
treatment, on ice and immediately stored in RNA isolation
(ISOGEN, Nippon Gene Co., Tokyo, Japan) at –80˚C until cDNA
microarray analysis.

Treatment schedule. The 5-FU/CDDP group (FP group) was
administered 5-FU, 20mg/kg body weight, 5 days a week orally and
CDDP, 2.5 mg/kg body weight, twice a week i.p. The control group
was administered distilled water, 0.2 ml/mouse orally and 0.85%
NaCl, 0.4 ml/mouse i.p. (11).

Construction and analysis of cDNA microarray. The total RNA
was extracted from the frozen samples of each xenograft using
ISOGEN according to the manufacturer’s instructions. The
samples from each xenograft were analyzed by oligonucleotide
microarray. The Applied Biosystems Human Genome Survey
Array contains 32332 60-mer oligonucleotide probes representing
a set of 29098 individual human genes and more than 1,000 24-
mer control probes. The 60-mer oligo probes were synthesized
using standard phosphoramidite chemistry and solid-phase
synthesis, and quality controlled by mass spectrometry. A 24-mer
oligo internal control probe (ICP) was co-spotted with every 60-
mer gene expression probe on the microarray. Each sample was
reverse transcribed in the presence of Cy5-labeled deoxycytidine
5’-triphosphate (dCTP). Digoxigenin-uridinetriphosphate (UTP)-

labeled cRNA was generated and linearly amplified from 1 μg of
total RNA using an Applied Biosystems Chemiluminescent RT-
IVT Labeling Kit v 2.0 (Applied Biosystems, Foster City, CA,
USA) and the manufacturer’s protocol. Array hybridization (one
array per sample), chemiluminescence detection, image acquisition
and analysis were performed using an Applied Biosystems
Chemiluminescence Detection Kit and Applied Biosystems 1700
Chemiluminescent Microarray Analyzer following the
manufacturer’s protocol (12). First, 10 μg of labeled cRNA targets
were fragmented into 100-400 bases by incubating with
fragmentation buffer, mixed with internal control target: ICT, 24-
mer oligo labeled with fluorescent dye (LIZ® dye) and hybridized
to each microarray. Four images, a spot, short or long single color-
chemiluminescent image, were used for gene expression analysis.
The images were auto-grided and chemiluminescent signals of a
single color were quantified, corrected for background and spot
and spatially normalized. 

Gene expression analysis. The cut-off value was set at 0.5 to 2.0 for
the ratio (more than 2.0: up-regulation, 0.5-2.0: no change, less than
0.5: down-regulation) and genes with a signal/noise ratio <3 in all
the xenografts were excluded from additional investigation.

Gene network analysis. The data were analyzed using Ingenuity
Pathway Analysis (IPA) (13). The data containing named FP-
resistant-related genes and their corresponding expression fold
changes were uploaded into the application. The genes in this
database, called focus genes, were overlaid onto a global molecular
network developed from information contained in the Ingenuity
Pathways Knowledge Base. Networks of these focus genes were
then algorithmically generated, based on their connectivity. The
functional analysis of IPA identifies the biological functions and/or
diseases that are most significant to the data set. The genes or gene
products are represented as nodes, and the biological relationship
between two nodes is represented as an edge (line). The nodes are
displayed using various shapes that represent the functional class of
the gene product. Various labels are used to describe the nature of
the relationship between nodes. (e.g., P, phosphorylation, T,
transcription).

Canonical pathway analysis. The canonical pathway analysis
identified the pathways from the IPA library of canonical pathways
that were most significant to the data set which contained the named
up-regulated genes and normalized signal ratios between the most
effective period and the regrowth period. The significance of the
association between the data set and the canonical pathway was
measured in two ways. The ratio of the number of genes from the
data set that mapped to the canonical pathway was divided by the
total number of genes that mapped to the canonical pathway and the
Fisher’s exact test was used to calculate the p-value determining the
probability that the association between the genes in the data set and
the canonical pathway was explained by chance alone (13).

Results

Xenografts in the course of treatment. The weight changes
of the xenografts of the FP and control groups are shown in
Figure 1. The weight loss of the xenografts in the FP group
was largest on day 15 and smallest on day 29. The
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xenografts showed regrowth from day 36 which was rapid
from day 57 to day 64 despite the administration of
anticancer drugs (Figure 1a). The xenografts in the control
group represented natural progress, and tended to increase,
even though the growth of the weight of xenografts was
limited by tumor necrosis from day 29 (Figure 1b). 

Gene expression change profiles. The gene expression
change profiles in the FP group were investigated by
comprehensive microarray analysis. Out of the 32332
probes, the number of up-regulated genes in each period of
FP0�FP1, FP1�FP2 and FP2�FP3 was 2831 (8.8% ),
6780 (21.0% ) and 5177 (16.0% ), respectively. The number
of down-regulated genes in the same period was 3085
(9.5% ), 5157 (16.0% ) and 7654 (23.7% ), respectively. Out
of these 5177 genes up-regulated in the period of FP2�FP3,
3165 genes (61.1% ) were down-regulated, only 112 genes
(2.2% ) were up-regulated and 1900 genes (36.7% ) showed
no change in the FP1�FP2 period. It was interesting that
the majority of these 5177 genes up-regulated in the
regrowth period had been down-regulated during the
FP1�FP2 period. In the control group, the number of up-
regulated genes in the periods FP0�C1 and C1�C2 was
2688 (8.3% ), and 2165 (6.7% ), and the number of down-
regulated genes in the same periods was 1863 (5.8% ) and
3043 (9.4% ), respectively. Thus, more genes showed
significant change in the FP group than in the control group
(Figure 2).

Ingenuity Pathway Analysis. The 2620 genes which were
up-regulated significantly with > 3 signal/noise ratio

comparing FP2 with FP3 (FP2�FP3) were selected as
FP-resistant related genes. These 2620 genes and their
ratio of normalized signal in FP3/FP2 were subjected to
IPA. This analysis suggested that out of 164 canonical
pathways, pyrimidine metabolism, G2/M DNA damage
checkpoint regulation, purine metabolism and the
phosphoinositide 3-kinase (PI3K)/AKT signaling pathway
played an important role in the resistance to anticancer
drugs (Figure 3) . In the molecular network of the
PI3K/AKT signaling pathway several areas up- and down-
stream were activated (Figure 4).

Expression changes profiles of novel genes during
chemotherapy. Genes were selected from the data, focusing
on novel genes associated with drug resistance with
different functions, such as ATP-binding cassette (ABC)
transporter: ATP-binding cassette, sub-family B, member 1
(MDR1), ATP-binding cassette, sub-family C, member 1
(MRP1), 5-FU-specific resistant-related genes: thymidylate
synthase (TYMS), dihydropyrimidine dehydrogenase
(DPYD), uridine monophosphate synthase (UMPS),
CDDP-specific resistant-related genes: non-metastatic cells
1 (NME1), excision repair cross-complementing 1
(ERCC1), and the PI3K/AKT signaling pathway (upper
stream: erythroblastic leukemia viral oncogene homolog 2
(ERBB2), epidermal growth factor receptor (EGFR),
vascular endothelial growth factor (VEGF), main stream:
PIK3 catalytic beta polypeptide (CB), AKT downstream:
nuclear factor kappa B1 (NFKB1), tumor protein p53
(TP53). The gene expression changes recorded as the ratio
of normalized signals between xenografts, were divided
into up-regulation, no change, and down-regulation. The
gene expression changes during administration were
analyzed and are shown in Figure 5. The ratio of these
changes was also expressed as (normalized signal in FP3)
/ (normalized signal in FP2) of the AKT1 gene, which was
3.059 during the regrowth period (from FP2 to FP3). The
genes which were down-regulated from FP1 to FP2 and up-
regulated from FP2 to FP3 were considered to be related to
FP-resistance and are underlined.
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Figure 1. Weights of xenografts of SCID mice during treatment. (a)
Treated with 5-fluorouracil and cisplatin. FP0: pretreatment, FP1: onset
of effect, FP2: treatment most effective and FP3: regrowth. (b) Treated
with solvent, the control group. FP0: pretreatment, C1: mid-progressive,
C2: far advanced.

Figure 2. Proportion of genes regulated during treatment and tumor
growth. FP0: pretreatment, FP1: onset of effect, FP2: treatment most
effective, FP3: regrowth.
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Figure 3. Canonical Pathway Analysis of the up-regulated genes in the FP2�FP3 period showing the four most important pathways related to
acquired chemoresistance in terms of significance (–log[p-value]) and ratio. Significance (bar graph): –log of p-value calculated by Fisher’s exact
test for genes in the data set and the canonical pathway. Ratio (dot): the number of genes from the data set in the canonical pathway/total number
of genes that mapped to the canonical pathway. *data set: gene names and normalized signal ratios up-regulated in the FP2�FP3 period.

Figure 4. Molecular network of PI3K/AKT signaling pathway and up-regulated genes in the FP2�FP3 period. Red nodes represent up-regulated
molecules based on a data set of up-regulated genes in the molecular network of the PI3K/AKT signaling pathway. The intensity of the node color
indicates the degree of up-regulation.



Discussion

Acquired resistance of a tumor leads to regrowth during
anticancer agent treatment, even if the tumor initially
responds to the anticancer drugs. Many previous studies have
reported a change of gene expression and the level of protein
expression in human cancer tissues and cell lines between
pre- and post-chemotherapy (5, 6), and microarray analyses
were performed to identify the genes related to sensitivity
and resistance to anticancer drugs (14, 15). The present
study reports a new method for extracting chemoresistant-
related genes using microarray analysis by measuring the
gene expression changes of xenografts during chemotherapy
up to regrowth. This in vivo human esophageal cancer
xenograft study, using an SCID mouse model, might
elucidate a resistance mechanism without immune influence.
The results of the present analysis supported previous reports
of chemoresistance-related genes and the PI3K/AKT
signaling pathway as an important mechanism associated
with acquired resistance to anticancer drugs. 5-FU and
CDDP are key drugs in esophageal cancer and evidence is
increasing to support a drug-resistant mechanism by the
amplification of genes encoding TYMS, a target enzyme of
5-FU and DPYD, which is important in the resistance
mechanism (16, 17).

Expression changes of TYMS did not occur in this study
during treatment or tumor progression. DPYD and ERCC1,
drug-specific sensitivity-related genes for 5-FU and CDDP,
were down-regulated in the effective period (FP1�FP2)
and up-regulated in the regrowth period (FP2�FP3). The
data showed that DPYD and ERCC1 are associated with
acquired resistance to 5-FU and CDDP in esophageal
cancer patients. In addition, amplification of the genes
(MDR1, MRP1) to encoding one of the ATP-binding
cassette transporters associated with multi-drug resistance
has been well documented (18, 19) and gene expression
changes were recognized in MRP1, ATP-binding cassette,
sub-family C, member 3 (ABCC3) and ABCC5 in the
present study. Among 24 novel genes, a few were regulated
during the natural progression in the control group, while
the majorities were regulated during drug administration
in the FP group. Moreover, the majorities of these genes
were down-regulated in the effective period (FP1�FP2)
and up-regulated in the regrowth period (FP2�FP3). An
important molecule mammalian target of rapamycin
(mTOR) activates the PI3K/AKT signaling pathway and
induces cell proliferation and anti-apoptosis, and
rapamycin as an inhibitor of mTOR has already been
developed (20). Up-regulation of the mTOR gene in the
regrowth period was not shown in the present study, but
should be examined for its relationship with the resistance
mechanism. Not only the change of anticancer drug-
specific sensitivity factors, but also the activation of

survival signals, such as the PI3K/AKT signaling pathway,
were related to the resistance to the anticancer drugs.
Furthermore, a survival signal might play an important role
in malignant alteration during the administration of
anticancer drugs. 

In conclusion, in a xenograft model during chemotherapy
many genes are down-regulated during the effective period
of anticancer agents and many genetic up-regulations are
seen during the regrowth period including not only anti-
cancer drug-specific genes, but also survival signals. Hence,
the prediction of chemoresistance-related genes and
understanding of the organization of the resistance
mechanism may lead to the inhibition of acquired resistance
and enhance the power of anticancer agents.
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