
INTRODUCTION

Oxaliplatin (OXT) is a third-generation platinum-based an-
ticancer agent that contains 1,2-diaminocyclohexane in its 
structure. It binds to DNA as a target site and the platinum 
atom in its structure forms a cross-link with DNA molecules 
to inhibit replication and transcription, leading to apoptotic 
cell death (Alcindor and Beauger, 2011; Huang et al., 2019; 
Ray et al., 2019). OXT is widely used clinically in combina-
tion chemotherapy, such as with 5-fluorouracil and leucovorin, 
mainly for the treatment of malignant tumors of the digestive 
system, such as colorectal, gastric, and pancreatic cancers 
(Kornmann et al., 2000; Shiragami et al., 2013; Lin et al., 
2019; Wang et al., 2020). OXT-based adjuvant chemotherapy 

represents the standard treatment for stage III colon cancer 
(Auclin et al., 2017). However, most patients develop resis-
tance to OXT after prolonged use, which limits its therapeutic 
efficacy (Huang et al., 2019). OXT resistance can be caused 
by reduced intracellular uptake or inactivation via structural 
changes and is associated with DNA repair, such as mismatch 
repair or nucleotide excision repair mechanisms (Alcindor and 
Beauger, 2011). Cancer cell resistance represents the major 
cause of failure of OXT therapy (Holohan et al., 2013; Huang 
et al., 2019). Therefore, revealing the mechanisms that cause 
OXT resistance is necessary to develop more effective treat-
ment strategies to overcome resistance and enhance the ef-
ficacy of OXT.

Autophagy is a cellular degradation pathway that mediates 
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Few studies have evaluated the role of autophagy in the development of oxaliplatin (OXT) resistance in colon cancer cells. In 
this study, we compared the role of autophagy between SNU-C5 colon cancer cells and OXT-resistant SNU-C5 (SNU-C5/OXTR) 
cells. At the same concentration of OXT, the cytotoxicity of OXT or apoptosis was significantly reduced in SNU-C5/OXTR cells 
compared with that in SNU-C5 cells. Compared with SNU-C5 cells, SNU-C5/OXTR cells exhibited low levels of autophagy. The 
expression level of important autophagy proteins, such as autophagy-related protein 5 (Atg5), beclin-1, Atg7, microtubule-associ-
ated proteins 1A/1B light chain 3B I (LC3-I), and LC3-II, was significantly lower in SNU-C5/OXTR cells than that in SNU-C5 cells. 
The expression level of the autophagy-essential protein p62 was also lower in SNU-C5/OXTR cells than in SNU-C5 cells. In SNU-
C5/OXTR cells, the production of intracellular reactive oxygen species (ROS) was significantly higher than that in SNU-C5 cells, 
and treatment with the ROS scavenger N-acetylcysteine restored the reduced autophagy levels. Furthermore, the expression of 
antioxidant-related nuclear factor erythroid 2-related factor 2 transcription factor, heme oxygenase-1, and Cu/Zn superoxide dis-
mutase were also significantly increased in SNU-C5/OXTR cells. These findings suggest that autophagy is significantly reduced 
in SNU-C5/OXTR cells compared with SNU-C5 cells, which may be related to the production of ROS in OXT-resistant cells.
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the clearance and recycling of damaged or long-lived proteins 
and organelles. It plays a critical role in homeostasis by main-
taining the quality of proteins and organelles, and also elimi-
nates pathogens (Yun and Lee, 2018; Chen et al., 2019; Li 
et al., 2020). Autophagy is generally induced in response to 
cellular stress, starvation, hypoxia, or DNA damage (Martinez-
Balibrea et al., 2015). Autophagy frequently occurs during tu-
morigenesis and chemotherapy. Typically, autophagy protects 
cancer cells from apoptosis during chemotherapy, leading to 
drug-resistant and refractory cancers. However, autophagy 
can also lead to cell death and inhibit cell growth, depend-
ing on the tissue type, stage of tumor development, and the 
degree of autophagic activity (Xie et al., 2020). Reactive oxy-
gen species (ROS) play an important role in the process of 
autophagy. ROS can promote the process of autophagy, and 
on the other hand, autophagy reduces ROS by removing dam-
aged mitochondria and endoplasmic reticulum stress (ER), 
and other substances that contribute to ROS production (Xie 
et al., 2020). 

SNU-C5 colon cancer cells contain two missense muta-
tions in the p53 gene, resulting in the complete loss of normal 
p53 function (Rand et al., 1996), and have been used in many 
studies, including multidrug resistance and anti-cancer drug 
screening studies (Ku and Park, 2005). An OXT-resistant co-
lon cancer cell line (SNU-C5/OXTR) has been derived from a 
parental wild-type colon cancer cell line (SNU-C5) via chron-
ic exposure to OXT (Jung et al., 2007). A few studies have 
evaluated OXT resistance using SNU-C5/OXTR cells. The 
combined application of betulinic acid, a chemosensitizer, and 
OXT induces apoptosis of SNU-C5/OXTR via the mitochon-
drial pathway (Jung et al., 2007), and co-treatment with OXT 
and melatonin increases ER stress and apoptosis in SNU-C5/
OXTR cells (Lee et al., 2018). 

However, few studies have determined the role of autopha-
gy in the development of OXT resistance in colon cancer cells. 
In this study, we aimed to evaluate the effect of autophagy on 
SNU-C5/OXTR cells compared with that on SNU-C5 cells to 
reveal a potential approach to overcome chemotherapy resis-
tance in colon cancer.

MATERIALS AND METHODS

Materials
OXT, N-acetylcysteine (NAC), Hoechst 33342, 2′,7′-dichlo-

rodihydrofluorescein diacetate (H2DCFDA), and actin antibod-
ies were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Thiazolyl blue tetrazolium bromide (MTT) was purchased from 
Amresco (Solon, OH, USA). Acridine orange was purchased 
from Invitrogen (Madison, WI, USA). Antibody against Atg5 
(C-term) was purchased from Abgent (San Diego, CA, USA). 
Antibodies against beclin-1, Atg7, LC3, p62, and phosphory-
lated Nrf2 (phospho-Nrf2) were purchased from Cell Signaling 
Technology (Beverly, MA, USA). Antibodies against Nrf2 and 
heme oxygenase-1 (HO-1) were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Antibody against TA-
TA-binding protein (TBP) was purchased from Abcam (Cam-
bridge, UK). Antibody against Cu/Zn superoxide dismutase 
(SOD) was purchased from Biodesign International (Saco, 
ME, USA). All other chemicals and reagents used were of 
analytical grade.

Cell culture
SNU-C5 cells were obtained from the Korean Cell Line 

Bank (Seoul, Korea). The cells were cultured in RPMI 1640 
medium containing 10% heat-inactivated fetal bovine serum, 
penicillin (100 units/mL), and streptomycin (100 µg/mL) at 
37°C, 5% CO2, and 95% humidity. The established SNU-C5/
OXTR cells were obtained from the Research Center for Re-
sistant Cells, Chosun University (Gwangju, Korea). SNU-C5/
OXTR cells were stabilized by subculturing them weekly for at 
least 6 months in a medium containing 7.14 µM OXT (Kang 
et al., 2016).

MTT assay
The susceptibility of SNU-C5 and SNU-C5/OXTR cells to 

OXT-induced cytotoxicity was determined by plating 1.0×105 
cells/well in a 24-well culture plate containing media supple-
mented with various concentrations of OXT (10, 25, 50, 100, 
and 200 µM), following incubation at 37°C for 48 h. After add-
ing 125 µL of the MTT stock solution to each well and incu-
bating for 4 h, the supernatant was aspirated. The formazan 
crystals in each well were dissolved in dimethyl sulfoxide (350 
µL), and the absorbance was measured at 540 nm using a 
multi-mode microplate reader.

Hoechst 33342 staining 
Cells were seeded at 1.0×105 cells/well in a 24-well culture 

plate and incubated for 48 h. Cells were treated with Hoechst 
33342 cell-permeable nuclear counterstain dye for 10 min, 
and images were acquired using a fluorescence microscope 
equipped with a CoolSnap-Pro color digital camera (Media 
Cybernetics, Rockville, MD, USA). The apoptotic index was 
calculated using a formula as described previously (Piao et 
al., 2019).

Cell morphology analyses
Cells were seeded into a 60 mm culture dish at a density of 

2.5×105 cells/well and cultured for 1, 2, and 3 days. Changes 
in cell morphology were evaluated at 1, 2, and 3 days using a 
phase-contrast inverted microscope (DP71 digital microscope 
camera; Olympus, Tokyo, Japan). All images were acquired at 
a magnification of 200×.

Acridine orange staining 
Cells were seeded in a 35 mm culture plate at a density of 

1.5×105 cells/well. After 48 h, the cells were stained with 10 
µg/ml acridine orange for 15 min at 37°C. Subsequently, cells 
were washed with phosphate-buffered saline (PBS) and ob-
served under a fluorescence microscope. Depending on the 
acidity, autophagic lysosomes appeared as orange/red fluo-
rescent cytoplasmic vesicles, whereas the nuclei were stained 
green. Three different images, with 20 cells per image, were 
used to calculate the percentage of acidic vesicular organelles 
(AVO; dots with clear orange-red fluorescence).

Green fluorescent protein (GFP)-microtubule-associated 
proteins 1A/1B light chain 3B (LC3) transfection and 
detection of GFP-LC3 dots

Autophagy was determined based on the formation of 
puncta LC3-positive structures, which are essential for the 
dynamic process of autophagosome formation (Steinmetz et 
al., 2021). GFP-tagged LC3 plasmids were used to transfect 
cells using Lipofectamine reagent (Invitrogen). GFP-LC3 fluo-
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rescence was imaged using a confocal microscope equipped 
with a laser scanning microscope 5 PASCAL program (Carl 
Zeiss, Oberkochen, Germany). The numbers of GFP-LC3 
dots in each sample were counted.

Determination of protein expression
Protein expression was detected via western blotting. The 

total and nuclear proteins in harvested cells were extracted us-

ing a total protein extraction solution (iNtRON Biotechnology, 
Seoul, Korea) and a nuclear extraction kit (Cayman Chemical 
Company, Ann Arbor, MI, USA), respectively, following protein 
level quantification. Cell lysates were separated via sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and the 
separated proteins were transferred onto nitrocellulose mem-
branes. The protein-coated membranes were blocked with 
3% bovine serum albumin and incubated with primary anti-
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bodies against Atg5, beclin-1, Atg7, LC3, p62, HO-1, Cu/Zn 
SOD, actin, phospho-Nrf2, Nrf2, and TBP for 2 h. Membranes 
were washed thrice with 1×Tris-buffered saline and Tween 20 
(TTBS), incubated with secondary antibodies for 1 h, and then 
washed with 1× TTBS. Protein bands were detected using the 
enhanced chemiluminescence plus western blotting detection 
system (GE Healthcare Life Sciences, Buckinghamshire, UK).

Detection of intracellular ROS levels
Cells were seeded in a 6-well culture plate at a density of 

2.5×105 cells/well and incubated for 16 h. The cells were then 
treated with 2 mM NAC and incubated for an additional 24 h, 
and then treated with 20 µM H2DCFDA fluorescent reagent for 
30 min. The culture medium was aspirated, washed with PBS, 
and trypsinized. Subsequently, the fluorescence intensity of 
the harvested cells was measured using a FACSCalibur flow 
cytometer (Becton Dickinson, San Jose, CA, USA). For confo-
cal microscopy, cells were seeded in 4-well chamber slides 
at a density of 1.5×105 cells/well, incubated for 16 h, and 
then treated with 2 mM NAC for an additional 24 h. The cells 
were treated with 20 µM H2DCFDA for 30 min, washed with 
PBS, mounted with 4′,6-diamidino-2-phenylindole-containing 
mounting medium (DAKO, Carpinteria, CA, USA), and photo-
graphed using a confocal microscope (Carl Zeiss).

Statistical analysis 
All tests were performed in triplicate, and all values are ex-

pressed as the mean ± standard error of the mean. The results 
were subjected to an analysis of variance followed by Tukey’s 
post hoc test to analyze the differences between conditions; 
significance was set at p<0.05.

RESULTS

SNU-C5/OXTR cells exhibited decreased autophagy
MTT assay was performed to compare the cytotoxicity of 

OXT in SNU-C5 cells and their resistant variant, SNU-C5/
OXTR cells. The concentration of OXT that yielded 50% 
growth inhibition (IC50) was 16 µM in SNU-C5 cells and 74 µM 
in SNU-C5/OXTR cells, in which resistance was induced via 
continuous culture with 7.14 µM OXT (Fig. 1A). The IC50 treat-
ment of OXT in SNU-C5 and SNU-C5/OXTR cells induced 
apoptotic cell death, as determined via Hoechst 33342 stain-
ing. The treatment of 16 µM OXT (IC50 in SNU-C5) yielded an 
apoptotic index of 6.8 for SNU-C5 cells compared to 1.4 for 
SNU-C5/OXTR (Fig. 1B). The apoptotic cell population after 
treatment with 74 µM OXT (IC50 in SNU-C5/OXTR) had an 
apoptotic index of 22.2 for SNU-C5 cells compared to 8.5 for 
SNU-C5/OXTR cells (Fig. 1B). Accumulation of vacuolated 
cells, a marker of autophagy, was diminished in SNU-C5/
OXTR cells relative to that in SNU-C5 cells, as determined 
via phase-contrast microscopy (Fig. 1C). AVO with autophagic 
vacuoles was stained red with acridine orange. The number 
of acridine orange-stained vacuolated cells was lower among 
SNU-C5/OXTR cells than that among SNU-C5 cells (Fig. 1D). 
Furthermore, GFP-LC3 expression was decreased in SNU-
C5/OXTR cells compared to that in SNU-C5 cells (Fig. 1E).

Oxaliplatin reduced the expression of autophagy-related 
proteins

Autophagy is characterized by the formation of autophago-
somes, which depend on the recruitment of Atg proteins. The 
expression levels of Atg proteins provide key information re-
garding the autophagy state of a cell. The expression levels of 
Atg5, beclin-1, Atg7, LC3-I, and LC3-II, which are well-charac-
terized hallmarks of autophagy, were lower in SNU-C5/OXTR 
cells than those in SNU-C5 cells (Fig. 2A). As the most exten-
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sive substrate for autophagic degradation, p62 is an essential 
protein for autophagy that targets the packaging and deliv-
ery of proteins for autophagic digestion. It has been identified 
as a crossroads between apoptosis, autophagy, and cancer 
(Koustas et al., 2019). p62 expression level in SNU-C5/OXTR 
cells was lower than that in SNU-C5 cells (Fig. 2B). In addi-
tion, to evaluate whether OXT directly inhibited autophagy, we 
examined the levels of autophagy-related proteins at various 
concentrations of OXT in SNU-C5 cells. The expression levels 
of Atg5, beclin-1, Atg7, LC3-I, LC3-II, and p62 decreased in a 
dose-dependent manner (Fig. 2C, 2D). Therefore, OXT treat-
ment reduced autophagy in SNU-C5 cells.

Intracellular ROS levels and the antioxidant system were 
higher in SNU-C5/OXTR cells than in SNU-C5 cells

To evaluate the relationship between ROS levels and OXT-
resistant cells, ROS levels were detected using flow cytometry 
and confocal microscopy after staining with H2DCFDA. ROS 
levels were higher in SNU-C5/OXTR cells than in SNU-C5 
cells; however, treatment with the ROS scavenger NAC at-
tenuated ROS levels (Fig. 3A, 3B). The expression levels of 
the main transcription factor of antioxidant enzymes, nuclear 
Nrf2, and its active form phospho-Nrf2, were higher in SNU-
C5/OXTR cells than in SNU-C5 cells (Fig. 3C), leading to 
higher expression of target proteins HO-1 and Cu/Zn SOD in 
SNU-C5/OXTR cells (Fig. 3D). 

ROS regulated autophagy in SNU-C5/OXTR cells
ROS are considered major regulators of autophagy (Guan 

et al., 2019; Xue et al., 2020). After the addition of NAC, the 

red fluorescence intensity based on acridine orange staining 
in SNU-C5/OXTR cells recovered to that of untreated SNU-C5 
cells (Fig. 4A, 4B). In addition, GFP-LC3 expression was in-
creased in SNU-C5/OXTR cells treated with NAC compared to 
that in untreated SNU-C5/OXTR cells (Fig. 4C). These results 
suggest that ROS are associated with autophagy in SNU-C5/
OXTR cells.

DISCUSSION

OXT is an important platinum-based drug used in the treat-
ment of colorectal cancer. A major cause of treatment failure 
involves intrinsic or acquired resistance to OXT (Martinez-Bal-
ibrea et al., 2015). Few studies to date have investigated the 
role of autophagy in the development of OXT resistance in co-
lon cancer cells after prolonged OXT treatment. In the present 
study, to elucidate the cause of OXT resistance and find a way 
to overcome it, we focused on the role of autophagy in OXT 
resistance. We demonstrated that the same concentration 
of OXT showed a significant difference in the survival rate of 
SNU-C5 and SNU-C5/OXTR cells, and the sensitivity of SNU-
C5/OXTR cells was much lower than that of SNU-C5 cells 
(SNU-C5 IC50: 16 µM, SNU-C5/OXTR IC50: 74 µM). In cells 
cultured on day 3, autophagosomes were readily observed in 
SNU-C5 cells, whereas only a small amount of autophago-
somes were found in SNU-C5/OXTR cells. 

Double-membrane vesicles called autophagosomes are 
formed in the cytoplasm during autophagy. These vesicles 
fuse with lysosomes to form autolysosomes (Yim and Mizushi-

Fig. 3. Intracellular ROS levels and antioxidant systems are higher in SNU-C5/OXTR cells than in SNU-C5 cells. Cells were treated with 2 
mM NAC for 24 h. ROS levels were assessed via (A) flow cytometry and (B) confocal microscopy after H2DCFDA staining. DAPI staining 
was performed to determine the number of nuclei and to assess gross cell morphology. *Significantly different from SNU-C5 control cells 
(p<0.05), #,##significantly different from SNU-C5 or SNU-C5/OXTR control cells (p<0.05). (C) Cells were harvested, and levels of phospho-
Nrf2, Nrf2, and TBP were assessed via western blotting. TBP was used as a nuclear loading control. (D) HO-1, Cu/Zn SOD, and actin levels 
were assessed via western blotting. Actin was used as a total protein loading control. 
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ma, 2020). Acridine orange is a fluorescent dye that stains 
acidic vacuoles, such as autophagosomes and autolyso-
somes, in cells (Fan et al., 2006). We detected fewer vacuoles 
in SNU-C5/OXTR cells than those in SNU-C5 cells, indicating 
a relatively lower level of autophagy in SNU-C5/OXTR cells. 

Autophagosome formation involves initiation, nucleation, 
elongation, and recycling processes, each of which depends 
on specific proteins. LC3 is conjugated to phosphatidyletha-
nolamine via an enzymatic cascade containing Atg3, Atg7, 
and Atg5-Atg12 complex; the resulting lipid-conjugated form 
is targeted to the autophagosome membrane (Mizushima, 
2020). Therefore, Atg5 and LC3 levels can evaluate used 
as autophagy markers. p62 is also an essential protein that 
is involved in autophagy. Our results showed that the levels 
of Atg5, beclin-1, Atg7, LC3-I, LC3-II, and p62 were lower in 
SNU-C5/OXTR cells than in SNU-C5 cells. Based on these 
findings, we presume that chemoresistance in SNU-C5/OXTR 
cells is associated with the attenuation of autophagy.

Under normal physiological conditions, autophagy occurs 
at a basal rate to maintain cell viability and homeostasis. 
OXT treatment in colorectal cancer cells induces autophagy, 
leading to cell death (Jeong et al., 2019). However, our data 
showed that the occurrence of autophagy was decreased in 
SNU-C5/OXTR cells compared to that in SNU-C5 cells, lead-
ing to resistance to OXT.

ROS, a by-product of oxygen metabolism, comprises highly 
reactive ions and molecules. Their role has been described 
in various pathophysiological conditions. Cancer cells contain 
increased ROS levels compared with those in normal cells. El-
evated ROS levels in cancer cells contribute to the biochemi-
cal and molecular changes required for cancer initiation and 
progression, and the development of resistance to chemo-
therapy (Galadari et al., 2017). Nrf2 is a major transcription 
factor that promotes cellular defense against oxidative stress. 
Nrf2 controls the transcription of many genes responsible for 
antioxidative and detoxification, such as SOD1 and HO-1. It 
has been demonstrated that the autophagic survival of colon 
cancer cells is promoted by activating the Nrf2/HO-1 pathway 
(Cernigliaro et al., 2019). Regulation of autophagy is deter-
mined by the intensity and duration of ROS exposure and the 

cell type (Ornatowski et al., 2020). ROS are associated with 
both chemosensitization and chemoresistance (Galadari et 
al., 2017). Our data showed that the level of ROS as well as 
that of Nrf2, Cu/Zn SOD, and HO-1 was higher in SNU-C5/
OXTR cells than in SNU-C5 cells. The ROS scavenger NAC 
significantly increased the level of AVO in SNU-C5/OXTR 
cells. We previously investigated the reduction of autophagy 
in 5-fluorouracil resistant SNU-C5 colon cancer cells (SNU-
C5/5-FUR) (Yao et al., 2017). We found that the amount of 
ROS produced was higher and the occurrence of autophagy 
was lower in SNU-C5/5-FUR cells than in wild-type SNU-C5 
cells. However, the ROS scavenger NAC failed to restore the 
occurrence of autophagy in SNU-C5/5-FUR cells. Therefore, 
at the time, we thought that ROS was not necessarily a key 
regulator of reduced autophagic activity in SNU-C5/5-FUR 
cells. However, in the present study, treatment of NAC in SNU-
C5/OXTR cells restored autophagy. This may be owing to the 
use of different drug-resistant cells, degree of drug resistance, 
amount of ROS produced in the cells, and levels of the antioxi-
dant system. Under normal circumstances, the production and 
removal of intracellular ROS are in a state of dynamic equilib-
rium. When the accumulation of ROS is excessive, this bal-
ance is disturbed. We suggest that SNU-C5/OXTR cells were 
exposed to a high level of ROS to maintain a drug-resistant 
environment for a long time. To maintain homeostasis, SNU-
C5/OXTR cells activate the antioxidant system to scavenge 
ROS. In the present study, the amount of ROS increased in 
SNU-C5/OXTR cells compared to that in SNU-C5 cells were 
decreased autophagy formation; however, NAC recovered it. 
These findings suggest that ROS may be a critical regulator of 
autophagy in SNU-C5/OXTR cells (Fig. 5). 

In conclusion, this study showed that low levels of autopha-
gy are related to OXT resistance in SNU-C5/OXTR cells. The 
ability of SNU-C5/OXTR cells to undergo autophagy may be 
restored by restoring the normal physiological levels of ROS, 
thereby reducing the resistance and increasing the sensitivity 
of colon cancer cells to OXT. The findings demonstrate the 
role of autophagy in the mechanism of chemoresistance de-
velopment and can serve as a basis for developing a novel 
strategy to overcome chemoresistance. More extensive and 
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Fig. 4. ROS regulates autophagy in SNU-C5/OXTR cells. (A) Cells stained with acridine orange were imaged via fluorescence microscopy 
and quantified as acridine orange-stained AVO. Acridine orange-red fluorescence indicated the autophagy-induced formation of AVO, and 
acridine orange-green fluorescence indicated nucleus and cytoplasm in cells. (B) The acridine orange-stained cells were assessed via flow 
cytometry. FI: fluorescence intensity. (C) After 24 h of transfection using a GFP-LC3 reagent, the cells were imaged and quantified via fluo-
rescence microscopy. (A-C) *Significantly different from SNU-C5 cells (p<0.05), #significantly different from SNU-C5/OXTR cells (p<0.05). 
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systematic research should be conducted in the future to gain 
better awareness in this field. 
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