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Abstract

y-Radiation resistance is a major obstacle to the success of radiotherapy in colorectal cancer. Antioxidant-related factors contrib-
ute to resistance to radiation therapy and, therefore, are targets for improving the therapeutic response. In this study, we evaluated
the molecular mechanisms underlying y-radiation resistance using the colorectal cancer cell line SNUC5 and y-radiation-resistant
variant SNUC5/RR, including analyses of the role of nuclear factor erythroid 2-related factor 2 (NRF2), a transcription factor that
regulates antioxidant enzymes, and related epigenetic regulators. Reactive oxygen species (ROS) levels, antioxidant enzyme
expression, NRF2 expression, and nuclear translocation were higher in SNUC5/RR cells irradiated with or without 8 Gy than in
SNUCS cells. The DNA demethylase ten-eleven translocation 1 (TET1) expression and TET1 binding to the NRF2 promoter in
SNUCS5/RR cells were stronger than those in SNUCS5 cells, indicating lower methylation of CpG islands in the NRF2 promoter.
TET1 knockdown in SNUC5/RR cells suppressed NRF2 expression significantly. Additionally, histone mixed-lineage leukemia
(MLL), a histone methyltransferase, was upregulated, leading to increased trimethylation of histone H3 lysine 4, whereas enhanc-
er of zeste homolog 2 (EZH2), a histone methyltransferase, was downregulated, leading to decreased trimethylation of histone
H3 lysine 27. Histone deacetylase (HDAC) and histone acetyltransferase (HAT) levels were lower and higher in SNUC5/RR cells
than in SNUCS5 cells, respectively. MLL and HAT knockdown in SNUC5/RR cells irradiated with or without 8 Gy decreased levels of
NRF2 and heme-oxygenase 1, resulting in enhanced y-radiation sensitivity. These findings support NRF2 as a target for improving
the response to radiotherapy in patients with colorectal cancer.
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INTRODUCTION therapy for CRC has been inconsistent, warranting further in-
vestigation.

Colorectal cancer (CRC) is the third most commonly diag- Radiotherapy, the cornerstone of CRC treatment, employs
nosed cancer worldwide, accounting for approximately 11% of high-energy ionizing radiation (IR) to damage malignant cells,
all cancer-related deaths, and ranks as the third leading cause primarily through the radiolysis of water molecules. This pro-
of cancer mortality (Ryu et al., 2024). Despite advancements cess generates ROS, such as superoxide anions and hydroxyl
in diagnosis and treatment, including surgery, chemotherapy, radicals, which induce DNA damage and trigger apoptosis (Lal
radiotherapy, and the emerging use of immunotherapy, CRC and Gupta, 2016). However, CRC cells often exhibit resis-
treatment outcomes remain suboptimal in some patients (Kim tance to IR, which significantly compromises the effectiveness
et al., 2021b). However, the therapeutic efficacy of immuno- of radiotherapy (Hafner and Debus, 2016; Jin et al., 2016).
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This phenomenon, termed radioresistance, arises through the
interplay between multiple genes, signaling pathways, and
adaptive cellular mechanisms (Geng and Wang, 2017; Tang
et al., 2018). Radioresistance is one of the main obstacles to
successful treatment of CRC, often resulting in poor prognosis
and reduced survival rates (Kim et al., 2015a). Consequently,
radiosensitizers have received considerable attention for miti-
gating this issue and enhancing the therapeutic efficacy of
radiotherapy.

ROS homeostasis, regulated by the redox system, has
been implicated in the development of radioresistance in vari-
ous malignant cancers (Kim et al., 2015b; Chaiswing et al.,
2018). Cancer cells resist IR-induced damage by either reduc-
ing ROS production or activating antioxidant defense systems
to scavenge ROS. Moreover, the exposure of colon cancer
cells to high-dose radiation (10 Gy) upregulates antioxidant
enzyme expression and promotes radioresistance (McCann
etal., 2021).

Nuclear factor erythroid 2-related factor 2 (NRF2) is a key
transcription factor that regulates the expression of antioxi-
dant enzymes and promotes oxidative stress resistance (He
et al., 2020). In CRC, NRF2 overexpression has been directly
linked to increased resistance to radiotherapy. Therefore,
understanding the molecular mechanisms by which NRF2
modulates radioresistance may provide new opportunities to
improve therapeutic response to radiotherapy.

Epigenetic modifications are emerging as critical contribu-
tors to radioresistance in CRC and other cancers (Kim et al.,
2013; Wang et al., 2022). For instance, overexpression of the
long noncoding RNA LINCEO0630 has been shown to medi-
ate CRC radioresistance through epigenetic suppression of
the tumor suppressor gene brain-expressed X-linked gene 1
(Liu et al., 2020). These findings suggest the potential utility
of epigenetic agents in overcoming radioresistance and im-
proving clinical outcomes in patients with CRC undergoing
radiotherapy. Cancer cells that adapt to oxidative stress via
the Keap1/NRF2 pathway or other antioxidative mechanisms,
such as serum- and glucocorticoid-inducible kinase 1, often
exhibit enhanced radioresistance (Talarico et al., 2016; Bon-
ura et al., 2022). Additionally, ROS induces epigenetic altera-
tions, including DNA methylation and histone modification,
which play pivotal roles in carcinogenesis (Kietzmann et al.,
2017; Garcia-Guede et al., 2020; Jing et al., 2022; Liu et al.,
2023). For example, in nasopharyngeal carcinoma, DNMT3B-
mediated methylation of p53 and p21 promotes radioresis-
tance (Wu et al., 2020), whereas H3K27Me3 contributes to
radioresistance by inhibiting 2’-5’-oligoadenylate synthetase 1
(Zhou et al., 2024).

NRF2 overexpression is associated with the progression
and therapeutic resistance of various cancers (Lee et al.,
2020). A meta-analysis revealed that high NRF2 expression
correlates with increased aggressiveness in non-small cell
lung cancer (Wang et al., 2020). Furthermore, NRF2 activa-
tion suppresses estrogen-related receptor o in breast cancer
cells by inducing the expression of key proteins, such as Rho,
focal adhesion kinase 1, and Rho-associated coil-containing
protein kinase 1, which contribute to the proliferation and me-
tastasis of cancer cells (Zimta et al., 2019).

Despite these insights, the specific molecular mechanisms
through which NRF2 modulates redox homeostasis and con-
tributes to radioresistance in CRC remain unclear. In this
study, we aimed to elucidate the role of NRF2 in y-radiation

resistance in CRC to identify potential strategies for improving
the efficacy of radiotherapy.

MATERIALS AND METHODS

Cell culture

To establish IR-resistant SNUC5 colon cancer cells (Ko-
rean Cell Line Bank, Seoul, Korea), cells were exposed to 30
cycles at 2 Gy. The total dose was 60 Gy administered over
approximately 6-8 months.

Cell viability assay

The cells were seeded in a 96-well plate at a density of
2x10°® cells/well and treated with 8 Gy. After culturing for 72 h,
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
(MTT; Sigma-Aldrich Co., Ltd., St. Louis, MO, USA), and try-
pan blue assays (Sigma-Aldrich Co., Ltd.) were performed ac-
cording to previously reported methods (Bumah et al., 2021).

Colony formation assay

Five hundred cells were seeded and cultured for 10 days.
Colonies with more than 50 cells were counted under a micro-
scope using a Diff-Quick staining kit (Sysmex, Kobe, Japan),
following the procedure described by Ke et al. (2023).

Detection of apoptosis

To detect apoptotic bodies, the cells were observed un-
der a fluorescence microscope (Cool SNAP-Pro color digital
camera; Media Cybernetics, Silver Spring, MD, USA) after
Hoechst 33342 staining (Sigma-Aldrich Co., Ltd.) at 37°C for
10 min. To detect the sub-G; cell population, the cells were
fixed in 70% ethanol, stained with a solution containing 100
ug/mL propidium iodide (PI), 100 pg/mL ribonuclease A, and 2
mM EDTA in PBS, and incubated for 1 h at 37°C. The sub-G
analysis was performed using a flow cytometer and FACS-
Diva™ 6.0 software (FACS Canto Il; Becton Dickinson, Moun-
tain View, CA, USA), following the protocols described in a
previous study (McClelland et al., 2021).

Western blot analysis

Cell lysates were electrophoresed, transferred onto a mem-
brane, and incubated with primary antibodies (Table 1), fol-
lowed by incubation with secondary immunoglobulin G-horse-
radish peroxidase conjugates (Pierce, Rockford, IL, USA).
Protein bands were visualized using a luminescent image
analyzer (Bio-Rad Laboratories, Hercules, CA, USA), follow-
ing previously reported methods (Sormunen et al., 2023).

Assessment of reactive oxygen species (ROS)

Approximately 3x10° cells/well were stained using 25 uM
2" 7'-dichlorodihydrofluorescein diacetate (H.DCFDA; Molecu-
lar Probes, Eugene, OR, USA), and the DCF intensity was
detected using a flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA) or confocal laser scanning microscopy (LSM
5 PASCAL version 3.5; Carl Zeiss, Jena, Germany) following
the protocols described in a previous study (Kim and Xue,
2020).

Next-generation sequencing (NGS) assay

RNA sequencing was performed by Macrogen Inc. (Seoul,
Korea). Briefly, 1 ug of total RNA from each cell sample (n=2)
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Table 1. Lists of primary antibodies

Table 2. NRF2 and actin primer sequences

Antibodies Company/City/State/Country Gene Primer Sequence (5-3')
Actin Santa Cruz Biotechnology NRF2 Forward GAGAGCCCAGTCTTCATTGC
(Santa Cruz, CA, USA) Reverse  TTGGCTTCTGGACTTGGAAC
Bcl-2 associated X protein (Bax) Actin Forward  CACCTTCTACAATGAGCTGCGTGT
Reverse = CACAGCCTGGATAGCAACGTACA

B-cell ymphoma protein (Bcl-2)
Catalase (CAT)

Glutathione synthetase (GSS)
Ten-eleven translocation (TET) 2

TET3
Caspase-3 Cell Signaling Technology
Caspase-9 (Beverly, MA, USA)
Enhancer of zeste homolog 2

(EZH2)

Heme oxygenase (HO-1)
Histone acetyltransferase 1
(HAT1)
Histone deacetylase 1 (HDAC1)
H3K9Ac
H3K4Me3
H3K27Me3
DNA methyltransferase 1 Abcam (Cambridge, MA,
(DNMT1) USA)
DNMT3A
DNMT3B
Glutamate-cysteine ligase cata-
lytic subunit (GCLG)
Mixed-lineage leukemia 1 (MLL1)
Nuclear factor erythroid 2-related
factor 2 (NRF2)
TATA-box binding protein (TBP)
TET1

was used to synthesize cDNA using the SMARTer ultra-low
RNA kit for sequencing (Clontech Laboratories, Mountain
View, CA, USA), according to the manufacturer’s instructions.
RNA integrity was assessed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). NGS was per-
formed using an lllumina HiSeg-2000 RNA-seq platform (50
cycles, single-end). Sequences were assessed for quality and
aligned against the human genome using the TopHat aligner
(http://tophat.cbcb.umd.edu/). Differential gene expression
levels between SNUC5 and SNUC5/RR cells were compared
using Cuffdiff (http://cufflinks.cbcb.umd.edu/), following the
protocol described by Kim et al. (2021a). The p-values for dif-
ferential expression were adjusted for multiple testing using
the false discovery rate method to ensure the robustness of
significance determination.

Immunocytochemistry

Fixed cells were incubated with the primary antibody, fol-
lowed by incubation with a FITC-conjugated secondary an-
tibody (1:500; Santa Cruz Biotechnology). The cells were
observed under a confocal microscope using LSM 510 (Carl
Zeiss) with a mounting medium containing DAPI (Vector Labo-
ratories, Burlingame, CA, USA). The assay was performed ac-
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Table 3. MSP and gMSP primer sequences

NRF2 Primer Sequence (5-3')

Unmethylated Forward GGAGGTGTAGTTTTTATATTAATGT
Reverse ACCAACTAAAATCCCAACAAACA
Forward AGGGAGGCGTAGTTTTTATATTAAC
Reverse AACTAAAATCCCAACAAACGAA

Methylated

cording to the procedure described by Castillo et al. (2019).

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)

gRT-PCR was performed using the Bio-Rad iQ5 real-time
PCR detection system (Bio-Rad Laboratories) under the fol-
lowing conditions: pre-denaturation at 95°C for 10 min, fol-
lowed by 40 cycles at 95°C for 15 s, and 60°C for 1 min. The
primers used are listed in Table 2.

Methylation-specific PCR (MSP) and quantitative MSP
(qMsP)

The NRF2 promoter region was examined for potential CpG
islands 1176 bp upstream of the translation start site using the
NCBI database. Two CpG-rich islands were identified within
the NRF2 promoter region: =505 to —254 and -252 to +65.
PCR primers covering 11 CpG sites in the promoter region
from —479 to —342 bp were designed using MetPrimer. Bisul-
fate modification of DNA was performed using a Methylamp™
DNA modification kit (Epigentek, Pittsburgh, PA, USA) accord-
ing to the manufacturer’s instructions. To analyze the meth-
ylation of NRF2 DNA, MSP and gMSP were performed using
the Epitect MSP kit (Qiagen, Hilden, Germany) and EpiScope®
MSP kit (TaKaRa Bio, Shiga, Japan), respectively. MSP prod-
ucts on the gel were visualized under ultraviolet light after
staining with ethidium bromide. gqMSP was performed using a
CFX96™ real-time system (Bio-Rad) as described previously
(Ohtsubo et al., 2022). The MSP and gMSP primers are listed
in Table 3.

Measurement of 5-methylcytosine (5-mC) and
5-hydroxymethylcytosine (5-hmC)

Fixed cells were incubated with anti-5-mC and anti-5-hmC
antibodies, followed by incubation with a FITC-conjugated
secondary antibody (1:500; Santa Cruz Biotechnology). Fluo-
rescence intensity was detected using a confocal microscope
or flow cytometer, as described by Rocha et al. (2019).

Chromatin immunoprecipitation (ChIP) and quantitative
PCR

ChIP assay was performed using a simple ChIP™ kit (Cell
Signaling Technology) according to the manufacturer’s in-



structions. The DNA recovered from the immunoprecipitated

Kang etal. Epigenetic Regulation of NRF2 to IR-Resistant Cancer Cells

complexes was subjected to qPCR. Primers for the NRF2 re-

gion with TET1-, MLL1-, and HAT1-binding sites were as fol-
lows: forward primer 5-TGAGATATTTTGCACATCCGATA-3'
and reverse primer 5-ACTCTCAGGGTTCCTTTACACG-3'
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(Kang et al., 2019).

Transfection of siRNA
Cells were transfected with 10-20 nM control siRNA and
siRNAs against TET1, MLL1, and HAT1 (Santa Cruz Biotech-
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Fig. 1. Sensitivity of SNUC5 and SNUC5/RR cells to y-radiation. Cells were exposed to a dose of 8 Gy. (A, B) Cell viability assessed after
three days of culture using (A) MTT and (B) trypan blue assays. (C) Colony-forming ability evaluated after 10 days of culture using a colony
staining kit. (D) Apoptosis detected using Hoechst 33342 staining. (E) Apoptotic sub-G; cells identified using flow cytometry. (F) Expression
of apoptosis-related proteins assessed using western blotting. (A-D) *p<0.05 vs. untreated SNUCS cells; **p<0.05 vs. untreated SNUC5/RR

cells (n=3).
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nology) using Lipofectamine RNAiMax (Invitrogen, Carlsbad,
CA, USA), according to the manufacturer’s instructions (Be-
rardo et al., 2019).

Statistical analysis

All results are expressed as the mean * standard error.
Data were analyzed using analysis of variance and Tukey’s
test, and statistical significance was set at p<0.05.

RESULTS

Sensitivity of SNUC5 and SNUC5/RR cells to y-radiation
The cytotoxic effects of y-radiation on SNUC5 and its
y-radiation-resistant variant SNUC5/RR were compared by
examining cell viability, colony formation, and apoptosis rates.
The concentrations of y-radiation that yielded 50% growth inhi-
bition (ICs0) were 8 Gy in SNUCS5 cells and >15 Gy in SNUC5/
RR cells (Fig. 1A), as confirmed using a trypan blue assay
(Fig. 1B). Sensitivity to 8 Gy radiation was higher in SNUC5
cells than that in SNUC5/RR cells, as evidenced by colony
formation assays, Hoechst 33342 staining, and analyses of
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the sub-G, population (Fig. 1C-1E). In addition, at 8 Gy, the
expression levels of pro-apoptotic proteins Bax, active cas-
pase-9, and active caspase-3 were higher in SNUC5 cells
than those in SNUC5/RR cells. In contrast, the expression of
the anti-apoptotic protein, Bcl-2, was lower in SNUC5 cells
than that in SNUC5/RR cells (Fig. 1F).

Intracellular ROS levels in SNUC5 and SNUC5/RR cells

ROS levels in SNUC5 and SNUC5/RR cells in response
to y-radiation were measured using H,DCFDA staining. Flow
cytometry revealed higher levels of ROS in SNUC5/RR cells
than those in SNUCS5 cells, with or without exposure to 8 Gy
(Fig. 2A). These findings were confirmed by confocal micros-
copy, which showed that the intensity of green fluorescence
generated by ROS was higher in SNUC5/RR cells than in
SNUCS5 cells (Fig. 2B).

We further screened for global mRNA changes following
irradiation in SNUC5 and SNUC5/RR cells using RNA se-
quencing (Fig. 2C). The volcano plot revealed significantly dif-
ferentially expressed genes in SNUC5 and SNUC5/RR cells
(Fig. 2C, left). Based on a two-fold expression change, 297
radiation-responsive genes differentially expressed between

Il 0 Gy
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IRR
D

Response to oxygen levels
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Cellular response to stimulus
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012 3 4567
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Fig. 2. Intracellular ROS levels in SNUC5 and SNUC5/RR cells. (A, B) ROS levels detected using (A) flow cytometry and (B) confocal im-
aging after staining with H,DCFDA. Fl indicates the fluorescence intensity of DCF. *p<0.05 vs. untreated SNUC5 cells; **p<0.05 vs. untreat-
ed SNUC5/RR cells (n=3). (C) Differentially expressed genes between SNUC5 and SNUC5/RR cells identified using RNA-Seq. Volcano plot
presents differentially expressed genes between SNUC5 and SNUC5/RR cells. Red dots represent upregulated genes, and green dots rep-
resent downregulated genes. (D) Gene ontology enrichment analysis of the upregulated genes in SNUC5/RR and SNUCS5 cells. The lengths

of the bars indicate -log (adjusted p-value).
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Fig. 3. NRF2 expression in SNUC5 and SNUC5/RR cells. (A) Antioxidant-related proteins detected using western blotting. (B, C) Nuclear
NRF2 protein expression assessed using (B) western blotting and (C) confocal microscopy. The TBP antibody was used as a loading con-
trol for nuclear proteins. Green fluorescence indicates NRF2 expression and blue fluorescence indicates nuclei. The merged image indi-
cates the nuclear localization of NRF2. (D) NRF2 mRNA expression assessed using qRT-PCR. *p<0.05 vs. untreated SNUCS5 cells (n=3). (E)
Genomic DNA isolated from SNUC5 and SNUC5/RR cells was subjected to an MSP analysis of the NRF2 promoter. Methylation was de-
tected using methylation-specific primers. Unmethylated detection was detected by amplifying the product using unmethylation-specific
primers. UM: unmethylated DNA; M: methylated DNA. (F) Real-time quantitative MSP analysis of NRF2 in SNUC5 and SNUC5/RR cells.
Bars represent the methylation percentages of the CpG islands. *p<0.05 vs. untreated SNUC5 cells (n=3).

SNUCS5/RR and SNUCS5 cells were identified, of which 231
were upregulated and 66 were downregulated (Fig. 2C, right).
The upregulated genes were associated with the regulation
of biological and cellular processes, stress responses, de-
creased oxygen levels, and stimulus responses (Fig. 2D).

Expression of NRF2 in SNUC5 and SNUC5/RR cells

To investigate the role of NRF2 in SNUC5 and SNUC5/
RR cells, we analyzed the expression of NRF2 and related
antioxidant enzymes. The expression levels of CAT, HO-1,
GCLC, and GSS were higher in SNUC5/RR cells than those
in SNUC5 cells with or without radiation at 8 Gy (Fig. 3A).
Nuclear NRF2 was expressed at higher levels in SNUC5/RR
cells than in SNUCS5 cells, treated with or without 8 Gy radia-
tion, at both the mRNA and protein levels (Fig. 3B-3D). MSP
and gMSP were performed to assess the methylation status of
the NRF2 promoter. Specific CpG sites in the promoter region
of NRF2 were hypermethylated in SNUC5 cells compared to
those in SNUC5/RR cells with or without 8 Gy exposure (Fig.
3E, 3F).

187

DNA demethylation in SNUC5 and SNUC5/RR cells

The expression levels of proteins involved in epigenetic
modifications, specifically DNA methyltransferases (DNMTs)
and demethylases (TETs), were evaluated. DNMT1, DN-
MT3A, and DNMT3B expression levels did not differ signifi-
cantly between SNUC5 and SNUC5/RR cells, whereas TET1,
TET2, and TET3 expression levels were higher in SNUC5/RR
cells than those in SNUCS5 cells irrespective of radiation (8 Gy)
exposure (Fig. 4A). TET activity was assessed by measuring
5-mC and 5-hmC levels. The levels of 5-mC were lower in
SNUC5/RR cells than in SNUC5 cells with or without 8 Gy
exposure, whereas 5-hmC levels were higher in SNUC5/RR
cells than in SNUCS5 cells, as shown by confocal imaging and
flow cytometry (Fig. 4B, 4C). TET1 binding to the NRF2 pro-
moter, as assessed by the ChIP assay, was significantly in-
creased in SNUC5/RR cells compared to that in SNUCS5 cells,
with or without 8 Gy exposure (Fig. 4D). Furthermore, TET1
knockdown in SNUC5/RR cells decreased the expression of
NRF2 and its target protein, HO-1 with or without 8 Gy ex-
posure (Fig. 4E). These results suggest that TET1 positively
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Fig. 4. DNA methylation-related proteins in SNUC5 and SNUC5/RR cells. (A) Expression of DNA methylases DNMT1, 3A, and 3B and DNA
demethylases TET1, 2, and 3 determined using western blotting. (B, C) TET-catalyzed conversion of 5-mC to 5-hmC assessed using (B)
confocal imaging and (C) flow cytometry. *p<0.05 vs. untreated SNUCS5 cells (n=3). (D) Anti-TET1 antibodies and primers used to amplify
the NRF2 promoter region used for a ChIP analysis. *p<0.05 vs. untreated SNUCS5 cells; **p<0.05 vs. untreated SNUC5/RR cells (n=3). (E)
Expression levels of NRF2 and HO-1 in SNUC5/RR cells transfected with siControl or siTET1 for 24 h determined using western blotting.
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Fig. 5. Histone modification-related protein expression in SNUC5 and SNUC5/RR cells. (A) Expression of histone methylation-related pro-
teins, MLL1, EZH2, H3K4Me3, and H3K27Me3, and histone acetylation-related proteins, HAT1, HDAC1, and H3K9Ac, determined using
western blotting. (B) Anti-MLL1 or -HAT1 antibodies and primers targeting the NRF2 promoter region used for the ChIP analysis. *p<0.05
vs. untreated SNUCS5 cells (n=3). (C) NRF2 and HO-1 protein expression levels in SNUC5/RR cells transfected with siMLL1 or siHAT1 RNA

for 24 h determined using western blotting.

regulates NRF2 activation in SNUC5/RR cells.

Expression of histone modification-related proteins in
SNUC5 and SNUC5/RR cells

TET-dependent DNA demethylation upregulated NRF2
expression in SNUC5/RR cells. We further investigated the
expression of histone methylation- and acetylation-related
proteins in SNUC5 and SNUC5/RR cells. Levels of histone
methyltransferase MLL1 and trimethylation of its target pro-
tein H3K4 (H3K4Me3) were higher in SNUC5/RR cells than
those in SNUCS5 cells with or without 8 Gy exposure, where-
as levels of EZH2 and trimethylation of its target protein
H3K27(H3K27Me3) were lower in SNUC5/RR cells (Fig. 5A).
In addition to histone methylation, HAT1 expression was high-
er and HDAC1 expression was lower in SNUC5/RR cells than
that in SNUCS5 cells, with or without 8 Gy exposure, resulting
in increased H3K9 acetylation (H3K9Ac) (Fig. 5A). The bind-
ing of MLL1 or HAT1 to the NRF2 promoter was significantly
higher in SNUC5/RR cells with or without 8 Gy exposure (Fig.
5B). Furthermore, knockdown of MLL1 or HAT1 in SNUC5/RR
cells decreased the expression levels of NRF2 and HO-1 (Fig.
5C). These results suggest that MLL1 and HAT1 positively
regulate NRF2 activation in SNUC5/RR cells.

Sensitivity to y-radiation in SNUC5/RR cells with TET1,
MLL1, and HAT1 knockdown

The putative roles of TET1, MLL1, and HAT1 in the sen-
sitivity of SNUC5/RR cells to y-radiation were investigated
using siRNA-mediated silencing in vitro. siTET1-, siMLL1-,
or siHAT1-transfected SNUC5/RR cells showed significantly
lower viability than siControl-transfected SNUC5/RR cells ex-
posed to 8 Gy (Fig. 6A). In addition, the ability of the cells to

form colonies was decreased in SiTET1-, siMLL1-, or siHAT1-
transfected SNUC5/RR cells with 8 Gy exposure compared to
siControl-transfected cells, indicating a reduced proliferative
capacity (Fig. 6B). Moreover, apoptotic rates were higher in
SiTET1-, siMLL1-, or siHAT 1-transfected SNUC5/RR cells ex-
posed to 8 Gy than in siControl-transfected cells exposed to
8 Gy (Fig. 6C).

DISCUSSION

Radiotherapy is a widely used treatment for cancer as it
induces DNA damage and promotes cell death in malignant
cells. However, many colon cancer cells develop resistance
mechanisms that reduce the effectiveness of treatment (Geng
and Wang, 2017; Tang et al., 2018). In particular, key genes
involved in apoptosis and DNA damage repair are often si-
lenced by epigenetic alterations, such as DNA hypermethyl-
ation and histone modifications, which contribute to IR resis-
tance (Wang et al., 2022; Laanen et al., 2023).

In the present study, we observed that SNUC5/RR cells
exhibited a higher ICs, value than the parental SNUC5 cells,
indicating greater resistance to radiation. This increased re-
sistance was associated with alterations in the expression of
apoptosis markers, with reduced levels of pro-apoptotic pro-
teins (Bax, active caspase-9, and active caspase-3) and in-
creased levels of the anti-apoptotic protein (Bcl-2) in SNUC5/
RR cells. These findings suggest that dysregulation of apop-
totic pathways is a key feature of radioresistance in CRC. Fur-
thermore, SNUC5/RR cells showed elevated levels of ROS
and enhanced expression of antioxidant enzymes, which were
mediated by increased NRF2 activity. High ROS levels are
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Fig. 6. Sensitivity of SNUC5/RR cells with TET1, MLL1, and HAT1 knockdown to y-radiation. (A) Cell viability determined using the MTT as-
say. (B) For the colony formation assay, cells were cultured for 10 days. Colonies containing more than 50 cells were counted. (C) Apoptotic
cells determined using the Hoechst 33342 assay. (A-C) *p<0.05 vs. untreated SNUCS5 cells; **p<0.05 vs. untreated SNUC5/RR cells (n=3).

likely to trigger adaptive antioxidant mechanisms, enabling The present study showed that NRF2 expression and ac-
cells to resist IR-induced damage. These findings indicate that tivation were modulated by DNA demethylation and histone
NRF2 is a protective factor in IR-resistant CRC cells, likely modifications. Furthermore, the demethylase TET1 was up-
by facilitating cellular defense mechanisms against oxidative regulated in SNUC5/RR cells, leading to hypomethylation
stress. of the NRF2 promoter and enhanced NRF2 expression. Ad-
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Fig. 7. Proposed model of regulation of NRF2 in y-radiation resistance through epigenetic mechanisms. y-Radiation increases intracellular
ROS levels and the expression of DNA demethylase TET1, as well as histone modifying factors MLL1 and HAT1 in SNUC5/RR cells. TET1,
MLL1, and HAT1 subsequently bind to the NRF2 promoter, enhancing NRF2 expression, which consequently induces the expression of an-
tioxidant enzymes targeted by NRF2, leading to increased resistance to y-radiation. Nuclear factor erythroid 2-related factor 2 (NRF2), Re-
active oxygen species (ROS), ten-eleven translocation 1 (TET1), mixed-lineage leukemia (MLL), histone acetyltransferase (HAT).

ditionally, histone modifiers, such as MLL1 and HAT1, boost
NRF2 expression by modifying histones H3K4 and H3KO.
These results highlight the critical role of epigenetic changes
in radioresistance in CRC.

We also demonstrated that knockdown of TET1, MLL1,
or HAT1 in SNUC5/RR cells significantly reduced NRF2 ex-
pression and increased IR sensitivity by reducing NRF2 lev-
els. This suggests that targeting these epigenetic regulators
may be a promising strategy for overcoming radioresistance
in CRC. The results of our study highlight the potential of tar-
geting epigenetic modifications as a therapeutic approach to
enhance radiotherapy efficacy.

In conclusion, our findings suggest that resistance to
y-radiation in CRC is driven by alterations in NRF2 expression,
which is mediated by both DNA demethylation and histone
modifications (Fig. 7). Based on these findings, we propose
that combining radiotherapy with epigenetic modulators could
serve as an effective strategy to overcome IR resistance and
improve the therapeutic outcomes in patients with CRC. This
approach could lead to more personalized treatment strate-
gies based on the specific epigenetic landscape of individual
cancers.
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