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Abstract
Background: Chemoresistance is a major problem in gastric cancer (GC) management with an unknown
underlying mechanism. In this study, we aimed to establish a 5-�uorouracil (5-FU)-resistant GC cell line
and explore the biological characteristics related to its chemoresistance.

Materials and Results: The chemotherapeutic agent-resistant GC cell line (AGS-R) was established by
continuous exposure of AGS cells to 5-FU. These cells showed morphologic changes and increased level
of thymidylate synthase (TS) mRNA compared with the parental cells. AGS-R also showed down-
regulation of β-catenin activity with decreased migration and invasion. The expression of CD44 was
increased in AGS-R cells and this was reversed with the inhibition of Notch1.

Conclusions: 5-FU resistant gastric cancer cell line was well established and these cells showed increased
stemness which was reversed with Notch1 inhibition.

Introduction
Gastric cancer is a common malignancy worldwide, particularly in Asia. Although the incidence of gastric
cancer has been decreasing, the associated mortality remains high. Unfortunately, 20–40% of patients
with gastric cancer experience recurrence within 5 years of surgery, with a poor prognosis. In gastric
cancer, a 5-�uorouracil (5-FU)-based adjuvant chemotherapy regimen has led to a substantial
improvement in survival [1]. However, counteracting chemoresistance is the biggest hurdle in treating
patients with cancer. The current therapeutic options are limited and associated with only a modest
improvement in survival in the majority of patients with gastric cancer. Recently, studies have
investigated the underlying mechanisms of chemoresistance to develop methods that can help patients
to overcome this treatment hurdle [2, 3].

Although the molecular mechanisms underlying chemoresistance are not completely understood, studies
have reported that speci�c cancer stem cells (CSCs) play an important role in chemoresistance [4, 5]. The
CSCs are a subpopulation of tumor cells that are characterized by self-renewal, differentiation, and
asymmetrical division. Moreover, they remain quiescent in some conditions (e.g., hypoxia) and resist
conventional therapies, thereby leading to tumor relapse and metastasis. Therefore, the cellular pathways
that drive stemness represent a rational target for cancer management [6]. Incidentally, the CSCs have
aberrations in one or more signaling pathways.

Studies have been conducted to elucidate the relationship between the Wnt/β-catenin signaling pathway
and the CSCs with respect to gastric cancer. The Wnt/β-catenin signaling pathway is well-documented,
and its dysregulation plays an important role in the development of human cancers [7]. Particularly, more
than 30% of patients with gastric cancer present activated Wnt/β-catenin signaling. Moreover, it has been
demonstrated that Wnt/β-catenin signaling has a fundamental role in the self-renewal of gastric cancer
stem cells (GCSCs) [8, 9]. Therefore, in this study, the parental gastric cancer cell line, AGS, was selected
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for evaluating 5-FU resistance because this cell line has a constitutively activated β-catenin pathway
owing to a CTNNB1 mutation [10].

A previous study identi�ed gastric cancer-initiating cells from a panel of human gastric cancer cell lines
using the cell surface marker CD44 [11]. Moreover, another study detected CSCs in tumor tissues and
peripheral blood of patients with gastric cancer using CD44 and CD54, both of which are closely related
to cancer metastasis [12]. The CSCs in gastric cancer have been extensively studied using gastric cancer
cell lines and primary gastric cancer tissues [13–15]. Therefore, targeting the critical pathways and
molecules in GCSCs and their environment may represent a potential therapeutic strategy for patients
with gastric cancer. In this study, we aimed to establish a 5-FU-resistant gastric cancer cell line, which
simulates the real-world recurrent gastric cancer cells, to elucidate the characteristics of this cell line and
suggest a treatment target for overcoming chemoresistance.

Materials And Methods
Cell culture

AGS was purchased from the Korean Cell Line Bank (KCLB#21739; Seoul, South Korea). AGS cells were
seeded at a density of 2 × 105 cells/mL in a T25 �ask and cultured routinely in RPMI 1640 medium
(Welgene, Daegu, Korea) supplemented with 10% fetal bovine serum (Thermo Fisher Scienti�c, Waltham,
MA, USA) and 1% antibiotics (Thermo Fisher Scienti�c). An AGS-derived 5-FU-resistant cell line (AGS-R)
was established via long-term culture of AGS cells in gradually increasing concentrations (0 to 5 μM over
a period of 1 year) of 5-FU (Sigma-Aldrich, St. Louis, MO, USA). Microscopic images of the cells were
captured at 100´ magni�cation using an Olympus CKX31 microscope.

Cell viability assay

After the treatment of both AGS and AGS-R cells with various concentrations of 5-FU, the cell viability
assay was performed using the Cell Counting Kit-8 (Enzo Life Sciences, Farmingdale, NY, USA), according
to the manufacturer’s protocol. First, AGS and AGS-R cells were seeded in 96-well plates at a density of 5
× 103 cells/well and cultured in a CO2 incubator for 24 h. Subsequently, both cell lines were treated with
various concentrations of 5-FU (0, 1, 3, 5, 10, and 20 µM) for 24, 48, and 72 h. Finally, the absorbance of
the plates was read at 450 nm using a spectrophotometer.

To examine whether β-catenin is involved in the induction of resistance against 5-FU, the cell viability
assay was repeated after an initial treatment of both cell lines with ICG-001 (Selleckchem, Houston, TX,
USA), which antagonizes β-catenin/TCF-mediated transcription. The cells were treated with various
concentrations of ICG-001 (0, 0.5, 1, and 2 µM) for 24 and 48 h.

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
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Total RNA was isolated from AGS and AGS-R cells treated with 5-FU for 72 h. Subsequently, DNase
digestion and other clean-up procedures were performed using the RNAspin Mini RNA Isolation Kit (GE
Healthcare Life Science, Pittsburgh, PA, USA), and the purity and yield of RNA were analyzed using a
NanoDrop spectrophotometer (NanoDrop Tech, Wilmington, DE, USA). Thereafter, cDNA was synthesized
using a cDNA synthesis kit (ELPIS Biotech, Daejeon, South Korea) with 1 μg of the extracted total RNA,
according to the manufacturer’s instructions. TaqMan Gene Expression Assay kits (Applied Biosystems
PCR 7500; Thermo Fisher Scienti�c), which are based on pre-validated assays with speci�c primers and
probes for each gene, were used for cDNA quanti�cation of the thymidylate synthase (TS) gene (TaqMan
Gene Expression Assay ID: [TS (TYMS)], Hs00426591_m1) and an internal reference gene (GAPDH;
TaqMan Gene Expression Assay ID: Hs99999905_m1). TaqMan Universal PCR Master Mix was used to
carry out real-time RT-PCR (Thermo Fisher Scienti�c). The PCR was performed under the following
conditions: 10 min at 95°C, followed by 40 cycles for 15 s at 95°C and 1 min at 60°C, in the StepOne
System (Thermo Fisher Scienti�c).

Western blotting

Whole cell lysates were prepared using radioimmunoprecipitation assay buffer (25 mM Tris-HCl, pH 7.6;
150 mM NaCl; 1% NP-40; 1% sodium deoxycholate; and 0.1% SDS) with a protease and phosphatase
inhibitor cocktail (Thermo Fisher Scienti�c). Thereafter, total protein was extracted from AGS and AGS-R
cells treated with 5-FU for 72 h. The total protein lysates (40 μg) were loaded into each lane, size-
fractionated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and transferred onto
polyvinylidene di�uoride membranes. Subsequently, the membranes were blocked in Tris-buffered saline-
Tween 20 (TBST) containing 5% skim milk for 1 h, and then incubated overnight with the primary
antibodies at 4°C. After washing thrice with TBST, the membranes were incubated with the secondary
antibodies, namely, horseradish peroxidase-conjugated anti-rabbit IgG (developed in goat) or anti-mouse
IgG (developed in horse) (#7074 and #7076, respectively, Cell Signaling Technology). Finally, the
immunoblots were treated with enhanced chemiluminescence reagents and visualized using an LAS-
4000 Mini camera (Fuji�lm, Tokyo, Japan). All primary antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA); the antibodies used were against β-actin (D6A8, #8457), TS (D5B3, #
9045), protein kinase B (AKT) (92G2, #2978), phosphor-AKT (p-Akt, Thr308) (D25E6, #13038), C-myc
(D84C12, #5605), cyclin D1 (92G2, #5605), α-tubulin (11H10, #2125), lamin B1 (D9V6H, #13435), signal
transducer and activator of transcription 3 (STAT3) (124H6, #9139), phosphor-STAT3 (Tyr705) (D3A7,
#9145), Notch intracellular domain (NICD; cleaved notch1) (Val1744) (D3B8, #4147), GLI1 (C68H3,
#3538), β-catenin (D10A8, #8480), and nonphospho (active) β-catenin (Ser33/37/Thr41) (D13A1,
#8814).

To investigate the expression of β-catenin/active β-catenin in the nucleus and cytoplasm, the nuclear and
cytoplasmic extracts were puri�ed using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Fisher Scienti�c).

Luciferase assay
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For electroporation, AGS and AGS-R cells were seeded at a density of 1 × 105 cells/0.5 mL in 24-well
plates with serum-free RPMI. The cells were serum-starved for 16 h, and then co-transfected with pGL4.49
(Promega, Madison, WI, USA) and pRL-TK constructs (Promega) using jetPRIME transfection reagent
(Polyplus transfection, NY, USA). The pGL4.49 vector contains eight copies of a T-cell factor/lymphoid
enhancer factor response element that drives the transcription of the �re�y luciferase reporter gene luc2p.
The pRL-TK vector provides the constitutive expression of Renilla luciferase, and serves as a control
reporter vector. After incubation for 24 h, the luciferase assay was performed with both cell lysates using
the DUAL-GLO Luciferase Assay System (Promega), according to the manufacturer’s instructions.
Luminescence was measured using GLOMAX (Promega). The ratio of �re�y to Renilla luciferase activities
represented the transcriptional activity of β-catenin.

Flow cytometry

AGS and AGS-R cells (1 × 106/mL) were stained with FITC-conjugated anti-human CD44 antibody (Mouse
IgG2b; BD Biosciences, San Jose, CA, USA) or the isotype control antibody (Mouse IgG2b; BioLegend, San
Diego, CA, USA) on ice for 40 min. Thereafter, the cells were washed thrice with phosphate-buffered saline
and analyzed on the NovoCyte Flow Cytometer (ACEA Biosciences, San Diego, CA, USA); the data were
assessed using NoveExpress software.

Cell invasion and scratch assay

The cell invasion assay was performed using the Chemicon Cell Invasion Assay Kit (Merck, Temecula, CA,
USA). This kit consists of 12 inserts, each of which contains an 8-μm pore-size polycarbonate membrane
coated with a thin layer of ECMatrix. The invasive cells migrated through the extracellular matrix layer
and were attached to the bottom of the membrane; these cells were �xed, stained with 0.1% crystal violet,
and photographed under a microscope (Olympus CKX31).

For the cell scratch assay, AGS and AGS-R cells (3 × 105 cells/2 mL/well) were incubated in 6-well plates
with small straight-line wounds that were made in con�uent monolayers using an SPLScar scratcher
(width 0.5 mm; SPL Life Sciences, Pocheon-si, South Korea). Thereafter, the cells were �xed, stained with
Cell Stain solution (Merck, Temecula, CA, USA), and photographed under a microscope (Olympus CKX31).

siRNA transfection

Notch1 speci�c siRNA (siNotch1) and non-targeting siRNA (siNC) were purchased from Bioneer (Daejeon,
South Korea). siRNA transfection was performed using the jetPRIME transfection reagent (Polyplus
transfection), according to the manufacturer’s instructions. The control cells were transfected with non-
targeting scrambled siRNA using the jetPRIME transfection reagent (mock). Further experiments were
performed 72 h after transfection.

Statistical analyses
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Statistical analyses were performed using SPSS version 18 (IBM Corp., Armonk, NY, USA). An
independent t-test was used to compare the two cell lines. Statistical signi�cance was set at P ≤ 0.05.

Results

Establishment of 5-FU-resistant gastric cancer cells
The chemoresistant gastric cancer cell line AGS-R was established through continuous exposure of AGS
cells to 5-FU for 1 year. The morphological differences between AGS and AGS-R cells were observed by
microscopy (Fig. 1a); although the majority of AGS cells were initially cuboidal in shape, there was a
gradual transformation into spindle-shaped cells with pseudopodia formation. Both AGS and AGS-R cells
displayed a decrease in viability upon 5-FU treatment in a time- and concentration-dependent manner;
however, AGS-R cells were more resistant to 5-FU than their parental cell line (Fig. 1b). The viability of
AGS cells was below 60% when treated with >3 µM 5-FU, regardless of the treatment duration. In contrast,
the viability of AGS-R cells was below 60% only when treated with >10 µM 5-FU for 72 h.

Thymidylate synthase is the rate-limiting enzyme in de novo pyrimidine biosynthesis, and its inhibition
leads to the inhibition of DNA synthesis; the 5-FU treatment is based on this mechanism of TS-inhibition.
Therefore, resistance to 5-FU is associated with the upregulation of TS expression. Our study con�rmed
that the TS level was higher in AGS-R cells than in AGS cells (Fig. 1c and d).

Decreased ß-catenin activity in and invasive capacity of
AGS-R cells
The transcriptional activity of β-catenin was lower in AGS-R cells than in AGS cells (Fig. 2a). Additionally,
cytoplasmic and nuclear β-catenin, cyclin D1, and c-myc levels were higher in AGS-R cells than in AGS
cells (Fig. 2b). Incidentally, the ratio of total β-catenin in the nucleus and cytoplasm was similar in AGS
and AGS-R cells.

Although the β-catenin pathway is upregulated in AGS-R cells, the inhibition of β-catenin with various
concentrations of ICG-001 did not inhibit the proliferation of AGS-R cells compared with that in AGS cells.
AGS-R cells showed a viability of more than 90%, regardless of the ICG-001 concentration and treatment
duration (Fig. 2c).

The invasiveness and migratory capacity of AGS-R cells were lower than those of AGS cells (Fig. 3).

Aggravated stemness in AGS-R cells
Cancer stemness is induced by the continuous exposure of cancer cells to chemotherapeutic drugs, and
CD44 expression is considered an important characteristic feature of cancer stem cells. Here, CD44
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expression on the surface of AGS and AGS-R cells was assessed by �ow cytometry. The percentage of
CD44+ cells in AGS was 5.1%, but it was upregulated by approximately 20% in AGS-R (Fig. 4a).

Moreover, CD44 expression was upregulated in AGS-R cells despite the inactivation of the Wnt/β-catenin
signaling pathway. Therefore, we investigated the exact signaling pathway in AGS-R cells that led to an
increase in CD44 expression in gastric cancer cells. Furthermore, the protein levels of glioma-associated
oncogene homolog 1 (GLI1, which is a nuclear mediator of the Hedgehog pathway), p-STAT3, and NICD
were compared between the cell lines (Fig. 4b). NICD expression was �ve times (5.1 ± 1.6) higher in AGS-
R cells than in AGS cells. These �ndings imply that the Notch signaling pathway has a role in the
development of chemoresistance in AGS-R cells and could be the target pathway for the restoration of
chemosensitivity in this 5-FU-resistant gastric cancer cell line.

To con�rm whether the Notch signaling pathway regulates the stem cell-like characteristics of AGS-R
cells, especially the expression of CD44, the expression of NICD was silenced via Notch1-speci�c siRNA
transfection (siNotch1) (Fig. 4c). Although not signi�cant, there was a decrease in CD44 expression in
AGS-R cells after Notch1 silencing compared with that in the cells transfected with non-targeting siRNA
(Fig. 4d). These results suggest that the activation of the Notch signaling pathway plays a role in
generating 5-FU-resistant gastric cancer cells by increasing CD44 expression.

Discussion
In the past 60 years, 5-FU has been used in the treatment of various cancers such as gastric cancer, colon
cancer, and head and neck cancer. In gastric cancer, 5-FU is the mainstay treatment drug in adjuvant and
palliative settings; hence, the development of 5-FU resistance limits the treatment options for patients
with gastric cancer in the real-world setting.

Therefore, several studies have been conducted to determine the possible means of overcoming
chemoresistance [2, 3]. In the present study, a 5-FU-resistant gastric cancer cell line, AGS-R, was
successfully established by exposing AGS cells to gradually increasing concentrations of 5-FU for 1 year.

With respect to cell morphology, AGS-R cells were spindle-shaped with pseudopodia, as opposed to the
cuboidal shape of AGS cells. Although AGS-R cells exhibited EMT-like cell morphology, their invasiveness
and migration abilities were decreased compared with those of AGS cells. Previously, it has been
demonstrated that the migration capability of cells does not always affect only migration, as migration
and invasion can be uncoupled [16]. Another study reported that EMT confers increased invasion and
migration abilities to the cells, and that it is associated with drug resistance [17]. The EMT-induced
stemness of cancer cells may characterize one of the important mechanisms underlying EMT-mediated
chemoresistance; furthermore, tumorigenesis may regulate various EMT signaling pathways, such as the
Wnt, Notch, and Hedgehog pathways, thereby triggering the renewal and maintenance of CSCs [18–20].

Activation of the Wnt/β-catenin signaling pathway can confer chemoresistance to 5-FU in various
carcinomas [21], and it plays an important role in the self-renewal of GCSCs [9]. In this study, AGS-R cells
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were generated from AGS cells that harbor a heterozygous mutation in the β-catenin gene (CTNNB1) at
codon 34 [10], thereby exhibiting elevated β-catenin/TCF transcriptional activity, including CDH1, KRAS,
and PIK3CA mutations. Our study showed that the acquisition of 5-FU resistance by AGS cells
downregulated the intrinsic activation of β-catenin. We analyzed the probable genetic abnormalities in
AGS-R cells using the NGS panel technique (data not shown; Oncomine Comprehensive Panel; Thermo
Fisher Scienti�c) but did not observe any signi�cant genetic changes. Although AGS-R cells harbor the
CTNNB1 gain-of-function mutation, they exhibited a decrease in β-catenin activity. It has been
demonstrated that Wnt/β-catenin signaling is one of the major pathways involved in the EMT of cancer
cells; therefore, it must have a critical role in the regulation of metastasis [22]. Indeed, it has been
established that the inhibition of the Wnt/β-catenin pathway can increase the anti-metastatic activity of
gastric cancer cells [23, 24]. The results of our present study are consistent with those of previous studies
with respect to the decrease in tumor aggressiveness, invasiveness, and migratory activity in conjunction
with the decreased activity of β-catenin.

Several signaling pathways, such as the Notch, Wnt/β-catenin, and Sonic hedgehog (Shh) pathways, are
associated with the stemness of gastric cancer cells [13, 25]. Previous studies have established that the
Notch signaling pathway can manipulate physiological and pathological processes, including stem cell
renewal and differentiation. Moreover, it has a substantial role in the development of malignant tumors,
such as breast, lung, pancreas, and basal cell carcinomas, in humans [26, 27]. Additionally, some recent
evidence implies that Notch signaling regulates the self-renewal and survival of CSCs, which, in turn,
induce tumor initiation and repopulation in patients with cancer, following chemotherapy. Furthermore,
this pathway increases the CSC population in various cancers, including the GCSCs, thereby contributing
to therapy resistance [28]. We observed that the Notch signaling pathway was considerably upregulated
in AGS-R cells, and the expression of CD44 was notably decreased after Notch1 knockdown in AGS-R
cells. This observation suggests that Notch signaling mediates the increase in stemness and induces 5-
FU resistance in AGS-R cells. Therefore, inhibition of this pathway may form a potential therapeutic
strategy of curing gastric cancer by eradicating CSCs and overcoming chemoresistance.

In conclusion, in this study, we successfully established a 5-FU-resistant gastric cancer cell line, AGS-R,
which simulated the real-world chemoresistant gastric cancer cells. The AGS-R cell line showed altered
characteristics of β-catenin activity, invasion/migration, and stemness patterns compared with the AGS
cell line. Incidentally, these changes might be speci�c to the gastric cancer cell line; the administration of
precision medicine based on the results of NGS could not alter the changes in the drug sensitivity of the
resistant cancer cells. However, based on our observations of the Notch signaling pathway in this 5-FU-
resistant gastric cancer cell line, it is expected that targeted inhibition of the Notch signaling pathway
might have therapeutic potential against 5-FU-resistant gastric cancer.

Further research is required to determine the comprehensive practical target of treating drug-resistant
cancer cells, depending on relapsed and chemotherapy-refractory patients.
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Figures

Figure 1

Establishment of 5-�uorouracil (5-FU)-resistant gastric cell line. (a) Morphological differences between
parental gastric cancer cells (AGS) and 5-FU-resistant gastric cancer cells (AGS-R). AGS-R cell line was
established by continuous exposure of AGS cells to 5-FU, as described in the Materials and Methods.
Morphological changes in AGS-R cells were compared with those of its parental cell line AGS on day 3 of
culture under an inverted microscope (X100). (b) In vitro sensitivity of AGS and AGS-R cells to 5-FU. AGS
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and AGS-R cells were treated with 0, 1, 3, 5, 10, and 20 μM 5-FU for 24, 48, and 72 h. Data are
representative of more than three independent experiments. (c) The level of thymidylate synthase (TS)
mRNA expression in AGS and AGS-R cells. Single asterisk indicates a signi�cant difference (P < 0.05). (d)
Changes in the TS level in AGS and AGS-R cells, as analyzed by western blotting

Figure 2

Changes in the characteristics of 5-�uorouracil (5-FU)-resistant gastric cancer (AGS-R) cells. (a)
Comparison of the transcriptional activity of β-catenin between parental gastric cancer (AGS) cells and
AGS-R cells. (b) Isolation of cytoplasmic and nuclear proteins from AGS and AGS-R cells, and subsequent
analysis of the changes in the expression of β-catenin, cyclin D1, c-myc, α-tubulin, and lamin-B in each
fraction by western blotting. [C: cytoplasm, N: nucleus] (c) Change in the viability of AGS and AGS-R cells,
after treatment with ICG-001, which is a speci�c inhibitor of β-catenin. AGS and AGS-R cells were cultured
with different concentrations (0, 0.5, 1, and 2 μM) of ICG-001 for 24 and 48 h. Data are representative of
more than three independent experiments
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Figure 3

Changes in migratory and invasive activities of 5-�uorouracil (5-FU)-resistant gastric cancer (AGS-R) cells.
(a) and (b) Migratory and invasive activities of parental gastric cancer (AGS) cells (left) and AGS-R (right)
cells were examined using a cell migration assay with a two-chamber system. Migratory cells in both
chambers were counted, calculated as a percentage of cell invasion, and presented in a graphical format.
(c) and (d) Scratch assay was performed to examine the proliferative activity of AGS-R cells compared
with that of AGS cells. (c) depicts observations at 0 and 48 h, and (d) depicts the percentage of scratch
�lling. Data are representative of more than three independent experiments
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Figure 4

Aggravated stemness in 5-�uorouracil (5-FU)-resistant gastric cancer (AGS-R) cells. (a) Analysis of CD44
expression by Flow cytometry. The percentage of CD44 (+) cells in AGS was 5.1% (left), but in AGS-R, it
was 20.9% (right). (b) Changes in several molecular pathways of AGS and AGS-R cells, as analyzed by
western blotting. (c) The transfection of Notch1-speci�c siRNA (siNotch1) and non-targeting siRNA (siNC)
was performed by jetPRIME transfection. After siRNA transfection, the changes in the expression of
Notch Intra Cellular Domain (NICD), as con�rmed by western blotting. (d) Decreased CD44 expression in
Notch1 knock-down AGS-R cells compared with that in AGS cells. Data are representative of more than
three independent experiments


