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A novel 5-fluorouracil-resistant human esophageal squamous
cell carcinoma cell line Eca-109/5-FU with significant
drug resistance-related characteristics
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Abstract. 5-Fluorouracil (5-FU) is used for the clinical treat-
ment of esophageal squamous cell carcinomas (ESCCs), yet
it also induces chemoresistant cancer cells during treatment,
which leads to the failure of the therapy. To further explore
the resistance mechanism of 5-FU in ESCC, we established
the 5-FU-resistant ESCC cell line Eca-109/5-FU, which was
prepared by the stepwise exposure to increasing 5-FU concen-
trations. MTT assay and nude mouse xenograft models were
used to test the drug resistance and proliferation of Eca-109
and Eca-109/5-FU cells in vitro and in vivo. Apoptosis and
cell cycle distribution were determined using flow cytometry.
Drug resistance-related proteins were detected by western
blotting. Metabolomic profiles were obtained from nuclear
magnetic resonance (NMR) tests. In regards to Eca-109/5-FU,
the decreased susceptibility to 5-FU was determined in vitro
and in vivo with slower rate of proliferation. Drug resistance-
related proteins (multidrug resistance-associated protein 1 and
ATP-binding cassette superfamily G member 2), epithelial-to-
mesenchymal transition (EMT)-related proteins (E-cadherin
and vimentin) and cancer stem cell-related proteins
(prominin-1 and hyaluronate receptor) exhibited significant
differences between the two cell lines. The 5-FU-resistant cell
line Eca-109/5-FU achieved the ability to tolerate 5-FU, which
may depend on significant drug resistance-related character-
istics, such as EMT and cancer stem cell-like properties. The
metabolism of Eca-109/5-FU was altered, and more than 15
metabolites was found to contribute to the difference in the
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metabolite profile, such as lactate, glutamate, taurine, gluta-
mine, proline, aspartate, methanol, cystine, glycine and uracil.
Our results identified that the resistant cell line Eca-109/5-FU
showed quite different characteristics compared with the
parental Eca-109 cells. The Eca-109/5-FU cell line provides
an experimental model for further steps to select chemothera-
peutic sensitizers.

Introduction

The morbidity of esophageal carcinoma (EC) ranks eighth
among malignant tumors globally, and is the sixth leading
cause of cancer-related death. According to statistical
studies, there were ~455,800 new cases worldwide, with
400,200 deaths in 2012. Eastern Asia, particularly the North
Central region of China, is a high-risk area (1). Most ECs
in China are esophageal squamous cell carcinoma (ESCC),
which account for 90% of all cases of EC worldwide. ESCC is
different from adenocarcinoma, which is prevalent in Western
countries and presents different pathogenesis, epidemiology,
tumor biology and prognosis (2). ESCC has a high degree of
malignancy. Despite advances in surgical therapy for ESCC,
most patients have locally advanced or disseminated disease at
diagnosis (3). To treat this unresectable disease, chemotherapy
alone or in combination with other antineoplastic agents may
be an optimal choice.

5-Fluorouracil (5-FU) is the inhibitor of thymidylate
synthetase (TS), which catalyzes the rate-limiting step in
DNA synthesis. Therefore, 5-FU decreases the biosynthesis of
pyrimidine nucleotides (4). However, 5-FU can be misincor-
porated into RNA and then inhibit RNA synthesis (5). 5-FU is
used to treat many types of malignant tumors, including ESSC.
The combination of 5-FU and cisplatin (CDDP) is a successful
therapeutic strategy (6). However, the success of chemotherapy
depends on the sensitivity of the tumor to chemotherapeutic
drugs, such as 5-FU. During treatment, ESCC cells often
acquire resistance to drugs and turn into chemoresistant cancer
cells (CCCs), which leads to the failure of therapy. There are
currently 4 known mechanisms of 5-FU resistance. The first
involves intracellular changes in 5-FU metabolism, including
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anabolic and catabolic processes. To exert its cytotoxicity,
the anabolic processes of 5-FU take part in nucleic acid
synthesis by combining with intracellular-related enzymes,
such as orotate phosphoribosyltransferase (OPRT) and uridine
phosphorylase (UP). The downregulation of OPRT and UP
contributes to the 5-FU resistance of cancer cells (7). However,
5-FU is degraded by dihydropyrimidine dehydrogenase
(DPD) to its nontoxic metabolites, which include a-fluoro-f3-
ureido-propionic acid (FUPA), in the catabolism of 5-FU. The
upregulation of DPD also contributes to 5-FU resistance (8).
Thus, tumor cells became resistant to 5-FU by inhibiting
anabolic processes and activating catabolic processes. In
addition, since TS is the main cellular target of 5-FU (9),
increased TS activity is detected in 5-FU-resistant cancer
cells (10). Second, drug-resistant cells decrease the cellular
concentration of the chemotherapeutic drug and reduce its
effectiveness via the activation and overexpression of drug
efflux pathways. ATP-binding cassette (ABC) transporters
are plasma membrane-associated and energy-dependent
efflux pumps, including multidrug resistance 1 (MDR1) (11),
multidrug resistance-associated protein 1 (MRP1) (12), and
ATP-binding cassette superfamily G member 2 (ABCG2) (13).
Their upregulation helps cancer cells to enhance cell survival
against drugs and resist the cytotoxic effects of anticancer
agents. Third, epithelial-to-mesenchymal transition (EMT)
is closely related to chemoresistance (14). EMT is initially
observed in embryonic development, in which cells lose
epithelial characteristics and gain mesenchymal properties to
increase motility and invasiveness (15). The molecular charac-
teristics of EMT include the downregulation of cell adhesion
molecules (E-cadherin) and the upregulation of vimentin. EMT
is important in tumor progression, metastasis and chemore-
sistance (15) and is induced by various growth factors, such
as transforming growth factor-§, hepatocyte and epidermal
growth factor (16). Fourth, chemoresistant cancer cells (CCCs)
may be derived from cancer stem cells (CSCs). CSCs are a
non-differentiated subset of cancer cells isolated from several
different tumors and characterized by an intrinsic resistance
to apoptosis as well as by unusual phenotypic plasticity (17).
When environmental condition became unfavorable (such as
adding antitumor drugs) for cells, drug-resistant stem-like cells
may originate from other cancer cells (18). The characteristics
of stem cells facilitate the resistance to injury from anticancer
agents and result in drug resistance. Several molecular markers
are related to cancer stem-cell subpopulations, such as prom-
inin-1 (CD133), hyaluronate receptor (CD44) and aldehyde
dehydrogenase 1 Al (19). The upregulation of CD133 and
CD44 was recently detected in 5-FU-resistant gastric cancer
cells (20), but has not been reported in 5-FU-resistant ESCC
cells. Notably, EMT is considered a key process for CSC
generation (21). The presence of CCCs is often associated with
poor prognosis (22).

Overcoming drug resistance is a large issue in cancer
treatment. Drug-resistant cell lines established in vitro could
be useful tools to simulate the process of cell resistance, illu-
minate resistance mechanisms and provide a research model
to select sensitizers to chemotherapy. Many 5-FU-resistant
cancer cells have been established, including mucoepidermoid
carcinoma (12), gastric (20) and colorectal cancer (23), hepato-
cellular (24) and oral squamous cell carcinoma (25), and human
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endometrial adenocarcinoma cell lines (26). As for ESCC
5-FU-resistant cells, TE-5 (8), TE-11 (27), KYSE410 (28) and
KYSE150 (29) have been reported, and their drug resistance
mechanisms have also been studied. Compared with tumor
parental cells, 5-FU-resistant ESCC cells were found to
exhibit upregulation of DPD (8) and PI3K/AKT (29), specific
miRNA signatures (30), and the activation of Id1-E2F1-IGF2/
TS (28). To overcome resistance to 5-FU, researchers have
demonstrated that photodynamic therapy (PDT) could induce
potent cytotoxicity in 5-FU-resistant ESCC cells (TE-5R and
TE-11R) independent of their differentiation grade or 5-FU
resistance (27). In addition, upregulation of miR-148a attenu-
ated resistance in chemotherapy-resistant variants, including
5-FU-resistant cells (31).

Despite these developments, there are still some unclear
questions concerning 5-FU-resistant ESCC cells. First, the
establishment of 5-FU-resistant sublines and determination
of their mechanism of resistance have only been reported
in 2 ESCC cell lines (KYSE and TE). Since Eca-109 was
found to be more sensitive to antitumor drugs (both CDDP
and paclitaxel) than KYSE cells (32), it may be easier to
choose a chemotherapy sensitizer in the use of 5-FU-resistant
Eca-109/5-FU cells. However, are the ABC transporters highly
expressed in 5-FU-resistant ESCC cells? Sasada et al (33)
explored the metabolomics of 5-FU-resistant gastric cancer
cells, in which the metabolite profile is different from that of
parental cells.

To further explore the ESSC resistance mechanism
for 5-FU, we established a 5-FU-resistant ESCC cell line
Eca-109/5-FU, which was prepared by stepwise exposure
to increasing 5-FU concentrations. As for Eca-109/5-FU,
the decreased susceptibility to 5-FU and lower proliferation
were determined in vitro and in vivo. Drug resistance-related,
EMT-related and CSC-related proteins were significantly
highly expressed. These results provide an experimental
model for further steps in selecting chemotherapy sensitizers.

Materials and methods

Reagents. The chemotherapeutic drugs CDDP and 5-FU were
purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). The anti-MRP1 (BA0567), E-cadherin (PB0583),
vimentin (BM0135), CD133 (BA3992) and CD144 (PB0287)
antibodies were purchased from Boster Biological Technology
Ltd. (Wuhan, China). The anti-ABCG2 (RLT0053) antibody
was purchased from Ruiying Bio (Suzhou, China). The
anti-B-actin (BE0021) antibody was purchased from BioEasy
Technology Co. Ltd. (Beijing, China). The antiproliferating
cell nuclear antigen (PCNA) (ZM-0213) and secondary
antibodies were purchased from Zhongshan Golden Bridge
Biotechnology (Beijing, China).

Cell culture. The ESCC cell line Eca-109 was kindly provided
by Dr XiaoFei Zheng of the Beijing Institute of Radiation
Medicine. Eca-109 was checked by short tandem repeat (STR)
analysis at the Beijing Microread Gene Technology (Beijing,
China) and maintained in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
100 pg/ml penicillin/streptomycin, 2 mmol/l L-glutamine and
HEPES buffer.
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Establishment of the 5-FU-resistant cell line Eca-109/5-FU.
The resistant cell line was established in vitro by intermittent
exposure of human Eca-109 to different concentrations of
5-FU in stepwise increments of time. Starting with a concen-
tration of 0.1 ug/ml, 5-FU was added to the cells when they
grew to 70-80% confluence. When the majority of cells began
to die, the remaining cells were then washed 3 times with
phosphate-buffered saline (PBS) and cultured in 5-FU-free
growth medium. The dead cells were washed out with PBS
and fresh medium was added daily. After incubating for a few
days at 37°C in a humidified air atmosphere containing 5%
CO,, the surviving cells were restored to exponential growth
without pressure from 5-FU, and the next concentration of
5-FU was then added. The drug concentration was increased
to 0.2, 0.4 and 1 pg/ml, and the maximal concentration was
used 6 times until cells could live in a 5-FU maximal concen-
tration for >4 days. The 5-FU-resistant cell line Eca-109/5-FU
was established 12 months after the treatment was initiated,
and the resistant phenotype was developed. The resistant cells
were frozen in liquid nitrogen. Freeze-stored cells were recov-
ered after 3 passages and were subjected to the identification
of biological characteristics via the following experiments.

Cell viability assay. Cell viability was assessed by MTT assay.
Cells were seeded in 96-well plates (5,000 cells/well) for 24 h
at 37°C and treated with 5-FU at different final concentrations
(0,0.31,0.625, 1.25,2.5, 5, 10, 20, 40 and 80 pg/ml). Four days
after treatment, the medium was removed and 5 mg/ml MTT
was added to each well. The cells were maintained at 37°C for
4 h; then, 150 ul of dimethyl sulfoxide (DMSO) was added
to each well and mixed thoroughly. The absorbance was read
on a Bio-Rad microplate reader Model 550 at 490 nm. The
MTT absorbance of the untreated control cells was set to 1 to
calculate the relative number of viable cells. The experiments
were repeated at least 3 times to ensure reproducibility and
statistical significance.

Apoptosis assay. Cell apoptosis was detected via the Annexin V
binding assay and flow cytometry (FCM). Cells (Eca-109 and
Eca-109/5-FU) were seeded at 1x10° cells/well in 6-well plates
and treated with 5-FU at different final concentrations (0, 2.5,
5,10, 20 and 40 pg/ml) the following day. On day 4 after treat-
ment, the cells were stained with FITC-labeled Annexin V
and propidium iodide (PI) according to the manufacturer's
instructions (KGA105-50, Annexin V-FITC apoptosis detec-
tion kit; Nanjing KeyGen Biotech, Nanjing, China) and FCM
was performed immediately after staining. For the xeno-
graft tumor tissue, the apoptosis of a section was analyzed
by terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining using the DeadEnd™
Colorimetric TUNEL system (G7130, Promega Corporation,
Beijing, China) following the manufacturer's protocol.
Hematoxylin was applied as a counterstain. In each sample,
the number of apoptotic tumor cells from 50 different fields
was evaluated at high magnification (x200).

Growth curves. Cell viability was assessed by MTT assay.
Cells were seeded in 96-well plates (2,000 cells/well) with
0.2 ml of medium at 37°C in an incubator with a humidified
air atmosphere containing 5% CO,. We detected the MTT
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absorbance every 24 h for 9 days as described above. At the same
time, cells were seeded in a 96-well plate with different cell
numbers (doubling the dilution from 1x10° to 200 cells/well).
When they adhered to the plates after 4 h, the MTT assay was
performed, the standard curve was drawn (x-axis indicates
the OD value; y-axis indicates the cell number) and empirical
formulas were determined.

Eca-109: y =0.1289x* + 0.0317x + 0.0032, R2 = 0.9999
Eca-109/5-FU: y =0.1414x* + 0.0317x + 0.0027,R2 =1

The experiments were repeated at least 3 times to ensure
reproducibility and statistical significance.

Cell cycle distribution. Cells were harvested during the
exponential growth phase following trypsinization without
ethylenediaminetetraacetic acid (EDTA). The cells were
washed with cold PBS and fixed by suspending the cells in
1 ml stationary liquid (30% PBS and 70% ethanol) at -20°C.
After 3 days, the fixed cells were washed and resuspended in
300 pl PI (50 pg/ml) and 10 ul RNase A (10 mg/ml). Then, the
samples were incubated at 37°C for 30 min in the darkness and
the DNA content was analyzed by FCM.

Metabolic analysis. Metabolomic profiles were obtained to
assess the relative distribution of various cellular metabolites
of Eca-109 and Eca-109/5-FU cells. Cells were collected at
0.5 g wet weight and quickly frozen in liquid N,. Further study
was performed by Anachro Technologies Inc. (Wuhan, China)
using their described methods (34,35), including sample
preparation, metabolic profiling, peak identification, curation
and date analysis.

Western blotting. Cell lysates were treated with RIPA lysis
buffer and the protein concentrations were determined using
Pierce BCA protein assay kit (Thermo Scientific, Waltham,
MA, USA). Total protein (20-50 ug) was separated by 15%
SDS-PAGE and transferred to a nitrocellulose membrane. After
incubation in 5% non-fat milk solution, the membranes were
incubated in each of the following antibodies: MRP1 (1:100),
ABCG2 (1:1,000), CD133 (1:200), CD44 (1:500), vimentin
(1:200), E-cadherin (1:500) and B-actin (1:1,000) at 4°C
overnight. The proteins were visualized on Kodak X-ray
film (Kodak, Rochester, NY, USA) by the application of the
enhanced chemiluminescence western blotting detection
system (Thermo Scientific).

Evaluation of tumor growth in vivo. The effect of 5-FU on
the proliferation of Eca-109 and Eca-109/5-FU cells in vivo
was investigated by xenograft tumors in nude mice as previ-
ously described (36). All applicable international, national
and/or institutional guidelines for the care and use of animals
were followed. All procedures performed in studies involving
animals were in accordance with ethical standards of the
Center of Biomedical Analysis of Tsinghua University, where
the studies were conducted. First, the therapeutic dose of
5-FU was tested by i.p. injection of 8 and 25 mg/kg body
weight. The Eca-109-derived tumors in athymic BALB/c
female nude mice were induced by injecting s.c. 5x10° cells
resuspended in 200 ul sterile PBS into the lower right flank of
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each mouse. Each group consisted of 3 animals, drugs were
administered every 3 days for a total of 28 days, and tumor
growth was monitored for 30 days. Tumor length and width
were measured using a Vernier caliper every other day without
knowledge of the treatment groups, and the tumor volume was
calculated by ‘length x width?/2’. Then, the therapeutic effects
of 5-FU on Eca-109-induced and Eca-109/5-FU-induced
tumors were evaluated. Sixteen mice received Eca-109 cells
(5x10° cells/200 pl), and the same number of mice received
Eca-109/5-FU cells with the same cell concentrations. When
the size of tumors reached 50-100 mm?® (nearly 5 days),
16 animals (bearing Eca-109 or Eca-109/5-FU) were randomly
divided into 2 groups (control and experimental group), each
containing 8 mice. The animals in the control group were
injected i.p. with 0.1 ml PBS, and the animals in the experi-
mental group were injected i.p. with 0.1 ml 5-FU (25 mg/kg).
The tumor volume was monitored as described above. After
30 days, the animals were euthanized, and the tumors were
analyzed by immunohistochemical staining with hematoxylin
and eosin (H&E), PCNA and TUNEL staining.

Immunohistochemical analysis. Immunohistochemical
labeling was performed on 10% formalin-fixed, paraffin-
embedded tumor tissue cut into 4-um thick sections. After
being deparaffinized in xylene and rehydrated in graded
concentrations of ethanol, the sections were recovered in citrate
buffer and blocked with 3% H,0, and 10% serum. The primary
antibody PCNA (ZM-0213, 1:500) was added and incubated
overnight at 4°C. Then, the slides were incubated with the
secondary antibody and the horseradish peroxidase-streptav-
idin complex reagent for 30 min, respectively (Beijing Golden
Bridge Biotechnology, Beijing, China). Immunolabeling was
developed with chromogen 3,3'-diaminobenzidine tetrahydro-
chloride (DAB). Hematoxylin was applied as a counterstain.
Tissue sections stained without the primary antibody served as
negative controls. The staining of tissue sections was analyzed
and quantified, and the results were interpreted in a blinded
manner.

Statistical analysis. All experiments were performed at
least 3 times. Statistical comparisons between groups were
performed using unpaired Student's t-test with Statistical
Package for the Social Sciences (SPSS) software version 15
(SPSS, Inc., Chicago, IL, USA). Values of p<0.05 or p<0.01
were considered to indicate statistically significant results.

Results

Decreased sensitivity of the drug-resistant cell line
Eca-109/5-FU to 5-FU in vitro and in vivo. Eca-109/5-FU
cells were prepared in vitro by intermittently exposing
Eca-109 cells to increasing concentrations of 5-FU (0.1,
0.2,0.4 and 1 ug/ml) for 12 months. After the generation of
Eca-109/5-FU, the cells were cultured in 5-FU-free growth
medium for 3 passages (~1 week), and then frozen in liquid
nitrogen. Cell viability was determined by the MTT method,
and the data indicated that Eca-109/5-FU was more resistant
to 5-FU than Eca-109. The IC, 5-FU values for the Eca-109
and Eca-109/5-FU cells were 10.5 and 45 pug/ml, respectively.
The resistance index (RI, ICs, of drug-resistant cells/ICs, of
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parental cells) was 4.3, which means that Eca-109/5-FU was
4.3-fold more resistant to 5-FU than Eca-109 (Fig. 1A). We also
determined the cell viability with CDDP, and there was almost
no inhibition of Eca-109/5-FU cell viability when the concen-
tration of CDDP was below 5 ug/ml, which was significantly
different in comparison with the parental cells (Fig. 1B). All of
these results implied that Eca-109/5-FU may be a multidrug-
resistant cell line. To detect the 5-FU-induced apoptotic death
in Eca-109/5-FU and Eca-109 cells, Annexin V-FITC and PI
staining were performed, followed by FCM. The results indi-
cated that the apoptotic proportion of Eca-109/5-FU cells was
much lower than that of the Eca-109 cells when treated with
5-FU, and the difference was significant at p<0.01. After being
treated with low doses of 5-FU (2.5 and 5 pg/ml), the apoptotic
proportion of Eca-109 was ~40%, while that of Eca-109/5-FU
was below 10%. When the dose of 5-FU increased to 10 yg/ml,
the apoptotic proportion of Eca-109 reached 74.44%, while
that of Eca-109/5-FU was 16.36%. When the cells were
supplemented with the highest dose of 5-FU, the apoptotic
proportion of Eca-109 was 94.76%, but that of Eca-109/5-FU
was 57.26% (Fig. 1C). Furthermore, we used nude mouse
xenograft models (Eca-109-bearing and Eca-109/5-FU-
bearing mice) to determine whether Eca-109/5-FU was also
resistant to 5-FU in vivo. When the xenograft tumors reached
50-100 mm?, mice from the experimental groups were treated
with 5-FU. When analyzed 28 days later, the volume and
weight of the Eca-109-induced tumors decreased, but there
was no change in the volume and weight of the Eca-109/5-
FU-induced tumors (Fig. 1D and E). There was no significant
difference in the tumor cell mitotic index or tissue infiltration
and tumor cell proliferative index between the control groups
and the experimental groups in the Eca-109-induced tumors
or Eca-109/5-FU-induced tumors as determined by H&E and
PCNA staining, respectively (Fig. 1F and G). Compared with
tumor tissues of the control group, a higher number of TUNEL-
positive stained cells was observed in the Eca-109-induced
tumors treated with 5-FU, but no significant difference was
found in the Eca-109/5-FU-induced tumors treated with 5-FU
or PBS (Fig. 1H and I; p<0.01). These experimental results
suggested that Eca-109/5-FU cells were resistant to 5-FU
in vitro and in vivo.

Proliferation of Eca-109/5-FU cells was slower than Eca-109
cells in vitro and in vivo. Under a bright field of vision without
5-FU treatment, Eca-109 showed clear borders, while the
borders of Eca-109/5-FU were relatively fuzzy. The cell size of
Eca-109/5-FU was a bit larger than the parental Eca-109 cells.
Under increasing drug concentrations, the size of Eca-109
cells gradually increased and the cell edges became indistinct,
similarly to Eca-109/5-FU cells (Fig. 2A). The cell growth
curve indicated that the proliferation of Eca-109 cells began
to exceed that of Eca-109/5-FU at 2 days (Fig. 2B). In vivo, we
established nude mouse xenograft models (Eca-109-bearing
and Eca-109/5-FU-bearing mice). When the xenograft tumors
reached 50-100 mm?, the volume of xenograft tumors was
recorded every 3 days for a total of 28 days. The results showed
that after 16 days, the proliferation of the Eca-109 cells became
faster than Eca-109/5-FU, and they were significantly different
at 28 days (Fig. 2C). Therefore, Eca-109/5-FU cells grew more
slowly than Eca-109 cells in vitro and in vivo. To determine
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Figure 1. Eca-109/5-FU is resistant to 5-FU in vitro and in vivo. (A) The effect of 5-FU on the cell viability of Eca-109 and Eca-109/5-FU cells. Cells were
treated with different concentrations of 5-FU for 4 days, and the cell viability was measured by MTT assay. Eca-109/5-FU was more resistant to 5-FU in vitro
than Eca-109. (B) The effect of CDDP on cell viability of Eca-109 and Eca-109/5-FU. Cells were treated with different concentrations of CDDP for 4 days, and
the cell viability was also measured by MTT assay. Eca-109/5-FU was more resistant to CDDP in vitro than Eca-109. (C) The effect of 5-FU on the apoptosis
of Eca-109 and Eca-109/5-FU cells. Cells were treated with different concentrations of 5-FU for 4 days, stained with Annexin V-FITC and PI, and detected
by FCM. The apoptotic proportion of Eca-109/5-FU was lower than that of Eca-109. (D) The therapeutic effects of 5-FU on the volume of Eca-109- and
Eca-109/5-FU-induced tumors. 5-FU was administered every 3 days for a total of 28 days. The volume of Eca-109-induced tumors was significantly reduced,
but Eca-109/5-FU-induced tumors were not significantly affected. (E) The therapeutic effects of 5-FU on the weight of Eca-109- and Eca-109/5-FU-induced
tumors. The treatment of 5-FU had no significant impact on the weight of Eca-109/5-FU-induced tumors. “p<0.05, “p<0.01.
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control group in the Eca-109- or Eca-109/5-FU-induced tumors as deter-
mined by staining with H&E. (G) Immunohistochemical staining for PCNA
showed no differences in tumor cell proliferative index in the Eca-109- or
Eca-109/5-FU-induced tumors. (H) Tumor cells undergoing apoptosis
are indicated by brown staining using the TUNEL method. Arrows show
apoptotic cells. (I) The number of TUNEL-positive cells was higher in the
tumor sections of the experimental group compared with that in the control
group/field in the Eca-109-induced tumors, while no differences were found
between the experimental group and control group/field in the Eca-109/5-FU-
induced tumors; “p<0.05, “p<0.01.
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morphology of Eca-109 and Eca-109/5-FU cells. Morphological characteristics were determined using an inverted microscope at an original magnification
of x200. Cells were treated with different concentrations of 5-FU (0, 0.1 and 1 ug/ml) for 4 days, and then cells were observed using light microscopy. Eca-
109/5-FU cells exhibited a relatively larger cell size. (B) The cell growth curve of Eca-109/5-FU and Eca-109. The proliferation of the Eca-109 parental cells
began to exceed Eca-109/5-FU cells at 2 days. (C) Growth changes of Eca-109/5-FU and Eca-109 xenograft tumors in vivo. When 5x10° cells were injected s.c.
into the lower right flank of mice, the proliferation of Eca-109 cells became faster than Eca-109/5-FU after 16 days. (D) Cell cycle distribution of Eca-109/5-FU
and Eca-109. Cells were cultured for 4 days, stained with PI and detected by FCM. Eca-109/5-FU cells exhibited GO/G1 and S phase arrest; “p<0.05, “p<0.01.

the cause of this result, the cell cycle distribution of Eca-109
and Eca-109/5-FU was determined by FCM. As shown in
Fig. 2D, the percentages of Eca-109 and Eca-109/5-FU cells in
the GO/G1, S and G2/M phase were 33.72 and 51.45%, 26.68

and 33.7%, and 39.6 and 14.85%, respectively. Compared with
the parental cells (Eca-109), Eca-109/5-FU cells exhibited
GO/G1 phase and S phase arrest with a concomitantly
decreased cell percentage in the G2/M phase; the difference
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Figure 3. Significant drug resistance-related characteristics of Eca-109/5-FU cells. (A) Western blotting was used to determine drug resistance-related proteins
from cell lysates. MRP1, vimentin, CD133 and CD44 were markedly increased and E-cadherin was decreased in the Eca-109/5-FU cells compared with the
parental cell line Eca-109, while ABCG2 showed no obvious changes between them. (B) Protein expression levels of MRP1, ABCG2, CD133, CD44, vimentin
and E-cadherin after normalization relative to -actin. (C) Plot of PCA scores. “p<0.05, “p<0.01.

was significant at p<0.01. The decreased cell percentage of the
G2/M phase could be considered as an adverse factor in the
proliferation of Eca-109/5-FU cells.

Significant drug resistance-related characteristics of
Eca-109/5-FU. To determine the drug resistance mechanism
of the Eca-109/5-FU cell line, western blotting was used to

determine the expression level of various protein markers.
Since the upregulation of ABC transporters in cancer cells is
considered to be a primary determinant of the drug-resistant
phenotype (37), we detected the expression levels of two main
ABC transporters, MRP1 and ABCG2. The expression level
of MRP1 was markedly increased in the Eca-109/5-FU cells
relative to the parental cells (Eca-109), while ABCG2 showed
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Figure 3. Continued. (D and E) Fifteen metabolites contributed to the differences in metabolism profile, and their concentrations were different between the

Eca-109 and Eca-109/5-FU cells.

no obvious changes (Fig. 3A). However, the EMT-related
marker vimentin was upregulated and another related marker
E-cadherin was downregulated. The stem-like markers CD133
and CD44 were upregulated in the Eca-109/5-FU cells. These
findings suggest that Eca-109/5-FU exhibited characteristics of
EMT and CSCs, which contribute to drug resistance (Fig. 3A).
To look for statistically significant differences, the MRP1/p-
actin, ABCG2/B-actin, CD133/f-actin, CD44/B-actin,
vimentin/B-actin and E-cadherin/B-actin ratios were calcu-
lated and a t-test was performed. The results confirmed that
MRP1, CD133, CD44 and vimentin protein expression levels

were markedly higher in the Eca-109/5-FU than levels in
the Eca-109 cells, while E-cadherin and ABCG2 expression
levels were lower than these in the parental cells (p<0.05,
p<0.01) (Fig. 3B). Nuclear magnetic resonance (NMR) was
used to determine differences in the contrast of the metabolic
products between Eca-109/5-FU and Eca-109, and the analysis
showed that the metabolite profiles between Eca-109/5-FU
and Eca-109 were significantly different. This implied that
the metabolism of 5-FU-resistant cells had changed, and this
may be a characteristic of drug tolerance (Fig. 3C). Fifteen
metabolites contributed to the difference in metabolite
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profiles: lactate, glutamate, taurine, glutamine, proline, aspar-
tate, methanol, cystine, glycine, uracil, glutathione, cysteine,
alanine, valine and isoleucine (Fig. 3D and E). Glutamine is a
major source of carbon and energy for cancer cells; thus, gluta-
minolysis in cells is crucial for cancer cell metabolism (38).
The metabolic tests showed that glutamate was reduced, while
glutamine was significantly increased in the Eca-109/5-FU
cells compared with the parental cells, and these changes
suggested that Eca-109/5-FU cells have a stronger survival
ability than parental cells.

Discussion

Chemotherapy is widely used in cancer treatment. As a clas-
sical chemotherapeutic drug, 5-fluorouracil (5-FU) can be
utilized to treat ESCC (6). However, during treatment, ESCC
cells often develop resistance to 5-FU, which leads to the
failure of the therapy. To improve the disease prognosis in
cancer patients, it is essential to overcome the resistance to
cancer chemotherapy. The drug-resistant phenotype of cancer
cells may be intrinsic or acquired after chemotherapy treat-
ment using cytotoxic drugs (39). Establishing drug-resistant
cancer cells through constant or intermittent drug stimulation
has been an effective method for the investigation of drug
resistance. Various 5-FU-resistant ESCC cell lines have been
established and the mechanism of 5-FU resistance has been
explored (8,28). However, since Eca-109 is a relatively more
chemotherapeutic sensitive ESCC cell line (32), it has not
produced 5-FU-resistant cell lines, only CDDP-resistant cell
lines (13) and paclitaxel-resistant cell lines (40). Therefore,
we prepared 5-FU-resistant Eca-109/5-FU cells through
stepwise exposure to increasing 5-FU concentrations. During
the process of preparation, most Eca-109 cells were gradually
enlarged with more vacuole formation when treated with low
doses of 5-FU (0.1 ug/ml). Then, medium was removed and
fresh medium without 5-FU was added for cell recovery. After
one week, the surviving cells resumed exponential growth and
the above treatment was repeated. Gradually, cells acquired
tolerance to 5-FU and the RI reached 4.3. Notably, Eca-109/5-
FU's endurance capacity to CDDP also increased nearly
3 times compared with the parental cells. To date, the most
common method for establishing resistant ESCC cell lines was
an intermittent incremental induction method with various
and inconsistent final dosages, such as 1.3 (8), 10.4 (28) and
5.2 pg/ml (29). However, Dinicola et al (41) reported that
the final concentration of 5-FU could refer to the clinical
plasma concentration of 2.0 ug/ml. The other commonly used
method is the pulse treatment method, which was described
by Hummel et al (30) with a relatively low-dose of 5-FU
(0.65 ug/ml). The resistant cells selected by the intermittent
incremental method were more resistant than the cells selected
by the pulse method (42).

Our experimental results indicated that the proliferation
of Eca-109/5-FU cells was slower than Eca-109 cells in vitro
and in vivo. The reason may be that Eca-109/5-FU cells
exhibited GO/G1 phase and S phase arrest with a concomi-
tantly decreased proportion of cells in the G2/M phase when
compared with Eca-109 cells, which means that the number
of proliferating cells decreased. There is a critical balance
between cell cycle arrest (promoting DNA repair and survival)
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and cell death after chemotherapy. Various genes may be
activated or inactivated in response to DNA damage to induce
cell cycle arrest in the G1 phase, in which damaged DNA
could be repaired (43). The slow proliferation and arrest of
GO/G1 and S phase have also been found in other tumor cells
resistant to 5-FU, such as 5-FU-resistant colorectal cancer
cells HCT116-5FR, SW480-5FR (23) and HT29R (44); the
5-FU-resistant gastric cancer cells SGC-7901-FR (20) and
SNU620/5-FU (45); the 5-FU-resistant liver cancer cells
HLF-R2 and HLF-R10 (46). However, there was no significant
difference in cellular proliferation between 5-FU-resistant
oral squamous cancer cells HSC2/FU and parental cells (25).
The CDDP-resistant or paclitaxel-resistant Eca-109 cells also
exhibited slow proliferation and arrest at the GO/G1 phase
and S phase compared with Eca-109. The difference in prolif-
eration implied that the underlying drug resistance-related
mechanisms may be different, but all the changes contribute
to cushioning the damage of cytotoxic drugs.

The ABC transporter family has always been a hotspot in
the study of drug resistance mechanisms. Its powerful func-
tion increases drug efflux and decreases intracellular drug
concentration, which eventually contributes to drug resistance.
As a member of the ABC transporter family, MRP1 reduces
the drug concentration in the nucleus by actively transporting
drugs into subcellular organelles or indirectly affecting the
distribution of drugs, which thereby avoids DNA injury. It can
also form chloride ion channels or change channel activity
to decrease the pH in the cytoplasm or organelles, which
produces an acidic environment in which protonated drugs
are largely discharged. However, MRP1 can move drugs out
of cells through vesicle transportation or exocytosis (43).
MRPI is also upregulated in a variety of human malignan-
cies, including different esophageal cancer cell lines or cancer
tissues (47). It has been reported that the percentage of MRP1-
positive samples in esophageal cancer was significantly higher
than that in gastric cancers and colorectal cancers, which
implies that MRP1 may play a large role in the drug resistance
in esophageal cancer (48). A number of clinical studies have
observed correlations between high ABCG2 activity and the
failure of a variety of cytotoxic and targeted therapies (49).
High ABCG?2 activity is also linked to a decreased clinical
survival rate (50). Researchers have gradually assigned impor-
tance to the relationship between drug resistance and ABCG2.
Our western blotting results indicated that the expression
level of MRP1 was markedly increased in the Eca-109/5-FU
cells relative to that noted in the parental Eca-109 cells, which
indicates that Eca-109/5-FU has a stronger ability to pump
out intracellular drugs, while ABCG2 showed significant
downregulated in Eca-109/5-FU cells. Various studies have
shown that the expression level of ABC transporters (MRP1
and ABCG?2) in drug-resistant cancer cells exhibited no differ-
ences with parental cancer cells (42) and even lower levels (13).
EMT is a prerequisite event for invasion in cancers, which
plays a large role in 5-FU resistance (25). However, there
are no studies of 5-FU-resistant ESCC. Our western blotting
results indicated that the expression level of vimentin increased
and that of E-cadherin decreased in the Eca-109/5-FU cells
compared to these level in the Eca-109 cells. This means
that EMT also occurs in 5-FU-resistant ESCC cells. EMT
has also been associated with stem-like traits, such as self-
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renewal capacity, the expression of stemness markers and the
formation of anchorage-independent spheres in several cancer
models (44). Therefore, EMT is considered a key process for
cancer stem cell generation (21). In addition, mechanisms of
CSC resistance may also include the preferential activation of
DNA damage checkpoints (51) and increasing drug exclusion
by efflux pumps (52). CD133* colon cancer cells have been
confirmed to possess stem cell properties and have inherently
higher resistance to 5-FU and oxaliplatin (53). As another
stem cell marker, CD44 is used to identify CSCs in ESCC and
CD44" cells show more resistance to chemotherapy than the
CD44-ESCC cells KYSE-30 (54). The upregulation of CD33
and CD44 in Eca-109/5-FU indicates that the acquired drug
resistance may be connected to CSCs. The formation of EMT
occurs together with metabolic alterations in various pathways,
such as glycolysis and oxidative phosphorylation (55), and the
reprogramming of metabolic pathways is one of the important
mechanisms of chemoresistance (56). Sasada et al (33) showed
that the 5-FU-resistant gastric cancer cell line MKN45/F2R
exhibited significant changes in small molecule metabolism
compared with parental cells. As the action time of 5-FU was
prolonged, some of the concentrations of small molecules
showed regular changes, such as gradual reductions in alanine,
asparagine, valine, proline and citrulline; a gradual increase
was also detected in parental cells when supplemented with
5-FU (33). Various studies confirmed that enhanced glutamine
metabolism occurred in both patients and cell lines resistant
to erlotinib (57). To further analyze the metabolic changes
of 5-FU-resistant ESCC cells, we determined the metabolic
products of Eca-109/5-FU and Eca-109 cells by NMR, and the
metabolite profiles between the two were significantly different.
Compared with the parental cell line Eca-109, the content of
glutamine was significantly increased in the Eca-109/5-FU
cells, while the content of glutamic acid was significantly
reduced. Glutaminolysis and glutaminase (GLS) have been
identified to be indispensable for the development and progres-
sion of cancer, including drug-resistant cancer cells (58). The
high concentration of glutamine indicates a stronger reserved
capacity for glutamine in Eca-109/5-FU cells relative to
Eca-109 cells, and this phenomenon implies that Eca-109/5-FU
may more easily adapt to the severe environment. The provi-
sion of energy is dependent on glycolysis in cancer cells, with
greater production of lactate regardless of oxygen availability;
this effect is called the Warburg effect (59). In our experience,
there was a greater generation of lactate in the Eca-109/5-FU
cells compared with that in the Eca-109 cells. This shows
that the glycolytic pathway in Eca-109/5-FU cells is more
active with more ATP acquired, and it is well known that the
intracellular repair of cell structure and DNA and drug efflux
through ABC transporters are all ATP-dependent.

The 5-FU-resistance mechanism in tumor cells is still
unknown. There have been many attempts to increase cell
sensitivity to chemotherapeutic agents. For example, curcumin
mediates chemosensitization to 5-FU through the miRNA-
induced suppression of EMT in chemoresistant SW480-5-FUR
colorectal cancer cells (23), and tetrandrine (TET) can decrease
the expression levels of MRP1 and MDR1 in 5-FU-resistant
ESCC YES-2/DDP cells (37). Low-dose all-trans retinoic
acid enhances the cytotoxicity of CDDP and 5-fluorouracil in
CD44* cancer stem cells (54); as a GLS inhibitor compound,
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968 can reverse acquired erlotinib resistance in non-small
cell lung cancer (58). RNAi-mediated EZH2 depletion (11),
Annonaceous acetogenins (60) and astragaloside I'V (61) could
reverse the drug resistance of 5-FU-resistant liver cancer cells
BEL-7402/5-FU by decreasing MRP1 and MDRI1 expression.
Hedyotis diffusa Willd overcomes 5-FU resistance in human
colorectal cancer HCT-8/5-FU cells by downregulating the
expression of MDR1 and ABCG2 (62). These results provided
evidence of the screening of chemotherapy sensitizers for
Eca-109/5-FU.

In conclusion, we established the 5-FU-resistant ESCC
cell line Eca-109/5-FU by stepwise exposure to increasing
5-FU concentrations in vitro and preliminarily identified its
drug resistance mechanism. Eca-109/5-FU cells were resistant
to 5-FU in vitro and in vivo and showed lower proliferation
rates. These cells exhibit characteristics of EMT and CSCs.
Higher intracellular concentrations of glutamine and lactate
were detected, which implies that Eca-109/5-FU cells have a
strong potential to survive when living in a severe environ-
ment. All of these results should contribute to further research
using the drug-resistant Eca-109/5-FU cell line for selecting
chemotherapy sensitizers.
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