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Abstract

Colorectal cancer (CRC) is one of the leading causes of cancer-related death globally and discovering novel therapeutic
agents to treat the disease, and prevent cancer metastasis and recurrence is an urgent medical need. Cancer stem cells
(CSCs) capable of self-renewal and differentiation are generally considered the cause of tumor metastasis, recurrence
and chemoresistance. Hence, targeting CSCs may be a promising strategy for the treatment of cancer. GATA6, a zinc
finger transcription factor, contributes to tumorigenesis in CRC and is related to cancer stemness. GATA6-
overexpressing stable clones OE4 and OE6 derived from HCT116 cells were previously established and exhibited
increased stemness properties. In this study, we found that OE4 and OE6 cells displayed CSC-like properties, including
higher expression levels of stemness-related proteins, increased sphere forming capacity and resistance to 5-fluorouracil.
OE4 and OE6 cells also showed increased glucose uptake capacity, another hallmark of CSCs. Therefore, these two cell
clones were employed as a CSC-like cell model to search for potential colorectal CSC-targeting drugs. Among several
compounds tested, dihydroartemisinin (DHA), an antimalarial drug, exerted better anticancer activity toward OE4 and
OE6 relative to the empty vector-transfected HCT116 cells. DHA also inhibited sphere formation and impaired glucose
metabolism. DHA induced G0/G1 arrest and apoptosis. Moreover, DHA also induced reactive oxygen species and
mitochondrial membrane potential loss. Thus, DHA caused mitochondrial damage which was confirmed by Seahorse
mitochondrial stress test. DHA also increased LC3B-II and PINK1 protein levels, indicative of autophagy/mitophagy. In
conclusion, repurposing DHA may be a potential strategy against colorectal CSCs and further validation using in vivo
models is warranted.

Keywords: Autophagy/mitophagy, Colorectal cancer stem cells, Dihydroartemisinin, GATA6, Glucose metabolism

1. Introduction

A ccording to GLOBOCAN 2022, colorectal
cancer (CRC) ranks third in cancer incidence

and is the second leading cause of cancer-related
death for both sexes globally [1]. The 5-year survival
rate is estimated to be ~90% for early-stage, but
drops below 20% for metastatic CRC according to
the American Cancer Society's survey [2]. Treatment
options include surgical removal of tumor mass,
radiation therapy, and chemotherapy such as fluo-
ropyrimidine-based therapy. Targeted therapy and

immunotherapy are also available for a subset of
CRC patients [3].
Cancer stem cells (CSCs) are stem cell-like pop-

ulations in tumors with self-renewal capacity. CSCs
are quiescent and able to regenerate cancer cells;
therefore, considered to be responsible for treat-
ment failure and cancer recurrence. Thus, targeting
CSCs may be a promising strategy to combat cancer
and may provide a hope for cancer cure [4].
GATA6, a zinc finger containing transcription

factor, is important for normal colonic epithelial
differentiation and stem cell expansion [5]. Previous
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studies have shown that overexpression of GATA6
is associated with colorectal tumorigenesis [6]. Fur-
thermore, overexpression of GATA6 in a human
CRC cell line HCT116 resulted in elevated mRNA
levels of stem cell markers such as Oct4 and Nanog,
and increased CD44þ/CD133þ CSC populations and
self-renewal ability [7]. Therefore, HCT116 cell
clones overexpressing GATA6 could serve as a
CSC-like cell model for the search of drugs that can
target CSCs.
It has been reported that some CSCs exhibit sig-

nificant aerobic glycolysis characteristics, such as,
increased expression of glycolytic enzymes and
increased production of lactic acid [8], suggesting
that they may rely on more glucose supply for sur-
vival. It has also been demonstrated that targeting
the facilitative glucose transporter GLUT1 using
WZB117, a GLUT1 inhibitor, can inhibit the self-
renewal and tumor-initiating capacity of pancreatic,
ovarian and glioblastoma CSCs at lower doses than
those required for inhibition of cancer cells growing
in monolayers [9]. Overexpression of active glucose
transporters SGLT1 and SGLT2 may provide cancer
cells with the advantage of taking up glucose even
under low glucose supply in tumor microenviron-
ment and selective SGLT2 inhibitors such as dapa-
gliflozin and canagliflozin have been reported to
display anticancer activity [10].
Artemisinin, a well-known antimalarial drug, was

discovered by Dr. Youyou Tu's research team in
1972 [11]. Apart from antimalarial activity, artemi-
sinin has been reported to exhibit anticancer
activity. However, the application in cancer therapy
is limited due to poor solubility, short half-life and
low bioavailability [12]. Dihydroartemisinin (DHA),
a reduced lactol derivative of artemisinin, is more
stable and much more potent than artemisinin in
antimalarial activity [11]. DHA also shows anti-
cancer activity in a wide variety of cancers including
colorectal cancer [12]. The possible mechanisms of
antitumor activity include induction of cell cycle
arrest, apoptotic cell death, autophagy and ferrop-
tosis, and inhibition of angiogenesis, cancer cell
proliferation, metastasis and invasion [12,13].
Moreover, it has been reported that DHA can
induce cell cycle arrest and apoptosis in glioma
stem cells [14], however, related studies on CSCs
remain limited. Artemisinin and its bioactive
derivatives contain an endoperoxide moiety which
is considered important for their antimalarial and
anticancer activities. The endoperoxide bridge can
be reduced by heme or free ferrous ion to produce
free radicals or reactive oxygen species (ROS),
which play an important role in the induction of cell
death [12,13].

In this study, we used HCT116 cell clones over-
expressing GATA6 as a CSC-like cell model to test
whether GLUT1 or SGLT2 inhibitors, or DHA
displayed anti-CSC activity, and found that DHA
was effective against colorectal CSC-like cells.
The potential underlying mechanisms were also
investigated.

2. Materials and methods

2.1. Chemicals

DHA and canagliflozin were obtained from Tar-
getMol, 2-NBDG, geneticin, propidium iodide (PI)
and JC-1 dye were obtained from Invitrogen
Life Technologies. Chloroquine, cisplatin, 20,70-
dichlorodihydrofluorescein diacetate (DCFH-DA),
5-fluorouracil (5-FU), hydrogen peroxide (H2O2),
WZB117, sulforhodamine B (SRB) and trichloroacetic
acid (TCA) were obtained from Sigma-Aldrich. Stock
solutions of DHA, 5-FU, canagliflozin, DCFH-DA,
JC-1 and WZB117 were prepared in DMSO. Cis-
platin, geneticin and TCA were dissolved in PBS. 2-
NBDG and chloroquine were dissolved in ddH2O.
SRB solution was prepared in 1% acetic acid.

2.2. Cell culture, drug treatment and cell viability assay

The CRC cell line HCT116 was purchased from
American Type Culture Collection and cultured in
RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, and anti-
biotics (100 U/mL penicillin, 100 mg/mL streptomy-
cin, and 0.25 mg/mL amphotericin B). Stable clones
derived from HCT116 were established as previously
described [7] and maintained in culture medium
containing 600 mg/mL geneticin. Cells were cultured
at 37 �C in a humidified 5% CO2 atmosphere.
To determine cell viability, ~4000 cells/well were

seeded into 96-well plates and treated with indi-
cated concentrations of compounds for 72 h, and
then fixed with 10% TCA for the SRB assay. OD was
measured with SpectraMax iD3 Paradigm Micro-
plate Reader (Molecular Devices) at 515 nm. IC50

values were obtained from cell viability data using
GraphPad Prism 8 software with curve-fitting.

2.3. Sphere formation assay

For the sphere formation assay, 2 � 104 cells/well
were seeded in ultralow attachment 6-well plates
(COSTAR, Corning Inc.) with serum-free RPMI 1640
medium supplemented with 1.25% N2 supplement,
20 ng/mL epidermal growth factor, 10 ng/mL basic
fibroblast growth factor, 6 mg/mL glucose, 4 mg/mL
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bovine serum albumin (BSA) and antibiotics [7].
Cells were treated with or without DHA for 7 days.
Fresh serum-free medium and DHA were supple-
mented to each well on the fourth day of the 7-day
treatment period. The number of spheres larger than
40 mmwas counted and the image was captured with
the OLYMPUS CKX41 microscope equipped with an
OLYMPUS E-330 camera-ADU1.2x.

2.4. Western blot analysis

Cells were seeded in 6-well plates and treated with
indicated compounds for 24 h (3 � 105 cells/6-well)
and 48 h (2 � 105 cells/6-well), then harvested by
trypsinization and lysed in RIPA buffer as described
[15]. Protein concentration was determined by BCA
protein assay (Thermo Fisher Scientific), and dena-
tured lysates containing 30 mg total protein were
subjected to SDS-PAGE followed by Western blot
analysis. Primary antibodies used included Sox2,
Oct 4, Nanog, GAPDH, PARP, LC3B, PINK1 (Gene-
Tex), GATA6 (Santa Cruz Biotechnology), and g-
tubulin (Sigma). Secondary antibodies used were
HRP-conjugated anti-mouse and anti-rabbit IgG (Cell
Signaling Technology). g-Tubulin or GAPDH was
used as a loading control. Image detection and anal-
ysis were performed using the ChemiDoc MP system
with Image Lab software (BioRad Laboratories).

2.5. Detection of the CD44þ/CD133þ subpopulation by
flow cytometry

To determine the CD44þ/CD133þ subpopulation,
HCT116 cells and GATA6-overexpressing OE4 cells
cultured in 6-well plates were harvested by trypsi-
nization, washed with cold PBS, then resuspended
in FACS buffer (1% BSA and 0.1% sodium azide in
PBS) and stained with FITC-conjugated CD44 and
PE-conjugated CD133 (Miltenyi Biotech) for 1 h at
4 �C. Cells were then centrifuged at 300�g for 5 min
at 4 �C, resuspended in 200 mL FACS buffer and
subjected to flow cytometric analysis. Unstained
control cells and HCT116 cells stained with a single
antibody were included for adjusting fluorescence
compensation and for defining the CD44þ or
CD133þ subpopulation. The two-dimensional dot
plot analysis was performed using FACSCalibur
flow cytometer (Becton Dickinson), and data were
analyzed with FlowJo software (Tree Star Inc.).

2.6. 2-NBDG uptake assay

The glucose uptake capacity was evaluated using
2-NBDG, a glucose analogue that can be transported

by GLUTs. Cells seeded in a 6-well plate
(2 � 105 cells/well) were treated with DMSO (vehicle
control) or DHA for 48 h, then 200 mM 2-NBDG was
added and incubated for 1.5 h. Cells were then
harvested by trypsinization, suspended in 200 mL
cold PBS, and 2-NBDG uptake was detected by flow
cytometry [16]. Data were analyzed with FlowJo
software and geomean of fluorescence intensity was
used to calculate the relative glucose uptake
capacity.

2.7. Detection of lactate levels

Lactate levels were determined using the L-
lactate colorimetric assay kit (ab65330, Abcam).
Cells were seeded in 12-well plates (5 � 104 cells/
well) and treated with DHA for 48 h. Culture
medium of each sample (100 mL) was collected in a
microfuge tube and deproteinized with 35 mL 50%
TCA. After incubation for 15 min on ice, samples
were centrifuged at 12,000�g for 5 min at 4 �C. The
supernatant (90 mL) was collected into another tube
and 10 mL 30% KOH was added to neutralize the
excessive TCA for 5 min on ice. Then, 1 mL sample
was diluted with 49 mL lactate assay buffer and
incubated with 2 mL probe and 2 mL enzyme mix at
room temperature for 30 min, and OD was meas-
ured with SpectraMax iD3 Paradigm Microplate
Reader at 570 nm.

2.8. Cell cycle analysis by PI staining and flow cytometric
analysis

Cells were seeded in 6-well plates (1 � 105 cells/
well), treated with 3 and 10 mM DHA for 24
and 48 h, then harvested by trypsinization, fixed
with 70% ethanol, and subjected to PI staining
and flow cytometric analysis using FACSCalibur.
Cell cycle distribution was analyzed with FlowJo
software.

2.9. Detection of ROS by DCFH-DA assay

Cells were seeded in 12-well plates (1 � 105 cells/
well) and treated with 10 mM DHA for 8 and 24 h.
DCFH-DA (10 mM) was added to the cells 30 min
before termination of the incubation. H2O2 (100 mM)
was added to cells 5 min before termination of
DCFH-DA staining as a positive control for ROS
induction. Cells were then harvested by trypsiniza-
tion and suspended in cold PBS for flow cytometric
analysis using FACSCalibur. Results were analyzed
by FlowJo software.
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2.10. Detection of mitochondrial membrane potential by
JC-1 assay

Cells were seeded into 12-well plates
(1 � 105 cells/well) and treated with 3 mM DHA for
24 and 48 h, and 5 mg/mL JC-1 dye was added to the
cells 30 min before the termination of the incubation
period. Cisplatin (80 mM) was added to cells 5 min
before termination of JC-1 staining as a positive
control for the induction of MMP loss. Cells were
harvested by trypsinization, suspended in cold PBS,
and subjected to flow cytometric analysis. Acquired
data were analyzed by FlowJo software.

2.11. Mitochondrial stress test assay

Cells (1.5e2.5 � 104 cells/well) were seeded in
Seahorse XFe24 cell culture plates in RPMI 1640
supplemented with 10% FBS, 2 mM L-glutamine and
antibiotics overnight, then treated with 3 mM DHA
for 24 h. The culture medium was then switched to
the assay medium, Seahorse XF RPMI medium
(103576-100, Agilent) supplemented with 2 mM
L-glutamine, 2 g/L D-glucose and 2% FBS. Mito-
chondrial stress was determined using Seahorse
XFe24 Cell Mito Stress Test Kit (103015-100, Agi-
lent). Mitochondrial modulators were diluted in
the assay medium to final concentrations of 1 mM
oligomycin, 1.2 mM FCCP and 0.5 mM antimycin
A/rotenone. Oxygen consumption rate (OCR) was
measured according to the manufacturer's protocol
in a Seahorse XFe24 analyzer (Agilent). Results
were displayed and analyzed by Seahorse Wave
Controller Software 2.6 (Seahorse Bioscience) and
normalized with the cell number.

2.12. Data analysis

Quantitative data are presented as mean ± SEM of
at least three independent experiments. All data
analyses were performed with Microsoft Office
Excel 2019 software and GraphPad Prism 8. Stat-
istical analysis of data was conducted using the two-
tailed Student's t-test and P values less than 0.05
were considered statistically significant.

3. Results

3.1. GATA6-overexpressing HCT116 cells display cancer
stem cell characteristics

We first characterized GATA6-overexpressing
HCT116 stable cell clones OE4 and OE6 to verify the
CSC-like cell model for CRC. The sphere forming
capacity of OE4 and OE6 cell clones was

significantly higher than that of the parental
HCT116 cells or HCT116 cells stably transfected
with an empty vector (Vec) (Fig. 1A), suggesting that
self-renewal ability of these OE cells was much
higher than the parental HCT116 cells and Vec,
which exhibited similar properties, therefore, only
one of them was used as a control in some of the
following studies.
In addition to sphere formation, transcription fac-

tors involved in stemness maintenance, such as
Sox2, Oct4, and Nanog, are also widely used to
assess the CSC-like properties. As shown in Fig. 1B,
relative protein levels of Sox2, Oct4, and Nanog in
OE4 and OE6 cell clones were higher than Vec.
CSCs are generally considered the main cause of
therapy resistance in CRC [17]. As shown in Fig. 1C,
the 50% inhibitory concentration (IC50) values of 5-
FU, a standard chemotherapeutic agent for CRC, in
OE4 and OE6 cells (9.44 and 9.94 mM respectively)
were indeed significantly higher than that in Vec
(5.07 mM). Moreover, CD44 and CD133 are consid-
ered the surface markers of colorectal CSCs. As
shown in Fig. 1D, the CD44þ/CD133þ population in
OE4 cells was profoundly higher than that in
HCT116 cells.
Taken together, the GATA6-overexpressing

HCT116 stable cell clones OE4 and OE6 can be used
as a colorectal CSC-like cell model.

3.2. DHA selectively targets colorectal CSC-like cells and
the action of DHA is associated with glucose metabolism

It has been reported that targeting the facilitative
glucose transporter GLUT1 using a GLUT1 inhibitor
WZB117 may be an effective strategy to interrupt
the tumor-initiating capacity and self-renewal
potential of CSCs [9]. Furthermore, selective SGLT2
inhibitors for treatment of type 2 diabetes, such as
dapagliflozin and canagliflozin, have been reported
to exhibit anticancer activity [10]. DHA, a well-
known antimalarial drug, has also been shown to
display anti-CSC activity [13,14]. Therefore, cana-
gliflozin, WZB117 and DHA were selected as
potential colorectal CSC-targeting agents and tested
in our verified CSC-like cell model using the SRB
assay. As shown in Fig. 2A, the IC50 values of can-
agliflozin in OE4 and OE6 were significantly higher
than in Vec, while the IC50 of WZB117 in Vec, OE4
and OE6 were all above 30 mM. In contrast, the IC50

values of DHA in OE4 and OE6 were much lower
than in Vec cells, indicating that DHA differentially
targeted colorectal CSC-like cells.
Sphere formation assay was also conducted to

investigate the effect of DHA on self-renewal
capacity. As illustrated in Fig. 2B, using
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concentrations equivalent to IC50 values obtained by
the SRB assay, DHA only inhibited sphere for-
mation in HCT116 and Vec from 64.7 to 70.7 to 47.0
and 49.3 spheres, corresponding to 27.4% and 30.3%
inhibition, but markedly decreased sphere for-
mation in OE4 and OE6 cells from 163.7 to 152.0 to
74.7 and 73.7 spheres, corresponding to 54.4% and
51.5% inhibition.
Studies have unveiled that some types of CSCs

highly rely on aerobic glycolysis, and glucose
metabolism is associated with stemness main-
tenance of these CSCs [8,9]. To investigate possible
targeting mechanisms of DHA, 2-NBDG uptake
assay coupled with flow cytometry was conducted to

determine the glucose uptake capacity. The relative
glucose uptake capacity of OE4 and OE6 clones was
significantly higher than that of Vec, but significantly
impaired after 48 h of treatment with DHA (Fig. 2C).
Lactate, the end product of glycolysis, was pro-

duced at higher levels in OE4 and OE6 cells than in
HCT116 cells as revealed by measuring the extrac-
ellular lactate (Fig. 2D), suggesting that the glyco-
lytic activity of CSC-like cells was higher than
HCT116 cells. DHA not only impaired glucose
uptake but also interrupted glycolysis as the relative
lactate production level in OE4 cells was reduced
dose-dependently by DHA after 48 h of treatment
(Fig. 2E).

Fig. 1. HCT116 stable clones overexpressing GATA6 exhibit cancer stem cell-like characteristics. (A) Representative images and quantitative results of
sphere formation assays in HCT116, HCT116 stably transfected with an empty vector (Vec), OE4 and OE6 cells. ***P < 0.001 vs. HCT116;
##P < 0.01, ###P < 0.001 vs. Vec. All images were captured at a magnification of 40 � . Scale bar: 1 mm. (B) Western blot analysis and quantitative
results of stem cell markers Sox2, Oct4 and Nanog in Vec, OE4 and OE6 cells. (C) IC50 values of 5-FU in Vec, OE4 and OE6 cells. The SRB assay was
performed after 72 h of 5-FU treatment to determine cell viability and calculate IC50 values. (D) Representative plots and quantitative results of
HCT116 and OE4 cells stained with surface markers CD44 and CD133. *P < 0.05, **P < 0.01, ***P < 0.001.
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Altogether, these results indicated that DHA
preferentially suppressed the growth and stemness
of CSC-like cell clones OE4 and OE6, and inter-
ruption of glucose metabolism may be one of the
underlying mechanisms.

3.3. The effect of DHA on cell cycle progression and
apoptosis in HCT116 and GATA6-overexpressing OE4
and OE6 cells

For further investigation of mechanisms of action,
DHA concentrations higher than the IC50 values at
72 h were used to observe changes at earlier time
points. To evaluate the effect of DHA on cell cycle
progression and apoptosis, HCT116, OE4 and OE6

cells were treated with 3 and 10 mM DHA for 24 and
48 h, followed by PI staining and flow cytometric
analysis. In HCT116 cells, DHA significantly
increased subG1 populations at 48 h (4.22 ± 0.66%
by 3 mM and 6.84 ± 1.68% by 10 mM DHA compared
to 1.11 ± 0.05% in the vehicle control, CTL) and G0/
G1 populations at both 24 and 48 h. In contrast, the S
and G2/M populations were significantly decreased
at both time points (Fig. 3A). In OE4 cells, the subG1
population was augmented to a greater extent:
13.9 ± 2.34% by 3 mM and 16.2 ± 2.91% by 10 mM
DHA at 24 h compared to 7.52 ± 1.17% in CTL;
21.8 ± 3.58% by 3 mM and 16.9 ± 2.90% by 10 mM
DHA at 48 h compared to 5.59 ± 2.08% in CTL.
Unlike in HCT116 cells, G0/G1 cells were slightly

Fig. 2. DHA selectively targets colorectal CSC-like cells which is in part associated with glucose metabolism. (A) The IC50 values of glucose
transporter inhibitors and DHA in Vec, OE4 and OE6 cells. The SRB assay was performed after 72 h of drug treatment to determine cell viability and
calculate IC50 values. DHA was more effective toward colorectal CSC-like OE4 and OE6 cells. *P < 0.05, **P < 0.01 vs. Vec. (B) Quantitative results
of the sphere formation assay in HCT116, Vec, OE4 and OE6 cells treated with 50% inhibitory concentrations of DHA. (C) Glucose uptake capacity
measured by 2-NBDG uptake and flow cytometric analysis. Compared to Vec, OE4 and OE6 cells had a higher glucose uptake capacity which was
suppressed after 48 h of treatment with 2 � 50% inhibitory concentrations of DHA. (D) Relative lactate levels in culture media of HCT116, OE4 and
OE6 cells. (E) Relative lactate levels in culture media of OE4 cells treated with 3 and 10 mM DHA for 48 h. CTL: vehicle control. *P < 0.05,
**P < 0.01, ***P < 0.001.
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decreased at both 24 and 48 h by DHA in OE4 cells
possibly due to more pronounced increases in
subG1 populations. The S and G2/M populations
had a similar decreasing trend as in HCT116 cells
but without statistical significance (Fig. 3B). In OE6
cells, both 3 and 10 mM DHA significantly increased
subG1 populations at 48 h (10.9 ± 0.78% and
11.2 ± 1.41% respectively compared to 6.81% ± 0.40

in CTL) and G0/G1 cells at 24 h, suggesting a tran-
sition from cell cycle arrest to apoptosis. Fur-
thermore, DHA significantly decreased S phase cells
at both time periods and G2/M populations at 24 h
(Fig. 3C). Interestingly, OE cell clones showed
higher subG1 populations than HCT116 cells even
without drug treatment, indicating that there were
more apoptotic cells in these CSC-like cells under

Fig. 3. The effect of DHA on cell cycle progression of HCT116 and GATA6-overexpressing OE4 and OE6 cells. (A) HCT116 cells. (B) OE4 cells. (C)
OE6 cells. Cells were treated with 3 and 10 mM DHA for 24 and 48 h, and then harvested for PI staining and flow cytometric analysis. Representative
cell cycle histograms are shown on the left and quantitative results are shown on the right. *P < 0.05, **P < 0.01, ***P < 0.001.
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normal conditions. DHA also induced more subG1
cells in OE cell clones compared to HCT116 cells
(Fig. 3).
To confirm that DHA induced cell apoptosis,

Western blot analysis was conducted using HCT116,
OE4 and OE6 cells treated with 3 or 10 mM DHA for
24 or 48 h. As shown in Fig. 4, DHA markedly
induced cleaved PARP, a marker of apoptosis.
Together, these results indicated that DHA may
cause G0/G1 arrest and subsequently induce
apoptosis in both HCT116 cells and CSC-like OE
cell clones, and the induction of apoptosis was much
more effective in colorectal CSC-like cells.

3.4. The effect of DHA on ROS induction in HCT116 and
GATA6-overexpressing OE4 and OE6 cells

It is well-known that DHA can induce ROS pro-
duction due to its endoperoxide moiety [12,13].
Thus, DCFH-DA assay was conducted to investigate
the effect of DHA on ROS production. As shown in
Fig. 5A, treatment with 10 mM DHA for 8 h sig-
nificantly induced ROS production in HCT116 cells
(geomean: 13.2 ± 0.24 vs. 9.23 ± 0.47 in CTL), OE4
cells (geomean: 22.0 ± 0.15 vs. 16.8 ± 1.14 in CTL)
and OE6 cells (geomean: 23.2 ± 0.90 vs. 16.6 ± 0.90 in
CTL). ROS induction by DHA was slightly reduced
at 24 h. Notably, OE4 and OE6 cells had significantly
higher basal ROS levels than HCT116 cells as shown
in CTLs (P < 0.05).
Taken together, the results demonstrated that

cellular ROS may be involved in the anticancer
activity of DHA in colorectal CSCs. However, rela-
tively higher basal ROS levels in OE4 and OE6
compared to HCT116 cells suggested that a slightly

higher ROS level may also play a role in the stem-
ness maintenance of these CSC-like cells.

3.5. The effect of DHA on mitochondrial dysfunction in
HCT116 and GATA6-overexpressing OE4 and OE6 cells

Because DHA induced ROS production, we then
investigated whether DHA caused the depolariza-
tion of mitochondrial membrane potential (MMP)
using the JC-1 assay after 24 and 48 h of treatment.
As shown in Fig. 5B, 3 mM DHA increased MMP loss
at both 24 and 48 h. The induction of MMP loss by
DHA was more significant at 48 h relative to the
controls in HCT116 (10.8 ± 1.35% vs. 2.93 ± 0.03% in
CTL), OE4 (21.7 ± 2.25% vs. 9.84 ± 1.33% in CTL)
and OE6 (28.3 ± 2.17% vs. 10.3 ± 1.49% in CTL) cells.
Moreover, the percentages of MMP loss in OE
clones were significantly higher than HCT116 cells
in the control groups at both 24 and 48 h (P < 0.01).
To further examine the effect of DHA on mito-

chondrial function, Seahorse mitochondrial stress
test assay was conducted. As shown in Fig. 5C, after
treated with 3 mM DHA for 24 h, the oxygen con-
sumption rate (OCR) showed similar profiles after
adding oligomycin, FCCP and antimycin A/rote-
none sequentially in HCT116 and OE cells. Notably,
OCR tended to be higher in OE clones than
HCT116 cells. The basal respiration, ATP pro-
duction and maximal respiration of mitochondria
were all significantly suppressed in HCT116 cells
and OE clones (Fig. 5D). These results indicated that
DHA affected the function of mitochondria in many
aspects, suggesting that mitochondrial damage
caused by DHA may be a potential anti-CSC
mechanism.

Fig. 4. DHA induces apoptosis in HCT116, OE4 and OE6 cells. Cells were treated with DHA for 24 and 48 h, then harvested for SDS-PAGE and
Western blot analysis. Cleaved PARP is indicated with an arrowhead. *P < 0.05, **P < 0.01, ***P < 0.001 vs. respective untreated control.
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3.6. The effect of DHA on cancer stemness and
autophagy/mitophagy markers in HCT116 and GATA6-
overexpressing OE4 and OE6 cells

Asmentioned above,DHAsignificantly affected the
stemness (Fig. 2B) and function of mitochondria in
HCT116 cells and OE clones (Fig. 5). Therefore,
Western blot analysis of stemness-related
proteins GATA6 and Nanog, as well as autophagy/

mitophagy-related proteins LC3B and PINK1 was
conducted to verify the effects of DHA. Interestingly,
GATA6 protein was clearly induced in HCT116 cells
treated with 3 or 10 mM DHA for 24 h, but barely
detectable at 48 h (Fig. 6A). In contrast, GATA6 was
significantly downregulated in both OE4 and OE6
cells after 24 and 48 h of treatment with DHA
(Fig. 6BeC), which may in part account for sup-
pression of cancer stemness. Nanog was slightly

Fig. 5. DHA induces ROS, MMP loss and causes mitochondrial dysfunction in HCT116, OE4 and OE6 cells. (A) DHA induced ROS. Cells were
treated with 10 mM DHA for 8 and 24 h, then subjected to the DCFH-DA assay. (B) DHA induced MMP loss. Cells were treated with 3 mM DHA for
24 and 48 h, then subjected to the JC-1 assay. (C) DHA suppressed OCR. Cells were treated with 3 mM DHA for 24 h and then subjected to the
Seahorse mitochondrial stress test assay. (D) Quantitative results of basal respiration, ATP production and maximal respiration of mitochondria
obtained from the Seahorse mitochondrial stress test. *P < 0.05, **P < 0.01, ***P < 0.001.
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downregulated at 24 h and upregulated at 48 h by
DHA in HCC116 cells (Fig. 6A). Surprisingly, Nanog
was upregulated by both 3 and 10 mM DHA at 24 h
which diminished at 48 h in OE4 and OE6 cells

(Fig. 6BeC). Similar trends of two other stem cell
markers Oct4 and Sox2 were observed in OE4 cells
treatedwithDHAas shown in Fig. S1 (Supplementary
data https://doi.org/10.38212/2224-6614.3552).

Fig. 6. DHA downregulates GATA6 and induces autophagy/mitophagy markers in GATA6-overexpressing colorectal CSC-like cells. Western blot
analysis of stem cell and autophagy/mitophagy markers in HCT116 (A), OE4 (B) and OE6 (C). Form I and form II of LC3B are indicated and the
63 kDa PINK1 bands are marked with arrowheads. (D) LC3B form II and PINK1 protein levels are higher in GATA6-overexpressing OE4 and OE6
than in HCT116 cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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In autophagy/mitophagy-related proteins, both
LC3B-II and PINK1 were induced by DHA in
HCT116, OE4 and OE6 cells, indicating that
autophagy/mitophagy may be related to DHA-
induced mitochondrial damage and contributed to
cell death (Fig. 6AeC). Intriguingly, the basal pro-
tein levels of LC3B-II and PINK1 were significantly
higher in GATA6-overexpressing OE4 and OE6 cell
clones than in HCT116 cells (Fig. 6D). Together,
these data suggested that slight elevation of
autophagy and mitophagy in OE clones may help
maintain stemness, while further elevation of
autophagy and mitophagy induced by DHA may be
associated with the growth inhibitory effect and/or
cell death of colorectal CSCs.

3.7. Inhibition of autophagy attenuates DHA-induced
apoptosis in HCT116 and GATA6-overexpressing OE4
and OE6 cells

To further clarify the effect of autophagy on col-
orectal CSCs, chloroquine, an autophagy inhibitor,
was used to suppress the induction of autophagy by
DHA. As shown in Fig. 7A, 10 mM chloroquine alone
significantly suppressed the growth of all cells,
suggesting that autophagy was cytoprotective. In
contrast, chloroquine reversed the growth inhib-
itory effect of DHA in HCT116 cells and OE clones,
but to a greater extent in OE clones, indicating that
autophagy induced by DHA was associated with
growth inhibition and cell death which was more
prominent in colorectal CSC-like OE cells. Western
blot analysis revealed that indeed PARP cleavage
induced by DHA was significantly reversed by
chloroquine in OE clones treated for 48 h
(Fig. 7BeC). Surprisingly, in spite of suppressing
cell growth (Fig. 7A), chloroquine alone significantly
reduced cleaved PARP in HCT116 cells after 48 h of
treatment (Fig. 7C), reflecting the complexity of
autophagy. The levels of LC3B-II were even higher
after the combination of DHA with chloroquine as
expected due to the effect of chloroquine (Fig. 7B).

4. Discussion

Although CSCs are only a small subpopulation
within total cancer cells, they account for tumori-
genesis, cancer progression, metastasis and drug
resistance, thus have been considered good targets
for cancer therapy. Three-dimensional culture
methods such as sphere formation assay and
organoid culture are usually used to enrich and
maintain long-term stemness of CRCs. Since
defined serum-free culture media and/or Matrigel
are used in these culture methods, they may not

be convenient and cost-effective platforms for
the screening of CSC-targeting agents. GATA6-
overexpressing HCT116 cell clones established
previously [7] displayed CSC-like properties and
could be a convenient and cost-effective colorectal
CSC-like cell model for the identification of color-
ectal CSC-targeting agents since these cell clones
can be maintained in serum-containing medium
using the regular 2-D cell culture system.
Many studies have revealed that DHA exhibits

anticancer activity in a wide variety of cancers
including lung, breast, pancreatic, prostate, ovarian
and colorectal cancers [12]. Moreover, a few studies
have also demonstrated that DHA displays an
inhibitory effect on cancer stemness toward glioma
[13], lung cancer [18], laryngeal carcinoma [19], and
colorectal cancer [20,21]. We characterized and
verified GATA6-overexpressing HCT116 cell clones
OE4 and OE6 as a colorectal CSC-like cell model by
sphere formation assay, Western blot analysis of
stemness-related proteins, determination of resist-
ance to standard chemotherapy, and staining of
CSC surface markers. Using this colorectal CSC-like
cell model, we demonstrated for the first time
that DHA preferentially targeted colorectal CSCs.
CSCs are considered the main cause of drug
resistance in CRC [17] and less vulnerable to che-
motherapeutic drugs. Our colorectal CSC-like
GATA6-overexpressing HCT116 cell clones OE4
and OE6 were less sensitive to 5-FU (Fig. 1C) as
expected, but at least two times more sensitive to
DHA than HCT116 cells transfected with an empty
vector (Fig. 2A). Results from the sphere formation
assay confirmed that DHA was able to suppress
cancer stemness of HCT116 cells, and this effect was
more effective toward CSC-like OE4 and OE6 cell
clones (Fig. 2B) which may in part due to down-
regulation of GATA6 (Fig. 6BeC).
Significant increases in subG1 and G0/G1 cell

populations were found in DHA-treated HCT116
and OE6 cells, whereas no clear increases in G0/G1
populations were observed in DHA-treated OE4
cells which could be due to more profound induc-
tion of subG1 cells since cells arrest at G0/G1 may
subsequently undergo apoptosis and become the
subG1 population (Fig. 3). Thus, DHA might induce
G0/G1 arrest followed by apoptosis, which was
confirmed by increased levels of cleaved PARP
(Fig. 4). Alternatively, DHA may simply enhance
apoptosis and further analysis is warranted. It has
been reported that DHA induced G1 cell cycle
arrest, apoptotic cell death and accumulation of
ROS in HCT116 cells [20]. We also observed that
DHA increased cellular ROS levels (Fig. 5A) likely
via the cleavage of its endoperoxide bridge, which
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may subsequently lead to MMP loss (Fig. 5B),
mitochondrial dysfunction (Fig. 5CeD) and even-
tually apoptosis (Fig. 4). It has been demonstrated
that elevated mitochondrial ROS levels in a murine
mammary tumor cell line and three human CRC
cell lines were associated with higher tumor-ini-
tiating ability and metastatic potential [22]. On the
other hand, it has also been reported that breast
CSC-enriched populations had lower ROS levels,
which was associated with increased expression of
free radical scavenging genes [23]. Such con-
troversial findings could be in part due to different

types of cancer cells used. Hence, the association
between the ROS levels and cancer stemness
required further clarifications. We found that the
basal levels of ROS were higher in colorectal CSC-
like OE clones than in the parental HCT116 cells
(Fig. 5A), suggesting that ROS may play a role in
maintaining stemness of CRC cells. Indeed, ROS
could drive stem cell expansion in CRC through
functioning as signaling molecules [24]. Fur-
thermore, it was demonstrated that antioxidants N-
acetylcysteine and ascorbic acid dramatically
reduced the self-renewal ability of colorectal CRCs

Fig. 7. Inhibition of autophagy attenuates DHA-induced apoptosis in HCT116, OE4 and OE6 cells. (A) Inhibition of autophagy by chloroquine (CQ)
decreased cell survival but significantly reversed the growth inhibitory effect of DHA. Cells were treated with DHA in the absence or presence of
10 mM CQ for 72 h followed by the SRB assay to measure cell viability. (B) CQ reversed apoptosis induced by DHA. Cells were treated for 24 and
48 h, then harvested for Western blot analysis. Cleaved PARP is marked by an arrowhead, Form I and form II of LC3B are indicated. (C) Quantitative
results of cleaved PARP. *P < 0.05, **P < 0.01, ***P < 0.001 vs. CTL. #P < 0.05, ##P < 0.01, DHA vs. DHA þ CQ.
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[25]. Thus, ROS levels are critical for survival of
CSCs and DHA may also disturb the survival of
CSCs by inducing the accumulation of ROS.
Excess accumulation of ROS may cause mito-

chondrial permeability transition pore openings and
damage mitochondria [26]. Unlike cancer cells
mainly relying on aerobic glycolysis to provide
energy and building blocks of biomolecules, CSCs
can be highly glycolysis or oxidative phosphor-
ylation-dependent. Thus, mitochondrial function is
critical for CSCs [27]. We found that DHA increased
MMP loss (Fig. 5B), and inhibited basal respiration,
ATP production and maximal respiration of mito-
chondria in HCT116 cells and OE clones
(Fig. 5CeD), indicating that DHA caused mito-
chondrial damage in colorectal CSCs. As shown in
Fig. S1 (Supplementary data https://doi.org/10.
38212/2224-6614.3552), cytochrome c oxidase sub-
unit 4 (COXIV), a component of the cytochrome c
oxidase (also called complex IV) in the mitochondrial
electron transport chain which drive oxidative
phosphorylation, was downregulated by DHA in
OE4 cells, suggesting that DHA may inhibit mito-
chondrial respiration through inhibition of electron
transport chain. Artesunate, another artemisinin
derivative has been reported to induce mitochon-
drial dysfunction leading to selective inhibition of
stemness in induced cancer stem cell-like (iCSCL)
cells iCSCL-10A established from an immortalized
normal human mammary epithelial cell line MCF-
10A by the iPS technology [28]. Taken together, DHA
may suppress the mitochondrial function of color-
ectal CSCs by causing accumulation of excessive
ROS resulting in inhibition of cancer stemness.
Mitophagy, the selective removal of damaged

mitochondria by autophagy, is often considered a
prosurvival pathway and has been reported to
maintain the stemness of CSCs [29,30]. GATA6 can
upregulate autophagy and confer tyrosine kinase
inhibitor resistance in non-small cell lung cancer
[31]. Here we found that GATA6 may also upregu-
late autophagy in colorectal CSC-like OE4 and OE6
cells which showed higher protein levels of LC3B-II,
a marker of autophagy, than the parental
HCT116 cells (Fig. 6D). After DHA treatment, pro-
tein levels of LC3B-II and PINK1, a kinase asso-
ciated with mitophagy, were both significantly
elevated, suggesting that DHA induced both
autophagy and mitophagy. DHA has been reported
to induce autophagy, which may lead to cell death
[13]. Autophagy/mitophagy could be cytoprotective
or cytotoxic depending on cellular contexts. Using a
well-known autophagy inhibitor chloroquine, we
found that growth inhibition and induction of
apoptosis by DHA was more significantly reversed

by chloroquine in colorectal CSC-like OE clones
than in the parental HCT116 cells (Fig. 7), suggest-
ing that autophagy/mitophagy induced by DHA was
associated with cytotoxicity in colorectal CSC-like
OE clones. Interestingly, autophagy was cytopro-
tective in HCT116 and OE cells without DHA
treatment as revealed by clear decreases in cell
viability when treated with chloroquine alone
(Fig. 7A). However, chloroquine alone did not
increase cleaved PARP (Fig. 7BeC), suggesting that
the concentration of chloroquine used in this study
(10 mM) may only suppress cell growth but may not
be sufficient to induce apoptosis in HCT116 and OE
cells. Our data indicate that DHA may suppress
stemness and cell survival of colorectal CSCs in part
by induction of autophagy/mitophagy. However,
further investigation is required to clarify the effect
of autophagy/mitophagy more comprehensively.
Intriguingly, GATA6 protein levels were elevated

dramatically at 24 h but dropped down to levels
close to the untreated control at 48 h in HCT116 cells
treated with 3 and 10 uM DHA (Fig. 6A). Fur-
thermore, increased Nanog levels were observed in
OE4 and OE6 cells treated with DHA for 24 h;
however, Nanog protein levels diminished after 48 h
of treatment with 10 mM DHA (Fig. 6BeC). It was
unclear why the levels of these stem cell markers
were increased at 24 h, but the protein levels
diminished at 48 h which is likely to be correlated
with the inhibitory effect of DHA on cancer stem-
ness. It has also been reported that DHA inhibited
stem cell-like properties and significantly down-
regulated Nanog in HCT116 cells treated with
20e40 mM DHA for 72 h [21]. GATA6 protein levels
were downregulated by DHA at both 24 and 48 h in
OE4 and OE6 cells (Fig. 6BeC). It was demonstrated
that ROS-induced GATA4 and GATA6 down-
regulation inhibited the expression of progesterone
synthesis-associated genes in lipopolysaccharide-
treated porcine granulosa-lutein cells, an in vitro-
luteinized granulosa cell model [32]. Thus, we
speculated that DHA may downregulate GATA6
through induction of excess ROS in OE cells. Future
work is needed to shed light on the exact mecha-
nism by which DHA downregulates GATA6.
Subedi et al. have demonstrated the CSC-

targeting ability of artesunate through high through-
put screening and reported that the targeting ability of
artesunate may involve mitochondrial metabolism
[28]. Previous studies have also shown that GATA6
enhances stemness of humanCRC cells via creating a
metabolic symbiosis between CSC subpopulations
favoring glycolysis and oxidative phosphorylation,
respectively, suggesting that simultaneously targeting
glycolysis andmitochondrialmetabolismcouldbe the
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best approach to eradicate colorectal CSCs [25]. Here
we found that DHA targeted CSC-like GATA6-over-
expressing HCT116 cells not only by inhibition of
glucose uptake and glycolysis (Fig. 2CeE), but also by
impairment of mitochondrial function (Fig. 5) leading
to autophagy/mitophagy-associated apoptosis which
was reversed by an autophagy inhibitor chloroquine
(Fig. 7).
In summary, we verified a colorectal CSC-like cell

model and applied it to identify DHA as a colorectal
CSC-targeting compound. Mechanistic studies
revealed that the anti-CSC activity of DHA was
associated with inhibition of glucose uptake and
glycolysis, and induction of ROS, MMP loss and
autophagy/mitophagy, and finally leading to apop-
tosis. The clinical median DHA Cmax was reported
to be 3140 ng/mL (11 mM) and the range was
1670e9530 ng/mL (5.9e33.5 mM), which did not
cause adverse events for the treatment of severe
malaria [33]. Therefore, the highest concentration
used in our studies (10 mM) should be clinically
relevant. Thus, DHA can be repurposed as an
effective drug to target CSCs of CRC and maybe
other cancer types as well. Studies using different
cell lines or organoids derived from patients are
needed to further validate the effects of DHA. In
addition, since the behavior of CSCs is highly
influenced by tumor microenvironment, future
investigation in xenograft and/or orthotopic mouse
models to provide in vivo evidence is warranted.
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