ONCOLOGY LETTERS 10: 1287-1292, 2015

Promoter demethylation of nuclear factor-erythroid 2-related
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Abstract. The mechanisms underlying drug resistance in
colorectal cancer (CRC) treatment remain to be fully eluci-
dated. Therefore, the present study aimed to investigate the
underlying mechanism resistance to a widely used anticancer
drug, 5-Fluorouracil (5-FU). Nuclear factor-erythroid 2-related
factor 2 (Nrf2) is an important transcription factor involved in
cellular protection. In the present study, it was hypothesized that
the epigenetic modification of Nrf2 may be a potential target for
5-FU resistance in CRC treatment. Protein and messenger RNA
levels of Nrf2, heme oxygenase-1 (HO-1), DNA methylases
and DNA methyltransferases were determined and DNA
methylation analysis for the Nrf2 promoter was performed in
a human CRC control (SNU-C5) and resistant (SNU-C5R)
cell line. The results demonstrated that Nrf2 expression levels,
nuclear translocation and promoter binding were significantly
increased in SNU-C5R cells compared with SNU-C5 cells.
Elevated levels of activated Nrf2 in SNU-C5R cells resulted in
the increased protein expression and activity of HO-1. In addi-
tion, increased production of reactive oxygen species (ROS)
and upregulation of ten-eleven translocation (TET)l were
observed in SNU-C5R cells compared with SNU-C5 cells.
Furthermore, methylation analysis revealed Nrf2 promoter
cytosine-phosphate-guanine island hypomethylation in
5-FU-treated cells. In conclusion, the results indicated that
5-FU-induced ROS production resulted in the upregulation of
TET]I expression and function. In addition, these results indi-
cated that TET-dependent demethylation of the Nrf2 promoter
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upregulated Nrf2 and HO-1 expression, which induced cellular
protection mechanisms, ultimately leading to drug resistance.

Introduction

Chemotherapy is widely used for the treatment of cancer;
however, acquired drug resistance is considered to be a
substantial obstacle for effective chemotherapy (1). Drug
resistance is a phenomenon that occurs due to a combination
of factors and may involve individual differences in patients
as well as genetic and epigenetic variations in tumors (2,3).
Numerous previous studies have demonstrated that non-muta-
tional microRNA (miRNA)-mediated gene expression has a
crucial role in acquired drug resistance (4-6).

The classic antimetabolite, 5-Fluorouracil (5-FU) is widely
used in colon cancer therapy and results in cytotoxic effects that
induce cell death through affecting nucleoside metabolism (7).
However, acquired 5-FU resistance is a severe hindrance for
the clinical treatment of cancer (7,8). Although several studies
have attempted to elucidate the molecular events that result in
5-FU resistance, limited evidence has been provided for the
role of epigenetic modification (9-11). Therefore, it is important
to reveal the distinct mechanisms involved in 5-FU resistance.

The multidrug-resistant phenotype observed in adriam-
ycin-resistant breast cancer cells was found to be accompanied
by epigenetic modification and overexpression of DNA meth-
yltransferase (DNMT) genes (12). This therefore implicated
the involvement of DNMTs in DNA hypermethylation, which
has been reported to be involved in the onset of anticancer
drug resistance in cancer patients. However, DNA demeth-
ylases as well as ten-eleven translocation enzymes (TETs),
TETI1, TET2 and TET3, are able to reverse this methylation
process through the conversion of 5-methylcytosine (5-mC)
to 5-hydroxymethylcytosine, 5-formylcytosine (5-fC) and
5-carboxylcytosine, eventually resulting in the production of
cytosine (13,14). These modified bases act as intermediates
for the DNA demethylation process as well as enhance the
epigenetic variation of genomic DNA.

Nuclear factor erythroid-2-related factor 2 (Nrf2) is a tran-
scription factor that has been suggested to be associated with
cancer development and progression, including in lung (15),
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breast (16) and colorectal cancer (17). Nrf2 enables the adap-
tation of normal cells to oxidants and electrophiles that are
generated by harmful exogenous agents, in order to reactive
oxygen species and their secondary metabolites (18). Keapl is a
negative regulator of Nrf2 and its main function is to serve as an
adaptor for cullin3/ring box1 (Cul3/Rbx1) E3 ubiquitin ligase
complex (19,20) Under physiological conditions, Nrf2 is prin-
cipally repressed by Keapl, which functions as an intracellular
redox sensor, targeting Nrf2 for proteasomal degradation (21).
Once a cell is exposed to oxidative stress, Keapl releases Nrf2,
which translocates to the nucleus and activates antioxidant
response elements and xenobiotics element genes (including
NQOI). This results in the protein expression of growth factors
and receptors, drug efflux pumps, drug-metabolizing enzymes,
heat shock proteins and various transcription factors (22,23).

Two previous studies have investigated Keapl/Nrf2 in
colorectal cancer (CRC) cells (24,25). Activation of the
Keapl/Nrf2 signaling pathway mediates protective responses
to mitigate nitric oxide (NO)-induced damage and may
contribute to the resistance of CRC cells to NO-induced cyto-
toxicity (23). Arlt et al reported that Nrf2 activity was elevated
in colon cancer, resulting in overexpression of the proteasome
subunit proteins and thus increased proteasome activity (25).

The present study aimed to explore the mechanisms
underlying anticancer drug resistance in CRC cells through
investigating epigenetic modification in the promoter DNA of
the nuclear factor-erythroid 2-related factor 2 (Nrf2) gene.

Materials and methods

Cell culture. The human SNU-C5 CRC cell line and the
5-FU-resistant SNU-C5R cell line were purchased from the
cell bank of the Chinese Academy of Science (Shanghai,
China). Cells were cultured in RPMI-1640 medium (Invit-
rogen Life Technologies, Grand Island, NY, USA) containing
10% heat-inactivated fetal bovine serum (Sigma-Aldrich,
St. Louis, MO, USA) at 37°C in a 5% CO, incubator. A total
of 1x10* SNU-C5R cells/well were then subcultured at 37°C in
140 mM 5-FU twice per week for >6 months in order to estab-
lish stable drug-resistant cell lines (26).

Cell proliferation assay. Cell viability was assessed using a
colorimetric assay with the tetrazolium salt, MTT. Transfec-
tion with short interference (si)RNA was performed using the
JetSI Transfection Reagent for siRNA (Polyplus-Transfection,
Illkirch, France) at 50 nM, according to the manufacturer's
instructions. After 24 h of transfection with siRNA, the
cells were exposed to different concentrations of 5-FU
(0, 10 or 100 uM; Sigma-Aldrich, St. Louis, MO, USA) for
72 h at room temperature. MTT (0.5 mg/ml; Sigma-Aldrich)
was then added to each well and incubated for 3 h at room
temperature. Plates were centrifuged at 4,500 x g for 5 min
at room temperature, the medium was then removed and
100 pl acidic isopropanol (40 mM) was added to solubilize
the crystals. The absorbance was measured at 570 mm using
a microplate reader (Victor 3; Perkin Elmer, Turku, Finland).

Reactive oxygen species (ROS) detection. Cells (3x103/well)
were seeded onto six-well plates and administered 25 mM
dichlorodihydrofluorescein diacetate (DCF-DA; 30 ul).
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Next, 2,7-dichlorofluorescein (DCF) fluorescence levels were
then detected using a flow cytometer (BD FACSCanto™;
BD Bioscience, Franklin Lakes, NJ, USA). CellQuest soft-
ware (version 6.0; BD Biosciences) was used to analyze the
flow cytometry results. In order to evaluate the production
of intracellular ROS, image analysis was performed through
seeding cells (2x10%/well) onto a coverslip-loaded six-well
plate. Cells were then stained with 1 M H,-DCFH-DA (Invi-
trogen Life Technologies) in phosphate-buffered saline (PBS)
for 30 min at room temperature. Cells were then washed twice
with PBS and visualized using an Eclipse TE2000-U fluores-
cent microscope (Nikon Corp., Tokyo, Japan) using a green
filter (450-490 nm).

Protein blot analysis. Radioimmunoprecipitation assay
buffer (Cell Signaling Technology, Inc., Danvers, MA, USA)
was used to lyse cells. A total of 10-20 ug/ul soluble proteins
were separated using 12% SDS-PAGE and then blotted onto
polyvinylidene fluoride membranes. Membranes were then
blocked using 5% non-fat dry milk for 1 h at room temperature
prior to incubation overnight at 4°C with the following primary
antibodies for: Heme oxygenase-1 (HO-1; cat. no. sc-10789),
Nrf2 (cat. no. sc-722; ), TET1 (cat. no. HPA019032), TET2
(cat. no. sc-136926), TET3 (cat. no. sc-139186), DNMT3B
(cat.no. sc-130740) and B-actin (cat. no. sc-130657), which were
all rabbit polyclonal IgG antibodies, used at a dilution of 1:200
and purchased from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA), with the exception of TET1 that was obtained from
Sigma-Aldrich. In addition, DNMT] (cat. no. ab19905; rabbit
polyclonal IgG), phospho-Nrf2 (cat. no. ab76026; rabbit mono-
clonal IgG), TATA box binding protein (TBP; cat. no. ab52701;
mouse polyclonal IgG) and DNMT?3A (cat. no. ab23565; mouse
polyclonal IgG) were purchased from Abcam (Cambridge,
MA, USA) and used at a dilution of 1:200. Membranes were
washed with PBS and then incubated with secondary anti-
bodies (goat anti-rabbit polyclonal IgG; cat. no. SAB3700843;
dilution, 1:500; Sigma-Aldrich) for 1 h at room temperature.
Membranes were incubated with luminol reagent (Thermo
Fisher Scientific Inc., Rockford, IL, USA) and the bands were
visualized using a Bio-Rad XRS system (Bio-Rad Laborato-
ries, Inc., Hercules, CA, USA).

Reverse transcription quantitative polymerase chain reac-
tion (RT-gPCR) analysis. Total RNA was isolated from
SNU-C5 and SNU-CS5R cells using Quick-RNA™ MicroPrep
solution (Zymo Research Corp., Irvine, CA, USA). iScript™
Reverse Transcription Supermix for real-time PCR (Bio-Rad
Laboratories, Inc.) was used to reverse transcribe column puri-
fied total RNA, which was analyzed using a MiniOpticon™
Real-Time PCR Detection System (Bio-Rad Laboratories,
Inc.) using SsoFast™ EvaGreen® Supermix (Bio-Rad Labo-
ratories, Inc.) as previously described (27). ProbeFinder
software (Roche, Basel, Switzerland) was used to design
the primers, which were then commercially synthesized by
Shanghai Generay Biotech Co. (Shanghai, China; http:/www.
generay.com.cn/). The primers used were as follows: Nrf2
forward, 5'-GAGAGCCCAGTCTTCATTGC-3', and reverse,
5'“TTGGCTTCTGGACTTGGAAC-3'; GAPDH forward,
5'-AACGTGTCAGTGGTGGACCTG-3', and reverse,
5-AGTGGGTGTCGCTGTTGAAGT-3". The PCR conditions
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Figure 1. Chemosensitivity of 5-FU-resistant human SNU-C5R colorectal
cancer cells. SNU-C5 and SNU-C5R cells were exposed to the indicated
concentration of 5-FU for 72 h. An MTT assay was then used to deter-
mine the cell viability of the two cell lines. Values are presented as the
mean + standard error of the mean for three independent experiments.
“P<0.05 vs. SNU-CS5 cells. 5-FU, 5-fluorouracil.
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Figure 2. Intracellular ROS levels in SNU-C5 and 5-fluorouracil-resistant
SNU-C5R cells. (A) ROS levels were detected by flow cytometric analysis
and (B) fluorescent microscopic imaging was performed following
H,-dichlorodihydrofluorescein diacetate staining. Values are presented as
the mean + standard error of the mean for three independent experiments.
“P<0.05 vs. SNU-CS5 cells. ROS, reactive oxygen species.
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Figure 3. Antioxidant and DNA methylation-associated protein levels in
SNU-CS5 and 5-fluorouracil-resistant SNU-C5R cells. (A) Protein blots of
antioxidants Nrf2 and HO-1. (B) Protein blots of DNA methylases DNMT],
DNMT3A and DNMT3B as well as DNA demethylases TET1, TET2 and TET3.
[B-actin and TBP were used as loading controls. Nrf2, nuclear factor-erythroid
2-related factor 2; HO-1, heme oxygenase-1; DNMT. DNA methyltransferase;
TET, ten-eleven translocation enzyme; TBP, TATA box binding protein.

were as follows: denaturation program (95°C for 10 min),
followed by an amplification and quantification program
repeated 40 times (95°C for 15 sec, 60°C for 10 sec, 72°C for
60 sec). Agarose gel electrophoresis (2%; Sigma-Aldrich) was
then used to visualize the PCR products of the primers, which
were verified by DNA sequencing that was performed by
Shanghai Generay Biotech Co. All reactions were performed
in triplicate and three independent experiments were run.
Serial dilutions of a reference sample were used to construct
standard curves for determining the individual PCR amplifi-
cation efficiencies; this was included in each quantitative run
in order to correct for variations in product amplification.
Standard curves were used to obtain relative copy numbers,
which were normalized to the values obtained for Gapdh, the
internal control. CFX manager 3.1 software (Bio-Rad Labo-
ratories, Inc.) was employed for data acquisition, analysis and
determining PCR efficiencies.

Bisulfite genomic DNA sequencing. The genomic DNA
of SNU-C5 and SNU-C5R cells was subjected to bisulfite
conversion using an EZ DNA Methylation-Direct™ kit (Zymo
Research Corp.). Amplification of the bisulfite-modified
DNA was then performed through bisulfite sequencing PCR
(Bio-Rad T100; Bio-Rad Laboratories, Inc.) using Platinum®
PCR SuperMix High Fidelity (Invitrogen Life Technologies)
with human Nrf2 promoter-specific primers: Nrf2 forward,
5'"TGAGATATTTTGCACATCCGATA-3' and reverse,
5'-ACTCTCAGGGTTCCTTTACACG-3'. Subsequently,
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Figure 4. Status of Nrf2 promoter DNA methylation and Nrf2 genes in SNU-C5 and 5-fluorouracil-resistant SNU-C5R cells. Bisulphite genomic DNA
sequencing of SNU-CS5 cells showing (A) average methylated CpG dinucleotides and (B) highly demethylated CpG dinucleotides in the region between -423
and -126 of Nrf2 promoter. A total of 11 individual clones of the bisulfite-converted DNA sequences were analyzed for DNA methylation, containing 20 CpG
dinucleotides, of the Nrf2 promoter by Bisulfite Sequencing DNA Methylation Analysis software using default filtering threshold settings. Columns, CpG
dinucleotide sites; red squares, methylated CpG dinucleotides; blue squares, unmethylated CpG dinucleotides. Color gradient bar indicates that red regions
contain more methylated CpG dinucleotides and blue regions contain more unmethylated CpG dinucleotides. (C) Quantification of the percentage of Nrf2
demethylation. (D) Reverse transcription quantitative polymerase chain reaction analyses of SNU-C5R cells showing the increased expressions of Nrf2
messenger RNAs. Values are presented as the mean + standard error of the mean for three independent experiments. "P<0.05 vs. SNU-CS5 cells. Nrf2, nuclear

factor-erythroid 2-related factor 2; CpG, cytosine-phosphate-guanine.

the PCR amplification products were purified through gel
extraction with Zymoclean™ Gel DNA recovery kit (Zymo
Research Corp.). A TOPO TA Cloning® kit (Invitrogen Life
Technologies) was then used to clone the purified products
into pCR®4-TOPO vectors. The recombinant plasmids were
transformed into One Shot® TOP10 chemically competent
E. coli (Invitrogen Life Technologies) using the calcium
chloride transformation method (28). The plasmid DNA
of ~10 independent clones of each amplicon was isolated
using a PureLink™ Quick PlasmidMiniprep kit (Invitrogen
Life Technologies) and then sequenced in order to deter-
mine the cytosine-phosphate-guanine methylation status.
Clones with an insert with N 99.5% bisulfite conversion, i.e.

non-methylated cytosine residues to thymine, were included
in the present study and the remaining were excluded.
Bisulfite Sequencing DNA Methylation Analysis soft-
ware (http://biochem.jacobs-university.de/BDPC/BISMA/)
was then used to analyze the sequenced data of each clone
for DNA methylation in the Nrf2 promoter, using default
filtering threshold settings.

Statistical analysis. All statistical analyses were performed
with the SPSS 20.0 software (IBM SPSS, Armonk, NY, USA).
Quantitative data are expressed as the mean + standard devia-
tion. The statistically significant differences between patient
and control groups were tested using t-test and ANOVA test.
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P<0.05 was considered to indicate a statistically significant
difference.

Results

Chemosensitivity of SNU-C5R cells to 5-FU. The rela-
tive chemosensitivity of the SNU-C5R 5-FU-resistant
cell line was confirmed using an MTT cell viability assay.
As shown in Fig. 1, 5-FU treatment for 72 h resulted in a
dose-dependent suppression of cell growth in SNU-CS5 cells,
which was significantly decreased compared with that of the
SNI-C5R cells (Fig. 1). The 5-FU concentrations causing a
50% growth inhibition as compared with control cells (ICs,)
were calculated by a modified Kirbers method (29). The
IC,, value for 5-FU in SNU-C5R cells was 118.7+4.9 uM,
whereas the corresponding value for their parental SNU-C5
cells was 23.2+3.4 uM (P<0.05).

Intracellular ROS levels in SNU-C5 and SNU-CS5R cells.
Flow cytometric analysis data revealed that ROS levels
were significantly elevated in SNU-C5R cells [fluorescence
intensity (FI), 340] compared with SNU-C5 cells (FI,
130; P<0.05) (Fig. 2A). Fluorescent microscopic imaging
confirmed these results, as it demonstrated that the ROS green
FI was markedly enhanced in SNU-C5R cells compared
with SNU-CS5 cells (Fig. 2B). This therefore suggested that
SNU-C5R cells were exposed to an increased level of oxida-
tive stress conditions compared with SNU-CS5 cells.

Antioxidant and DNA methylation-associated protein
expression in SNU-C5 and SNU-C5R cells. HO-1 and Nrf2
protein levels were observed to be increased in SNU-C5R
cells compared with SNU-CS5 cells (Fig. 3A). In addition, the
expression levels of the epigenetic modification-associated
proteins, in terms of those for DNA methylation, was inves-
tigated by assessing the protein levels of DNMTs DNMT]I,
DNMT3A and DNMT?3B as well as the DNA demethylases,
including TETI1, TET2 and TET3. The results revealed
that DNMT expression was not significantly different
between SNU-C5 and SNU-C5R cells, whereas TET
expression was elevated in SNU-CR cells compared with
SNU-CS5 cells (Fig. 3B).

Epigenetic analysis and gene expression of Nrf2 in
SNU-C5 and SNU-C5R cells. The bisulphate DNA
sequencing of the Nrf2 promoter region revealed significant
demethylation in SNU-C5R cells compared with that of
SNU-CS5 cells (P<0.05) (Fig.4A and B). The overall percentage
of Nrf2 promoter demethylation was ~40% in SNU-C5
cells and ~70% in SNU-C5R cells (P<0.05) (Fig. 4C). In
addition, messenger (m)RNA levels of Nrf2 in SNU-C5R
cells exhibited a 3.5-fold increase, which was significantly
increased compared with the 1.5-fold increase observed in
SNU-CS5 cells (P<0.05); increases were compared to that of
the control house keeping gene (Fig. 4D).

Discussion

Despite the occurrence of drugresistance,5-FU wasused as the
standard treatment for CRC patients for several years (30,31).
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Novel therapeutic strategies for CRC are required; thus,
elucidating the underlying mechanisms of 5-FU resistance
is essential for the generation of novel molecular targeted
therapies for overcoming drug resistance (7,11,31). There has
been increasing evidence to suggest the role of epigenetic
alterations in drug resistance in numerous types of cancer,
such as CRC (32-35); this therefore indicates that epigenetic
modification may occur following the administration of
5-FU. In the present study, the epigenetic status of Nrf2, a
master transcription factor for major protective genes, was
compared between the normal CRC SNU-CS5 cell line and
the 5-FU-resistant SNU-C5R cell line. Nrf2 is involved in
the regulation of numerous genes, such as HO-1, which has
a role in protecting cells against the chemical and oxidative
stresses that are activated in CRC cells (25). In addition,
5-FU induces the activation of Nrf2, the mechanism of
which was reported to occur via enhanced ROS production
following drug treatment in the human HT-29 colon cancer
cells (36). The results of the present study were consistent
with these previous studies, as significant increases were
observed in ROS production as well as Nrf2 and HO-1
expression in SNU-C5R cells compared with SNU-CS5 cells.
The upregulated expression and activity of HO-1 and Nrf2
in SNU-C5R cells indicated that Nrf2 protein translocation
from the cytosol to the nucleus was enhanced and that Nrf2
interacted with the AU-rich element sequence in the HO-1
promoter region, therefore inducing cellular protection.

Previous studies have demonstrated that ROS promote
epigenetic modifications, which therefore alter the genome and
have a crucial role in carcinogenesis (37). In particular, ROS
production was reported to be associated with the modifica-
tion of DNA methylation patterns (38). In the present study,
increased ROS production was observed in SNU-C5R cells
compared with the SNU-C5 cells. Subsequently, the expres-
sion levels of DNA methylation-associated proteins, including
DNMTI1, DNMT3A and DNMT3B, as well as DNA demethyl-
ases, including TET1, TET2 and TET3, were investigated. The
results clearly demonstrated that there was no change in the
levels of DNMTs, whereas TET protein levels were markedly
increased in SNU-C5R cells compared with SNU-C5 cells.
TET] is the main enzyme that catalyzes 5-mC oxidation to 5-fC;
the remaining TET proteins, TET2 and TET3, were reported to
compensate for reduced levels of TET1 (39,40). In the present
study, bisulphate DNA sequence analysis revealed a high level
of demethylation in the 5-FU-resistant cells, SNU-C5R. In
concurrence with these results, Nrf2 mRNA levels were found
to have increased ~3.5-fold in the drug-resistant cells.

In conclusion, the results of the present study suggested
that 5-FU was responsible for inducing excess ROS produc-
tion, resulting in epigenetic alterations. Increased levels of
TET proteins further confirmed the epigenetic alterations;
however, no difference was observed in DNMT protein levels,
which suggested that they were not involved in the meth-
ylation process. Therefore, demethylation was confirmed.
Furthermore, promoter DNA demethylation of the Nrf2
gene was confirmed by elevated levels of Nrf2 mRNA in
drug-resistant SNU-C5R cells. Therefore, epigenetic modi-
fication in Nrf2 may provide a potential novel therapeutic
target for counteracting the resistance of CRC cells against
5-FU treatment.
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