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A B S T R A C T

The therapeutic benefits offered by 5-fluorouracil (5-FU) are limited because of the acquisition of drug re-
sistance, the main cause of treatment failure and metastasis. The ability of the cancer cells to undergo epithelial-
mesenchymal transition (EMT) contributes significantly to cancer metastatic potential and chemo-resistance.
However, the underlying molecular mechanisms of 5-FU-resistance have remained elusive. Here, we show that
reactive oxygen species (ROS), produced by dual oxidase 2 (DUOX2), promote 5-FU-induced EMT. First, we
showed that 5-FU–resistant SNUC5 colon cancer cells (SNUC5/FUR cells) undergo EMT by analyzing the ex-
pression of EMT markers such as N-cadherin, vimentin and E-cadherin. In addition, we found that the resistant
cells expressed higher levels of Snail, Slug, Twist and Zeb1, which are all critical EMT regulators and had
enhanced migratory and invasive capabilities. Furthermore, SNUC5/FUR cells had increased level of DUOX2,
resulting in increased ROS level. This effect was due to the enhanced binding of the ten eleven translocation 1
(TET1) demethylase to the DUOX2 promoter in the SNUC5/FUR cells. Importantly, silencing of TET1 reversed
the effects of 5-FU on the cells. Finally, the antioxidant N-acetylcysteine attenuated the effects of 5-FU on EMT
and metastasis. Our study demonstrates the existence of a TET1/DUOX2/ROS/EMT axis that could play a role in
colon cancer chemo-resistance and the aggressiveness of this cancer.

1. Introduction

Resistance to anticancer drugs, such as 5-fluorouracil (5-FU), is an
important cause of treatment failure in colon cancer [1]. The me-
chanisms of drug resistance are complex and have yet to be fully elu-
cidated. The epithelial to mesenchymal transition (EMT) is the change
from an epithelial to a mesenchymal cell phenotype; notably, this
process has been implicated in various biological processes, including
gastrulation and early steps of cancer metastasis [2]. Cancer metastasis
is a complex process involving infiltration of primary cancer cells into
surrounding tissues, followed by extravasation into distant organs, and

metastatic colonization [3,4]. The loss of E-cadherin expression is the
most predominant characteristic of EMT and many transcription fac-
tors, such as Twist, Snail, and Zinc finger E-box-binding homeobox
(Zeb), have been shown to directly or indirectly repress the activity of
E-cadherin promoter and subsequently induce EMT [5].

Many sources of reactive oxygen species (ROS) exist in the cell. This
includes the NADPH oxidase (NOXs) family (NOX1–5), dual oxidase
(DUOX) 1 and 2, and the mitochondria [6,7]. The cells have evolved a
homeostatic system to eliminate ROS and thus maintain the cellular
redox balance. This equilibrium can be disrupted by chemotherapeutic
treatments [8].
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Many studies have shown a strong relationship between oxidative
stress and increased cancer cell growth [9,10], or chemo-resistance
[11]. Additional studies have indicated that the altered production of
ROS is associated with EMT and metastasis [12,13].

The purpose of this study was to determine whether 5-FU-resistant
colon cancer cells undergo EMT and induce metastasis and decipher the
underlying mechanisms. Additionally, we investigated whether ROS are
involved in the regulation of EMT induced in 5-FU-resistant cells.

2. Materials and methods

2.1. Cell culture

SNUC5 colon cancer cells were from the Korean Cell Line Bank
(Seoul, Republic of Korea). The SNUC5 were obtained from colon of a
female patient (77 years old) with colorectal cancer. The histo-
pathology of this cell line is adenocarcinoma. They grow in a monolayer
and are poorly differentiated. They were cultured in RPMI-1640
medium (Invitrogen, Grand Island, NY, USA) containing 10% heat-in-
activated fetal bovine serum (Sigma-Aldrich Co., St. Louis, MO, USA) at
37 °C in a 5% CO2 atmosphere. SNUC5 resistant to 5-FU (SNUC5/FUR
cells) were obtained from the Research Center for Resistant Cells of
Chosun University (Gwangju, Republic of Korea). They were obtained
by culturing SNU5 cells in 140 μM 5-FU for more than six months.

2.2. Cell viability assay

Cells were seeded at a density of 1.2× 105 cells/mL in 96-well
plates and treated with 5-FU. After 48 h, 3-(4,5-dimethyl-2-thia-
zolyl)− 2,5-diphenyl-2H-tetrazolium bromide (MTT) was added and
after 4 h, the absorbance was measured at 540 nm.

2.3. Western blot analysis

Cell lysates were separated by 8–12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis, transferred to a nitrocellulose
membrane, immunoblotted with the indicated antibodies and detected
with enhanced chemiluminescent detection. The antibodies used in this
study were against Snail, Slug, Twist, Zeb1, E-cadherin, N-cadherin and
β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and against
matrix metalloproteinase (MMP)-2, MMP-9, tissue inhibitor of me-
talloproteinase (TIMP)-1 and TIMP-2 (Cell Signaling Technology Inc.,
Danvers, MA, USA).

2.4. Immunocytochemistry

Cells, seeded on chamber slides, were fixed, incubated for 2 h with
the indicated primary antibody and the primary antibody was detected
using a fluorescein isothiocyanate (FITC)- or Alexa 594-conjugated
secondary antibody (Santa Cruz Biotechnology). Stained cells were
mounted on microscope slides in 4′,6-diamidino-2-phenylindole (DAPI)
containing mounting medium and imaged on a Zeiss confocal micro-
scope using the LSM 510 software (Zeiss, Oberkochen, Germany).

2.5. In vitro wound healing assays

Cell migration was analyzed using wound-healing assays. The cells
(1× 105 cells/well) were placed for 24 h in 6-well plates and, at con-
fluence, a wound was made using a sterile plastic pipette tip. Free-
floating cells and debris were removed by washing the cells with culture
medium. Representative scratch zones were photographed 48 h after
the scratch wounding using a microscope (Olympus, Japan). For both
cell lines (drug-sensitive and -resistant), the distance between the
wound edges was measured. Cell lines to be compared were processed
in parallel to prevent differences to environmental cues in wound
healing responses.

2.6. Cell invasion assay

Experiments were carried out using the Cytoselect 24-well cell in-
vasion assay (Cell Biolabs, Inc., San Diego, CA, USA). Cells (1× 106

cells/mL) were cultured in the upper chamber of the inserts overnight.
After removal of all non-invasive cells, the ones that had passed through
the membrane were quantified using OD560 nm in a microplate reader
(Thermo Scientific, MA, USA).

2.7. SDS-PAGE zymography

SDS-PAGE Gelatin zymography was used to measure MMP-2 and
MMP-9 enzymatic activity in cell lysates. To this aim, we used the
Novex™ In-gel zymography system (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer's instructions. The equal amounts of
protein (30 μg/lane) were combined with sample buffer and loaded on a
Novex™ 10% zymogram (Gelatin) gel (Invitrogen) for electrophoresis.
Gels were then incubated with Novex™ zymogram renaturing and de-
veloping buffer (overnight incubation). The gels were stained with
SimplyBlue™ Safestain (Invitrogen) and destained appropriately. The
gelatinolytic activity was visualized as a transparent band against a
blue background. Gelatinolytic bands were measured densitometrically
with an image analyzer.

2.8. RNA interference

For short hairpin RNA (shRNA) transfection, cells were seeded at a
density of 1.5× 105 cells/well in 24-well plates. The cells were trans-
fected when they reached ~50% confluency. shControl RNA and
shTET1 RNA (shRNA directed against TET1) were purchased from
Santa Cruz Biotechnology. Lentiviruses expressing control or TET1
shRNA were diluted in OptiMEM containing 6 μg/mL polybrene and
added to the SNUC5/FUR cells. After 72 h, transduced cells were se-
lected using puromycin (5 μg/mL). Clones were cultured up to three
weeks, and silencing of TET1 was verified by measuring the level of
TET1. The human shTET1 RNA sequence was 5′-UUGUGUCACGGCCA
UCUGCdTdT-3′ and the shControl RNA sequence was 5′-TTCTCCGAA
CGTGTCACGT-3′. In addition, small interfering RNAs (siRNAs) specific
for DUOX2 (siRNA Nos. 1044506 and 1044512, Bioneer, Daejeon,
Republic of Korea) were used according to the manufacturer's protocol.
For transfection, SNUC5/FUR cells were transfected using two different
specific siRNAs or one non-targeting control siRNA using
Lipofectamine® RNAiMAX (Invitrogen), according to the manufacturer's
protocol.

2.9. Detection of ROS

ROS detection in the cells was performed by confocal microscopy or
flow cytometry after staining with dichlorodihydrofluorescein diacetate
(DCF-DA, Sigma-Aldrich, MO, USA). Cells were seeded in 6-well plates
at a density of 3×105 cells/well. After 24 h at 37 °C, the cells were
treated with 5-FU for various amounts of time. Cells were treated with
25 µM DCF-DA, trypsinized, and analyzed using a flow cytometer
(Becton Dickinson, CA, USA) and the CellQuest™ software (Becton
Dickinson) or confocal microscopy.

H2O2 detection in the cells was performed by confocal microscopy
after staining with Amplex® red reagent (Invitrogen). Cells were seeded
and, after 16 h, the dye (50 μM of Amplex® red reagent and 0.1 U/mL of
horseradish peroxidase in phosphate buffer) was added to each well to a
final volume of 100 μl and samples were incubated for 30min in the
dark. Fluorescence was monitored at excitation/emission values of
485 nm/580 nm in a microplate reader (Thermo Scientific).

2.10. Chromatin immune-precipitation (ChIP) sequencing

ChIP sequencing was conducted by Genomictree Inc. (Daejeon,
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Republic of Korea). For the ChIP-sequencing analysis, reads were
mapped to the UCSC hg19 human referenced genome. Cells were cross-
linked with 1% formaldehyde for 10min at room temperature, and
neutralized with 0.125M glycine. DNA was sonicated to 300–500 bp
fragments in SDS-lysis buffer (50mM Tris-HCl, 1% SDS, 10mM ethy-
lenediaminetetraacetic acid (EDTA), pH 8.1), using 15 cycles (burst
30 s, with a repetition 30 s), at 320W of power. Chromatin was then
immune-precipitated using Dynabeads Protein G (Invitrogen) pre-
treated with a ChIP grade TET1 antibody (Abcam, Cambridge, MA,
USA). To construct the sequencing library, the enriched DNA fragments
were blunted using the NEXTflex Chip-Seq library prep kit (BIOO
Scientific, Texas, USA), ligated to the sequencing adapter and subjected
to polymerase chain reaction (PCR) amplification and purified. Pair-end
ChIP and input DNA libraries were sequenced using the Illumina HiSeq.
2500 system (Illumina, San Diego, CA, USA) according to the manu-
facturer's instructions. Initial quality-control analysis and adapter of
raw data was performed using the Cutadapt v1.15 [14], Trim Galore
v0.4.5 (http://bioinformatics.babraham.ac.uk) and FastQC v0.11.7
(http://bioinformatics.babraham.ac.uk). Finally, about 28 million
mapped reads by BWA aligner v0.7.12 [15] for each ChIP group were
analyzed using the HOMER v4.7 software [16] (http://homer.ucsd.
edu/homer/) for peak calling, annotation, Gene Ontology, and signal
pathway analyses, including 30 million mapped input reads as control.
Both IPA (http://www.ingenuity.com) and DAVID softwares were used
for the ontology analysis of the TET1 occupied targets.

2.11. ChIP-quantitative PCR (qPCR)

Cells were first cross-linked with 1% formaldehyde. Chromatin was
prepared and digested with nuclease (12min at 37 °C).
Immunoprecipitation was performed with an antibody against TET1
and mouse immunoglobulin G (IgG) with constant rotation overnight at
4 °C. Immune complexes were then captured using ChIP-grade protein
G magnetic beads. The beads were washed and eluted with ChIP elution
buffer. The DNA/protein complexes were reversed by incubation at
65 °C for 30min followed by 2 h incubation with Proteinase K at 65 °C.
Spin columns were used to purify the the immune-precipitated DNA
fragments. DNA was then subjected to 35 cycles of PCR, to amplify the
DUOX2 promoter region across the TET1 binding sites, using the fol-
lowing primers: (forward, [F]) 5′-GAAGGGCGCCATCTGT-3′ and (re-
verse, [R]) 5′-GGCTGAGCTTCCGAAAA-3′. The PCR products were se-
parated on 2% agarose gels, and DNA bands were visualized using the
ImageJ (National Institute of Health, Bethesda, MD, USA) software. In
addition, the ChIPed DNA was sequenced by Genomictree.

2.12. Analysis of gene expression

For detection of gene expression, we performed reverse transcrip-
tion (RT)-PCR and quantitative real-time (qRT)-PCR. SNUC5 and
SNUC5/FUR cells were seeded at a density of 500 cells per 60mm dish
and cultured for 2 days with either PBS as a control or with 10 μM of 5-
FU in SNUC5 cell. For RT-PCR, total RNA was isolated from cells using
easy-BLUE (Intron, Daegeon, Republic of Korea). cDNA was prepared
from 0.3 to 4 μg RNA using MMLV reverse transcriptase enzyme and
oligo dT as primers (Invitrogen, Carlsbad, CA, USA). Amplification re-
actions were performed in a total volume of 25 μl, which contained
200 ng of cDNA samples, primers, dNTPs, and 0.5U of Taq DNA poly-
merase. The PCR conditions for DUOX2 and the housekeeping gene
glyceraldeyde 3-phosphate dehydrogenase (GAPDH) were as follows:
35 cycles of 94 °C for 45 s, 52 °C for 1min, and 72 °C for 1min. Primer
pairs (Bionics, Seoul, Republic of Korea) were as follows: DUOX2, (F) 5′-
CCGGCAATCATCTATGGAGGT-3′ and (R) 5′-TTGGATGATGTCAGCCA
GCC-3′; (F) GAPDH, 5′-AAGGTCGGAGTCAACGGATTT-3′ and (R)
5′-GCAGTGAGGGTCTCTCTCCT-3′. The amplified products were re-
solved by 1% agarose gel electrophoresis, stained with ethidium bro-
mide, and photographed under UV illumination.

For qRT-PCR, cDNA was mixed with 1×of Power SYBR green PCR
master mix (Applied Biosystems, Foster City, CA, USA) and a couple of
forward and reverse primers (300 nM). The primers used to amplify the
NOX family cDNA were: NOX1 (F) 5′- CAATCTCTCTCCTGGAATGGCA
TCCT-3′, (R) 5′-CCTGCTGCTCGGATATGAATGGAGAA-3′; NOX2 (F) 5′-
AAGGCTTCAGGTCCACAGAGGAAA-3′, (R) 5′-AGACTTTGTATGGACG
GCCCAACT- 3′; NOX3 (F) 5′- ACCGTGGAGGAGGCAATTAGACAA-3′,
(R) 5′- CAGGTTGAAGAAATGCGCCACGAT-3′; NOX4 (F) 5′- AGCAGA
GCCTCAGCATCTGTTCTT-3′, (R) 5′-TGGTTCTCCTGCTTGGAACCT
TCT-3′; NOX5 (F) 5′-CCTCCTCATGTTCATCTGCTCCAGTT-3′, (R)
5′-AGGAGGTAGGACAGGTGAGTCCAATA-3′; DUOX1 (F) 5′-GCAGGAC
ATCAACCCTGCACTCTC-3′, (R) 5′-CTGCCATCTACCACACGGATC
TGC-3′; DUOX2 (F) 5′-CCGGCAATCATCTATGGAGGT-3′, (R) 5′-TTGG
ATGATGTCAGCCAGCC-3′; DUOXA2 (F) 5′-GTCTTGGGGACTCTGG
TTT-3′, (R) 5′-ACCCCAGTTCCCTATTGTCC-3′; Actin (F) 5′-CACCAACT
GGGACGACAT-3′, (R) 5′-ACAGCCTGGATAGCAACG-3′. PCR conditions
were as follows: 95 °C for 10min followed by 40 cycles of 95 °C for 15 s,
and 59–61 °C for 1min. PCR reactions were performed in 96-well plates
in Amplification was performed with a Bio-Rad iQ5 real-time PCR de-
tector system (Bio-Rad, Richmond, CA, USA). Data analysis was per-
formed using Bio-Rad iQ5 Optical System Software V1.0.

2.13. Quantitative methylation specific PCR (MSP) using qPCR and
bisulfite sequencing analysis

The MethPrimer software (http://www.urogene.org/methprimer/)
[17] was employed to design primers for the human DUOX2 promoter,
which contains abundant CpG sites (potential DNA methylation targets)
around the transcription start site [18].

For methylation analysis, a standard phenol-chloroform method was
used to extract DNA. The EZ DNA methylation kit (Zymo Research,
Irvine, CA, USA) was used for Bisulfite modification of genomic DNA.
The Maxima SYBR Green qPCR kit (Fermentas, Carlsbad, CA, USA) and
the CFX96 qPCR detection system (Bio-Rad) were used for quantitative
analyses. The amplification consisted of an initial 10 min denaturation
(95 °C), followed by 40 cycles of denaturation at 95 °C (15 s) and an-
nealing and extension for 30 s and 60 s, respectively. For quantification,
the comparative cycle threshold (Ct) method was used. The Ct values
for the methylated DUOX2 were normalized to the Ct values of un-
methylated DUOX2. For MSP analysis, the primer set for unmethylated
DUOX2 were: (F) 5′-AGTAGTGGAATGTTGAAGTTTGTG-3′ and (R)
5′-ACTAACTTACCTACCCACCTACATA-3′; for methylated DUOX2: (F)
5′-AGTAGTGGAACGTTGAAGTTTGC-3′ and (R) 5′-CTAACTTACCTACC
CGCCTACGTA-3′ [19].

For bisulfite sequence analysis, PCR amplicons were separated by
electrophoresis on 2% agarose gel followed by purification with a gel
extraction kit (Qiagen GmbH, Hilden, Germany). The amplicons were
then and cloned in the TOPO TA vector system (Invitrogen). NucleoSpin
plasmid isolation kit (Macherey-Nagel, Düren, Germany) was used to
isolate and purify DNA from individual clones. M13F primer was used
to sequence randomly selected positive clones (10–15 from each
sample) and the methylation status of each CpG dinucleotide was
analyzed. For quantification of DUOX2 methylation level, quantitative
MSP amplification was performed on bisulfite-treated samples and
normalized based on the amplification of the Alu element. A CFX96TM
system (Bio-Rad) was used to perform qPCR using the primer set (F)
5′-TTTGTTTTGGGTTTTTTAGGAGATA-3′ and (R) 5′-CCCCAACTTACT
AACTTACCTACCC-3′ [20].

2.14. Cytosolic Ca2+ detection

Cells were seeded on a culture plate at a concentration of 2× 105

cells/mL. After 24 h, cells were treated with 10 µM of fluo-4 A.M.
(Thermo Scientific) for 30min at 37 °C, and fluorescence of the cells
was measured using the flow cytometer (Becton Dickinson) and ana-
lyzed using the CellQuest™ (Becton Dickinson) software or confocal
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microscopy.

2.15. Statistical analysis

All experiments were made at least in triplicate. Results are pre-
sented as the mean± the standard error of the mean (SEM). The
SigmaStat software v12 (SPSS, Chicago, IL, USA) was used for statistical
analysis. Data were analyzed using the analysis of variance as one-way
ANOVA by Tukey's post-hoc test. Differences were considered statisti-
cally significant at p < 0.05.

3. Results

3.1. 5-FU-resistant SNUC5 colon cancer cells undergo EMT

The 5-FU-resistant cell line SNUC5/FUR has previously been gen-
erated by culturing SNUC5 cells in the continuous presence of 5-FU
[21,22]. As expected, the resistant cells viability was not affected by
9 μM 5-FU, which caused 50% growth inhibition (IC50) in SNUC5 par-
ental cells (Fig. 1A). Next, we compared the expression level of EMT
markers in the two cell lines. SNUC5/FUR cells showed the large re-
duction of E-cadherin expression (epithelial marker) and the

Fig. 1. 5-Fluorouracil (FU)-resistant SNUC5 colon cancer cells undergo epithelial-mesenchymal transition. (A) The viability of SNUC5 and 5-fluorouracil (FU)-
resistant (SNUC5/FUR) cells was assessed after two days of 5-FU treatment. *p<0.05 vs. control cells. (B) Cell lysates were analyzed for the expression of E-cadherin,
N-cadherin, and vimentin. (C, D) Immuno-fluorescence of cells stained with (C) anti-E-cadherin and (D) anti-N-cadherin antibodies. Nuclei were stained with DAPI.
(E) Cell lysates were analyzed for the expression of Snail, Slug, Twist, and Zeb1. β-Actin was used as loading control.
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overexpression of N-cadherin and vimentin (mesenchymal markers,
Fig. 1B). These changes were confirmed by immunofluorescence: as
shown in Fig. 1C and D, E-cadherin staining showed weaker expression
in SNUC5/FUR than in SNUC5 cells, whereas N-cadherin exhibited
much higher expression in SNUC5/FUR than in SNUC5 cells. Finally,
we analyzed the expression of critical transcription factors involved in
EMT namely Snail, Slug, Twist, and Zeb1 in both cell lines. These fac-
tors have been shown to bind to E-box elements located in the promoter
region of E-cadherin. This leads to the transcriptional repression of E-
cadherin and the induction of N-cadherin [23,24]. The expression of
Snail, Slug, Twist, and Zeb1 was significantly higher in SNUC5/FUR
than in SNUC5 (Fig. 1E). Taken together, our results suggested that
resistance to 5-FU is associated with EMT in the colon cancer cell line
SNUC5.

3.2. 5-FU-resistance is associated with enhanced migratory and invasive
ability

Epithelial cells that have undergone EMT have augmented mi-
gratory and invasive ability. This change is associated with increased
expression and activity of metalloproteases, such as MMP-2 and MMP-
9, which degrade the extracellular matrix and thus promote tumor in-
vasion [25]. In wound healing (Fig. 2A) and trans-well migration assays
(Fig. 2B), we found that SNUC5/FUR cells have enhanced migratory

and invasive properties compared to the parental cell line. This corre-
lated with increased expression of MMP-2 and MMP-9 in SNUC5/FUR
compared to SNUC5 cells, as well as decreased expression of the me-
talloprotease inhibitors TIMP-1 and TIMP-2 (Fig. 2C). MMP-2 and
MMP-9 are synthesized as proenzymes in cells, and are then cleaved to
generate the secreted catalytically active enzymes. Using gelatin zy-
mography, we showed that resistance to 5-FU is associated with in-
creased MMP-2 and MMP-9 activity (Fig. 2D). Altogether, our results
suggest that chemo-resistant colon cancer cells have enhanced invasive
abilities.

3.3. TET1 overexpression is involved in EMT and in 5-FU-resistant SNUC5
cells

In line with our previous report [21], SNUC5/FUR cells highly ex-
press the DNA demethylase TET compared to SNUC5 cells (Fig. 3A). We
investigated whether TET1 overexpression in SNU5/FUR cells plays a
role in their EMT. We found that interference with TET1 expression was
associated with lower expression levels of Slug, Twist, and Zeb1 and
higher expression of E-cadherin (Fig. 3B and C). These changes in EMT-
related protein expression were associated with reduced migration ca-
pacities upon TET1 knockdown (Fig. 3D).

Fig. 2. 5-FU–resistant SNUC5 colon cancer
cells have enhanced migratory and invasive
properties. (A) Wound healing assays were
performed in SNUC5 and SNUC5/FUR cells.
Images were taken 48 h after the scratch and
quantified. Representative images are shown.
*p < 0.05 vs. control cells. (B) Cell invasion
assays were performed with the Cytoselect 24-
well cell invasion assay kit. Cells were cultured
in the upper chamber overnight and the ones
that passed through the membrane were
quantified at an optical density of 560 nm.
*p < 0.05 vs. control cells. (C) Cell lysates
were analyzed for the expression of MMP-2,
MMP-9, TIMP-1, and TIMP-2. (D) MMP-2 and
MMP-9 enzymatic activity in cell lysates was
determined by gelatin zymography.
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3.4. Overproduction of ROS induces EMT in 5-FU-resistant SNUC5 colon
cancer cells and is dependent on TET1 expression

We have previously reported that SNUC5/FUR cells produce higher
levels of ROS than their parental cells [21,22]. Accordingly, SNUC5/
FUR cells showed enhanced DCF-DA staining (specific for intracellular
ROS detection) than SNUC5 cells, and the intensity of the staining de-
creased upon treatment with the antioxidant N-acetylcysteine (NAC,
Fig. 4A). Interestingly, in SNUC5/FUR cells, NAC treatment restored the
expression of EMT markers and EMT-associated transcription factors to
the levels found in parental cells (Fig. 4B and C) and negatively affected
cell migration (Fig. 4D). In addition, TET1 knockdown in SNUC5/FUR
cells was associated with lower ROS generation compared with control
cells (Fig. 4E and F). These results suggested that increased ROS pro-
duction participates in EMT and enhanced migration of SNUC5/FUR
cells and that TET1 is involved in ROS over-production.

3.5. Overexpression of TET1 leads to the induction of the NADPH-oxidase
DUOX-2 in 5-FU-resistant SNUC5 cells

To identify the source of ROS in SNUC5/FUR cells, we first com-
pared the expression of all NADPH oxidases, a major source of non-
mitochondrial ROS. We found that, of all NOX isoforms, NOX4 and
DUOX2 were the more significantly over-expressed in resistant com-
pared to sensitive cell lines (Fig. 5A). Interestingly, we found that
DUOXA2, a protein required for DUOX2 activation was also increased.
Using ChIP-sequencing, we found that TET1 binds to the proximal
promoter of the NADPH-oxidase DUOX2 (Fig. 5B) but not on the NOX4

gene, suggesting that DUOX2 might be responsible for TET1-induced
ROS production. In addition, the binding sequence of TET1 on the
DUOX2 promoter belongs to the TET1 binding consensus motif
(CxxCxxC, Fig. 5C). Furthermore, using ChIP-qPCR assays, we con-
firmed that the binding of TET1 to the DUOX2 locus is higher in
SNUC5/FUR cells than in parental cells (Fig. 5D). Importantly, TET1-
silenced cells showed lower expression levels of DUOX2 (Fig. 5E).

We then addressed whether TET1 might regulate DNA methylation
of the DUOX2 promoter. For this purpose, we performed qMSP analysis
and bisulfite-sequencing to measure DUOX2 promoter methylation
status in SNUC5/FUR cells in which TET1 had been silenced or in
control cells (transfected with control shRNA). As shown in Fig. 5F, the
DNA methylation levels of the DUOX2 promoter region were sig-
nificantly higher in TET1-silenced SNUC5/FUR cells compared with the
control cells. This was confirmed by bisulfite sequencing analysis of the
DUOX2 promoter region, which showed a higher methylation status
(83% vs. 55%) in TET1-silenced cells compared with control cells
(Fig. 5G). Finally, since we have previously shown that 5-FU induces
the expression of TET1 in SNUC5 cells [21], we investigated the effect
of 5-FU on DUOX2 mRNA expression in these cells. It showed that 9 μM
5-FU, the 5-FU IC50 in SNUC5, induced the expression of DUOX2 in
SNUC5 cells (Fig. 5H). Therefore, our data suggested that TET1 over-
expression, upon 5-FU treatment or in 5-FU resistant cells, leads to the
transcriptional induction of the NADPH oxidase DUOX2 by regulating
the methylation of its promoter.

Fig. 3. The TET1 DNA demethylase is involved in the
epithelial-mesenchymal transition of 5-FU-resistant
SNUC5 colon cancer cells. (A) Cell lysates from SNUC5
and SNUC5/FUR cells were analyzed for the expres-
sion of TET1. (B, C) SNUC5/FUR cells overexpressing
short hairpin RNA targeting TET1 (shTET1) or control
shRNA (shControl) were analyzed for the expression of
(B) Slug, Twist, and Zeb1 or (C) E-cadherin and β-actin
was used as loading control. (D) SNUC5/FUR cells
overexpressing shTET1 or shControl were subjected to
wound healing assays. Images were taken 48 h after
the scratch and quantified. Representative images are
shown. *p < 0.05 vs. control cells.
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Fig. 4. Reactive oxygen species (ROS) are required for cell migration during 5-FU-induced epithelial-mesenchymal transition. (A) SNUC or SNUC5/FUR cells were
cultured in the absence or presence of N-acetylcysteine (NAC) for 48 h. The ROS levels were measured by flow cytometry after staining with DCF-DA. *p < 0.05 vs.
SNUC5 cells. #p < 0.05 vs. SNUC5/FUR cells. (B, C) Lysates from cells as in (A) were analyzed for the expression of (B) E-cadherin and N-cadherin or (C) Snail,
Twist, Zeb1. (D) The cell migration of cells as in (A) was measured in a wound-healing assay. Images were taken 48 h after the scratch and quantified. Representative
images are shown. *p < 0.05 vs. SNUC5 cells. #p < 0.05 vs. SNUC5/FUR cells. (E, F) Total ROS levels was measured by (E) confocal microscopy and (F) flow
cytometry after staining the SNUC5/FUR cells overexpressing short interfering RNA targeting TET1 (shTET1) or control shRNA (shControl) with DCF-DA. *p < 0.05
vs. SNUC5 cells.#p < 0.05 vs. SNUC5/FUR shControl cells.
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Fig. 5. The TET1 DNA demethylase activates
the transcription of dual oxidase 2 (DUOX2)
in 5-FU-resistant SNUC5 colon cancer cells.
(A) qRT-PCR analysis was assessed for the
expression of all NOX isoforms in SNUC5 and
SNUC5/FUR. (B) ChIP-sequencing analysis
was performed to assess TET1 distribution on
the chromatin: the presence of TET1 on
DUOX2 was confirmed. (C) The TET1-
binding sequence on DUOX2 corresponds to
the most enriched sequence found in the
TET1 ChIP-sequencing assays. (D) ChIP-
qPCR assay in SNUC5 or SNU5/FUR cells
using the TET1 antibody. The enrichment of
DUOX2 promoter sequences in the immune-
precipitated DNA was assessed by qPCR and
normalized to the input DNA. *p < 0.05 vs.
SNUC5 cells. (E-G) SNUC5/FUR cells were
transduced with lentiviruses overexpressing
short hairpin RNA targeting TET1 (shTET1)
or control shRNA (shControl). (E) The mRNA
expression of DUOX2 was assessed by RT-
PCR. (F) Quantitative methylation levels
were assessed and normalized to the Alu
element. *p < 0.05 vs. SNUC5/FUR
shControl cells.(G) Bisulfite sequencing ana-
lysis of the DUOX2 promoter. Black circles
represent methylated cytosine residues;
white circles represent unmethylated cyto-
sine residues. (H) The mRNA expression of
DUOX2 was assessed by qRT-PCR after
treatment of SNUC5 cells with 9 µM for 48 h.
*p < 0.05 vs. control cells.

K.A. Kang et al. Redox Biology 17 (2018) 224–235

231



3.6. Cytosolic [Ca2+]i accumulation, induced by 5-FU-resistance, activates
DUOX2, which is responsible for ROS production

Human DUOX enzymes contain both an extracellular peroxidase-
like domain and a canonical calcium-binding helix-loop-helix-hands
[26]. Moreover, ROS generation by DUOX2 is dependent on Ca2+

mobilization [27]. To assess whether calcium-dependent DUOX2 acti-
vation might participate to the increased ROS generation in SNUC5/
FUR cells, we first analyzed the intracellular calcium concentration

([Ca2+]i). The [Ca2+]i in SNUC5/FUR cells largely increased compared
to the parental cells, while the Ca2+ scavenger 1,2-bis(2-aminophe-
noxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA-AM), and the chelating
agent ethylene glycol tetraacetic acid or egtazic acid (EGTA) sig-
nificantly reduced [Ca2+]i in SNUC5/FUR cells (Fig. 6A). Notably, the
scavenging of Ca2+ led to a dramatic decrease in both H2O2, which is
detected by confocal microscopy (Fig. 6B) and fluorescence spectro-
meter (Fig. 6C) after staining with Amplex red, as well as total ROS
production measured by DCFDA staining (Fig. 6D) in the SNU5/FUR

Fig. 6. DUOX2 is activated via the induction of intracellular Ca2+ in 5-FU-resistant SNUC5 colon cancer cells. (A-D) SNUC5 or SNU5/FUR cells were treated for 24 h
with BAPTA-AM (10 μM), or EGTA (1mM). (A) The cytosolic [Ca2+] levels were assessed using fluorescence microscopy after staining with Fluo-4 A.M. (B, C) The
levels of H2O2 were measured in a Amplex red hydrogen peroxide assay using (B) confocal microscopy and (C) fluorescence spectrometer at 485 nm excitation and
595 nm emission. (D) Total ROS levels were measured by flow cytometry after staining with DCF-DA. *p < 0.05 vs. SNUC5 cells.#p < 0.05 vs. SNUC5/FUR cells.(E)
mRNA level of DUOX2 as assessed by qPCR in SNUC5/FUR cells after transfection with siRNA targeting DUOX2#1 and DUOX2#2 or control siRNA. (F, G) The H2O2

level using Amplex Red was measured by (F) confocal microscopy and (G) spectroscopy in SNUC5/FUR cells transfected with siDUOX2 or siControl. *p < 0.05 vs.
siControl cells. (H) The total ROS levels were measured in SNU5/FUR cells transfected with siDUOX2 or siControl by flow cytometry after staining with DCF-DA.
*p<0.05 vs. SNUC5 cells. #p <0.05 vs. SNUC5/FUR siControl cells.
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cells.
This suggested that the increased [Ca2+]i in the resistant cells

participates in the activation of DUOX2 and thus in the higher

production of ROS. To further prove the involvement of DUOX2 in in-
creased ROS production in SNUC5/FUR cells, we silenced DUOX2 ex-
pression in SNUC5/FUR cells using two siRNA against DUOX2#1 and

Fig. 6. (continued)

K.A. Kang et al. Redox Biology 17 (2018) 224–235

233



DUOX2#2. The two siRNAs decreased DUOX2 mRNA levels (Fig. 6E)
and strongly limited H2O2 generation (Fig. 6F and G) and intracellular
ROS levels (Fig. 6H) compared to control cells (transfected with siRNA
control). Altogether, these data suggested that DUOX2 plays a critical
role in the elevated production of ROS in 5-FU-resistant colon cancer
cells.

4. Discussion

Although 5-FU-based chemotherapies benefit colon cancer patients,
a large fraction of them relapse [28,29]. Chemo-resistance and metas-
tasis remain a major problem in cancer treatment [30,31]. EMT has
recently been identified as a critical player in 5-FU resistance and
metastasis [32,33]. In agreement with previous reports, our study de-
monstrates that 5-FU resistance is associated with EMT (through the
modulation of the expression of EMT-related proteins) and enhanced
cell migration and invasion. Colon cancer cells have an initial oxidative
stress response to 5-FU, which leads to cancer cell death, by activating
the DNA damage checkpoints. Some cells, however, might escape this
control, by adapting to oxidative stress and therefore becoming re-
sistant to chemo- and radio-therapy [34]. In addition, oxidative stress
has been proposed to participate in cancer metastasis, which is a multi-
factorial process that includes EMT, migration, invasion of the cancer
cells, but also angiogenesis around the tumor [35]. In this study, we
explored the mechanisms underlying the increased ROS abundance in
5-FU-resistant SNUC5 colon cancer cells. We demonstrated that the
mRNA levels of DUOX2, a ROS-producing NAPDH oxidase, are highly
increased in 5-FU-resistant cells compared to SNUC5 cells. Several
studies indicate that DUOX2 is involved in carcinogenesis, metastasis as
well as resistance to chemotherapeutic drugs [36]. Our work has re-
vealed a mechanism through which 5-FU resistance promotes ROS,
which participate in the induction of EMT in colon cancer cells. It has
been reported that oxaliplatin-induced increase in ROS induces Akt
phosphorylation and enhances the expression of Snail, which results in
promotion of EMT and metastasis [37]. In line with these observations,
we found that increased EMT in 5-FU resistant colon cancer cells in-
volves the production of ROS. This suggests that the increased levels of
ROS in 5-FU-resistant cells could play a role in metastasis of colon
cancer cells. Recently, we have reported that 5-FU-induced oxidative
stress is involved in the transcriptional induction of the DNA

demethylase TET1, which participates to 5-FU resistance [22]. In ad-
dition, TET1 increases migration and invasion of the cells by de-
methylating the vimentin promoter in the A2780 cisplatin-resistant
ovarian cancer cells [38]. Our results show that TET1 binds to the
promoter of DUOX2 and, by decreasing its methylation, enhances
DUOX2 expression in SNUC5/FUR cells. It has been reported that
DUOX2 is localized in plasma membrane in CaCo-2, a colon cancer cells
[39]. DUOX2 protein possesses two canonical EF-hand motifs and its
activation requires Ca2+ binding [40]. In addition to its increased ex-
pression, the increased intracellular Ca2+ mobilization in SNUC5/FUR
cells, participates in the activation of DUOX2 and ROS generation in the
resistant cells. Finally, we have shown that ROS lead to enhanced EMT-
related protein expression. Specifically, we found that inhibition of
TET1 expression by RNA interference was associated with the increase
in E-cadherin, reduction in N-cadherin, and reduced expression of EMT-
related transcription factors.

In summary, our findings suggest that the resistance to the che-
motherapeutic agent 5-FU is associated with and increased production
of cellular ROS and subsequent EMT in colon cancer cells (Fig. 7). Al-
though we did not show that DUOX2 overexpression is itself responsible
for the increased EMT in the resistant cells, our date suggests that it is
the main enzyme involved in ROS production in these cells and might
thus participate in this process. Thus, targeting the TET1/DUOX2/ROS/
EMT axis may open a new avenue for therapeutic intervention in colon
cancer. Such therapeutic strategies will however first require to be
validated in primary colon cancer models, including in relevant mouse
models.
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