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Abstract: Colon cancer is one of the most frequently diagnosed cancer types. Some colon cancer cases
resist standard anticancer drugs. Therefore, many studies have focused on developing therapeutic
supplements using natural products with low side effects and broad physiological activity. Eupatilin
is a flavonoid that is mainly extracted from artemisia and promotes apoptosis in numerous cancer
types. However, since the current understanding of its physiological mechanisms on colon cancer
cells is insufficient, we investigated how eupatilin affects the growth of two colon cancer cell lines,
namely HCT116 and HT29. Our results showed that eupatilin inhibits cell viability and induces
apoptosis accompanied by mitochondrial depolarization. It also induces oxidative stress in colon
cancer cells and regulates the expression of proteins involved in the endoplasmic reticulum stress and
autophagic process. Moreover, eupatilin may target the PI3K/AKT and mitogen-activated protein
kinase (MAPK) signaling pathways in colon cancer cells. It also prevents colon cancer cell invasion.
Furthermore, eupatilin has a synergistic effect with 5-fluorouracil (5-FU; a standard anticancer drug)
on 5-FU-resistant HCT116 cells. These results suggest that eupatilin can be developed as an adjuvant
to enhance traditional anticancer drugs in colon cancer.
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1. Introduction

In 2020, colon cancer ranked third in new cancer cases and cancer-related deaths in
both men and women in the United States [1]. The high mortality rate of colon cancer comes
from the development of chemoresistance and the high rate of metastasis [2]. Almost 50% of
colon cancer cases have mutations in the tumor-suppressor P53 protein, which promotes cell
proliferation and invasion, chemoresistance [3]. 5-fluorouracil (5-FU) is the recommended
standard drug in clinical research, and it can be used alone or in combination with irinotecan
and oxaliplatin [4]. Despite improvements in treatment options, resistance to traditional
drugs remains frequent, and novel therapeutic adjuvants need to be developed. [5].

Flavonoids are polyphenols commonly found in edible plants. They are biologically
active with low side effects, so their development potential as therapeutic adjuvants in
various diseases has drawn attention. Artemisia, which contains eupatilin, is a plant
that is widely used in oriental medicine and is well known for its anti-inflammatory and
antioxidant activity [6,7]. Numerous studies have reported that the apoptosis-inducing
effect of eupatilin is effective against gastric, prostate, cervical, esophageal, and endometrial
cancer [8-13]. These studies have revealed that eupatilin can regulate various physiological
mechanisms associated with proliferation, cell cycle, and invasion in cancer cells. In
addition, our previous study using a transgenic zebrafish model revealed that eupatilin
has an anti-angiogenic effect [14]. Moreover, a synthetic derivative of eupatilin prevents
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dextran sulfate sodium-induced colitis and inflammation-related colon carcinogenesis [15].
However, knowing whether and how eupatilin induces apoptosis in colon cancer cells
requires further investigation. Therefore, in this study, we treated HCT116 and HT29 cells
with eupatilin to estimate its effects on cell viability, cell cycle, and invasiveness. We also
revealed that eupatilin regulates oxidative stress, mitochondrial permeabilization, and
cancer cell growth- and survival-related signaling pathways.

2. Materials and Methods
2.1. Chemicals

Eupatilin was obtained from Syngene International Ltd. (Karnataka Bengaluru, India)
and LY294002 from Cell Signaling Technology (Danvers, MA, USA). U0126, SP600125, and
SB203580 were purchased from Enzo Life Sciences (Farmingdale, NY, USA). 5-FU and
irinotecan were acquired from Sigma (St.Louis, MO, USA). Table 1 lists the antibodies used
in Western blot analysis.

Table 1. Primary antibodies used in Western blot.

Primary Antibodies Dilution Supplier Catalog Number
BCL-xL 1:1000 Cell Signaling Technology 2764
BAK 1:1000 Cell Signaling Technology 12105
Cytochrome C 1:1000 Cell Signaling Technology 11940
TUBA 1:2000 Santa Cruz sc-5286

Phosphor-AKT (Ser#’3) 1:1000 Cell Signaling Technology 4060
AKT 1:1000 Cell Signaling Technology 9272

P?;}fl}i};? ;’;ZQ%%K 1:1000 Cell Signaling Technology 9204
P70S6K 1:1000 Cell Signaling Technology 2708
Phosphor-S6 (Ser?®® /Ser?3¢) 1:1000 Cell Signaling Technology 2211
56 1:1000 Cell Signaling Technology 2217
P?,?Efgg?i%}l)/ 2 1:1000 Cell Signaling Technology 9101
ERK1/2 1:1000 Cell Signaling Technology 4695
Phosphor-P90RSK (Ser’?) 1:1000 Cell Signaling Technology 9346
P90RSK 1:1000 Cell Signaling Technology 9335
Phosphor-P38 (Thr!80 / Tyr182) 1:1000 Cell Signaling Technology 4511
P38 1:1000 Cell Signaling Technology 9212
(1;}}13?%}?;; 11\21315,() 1:1000 Cell Signaling Technology 4668

JNK 1:1000 Cell Signaling Technology 9252

IRElx 1:1000 Cell Signaling Technology 3294
Phosphor-elF2a (Ser’?) 1:1000 Cell Signaling Technology 3398
elF2u 1:1000 Cell Signaling Technology 5324

GRP78 1:1000 Santa Cruz sc-13968

ATG5 1:1000 Cell Signaling Technology 12994
Phosphor-P62 (Ser®*) 1:1000 Cell Signaling Technology 16177
P62 1:1000 Cell Signaling Technology 88588

LC3B 1:1000 Cell Signaling Technology 3868

TYMS 1:1000 Cell Signaling Technology 9045

2.2. Cell Culture

HCT116, HT29, and CCD-18Co cells were purchased from the Korean Cell Line Bank
(Seoul, Korea). To establish colon cancer cells resistant to 5-FU (5FUR), HCT116 was
cultured for at least 6 months with progressively increasing 5-FU concentrations starting at
0.5 uM. In our prior experiment, the half maximal inhibitory concentration (ICsg) of cell
viability to 5-FU of 5-FUR HCT116 cells was 16.1 uM, whereas in parental HCT116 cells, it
was 1.9 uM.
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2.3. Proliferation Assay and Cell Viability Test

To assess proliferation, the cells were incubated with a bromodeoxyuridine solution for
2 h and again for 1 h and 30 min. The relative absorbance value at the 370/492 nm wavelength
was estimated using a microplate reader and quantified with at least three microplate wells.
Cell viability changes on the HCT116 and HT29 cells were monitored in response to eupatilin
for 48 h using an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) labeling
reagent (Roche, Basel, Switzerland) according to manufacturer’s instructions.

2.4. Spheroid Culture

To form spheroids for colon cancer cells, 3000 cells were seeded onto the lid of the
culture dish with eupatilin treatment [16]. HCT116 and HT29 cells were cultured for 3 and
4 days, respectively, with 50 uM of eupatilin. The morphological changes were observed
with Leica’s DM3000 microscope (Wetzlar, Germany). The total area for each image
was quantified with the Image] software (NIH, Bethesda, MD, USA) (http:/ /rsb.info.nih.
gov/ij/docs/index.html (accessed on 10 April 2021)). The ReViSP software (MathWorks,
Natick, MA, USA) (https:/ /sourceforge.net/projects/revisp/ (accessed on 10 April 2021))
was used to measure the density of spheroids. Briefly, the mask image obtained by the
Image]J software was converted to a spherical 3D image by the ReViSP software, and the
density was quantified based on the automatically calculated volume values. At least three
independent spheroid images were quantified.

2.5. Annexin V and Propidium lodide Staining

Annexin V and propidium iodide (PI) were used to detect apoptotic HCT 116 and
HT29 cells treated with eupatilin. The eupatilin-treated cells were harvested and stained
with both dyes for 15 min, and fluorescence intensity was quantified with a FACSCalibur
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

2.6. Terminal Deoxynucleotidyl Transferase 2’-Deoxyuridine-5"-Triphosphate (dUTP) Nick end
Labeling (TUNEL) Assay

The cells were air dried and fixed with 4% paraformaldehyde in phosphate buffered
saline (PBS) for 1 h at room temperature. The cells were briefly rinsed with PBS and
permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate for 2 min on ice. Then, the
cells were subjected to a TUNEL staining mixture using the In Situ Cell Death Detection
kit, TMR red (Roche) for 1 h at 37 °C in the dark. Cells then were washed with PBS and
overlaid with 4’,6-diamidino-2-phenylindole (DAPI). Fluorescence was detected using an
LSM710 (Carl Zeiss, Oberkochen, Germany) confocal microscope.

2.7. JC-1 Staining

JC-1 dye in a mitochondrial staining kit (Sigma) was used to detect the mitochondrial
membrane potential of HCT116 and HT29 cells treated with eupatilin for 48 h. The
eupatilin-treated cells were harvested and stained with JC-1 for 20 min, and fluorescence
intensity was quantified with a FACSCalibur flow cytometer (BD Biosciences).

2.8. Western Blot Analysis

Protein extraction, denaturation, and Western blot methods were described in a
previous work [17]. Western blots were conducted on proteins extracted from colon cancer
cells treated with eupatilin for 24 h.

2.9. Cell Cycle Analysis

The cycle distribution in colon cancer cells was analyzed through PI staining with
RNase A (100 pg/mL) treatment, as described in a previous study [14].
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2.10. Reactive Oxygen Species (ROS) Analysis

To estimate ROS production in HCT116 and HT29 cells, they were treated with
eupatilin for 2 h and then with 2/,7’-dichlorofluorescein diacetate for 30 min. Fluorescence
intensity was measured with a FACSCalibur flow cytometer.

2.11. Transwell Invasion Assay and Migration Assay

Cell invasion was analyzed using 8-pum pore Transwell inserts (Cat No: 3422, Corning,
Inc., New York, NY, USA) coated with a Matrigel® growth factor reduced basement
membrane matrix (Cat No: 356230, Corning, Inc., Corning, NY, USA) for 2 h at 37 °C. Cells
in serum-free medium containing 50 uM of eupatilin were plated in the upper chamber,
while a medium containing 10% FBS was added to the lower wells. After cells were
incubated for 16 h at 37 °C in a CO, incubator, cells that had not invaded were removed
with a cotton swab. For the evaluation of cells that invaded onto the lower surface, inserts
were fixed in methanol for 10 min. The Transwell membranes were then air-dried and
stained using hematoxylin (Sigma) for 30 min. The hematoxylin-stained cells were counted
using Leica’s DM3000 microscope. Cell migration was also analyzed using culture-insert
2-well in p-dish 35 mm (Cat No: 81176, ibidi GmbH, Munich, Germany) according to
the manufacturer’s instructions. The degree of migration to the cell-free gap during 24 h
of treatment with 50 uM of eupatilin was observed through Leica’s DM3000 microscope.
Based on the gap closure, the migration of cells was quantified.

2.12. Statistics

The statistical significance of all experiments was estimated using the SAS program
(9.4 version, Cary, NC, USA). All experiments were repeated at least three times. A
probability value of p < 0.05 was considered statistically significant.

3. Results
3.1. Eupatilin Inhibits Colon Cancer Cell Growth

Cell proliferation changes were first analyzed after treating HCT116 and HT29 cells
with increasing eupatilin doses (Figure 1A). Cell proliferation decreased by more than 50%
at concentrations above 25 uM in HCT116 cells and above 50 uM in HT29 cells. Under the
same conditions, cell viability decreased by more than 50% at 25 uM or more (p < 0.001) in
HCT116 cells and 100 uM or more (p < 0.001) in HT29 cells (Figure 1B). Next, we induced
spheroid formation in HCT116 and HT29 cells through the hanging drop method with the
dose-dependent treatment of eupatilin (Figure 1C). In HCT116 cells, eupatilin decreased the
total area and density of spheroids in a dose-dependent manner. However, in HT29 cells,
eupatilin did not significantly decrease the total area of the spheroid and only significantly
reduced the density by treatment at a concentration of 50 uM (p < 0.01).
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Figure 1. Eupatilin inhibits colon cancer cell growth. (A) Dose-dependent effects of eupatilin on HCT116 and HT29 cell
proliferation. (B) Dose-dependent effects of eupatilin on HCT116 and HT29 cell viability. (C) Bright field images showing the
changes in spheroid morphology following eupatilin treatment. The total area and density of the spheroid were calculated

using the Image] software. Asterisks indicate a significant change after eupatilin treatment (*** p < 0.001, ** p < 0.01 and

*p < 0.05).

3.2. Eupatilin Induces Apoptotic Processes in Colon Cancer Cells

Whether treating colon cancer cells with eupatilin for 48 h induced apoptosis was
then investigated (Figure 2A). In HCT116 cells, 50 and 100 uM of eupatilin significantly
increased apoptosis (4.4-fold (p < 0.05) and 13.2-fold (p < 0.001), respectively). Moreover,
eupatilin significantly promoted apoptosis in HT29 cells at 50 uM (1.6-fold; p < 0.05) and
100 uM (1.7-fold; p < 0.001). Based on the change in the characteristics of HCT116 and
HT?29 cells following the dose-dependent treatment of eupatilin, 50 uM was set as the
optimal treatment concentration to analyze the apoptotic effect after treatment with a
single eupatilin concentration. To observe the process of apoptosis by microscopic imaging,
a TUNEL assay showing DNA fragmentation was performed (Figure 2B). As a result,
eupatilin increased the frequency of DNA fragmentation indicated by red fluorescence
in HCT116 and HT29 cells. Next, staining with JC-1 was done to determine whether
eupatilin-induced apoptosis mediates mitochondrial dysfunction (Figure 2C). Eupatilin
significantly decreased mitochondrial membrane potential at 50 uM (2.0-fold; p < 0.05)
and 100 pM (2.6-fold; p < 0.01) in HCT116 cells and 100 uM (1.5-fold; p < 0.05) in HT29
cells. Next, the cells were treated with various eupatilin concentrations for 24 h, whole
proteins were extracted, and the expression of apoptosis-related proteins was analyzed by
Western blot (Figure 2D). Eupatilin suppressed BCL-xL expression, but it increased BAK
and cytochrome c expression.
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Figure 2. Eupatilin induces apoptosis in colon cancer cells. (A) Apoptosis detection in eupatilin-treated HCT116 and
HT29 cells. Annexin V and propidium iodide (PI) fluorescence values were estimated by flow cytometry. (B) TUNEL
fluorescence immunocytochemistry field showed apoptotic cells (red), and the cells were counter-stained with DAPI (blue)
(C) Mitochondrial membrane potential alteration in eupatilin-treated HCT116 and HT29 cells, detected by flow cytometry.
(D) Analysis of BCLXL, BAK, and cytochrome c expression after treatment with various eupatilin concentrations for

24 h. Immunoblots were quantitated to calculate normalized values relative to alpha-tubulin (TUBA). Asterisks indicate a

significant change after eupatilin treatment (*** p < 0.001, ** p < 0.01, and * p < 0.05).

3.3. Eupatilin Regulates the Cell Cycle Phases and Promotes ROS Production in Colon Cancer

Next, how treatment with various eupatilin concentrations for 48 h affected the

colon cancer cell cycle was investigated (Figure 3A). At 100 pM, eupatilin significantly
increased the SubG1 phase population, suggesting progression to cell death. On the other
hand, 100 uM of eupatilin decreased the S phase population. Then, we estimated the
changes in ROS production, a representative mechanism that induces cancer cell death,
through 2’,7'-dichlorofluorescin diacetate (DCFH-DA) treatment (Figure 3B). Peroxide
converts DCFH-DA to fluorescent 2’,7'-dichlorofluorescein (DCF). Eupatilin increased DCF
fluorescence intensity in HCT116 and HT29 cells, suggesting excessive ROS production.
Treatment with 50 uM of eupatilin increased ROS production by 15.8-fold (p < 0.001) in

HCT116 cells and 5.6-fold (p < 0.001) in HT29 cells.
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Figure 3. Effect of eupatilin on cell cycle and ROS production in colon cancer cells. (A) Cell cycle distribution was confirmed
by PI staining. (B) Eupatilin-induced intracellular ROS production estimated by flowcytometric detection. The number of
DCF green fluorescence-labeled cells represents the relative quantities of intracellular hydrogen peroxide in eupatilin-treated
cells. Asterisks indicate a significant change after eupatilin treatment (*** p < 0.001, ** p < 0.01, and * p < 0.05).

3.4. Eupatilin Regulates the Proteins Involved in the PI3K/AKT and MAPK Pathways,
Endoplasmic Reticulum (ER) Stress, and Autophagy in Colon Cancer Cells

The phosphorylation of proteins of the representative signaling pathways involved
in cell growth and survival was investigated by Western blot. In HCT116 and HT29 cells,
eupatilin inhibited the phosphorylation of AKT and its downstream proteins P70 ribosomal
protein 56 kinase (P70S6K) and S6, which are part of the PI3K/AKT signaling pathway
(Figure 4A—C). In contrast, eupatilin induced the phosphorylation of ERK in HCT116 and
HT?29 cells, as well as of the P90 ribosomal S6 kinase (P90RSK), a downstream protein
(Figure 4D,E). Eupatilin also increased the phosphorylation of P38 and the c-Jun N-terminal
kinase (JNK) (Figure 4F,G). Next, cell viability was confirmed after co-treatment with
LY294002, U0126, SB203580, and SP600125, which are selective inhibitors of AKT, ERK, P38,
and JNK, respectively (Figure 4H). Co-treatment with LY294002, U0126, and SB203580 in
HCT116 and HT29 cells further reduced the cell viability suppressed by eupatilin. These
results suggest that eupatilin activates signaling pathways that regulate the cell viability of
colon cancer cells.
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Figure 4. Regulation of PI3K/AKT and MAPK signaling pathways by eupatilin in colon cancer cells. (A-G) Phosphorylated
AKT (A), P70S6K (B), S6 (C), ERK (D), P90RSK (E), P38 (F), and JNK (G). Inmunoblots were quantitated to calculate the
normalized values by estimation of expressed levels from phosphorylated proteins relative to total proteins. (H) Effects of
eupatilin and selective inhibitors for AKT (LY294002), ERK (U0126), P38 (SB203580), and JNK (SP600125) on HCT116 and
HT29 cell viability. Data are presented as a percentage relative to control (100%). Asterisks indicate a significant change
after eupatilin treatment (*** p < 0.001, ** p < 0.01, and * p < 0.05).

Next, whether eupatilin could regulate endoplasmic reticulum (ER) stress-related
protein expression was investigated. After treating the colon cancer cells with various
eupatilin concentrations, the proteins were extracted, and Western blot confirmed that
eupatilin increases the expression of ER stress-related proteins (Figure 5A). Eupatilin
increased the expression of inositol-requiring enzyme alpha (IRElx), phosphorylated
eukaryotic initiation factor 2 alpha (elF2«), and glucose-regulated protein 78 (GRP78) in
HCT116 cells and only of IRE1x in HT29 cells. How eupatilin affected autophagy-related
proteins was also investigated. Eupatilin increased the expression of light chain 3B type
IT (LC3BII) in HCT116 cells and of autophagy-related 5 (ATG5), P62, and LC3BII in HT29

cells (Figure 5B).
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Figure 5. Modulatory effect of eupatilin on protein expression related to ER stress and autophagy in colon cancer cells.
(A) IRE1e, phosphorylated elF2«, total elF2x, and GRP78 expression levels in response to various eupatilin for 24 h. (B)
ATG, phosphorylated P62, total P62, and LC3BII expression levels in response to various eupatilin concentrations for 24 h.
Immunoblots were quantitated to calculate normalized values relative to TUBA. Asterisks indicate a significant change after
eupatilin treatment (*** p < 0.001, ** p < 0.01, and * p < 0.05).

3.5. Eupatilin Inhibits Invasion and Migration in Colon Cancer Cells

Through Transwell migration assay analysis, it was found that eupatilin can regulate
cell invasion, which is essential for cancer cell growth and metastasis. Treatment with
50 uM of eupatilin significantly reduced the number of HCT116 (by 97.2%; p < 0.001) and
HT29 (by 42.0%; p < 0.01) cells that passed through the membrane (Figure 6A). Moreover,
eupatilin inhibited the proportion of HCT116 and HT29 cells migrating to the empty space,
as proven by the large interspace (Figure 6B).



Antioxidants 2021, 10, 957

10 of 16

[A]

HCT116

0 pM

150
% _—
SE 400
E 2
e
g3 %0
E3 e
0
0 50
Eupatilin (uM)

Figure 6. Eupatilin inhibits

[B]
HCT116 HT29
0 uM
50 yMm
120 __ 200 150 .
= - 100 o e x o &
88 g " gC 0 2T 100
22 w0 5% 100 53
$3 40 Ez s Ee %0
£° 20 Sg S
0 0 0
0 50 0 50 0 50
Eupatilin (M) Eupatilin (pM) Eupatilin (uM)

invasion and migration in colon cancer cells. (A) Invasive capacities were measured using the

Transwell migration assay. Eupatilin significantly decreased invasion. (B) Migration of HCT116 and HT29 cells in response
to eupatilin calculated based on gap distance. Asterisks indicate a significant change after eupatilin treatment (*** p < 0.001,

**p <0.01, and * p < 0.05).

3.6. Eupatilin Has a Synergistic Effect with Standard Anticancer Drugs on Colon Cancer Cells

Eupatilin’s effect in combination with the standard anticancer drugs 5-FU and irinote-
can was investigated. HCT116 and HT29 cell viability treated with various 5-FU and
irinotecan concentrations (5, 10, 20, and 40 utM) was assessed in the presence or absence of
eupatilin (Figure 7A). Eupatilin further reduced cell viability when combined with irinote-
can and 5-FU at all concentrations. Microscopic observations confirmed that co-treatment
with eupatilin and 5-FU or irinotecan might further impair spheroid formation (Figure 7B).
HCT116 cells were then treated with 5-FU over a long period, and relatively 5-FU-resistant
(5-FUR) cells were obtained. Eupatilin significantly increased the 5-FU-induced apoptosis
in 5-FUR HCT116 cells (Figure 7C). We confirmed that 5-FUR HCT116 cells expressed
significantly more thymidylate synthase (TYMS), a target protein of 5-FU (Figure 7D). Fur-
thermore, 5-FU alone did not affect BAK and cytochrome c expression in 5-FUR HCT116
cells, while the combination of 5-FU and eupatilin increased it. These results imply that
eupatilin supports standard anticancer drugs by mediating synergistic effects in colon
cancer cells.
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Figure 7. Synergistic effect of eupatilin combined with standard anticancer drugs. (A) Effects of eupatilin combined with
5-FU or irinotecan on HCT116 and HT29 cell viability. (B) Bright field images showing the changes in spheroid morphology
following eupatilin treatment combined with 5-FU or irinotecan. The total area and density of the spheroid were calculated
using the Image] software. (C) Flow cytometric detection of apoptosis in 5-FUR HCT116 cells in response to 5-FU and
eupatilin combined treatment using Annexin V and PI staining. (D) BAK, cytochrome ¢, and TYMS expression levels in
response to eupatilin and 5-FU combined treatment for 24 h in 5FUR HCT116 cells. Asterisks indicate a significant change
after eupatilin treatment (*** p < 0.001, ** p < 0.01, and * p < 0.05).

3.7. Eupatilin Does Not Cause Changes in the Properties of Normal Colon Cells

We dose-dependently treated the CCD-18Co cell line with eupatilin to determine if
eupatilin can cause toxicity to normal colon cells. Eupatilin did not have a significant effect
on the viability of CCD-18Co cells, except for the 200 uM treatment (Figure 8A). Even on
the total area and density of the spheroids of CCD-18Co, 50 uM of eupatilin did not have a
significant effect (Figure 8B). In addition, eupatilin did not significantly affect the migration
of CCD-18Co cells (Figure 8C). These results suggest that eupatilin has a minor effect on
cellular properties in normal colon cells, unlike in colon cancer cells.
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Figure 8. Effect of eupatilin in normal colon cancer cells. (A) Dose-dependent effects of eupatilin on CCD-18Co cell viability
(B) Bright field images showing the changes in spheroid morphology following eupatilin treatment. The total area and
density of the spheroid were calculated using the Image]J software. (C) Migration of CCD-18Co cells in response to eupatilin
calculated based on gap distance. Asterisks indicate a significant change after eupatilin treatment (* p < 0.05).

4. Discussion

We found that the physiological regulation of eupatilin in colon cancer cells is similar
to that of other cancer cell types. For instance, eupatilin induces apoptosis by mediating
cytochrome c release from mitochondria in leukemia cells [12]. Moreover, in gastric
cancer cells, eupatilin induces apoptosis by regulating apoptotic proteins such as BAX and
BCL2 and inducing mitochondrial depolarization [8]. Eupatilin also induces apoptosis by
mediating mitochondrial membrane depolarization in cervical cancer cells [18]. Similarly,
we found that eupatilin can regulate the expression of the mitochondrial proteins BAK,
BCL-xL, and cytochrome ¢, which are involved in apoptotic processes in colon cancer
cells, as well as in mitochondrial depolarization. Microscopic imaging, which showed that
eupatilin induced DNA fragmentation, indicated the apoptosis-inducing effect of eupatilin
in colon cancer cells. When the mitochondrial membrane potential decreases, mitochondria
release cytochrome c and ROS [19]. Increasing oxidative stress levels within cancer cells
comprise an important therapeutic strategy, because it makes cells vulnerable to further
ROS increase by therapeutic compounds [20]. It has been speculated that normal colon
cancer cells, which have lower levels of oxidative stress compared to cancer cells, are less
sensitive to compounds that produce ROS. In this study, eupatilin did not significantly
affect the viability or migration of CCD-18Co cells, a normal colon cancer cell line. These
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results suggest that eupatilin may induce oxidative stress-mediated apoptosis specific
to colon cancer cells, although further research is needed. Excessive intracellular ROS
production activates signaling pathways that induce oxidative stress and promote cell cycle
arrest and apoptosis [21]. Our results suggest that eupatilin can regulate the cell cycle and
induce apoptosis by mediating excessive ROS production in colon cancer cells. In HCT116
cells, eupatilin clearly increased the SubG1 phase population. In HT29 cells, eupatilin
induced cell arrest in the G2/M phase and increased the SubG1 phase population at a high
concentration. The difference in cell cycle regulation between two cell lines suggests that
eupatilin mediates P53, which requires confirmation. Forming spheroids is a useful model
for confirming 3D morphological changes in vitro in cancer research. Eupatilin was found
to inhibit the spheroid size of colon cancer cells, suggesting that eupatilin may inhibit colon
cancer growth [22].

Moreover, in this study, it was verified that eupatilin can cause synergistic effects
in colon cancer cells when co-treated with traditional anticancer drugs for colon cancer
such as 5-FU or irinotecan. In particular, the combination treatment of eupatilin and
5-FU increased the expression of BAK and cytochrome c even more than the respective
treatments alone, leading to an increase in apoptosis of colon cancer cells. The TYMS is a
target protein for 5-FU, and the inhibition of TYMS is considered a therapeutic strategy to
increase the sensitivity of 5-FU. However, in this study, eupatilin did not have a significant
effect on TYMS expression in colon cancer cells. These results suggest that eupatilin will
cause a synergistic effect with 5-FU in a TYMS-independent manner in colon cancer cells.
Meanwhile, sensitivity to chemotherapeutic drugs in colon cancer cells primarily depends
on genetic variation [23]. A limitation of this study was that the effect of eupatilin on
the Wnt/ 3-catenin and RAS signaling pathways, which are well characterized in colon
cancer was not considered. The Wnt/ 3-catenin and RAS pathways play important roles in
the initial stage and progression of colon cancer tumorigenesis, and mutations in genes
belonging to both pathways contribute to the malignancy of colon cancer cells [24]. APC
mutations in the Wnt/ 3-catenin pathway and KRAS mutations, the major form of RAS,
are frequently found in colon cancer. Importantly, mutations in APC contribute to 5-FU
resistance in colon cancer cells [25]. Furthermore, silencing wild-type and mutant KRAS
enhances the resistance to 5-FU in colon cancer cell lines [26]. Therefore, the further
validation of the effect of eupatilin in colon cancer cells with genetic mutation will lead to
conclusive evidence suggesting that eupatilin can exert a therapeutic effect in combination
treatment with conventional chemotherapy in colon cancer. In addition, KRAS mutations
are closely associated with alterations in ROS production and mitochondrial metabolism in
colon cancer cells [27]. Furthermore, it has been reported that APC-induced apoptosis in
colon cancer cells is dependent on mitochondrial metabolism, and ROS generation also
suggests that the mitochondrial-mediated apoptosis of eupatilin, verified in this study, may
be involved in the major pathway of colon cancer tumorigenesis [28].

Previous studies have also frequently reported that eupatilin regulates the cell cycle
and signaling pathways related to cell proliferation and growth. For instance, eupatilin
inhibits endometrial cancer cell growth by inducing G2/M phase cell cycle arrest and
regulating ERK and AKT phosphorylation [13]. Eupatilin also suppresses proliferation,
migration, and invasion, and it induces cell cycle arrest at the G1/S phase in glioma
cells [11,29]. In esophageal cancer cells, eupatilin suppresses cell growth by inhibiting AKT
and ERK phosphorylation, as well as by inducing G1 phase arrest [10]. In renal cancer cells,
eupatilin activates MAPKSs, including ERK1/2, P38, and JNK, and it inhibits the PI3K/AKT
pathway [30]. Similarly, as seen in this study, eupatilin inhibits the PI3K/AKT pathway and
activates the MAPK pathway in colon cancer cells. However, further research is required
to determine whether eupatilin directly affects colon cancer cell survival and growth
by regulating this signaling pathway. Moreover, the phosphorylation of AKT plays an
important role in the nuclear translocation and transcriptional activity of 3-catenin, which
is dependent on APC mutation [31]. Therefore, further research is needed to determine
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whether signaling pathways regulated by eupatilin may be involved in therapeutic effects
in genetically mutated colon cancer cells.

Our previous study confirmed that eupatilin induces apoptosis in epithelial ovarian
cancer cells by regulating the ER-mitochondria axis [14]. The ER is responsible for various
physiological processes, including protein synthesis, protein folding, and Ca?* storage.
The ER is involved in apoptosis by directly binding to mitochondria and exchanging
Ca?* [32]. Many natural products that are effective anticancer adjuvants target mitochon-
drial dysfunction-associated ER stress [33]. Under ER stress conditions, GRP78 is released
from ER transmembrane signal transducers, including IRE1 and PERK with elF2« as a
downstream protein, which activates the unfolded protein response signaling pathway [34].
IRE1 activates JNK, inducing the intrinsic apoptosis pathway [35]. Activated JNK pro-
motes ROS production and triggers mitochondrial dysfunction by inhibiting complex I
or mitochondrial enzymes [36]. Additionally, IRE1 can induce mitochondrial apoptosis
by binding to BAX and BAK proteins. Furthermore, sustained IRE1 induction may be
associated with ERK activation, while ERK inhibition prevents IRE1 in cancer cells [37].
However, it is unclear whether eupatilin-regulated ER stress proteins in colon cancer cells
are directly related to mitochondrial apoptosis or the activation of JNK and ERK proteins.
Further studies are required in this aspect.

Autophagy is a conserved physiological process involving cellular component degra-
dation to maintain cell homeostasis and survival under stress conditions [38]. In cancer
cells, autophagy can promote or inhibit tumors [39]. The pro-survival autophagic process
contributes to the growth and aggressiveness of cancer cells under stressful conditions [40].
On the other hand, autophagic cell death induction enhances the therapeutic effect on
cancer cells [41]. Autophagy and apoptosis mechanisms have a complex relationship [42].
ATGS5 and P62 play crucial roles in the initiation and progression of autophagosome forma-
tion [43]. Additionally, the LC3-phosphatidylethanolamine conjugate LC3BII is recruited
to autophagosomal membranes and utilized as an autophagy marker. For the first time, we
have shown that eupatilin can regulate the expression of the autophagy-related proteins
ATGS5, P62, and LC3B.

Cancer cell invasiveness is essential for tumor formation and metastasis. Since colon
cancer frequently metastasizes, suppressing invasion and migration (which are the un-
derlying physiological mechanisms of metastasis), targeting them is crucial to prevent
advanced colon cancer. Just as eupatilin inhibited the invasion and migration of colon
cancer cells in this study, previous studies have shown similar effects on other cancer types.
For instance, eupatilin inhibits the migration and invasion of human hepatocarcinoma [44].
Eupatilin also suppresses the invasive potential of gastric cancer cells by inhibiting the
expression of metalloproteinases [45].

5. Conclusions

This study is the first to reveal eupatilin’s apoptotic effect on colon cancer cells and its
physiological mechanisms. In this study, eupatilin induced apoptosis mediated by oxidative
stress and mitochondrial damage in colon cancer cells. The results that eupatilin regulates
a variety of signaling mechanisms suggest that further studies on the relationship between
the proteins and physiological properties that eupatilin regulates are required. Moreover,
combining eupatilin with standard chemotherapy had synergistic effects, suggesting that
eupatilin is a potential therapeutic adjuvant for colon cancer. However, this study did not
focus on the role of eupatilin in regulating the Wnt/ 3-catenin and RAS pathways that
are majorly involved in the progression of colorectal cancer. In a future study, it will be
necessary to verify the effect of eupatilin in colon cancer cells with mutations in genes such
as APC, B-catenin, and KRAS.

Author Contributions: Conceptualization, G.S. and W.L.; methodology, M.L. and C.Y.; validation,
M.L. and C.Y,; investigation, M.L., G.S., and W.L.; data curation, G.S. and W.L.; writing—original
draft preparation, M.L. and C.Y.; writing—review and editing, G.S. and W.L.; visualization, M.L. and



Antioxidants 2021, 10, 957 15 of 16

C.Y,; supervision, G.S. and W.L.; funding acquisition, G.S. and W.L. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (No. 2021R1A2C2005841 & 2021R1C1C1009807).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer ]. Clin. 2020, 70, 7-30. [CrossRef]

Landre, T.; Uzzan, B.; Nicolas, P.; Aparicio, T.; Zelek, L.; Mary, F; Taleb, C.; Guetz, G.D. Doublet chemotherapy vs. single-agent
therapy with 5FU in elderly patients with metastatic colorectal cancer. a meta-analysis. Int. J. Color. Dis. 2015, 30, 1305-1310.
[CrossRef]

Xie, Q.; Wu, M.-Y; Zhang, D.-X,; Yang, Y.-M.; Wang, B.-S.; Zhang, J.; Xu, J.; Zhong, W.-D.; Hu, J.-N. Synergistic anticancer effect of
exogenous wild-typep53gene combined with 5-FU in human colon cancer resistant to 5-FUin vivo. World . Gastroenterol. 2016, 22,
7342-7352. [CrossRef] [PubMed]

Webber, E.M.; Kauffman, T.L.; O’Connor, E.; Goddard, K.A.B. Systematic review of the predictive effect of MSI status in colorectal
cancer patients undergoing 5FU-based chemotherapy. BMC Cancer 2015, 15, 156. [CrossRef] [PubMed]

Touil, Y.; Igoudjil, W.; Corvaisier, M.; Dessein, A.-F.; Vandomme, J.; Monte, D.; Stechly, L.; Skrypek, N.; Langlois, C.; Grard, G.;
et al. Colon Cancer Cells Escape 5FU Chemotherapy-Induced Cell Death by Entering Stemness and Quiescence Associated with
the c-Yes/YAP Axis. Clin. Cancer Res. 2014, 20, 837-846. [CrossRef] [PubMed]

Jegal, K.H.; Ko, H.L,; Park, S.M.; Byun, S.H.; Kang, KW.; Cho, L].; Kim, S.C. Eupatilin induces Sestrin2-dependent autophagy to
prevent oxidative stress. Apoptosis 2016, 21, 642—-656. [CrossRef]

Choi, E.-J.; Lee, S.; Chae, J.-R.; Lee, H.-S,; Jun, C.-D.; Kim, S.-H. Eupatilin inhibits lipopolysaccharide-induced expression of
inflammatory mediators in macrophages. Life Sci. 2011, 88, 1121-1126. [CrossRef]

Kim, M.-J.; Kim, D.-H.; Na, H.-K,; Oh, T.Y,; Shin, C.-Y,; Surh, Y.-J. Eupatilin, a Pharmacologically Active Flavone Derived from
Artemisia Plants, Induces Apoptosis in Human Gastric Cancer (AGS) Cells. |. Environ. Pathol. Toxicol. Oncol. 2005, 24, 261-270.
[CrossRef]

Koroglu, C.; Erdogan, S. Eupatilin Inhibits the Proliferation and Migration of Prostate Cancer Cells through Modulation of PTEN
and NF-«B Signaling. Anti-Cancer Agents Med. Chem. 2021, 21, 372-382. [CrossRef]

Wang, X.; Zhu, Y.; Zhu, L.; Chen, X.; Xu, Y.; Zhao, Y.; Shao, Y.; Li, F; Jiang, Y.; Lu, ].; et al. Eupatilin inhibits the proliferation
of human esophageal cancer TE1 cells by targeting the Akt-GSK3p and MAPK/ERK signaling cascades. Oncol. Rep. 2018, 39,
2942-2950. [CrossRef]

Wang, Y.; Hou, H.; Li, M.; Yang, Y.; Sun, L. Anticancer effect of eupatilin on glioma cells through inhibition of the Notch-1
signaling pathway. Mol. Med. Rep. 2016, 13, 1141-1146. [CrossRef] [PubMed]

Seo, H.-J.; Surh, Y.-J. Eupatilin, a pharmacologically active flavone derived from Artemisia plants, induces apoptosis in human
promyelocytic leukemia cells. Mutat. Res. Toxicol. Environ. Mutagen. 2001, 496, 191-198. [CrossRef]

Cho, J.-H,; Lee, ].-G.; Yang, Y.-I.; Kim, ].-H.; Ahn, J.-H.; Baek, N.-L; Lee, K.-T.; Choi, J.-H. Eupatilin, a dietary flavonoid, induces
G2/M cell cycle arrest in human endometrial cancer cells. Food Chem. Toxicol. 2011, 49, 1737-1744. [CrossRef] [PubMed]

Lee, J.-Y,; Bae, H.; Yang, C.; Park, S.; Youn, B.-S.; Kim, H.-S; Song, G.; Lim, W. Eupatilin Promotes Cell Death by Calcium Influx
through ER-Mitochondria Axis with SERPINB11 Inhibition in Epithelial Ovarian Cancer. Cancers 2020, 12, 1459. [CrossRef]
[PubMed]

Nam, 5.Y,; Kim, J.S.; Kim, J.M.; Lee, J.Y.; Kim, N.; Jung, H.C.; Song, L.S. DA-6034, a Derivative of Flavonoid, Prevents and
Ameliorates Dextran Sulfate Sodium-Induced Colitis and Inhibits Colon Carcinogenesis. Exp. Biol. Med. 2008, 233, 180-191.
[CrossRef] [PubMed]

Foty, R. A Simple Hanging Drop Cell Culture Protocol for Generation of 3D Spheroids. J. Vis. Exp. 2011, e2720. [CrossRef]

Lim, W.; Yang, C.; Bazer, EW.; Song, G. Chrysophanol Induces Apoptosis of Choriocarcinoma Through Regulation of ROS and
the AKT and ERK1/2 Pathways. J. Cell. Physiol. 2016, 232, 331-339. [CrossRef]

Rosa, A.; Isola, R.; Pollastro, F,; Caria, P.; Appendino, G.; Nieddu, M. The dietary flavonoid eupatilin attenuates in vitro lipid
peroxidation and targets lipid profile in cancer HeLa cells. Food Funct. 2020, 11, 5179-5191. [CrossRef] [PubMed]

Storey, S. Targeting apoptosis: Selected anticancer strategies. Nat. Rev. Drug Discov. 2008, 7, 971-972. [CrossRef] [PubMed]
Pelicano, H.; Carney, D.; Huang, P. ROS stress in cancer cells and therapeutic implications. Drug Resist. Updat. 2004, 7, 97-110.
[CrossRef] [PubMed]

Sauer, H.; Wartenberg, M.; Hescheler, J. Reactive Oxygen Species as Intracellular Messengers During Cell Growth and Differentia-
tion. Cell. Physiol. Biochem. 2001, 11, 173-186. [CrossRef]


http://doi.org/10.3322/caac.21590
http://doi.org/10.1007/s00384-015-2296-5
http://doi.org/10.3748/wjg.v22.i32.7342
http://www.ncbi.nlm.nih.gov/pubmed/27621580
http://doi.org/10.1186/s12885-015-1093-4
http://www.ncbi.nlm.nih.gov/pubmed/25884995
http://doi.org/10.1158/1078-0432.CCR-13-1854
http://www.ncbi.nlm.nih.gov/pubmed/24323901
http://doi.org/10.1007/s10495-016-1233-6
http://doi.org/10.1016/j.lfs.2011.04.011
http://doi.org/10.1615/JEnvironPatholToxicolOncol.v24.i4.30
http://doi.org/10.2174/1871520620666200811113549
http://doi.org/10.3892/or.2018.6390
http://doi.org/10.3892/mmr.2015.4671
http://www.ncbi.nlm.nih.gov/pubmed/26676446
http://doi.org/10.1016/S1383-5718(01)00234-0
http://doi.org/10.1016/j.fct.2011.04.019
http://www.ncbi.nlm.nih.gov/pubmed/21554918
http://doi.org/10.3390/cancers12061459
http://www.ncbi.nlm.nih.gov/pubmed/32503295
http://doi.org/10.3181/0707-RM-186
http://www.ncbi.nlm.nih.gov/pubmed/18222973
http://doi.org/10.3791/2720
http://doi.org/10.1002/jcp.25423
http://doi.org/10.1039/D0FO00777C
http://www.ncbi.nlm.nih.gov/pubmed/32436500
http://doi.org/10.1038/nrd2662
http://www.ncbi.nlm.nih.gov/pubmed/19043447
http://doi.org/10.1016/j.drup.2004.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15158766
http://doi.org/10.1159/000047804

Antioxidants 2021, 10, 957 16 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Gheytanchi, E.; Naseri, M.; Karimi-Busheri, F.; Atyabi, F.; Mirsharif, E.S.; Bozorgmehr, M.; Ghods, R.; Madjd, Z. Morphological
and molecular characteristics of spheroid formation in HT-29 and Caco-2 colorectal cancer cell lines. Cancer Cell Int. 2021, 21, 204.
[CrossRef] [PubMed]

Fearon, E.R.; Vogelstein, B. A genetic model for colorectal tumorigenesis. Cell 1990, 61, 759-767. [CrossRef]

Jeong, W.-].; Ro, E.J.; Choi, K.-Y. Interaction between Wnt/ 3-catenin and RAS-ERK pathways and an anti-cancer strategy via
degradations of 3-catenin and RAS by targeting the Wnt/3-catenin pathway. NP] Precis. Oncol. 2018, 2, 5. [CrossRef] [PubMed]
Siraj, A.K.; Parvathareddy, S.K.; Pratheeshkumar, P,; Divya, S.P.; Ahmed, S.O.; Melosantos, R.; Begum, R.; Concepcion, RM.].;
Al-Sanea, N.; Ashari, L.H.; et al. APC truncating mutations in Middle Eastern Population: Tankyrase inhibitor is an effective
strategy to sensitize APC mutant CRC To 5-FU chemotherapy. Biomed. Pharmacother. 2020, 121, 109572. [CrossRef]
Teimoori-Toolabi, L.; Hashemi, S.; Azadmanesh, K.; Eghbalpour, F,; Safavifar, F.; Khorramizadeh, M.R. Silencing the wild-type
and mutant K-ras increases the resistance to 5-flurouracil in HCT-116 as a colorectal cancer cell line. Anti-Cancer Drugs 2015, 26,
187-196. [CrossRef]

Chun, S.Y.; Johnson, C.; Washburn, J.G.; Cruz-Correa, M.R.; Dang, D.T.; Dang, L.H. Oncogenic KRAS modulates mitochondrial
metabolism in human colon cancer cells by inducing HIF-1a and HIF-2a target genes. Mol. Cancer 2010, 9, 293. [CrossRef]
Cristofaro, M.; Contursi, A.; D’Amore, S.; Martelli, N.; Spaziante, A.F.; Moschetta, A.; Villani, G. Adenomatous polyposis coli
(APC)-induced apoptosis of HT29 colorectal cancer cells depends on mitochondrial oxidative metabolism. Biochim. Biophys. Acta
(BBA)-Mol. Basis Dis. 2015, 1852, 1719-1728. [CrossRef]

Fei, X.;; Wang, J.; Chen, C.; Ding, B.; Fu, X.; Chen, W.; Wang, C.; Xu, R. Eupatilin inhibits glioma proliferation, migration, and
invasion by arresting cell cycle at G1/S phase and disrupting the cytoskeletal structure. Cancer Manag. Res. 2019, 11, 4781-4796.
[CrossRef] [PubMed]

Zhong, W.-F; Wang, X.-H.; Pan, B.; Li, F.; Kuang, L.; Su, Z.-X. Eupatilin induces human renal cancer cell apoptosis via ROS-
mediated MAPK and PI3K/AKT signaling pathways. Oncol. Lett. 2016, 12, 2894-2899. [CrossRef]

Lin, P-L.; Wu, D.-W.; Huang, C.-C.; He, T.-Y.; Chou, M.-C.; Sheu, G.-T; Lee, H. MicroRNA-21 promotes tumour malignancy via
increased nuclear translocation of 3-catenin and predicts poor outcome in APC-mutated but not in APC-wild-type colorectal
cancer. Carcinogenesis 2014, 35, 2175-2182. [CrossRef]

Pinton, P.; Giorgi, C.; Siviero, R.; Zecchini, E.; Rizzuto, R. Calcium and apoptosis: ER-mitochondria Ca2+ transfer in the control of
apoptosis. Oncogene 2008, 27, 6407-6418. [CrossRef]

Martucciello, S.; Masullo, M.; Cerulli, A.; Piacente, S. Natural Products Targeting ER Stress, and the Functional Link to
Mitochondria. Int. . Mol. Sci. 2020, 21, 1905. [CrossRef] [PubMed]

Schonthal, A.H. Endoplasmic Reticulum Stress: Its Role in Disease and Novel Prospects for Therapy. Scientifica 2012, 2012, 857516.
[CrossRef]

Dhanasekaran, D.N.; Reddy, E.P. JNK signaling in apoptosis. Oncogene 2008, 27, 6245-6251. [CrossRef] [PubMed]

Chambers, J.; LoGrasso, P.V. Mitochondrial c-Jun N-terminal Kinase (JNK) Signaling Initiates Physiological Changes Resulting in
Amplification of Reactive Oxygen Species Generation. J. Biol. Chem. 2011, 286, 16052-16062. [CrossRef] [PubMed]

Tay, K.H.; Luan, Q.; Croft, A,; Jiang, C.C.; Jin, L.; Zhang, X.D.; Tseng, H.-Y. Sustained IRE1 and ATF6 signaling is important for
survival of melanoma cells undergoing ER stress. Cell. Signal. 2014, 26, 287-294. [CrossRef]

Swart, C.; Du Toit, A.; Loos, B. Autophagy and the invisible line between life and death. Eur. ]. Cell Biol. 2016, 95, 598-610.
[CrossRef]

Amaravadi, R.; Kimmelman, A.C.; White, E. Recent insights into the function of autophagy in cancer. Genes Dev. 2016, 30,
1913-1930. [CrossRef]

Degenhardt, K.; Mathew, R.; Beaudoin, B.; Bray, K.; Anderson, D.; Chen, G.; Mukherjee, C.; Shi, Y.; Gélinas, C.; Fan, Y.; et al.
Autophagy promotes tumor cell survival and restricts necrosis, inflammation, and tumorigenesis. Cancer Cell 2006, 10, 51-64.
[CrossRef]

Qu, X,; Yu, J.; Bhagat, G.; Furuya, N.; Hibshoosh, H.; Troxel, A.; Rosen, J.; Eskelinen, E.-L.; Mizushima, N.; Ohsumi, Y.; et al.
Promotion of tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene. J. Clin. Investig. 2003, 112, 1809-1820.
[CrossRef]

Bursch, W.; Ellinger, A.; Gerner, C.; Frohwein, U.; Schulte-Hermann, R. Programmed Cell Death (PCD): Apoptosis, Autophagic
PCD, or Others? Ann. N. Y. Acad. Sci. 2006, 926, 1-12. [CrossRef] [PubMed]

Seto, S.; Tsujimura, K.; Horii, T.; Koide, Y. Autophagy Adaptor Protein p62/SQSTM1 and Autophagy-Related Gene Atg5 Mediate
Autophagosome Formation in Response to Mycobacterium tuberculosis Infection in Dendritic Cells. PLoS ONE 2013, 8, e86017.
[CrossRef] [PubMed]

Park, J.Y,; Park, D.H.; Jeon, Y.; Kim, Y.-J.; Lee, J.; Shin, M.-S.; Kang, K.S.; Hwang, G.S.; Kim, H.Y.; Yamabe, N. Eupatilin inhibits
angiogenesis-mediated human hepatocellular metastasis by reducing MMP-2 and VEGEF signaling. Bioorganic Med. Chem. Lett.
2018, 28, 3150-3154. [CrossRef]

Park, B.B.; Yoon, ].S.; Kim, E.S.; Choi, J.; Won, Y.-W.; Choi, ].H.; Lee, Y.Y. Inhibitory effects of eupatilin on tumor invasion of
human gastric cancer MKN-1 cells. Tumor Biol. 2013, 34, 875-885. [CrossRef] [PubMed]


http://doi.org/10.1186/s12935-021-01898-9
http://www.ncbi.nlm.nih.gov/pubmed/33849536
http://doi.org/10.1016/0092-8674(90)90186-I
http://doi.org/10.1038/s41698-018-0049-y
http://www.ncbi.nlm.nih.gov/pubmed/29872723
http://doi.org/10.1016/j.biopha.2019.109572
http://doi.org/10.1097/CAD.0000000000000175
http://doi.org/10.1186/1476-4598-9-293
http://doi.org/10.1016/j.bbadis.2015.05.009
http://doi.org/10.2147/CMAR.S207257
http://www.ncbi.nlm.nih.gov/pubmed/31213900
http://doi.org/10.3892/ol.2016.4989
http://doi.org/10.1093/carcin/bgu110
http://doi.org/10.1038/onc.2008.308
http://doi.org/10.3390/ijms21061905
http://www.ncbi.nlm.nih.gov/pubmed/32168739
http://doi.org/10.6064/2012/857516
http://doi.org/10.1038/onc.2008.301
http://www.ncbi.nlm.nih.gov/pubmed/18931691
http://doi.org/10.1074/jbc.M111.223602
http://www.ncbi.nlm.nih.gov/pubmed/21454558
http://doi.org/10.1016/j.cellsig.2013.11.008
http://doi.org/10.1016/j.ejcb.2016.10.005
http://doi.org/10.1101/gad.287524.116
http://doi.org/10.1016/j.ccr.2006.06.001
http://doi.org/10.1172/JCI20039
http://doi.org/10.1111/j.1749-6632.2000.tb05594.x
http://www.ncbi.nlm.nih.gov/pubmed/11193023
http://doi.org/10.1371/journal.pone.0086017
http://www.ncbi.nlm.nih.gov/pubmed/24376899
http://doi.org/10.1016/j.bmcl.2018.08.034
http://doi.org/10.1007/s13277-012-0621-y
http://www.ncbi.nlm.nih.gov/pubmed/23292941

	Introduction 
	Materials and Methods 
	Chemicals 
	Cell Culture 
	Proliferation Assay and Cell Viability Test 
	Spheroid Culture 
	Annexin V and Propidium Iodide Staining 
	Terminal Deoxynucleotidyl Transferase 2’-Deoxyuridine-5’-Triphosphate (dUTP) Nick end Labeling (TUNEL) Assay 
	JC-1 Staining 
	Western Blot Analysis 
	Cell Cycle Analysis 
	Reactive Oxygen Species (ROS) Analysis 
	Transwell Invasion Assay and Migration Assay 
	Statistics 

	Results 
	Eupatilin Inhibits Colon Cancer Cell Growth 
	Eupatilin Induces Apoptotic Processes in Colon Cancer Cells 
	Eupatilin Regulates the Cell Cycle Phases and Promotes ROS Production in Colon Cancer 
	Eupatilin Regulates the Proteins Involved in the PI3K/AKT and MAPK Pathways, Endoplasmic Reticulum (ER) Stress, and Autophagy in Colon Cancer Cells 
	Eupatilin Inhibits Invasion and Migration in Colon Cancer Cells 
	Eupatilin Has a Synergistic Effect with Standard Anticancer Drugs on Colon Cancer Cells 
	Eupatilin Does Not Cause Changes in the Properties of Normal Colon Cells 

	Discussion 
	Conclusions 
	References

