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A B S T R A C T

Increased oxidative phosphorylation (OXPHOS) and reactive oxygen species (ROS) levels are inherently linked.
ROS are essential signaling molecules, with detrimental effects when produced in excess during chemotherapy,
leading to cell death. Cancer stem-like cells (CSCs) are a subpopulation of tumor cells resistant to chemotherapy,
highly invasive and metastagenic, driving malignant cancer behavior. In this study, we demonstrated that CSCs
exhibit increased OXPHOS but paradoxically low ROS levels. Considering the detrimental effects of large
amounts of ROS, CSCs have developed potential mechanisms for quenching excess ROS to maintain redox
homeostasis. We aimed to investigate the distinct metabolic features and mechanisms of ROS regulation in
gastric CSCs and explore potential therapeutic strategies targeting CSCs. Human gastric cancer cell lines, AGS
and MKN1, were subjected to liquid chromatography/mass spectrometry-based metabolomic and microarray
analyses. Mitochondrial properties such as mitochondrial mass, membrane potential, and ROS were assessed by
flow cytometric analysis. CSCs with increased OXPHOS levels maintained low ROS levels by coupling FoxM1-
dependent Prx3 expression and fatty acid oxidation-mediated NADPH regeneration. Thus, interventions tar-
geting ROS homeostasis in CSCs may be a useful strategy for targeting this drug-resistant tumor cell sub-
population.

1. Introduction

Central bioenergetic metabolic pathways include glycolysis and the
citric acid (TCA) cycle. Cancer cells are traditionally known to have an
altered canonical central metabolic pathway and largely depend on
glycolysis uncoupling with mitochondrial energy transduction, which is
known as the Warburg effect. Intermediary metabolites from glycolysis
can be shunted to the pentose phosphate pathway or other branching
metabolic submodules, resulting in sufficient biomass production to
satisfy the high cell proliferation requirement of cancer cells. However,
more quiescent cells, such as tumor cells in an invasive or metastatic
state, or those in a dormant state that can evade anticancer therapy do
not show this characteristic glycolytic phenotype [1,2]. Recent studies
have suggested that highly malignant tumor cells exhibit a metabolic
shift toward mitochondrial oxidative phosphorylation (OXPHOS)

[3,4,32]. These subpopulations of cells with enhanced OXPHOS are
drug-resistant, hence highlighting their clinical significance.

Concurrent with these previous findings, we recently reported that
highly metastagenic and drug-resistant subpopulations of tumor cells
exhibit a distinct form of energy metabolism that does not rely on
glycolysis but rather depends on mitochondria-centric metabolism
[5–7]. Since increased OXPHOS and reactive oxygen species (ROS) le-
vels are inherently linked, a highly malignant subpopulation of cancer
cells are expected to have elevated ROS levels [8]. However, ROS
production beyond the physiological range can be detrimental, even to
cancer cells.

The efficacy of many anticancer therapeutics is based on their
ability to increase ROS levels in tumor cells. However, it is currently
unclear how most malignant cancer cells can depend on the OXPHOS-
prone metabolic phenotype while maintaining disproportionately low
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levels of ROS. We hypothesized that maintenance of low ROS levels is
one of the mechanisms of drug resistance in cancer stem-like cells
(CSCs). To test this hypothesis, we investigated the distinct metabolic
features and mechanisms of ROS regulation in CSCs, selected from
gastric cancer cell lines, to explore potential therapeutic strategies
targeting CSCs.

2. Materials and methods

2.1. Cell culture conditions

The human gastric cancer cell lines, AGS and MKN1, were obtained
from the Korean Cell line Bank (Seoul, Korea) and grown in RPMI-1640
medium with 10% fetal bovine serum in a humidified incubator con-
taining 5% CO2 at 37 °C. Stem-like cancer cells (S-cells) were generated
by in-vitro chronic metabolic stress culture, as described previously [5].

2.2. Intracellular metabolite extraction

Parental cells (P-cells) and S-cells were plated in the presence of
5.5 mM [13C6] glucose and 100 μM [13C16] palmitate (Cambridge
Isotope Labs, Tewksbury, MA, USA) for 48 h. The cells were washed
twice with ice-cold PBS, and intracellular metabolites were extracted
with a cold solution of methanol, acetonitrile, and water (5:3:2). The
cell extracts were centrifuged at 16,000×g for 10 min at 4 °C, and the
supernatants were assessed via liquid chromatography-mass spectro-
metry (LC-MS) analysis.

2.3. LC-MS-based metabolomics

LC-MS analysis was performed as described previously [10].

2.4. Microarray analysis

The NuRNA™ Human Central Metabolism PCR Array (Arraystar,
Inc., Rockville, MD, USA) was used to identify mRNA transcripts with
differential expression between P-cells and S-cells. The array covers 373
transcripts encoding enzymes or proteins involved in cell metabolism.
Samples were used for array analysis in accordance with the manu-
facturer's protocol and each analysis was performed in triplicate.

2.5. Fluorescence-activated cell sorting (FACS) and flow cytometry

Human gastric cancer cells (AGS and MKN1) were dissociated into
single cells, washed with PBS, and stained with fluorescent antibodies
for CD133-PE (BD Biosciences, Franklin Lakes, New Jersey) and CD44-
FITC (BD Biosciences, Franklin Lakes, New Jersey). To determine the
effect of ROS levels on M-and E-BCSCs in breast cancer cell lines, MCF7
cells were incubated with antibodies against CD24-PE (BD Biosciences,
Franklin Lakes, New Jersey) and CD44-FITC. Content of ALDH+E-
BCSCs was determined by Aldefluor assay (StemCell Technologies) per
manufacturer's instructions. The cells were sorted using a BD FACSAria
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

2.6. Western blot analysis

Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1 mM EDTA, and 1% Triton-X100) containing 1 × protease in-
hibitor cocktail (Sigma, St. Louis, MO, USA) and 1 × phe-
nylmethylsulfonyl fluoride (Sigma). Protein concentration was quanti-
fied using a BCA protein concentration assay kit (Thermo Fisher
Scientific, Waltham, MA, USA). Equal amounts of protein were elec-
trophoresed on sodium dodecyl sulfate-polyacrylamide gels and trans-
ferred onto polyvinylidene difluoride membranes. The membranes
were incubated with primary antibodies in 2% skim milk containing
0.05% Tween-20 overnight at 4 °C. The membranes were incubated

with horseradish peroxidase-conjugated secondary antibody for 1 h at
room temperature and visualized by electrochemiluminescence
(ThermoFisher Scientific).

2.7. Reverse transcription-quantitative PCR

Total RNA was isolated with TRIzol (Invitrogen, Carlsbad, CA,
USA), and 1 μg of total RNA was used for cDNA synthesis using M-MLV
reverse transcriptase (Mbiotech, Hanam-si, Korea). Quantitative PCR
was carried out using SYBR Green PCR Master Mix (PhileKorea, Seoul,
Korea). Experimental cycle threshold values were normalized to those
of GAPDH, and relative mRNA expression was calculated versus GAPDH
expression.

2.8. Lactate production

A lactate assay kit (Biovision Research Products, Milpitas, CA, USA)
was used to measure extracellular lactate following the manufacturer's
instructions. Briefly, equal numbers of cells were seeded into 6-well
plates and cultured in serum-free media for 24 h. The culture medium
was then mixed with the reaction solution. Lactate levels were mea-
sured at 570 nm using a microplate reader. The cells were trypsinized,
and cell number was counted using trypan blue. Absorbance values
were normalized to the cell number.

2.9. Membrane potential assay

Mitochondrial membrane potential was measured using JC-1 dye
(Invitrogen) according to the manufacturer's instructions. Briefly, equal
numbers of cells were seeded into 6-well plates; after 72 h, 2 μM JC-1
was added and the cells were incubated at 37 °C for 15 min. Carbonyl
cyanide chlorophenylhydrazone (CCCP; Sigma) was used as a control to
confirm that the JC-1 response was sensitive to changes in membrane
potential. The cells were then trypsinized and washed twice with PBS,
after which fluorescence was analyzed using a BD FACS LSRII flow
cytometer.

2.10. Intracellular ROS

To measure intracellular ROS levels, 10 μM DCF-DA (Sigma) was
used as a fluorescent dye. The cells were stained with DCF-DA for
30 min at 37 °C, trypsinized, washed thrice with PBS, and immediately
analyzed with a BD FACS LSRII flow cytometer.

Mitochondrial ROS levels were assessed using a MitoSOX Red mi-
tochondrial superoxide indicator (Thermo Fisher Scientific) in ac-
cordance with the manufacturer's protocol. The MitoSOX Red reagent is
a live-cell permeant that is rapidly and selectively targeted to the mi-
tochondria. The parental or CSCs were incubated with MitoSOX reagent
for 10 min at 37 °C, while protecting them from light. After the cells
were washed thrice with PBS, they were collected, and MitoSOX Red
signal was detected by flow cytometry.

2.11. Imaging of ROS production

ROS production was visualized in cells loaded with 10 μM DCF-DA
(Sigma) for 20 min at room temperature. ROS-induced green fluores-
cence of DCF was imaged using 488-nm laser excitation. The laser
power was set to 1–3%.

2.12. Oxygen consumption rate

The oxygen consumption rate was measured using an optical oxygen
sensor in a Seahorse Bioscience XF96 Extracellular Flux Analyzer
(North Billerica, MA, USA). Briefly, the cells were seeded in quad-
ruplicate at equal densities in XF96 culture plates. Cell media were
changed, after 24 h of cell seeding, to unbuffered Dulbecco's modified
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Eagle's medium, in accordance with the manufacturer's protocol.
Oxygen consumption was measured with sequential injection of oligo-
mycin, FCCP, and rotenone/antimycin A.

2.13. Glucose uptake and mitochondrial mass

Cells were incubated for 30 min at 37 °C with 100 μM 2-N-(7-ni-
trobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) and
100 nM Mitotracker Deep Red FM (both from Life Technologies,
Carlsbad, CA, USA) prior to FACS analysis.

2.14. NADP+/NADPH ratio determination

Colorimetric analysis of the cell lysates was performed using the
NADP/NADPH Quantitation Kit (Biovision Research Products) in ac-
cordance with the manufacturer's instructions.

2.15. Quantification and statistical analysis

The overall survival data obtained from patients with gastric, breast,
lung, and ovarian cancer were analyzed by the Kaplan-Meier Plotter
(http://kmplot.com/analysis). Statistics was determined by paired
Student's t-test and ANOVA using GraphPad Prism 7 software
(GraphPad, Inc., La Jolla, CA, USA). Results are presented as the
mean ± standard deviation for representative experiments with 3–4
independent biological repeats. A P-value< 0.05 was considered sta-
tistically significant.

3. Results

3.1. Gastric CSCs exhibited metabolic reprogramming and increased
mitochondrial OXPHOS rather than glycolysis

We had previously reported a cell subpopulation, adapted to chronic
metabolic stress, exhibiting cancer stem-like characteristics [5–7]. Ac-
cordingly, we used S-cells derived from the human gastric cancer cell
lines MKN1 and AGS as a model system for gastric CSCs.

We first compared the expression of central metabolism genes be-
tween P- and S-cells, using a PCR array. Compared to P-cells, S-cells
exhibited general repression of metabolic pathway genes. However,
genes of the fatty acid oxidation (FAO) and one-carbon pool related
purine nucleobase synthesis pathways were coordinately upregulated in
S-cells (SMKN1 and SAGS, respectively) (Fig. S1A). These data con-
firmed that S-cells display reprogrammed metabolic activities. We fur-
ther validated the protein expression of corresponding mRNAs between
P- and S-cells under various metabolic stress conditions. Of note, the
specific genes and modules that were differentially expressed varied
between the two subtypes of CSCs (SMKN1 and SAGS; Fig. S1B). Among
others, antioxidant enzymes such as SOD2, GPX4 and catalase were
most prominently differently expressed between the two CSCs, while
Prx3 expression was increased in both CSCs. Similarly, G6PDH involved
in the oxidative PPP, and PHGDH, SHMT2 and MTHFD2 involved in
one-carbon metabolism were increased only in SAGS, while IDH2, a
mitochondrial NADPH-generating enzyme, was increased in SMKN1
alone, indicating heterogeneous metabolic properties in CSCs (Fig.
S1B).

Accumulating evidence suggests that mitochondrial biogenesis is
crucial for CSC maintenance and chemotherapy resistance in several
tumor types [2–4,9,10]. To assess mitochondria-prone metabolic re-
programming in CSCs, we examined the metabolic features related to
mitochondrial function. Indeed, S-cells displayed reduced glucose up-
take and lactate production in comparison to P-cells (Fig. 1A-B). Fur-
ther, S-cells exhibited an increased mitochondrial mass and DNA con-
tent (Fig. 1C-D), indicating that mitochondrial biogenesis is activated.
Consistently, S-cells demonstrated increased mitochondrial membrane
potential, evident from an increased amount of aggregated JC-1 dye

and mitochondrial oxygen consumption (Fig. 1E-F). Together, these
results indicated that CSCs display distinct metabolic features that are
more compatible with mitochondrial oxidative energy metabolism
compared with P-cells.

3.2. CSCs have reduced ROS levels

Increased OXPHOS and ROS levels are inherently linked. To in-
vestigate ROS levels in CSCs, we measured the mitochondrial super-
oxide levels using MitoSOX Red. Lower levels of superoxide (based on
MitoSOX Red) staining were found in S-cells of both cell lines compared
with those of their corresponding P-cells (Fig. 2A-B). Similarly, di-
chloro-dihydro-fluorescein diacetate (DCFH-DA) fluorescence detection
(as a marker of intracellular hydrogen peroxide) revealed decreased
ROS levels in S-cells (Fig. 2C). Furthermore, immunofluorescence
analysis revealed that S-cells generally had reduced ROS levels both in
the mitochondria and cytosol compared with P-cells (Fig. 2D and E).

To exclude the possibility of an idiosyncratic reduction of ROS in S-
cells, we confirmed the ROS levels in a CSC subpopulation from P-cells,
sorted by CD44 and CD133. CD44+CD133+ high-expressing cells
(CSCs) displayed decreased ROS levels in comparison with
CD44−CD133- cells (non-CSCs; Fig. S2A). To further confirm these
findings in gastric CSCs, breast CSCs were subject to ROS measurement
[11]. Indeed, SMCF7 displayed lower ROS levels than the parental cells
(PMCF7) (Fig. S2B). Likewise, breast CSCs were sorted by flow cyto-
metry to determine ROS levels. The two BCSC subtypes, CD24−CD44+

M-BCSCs and ALDH+ E-BCSCs, showed a low ROS phenotype compared
with the non-CSC population (Figs. S2C–D). Together, these results
indicated that maintenance of low ROS levels might be a universal
metabolic feature of CSCs.

A CSC phenotype is a well-known feature among numerous che-
motherapy-resistant tumors [12], and most chemotherapeutics induce
ROS generation in cancer cells [13]. Concurrent with this general
phenomenon, S-cells displayed reduced sensitivity compared with P-
cells to the anticancer drug 5-fluorouracil (5-FU), which is widely used
for gastric cancer treatment (Figs. S3A–B). Moreover, ROS levels in-
creased after 5-FU treatment in P-cells in a dose-dependent manner,
whereas relatively low levels of ROS were maintained in CSCs (Fig. 2F-
G). These findings suggested a link between ROS levels and 5-FU sen-
sitivity in CSCs, indicating that CSCs may have a cell-intrinsic drug
resistance mechanism related to redox homeostasis.

3.3. FoxM1 transcriptionally activated Prx3 in gastric CSCs

Cancer cells have developed antioxidant mechanisms to protect
themselves from oxidative stress by expressing various detoxifying en-
zymes such as superoxide dismutase, catalase, glutathione peroxidase,
and peroxiredoxin [14].

To determine whether ROS detoxification genes increase in S-cells
and contribute to selective advantages, we detected the mRNA ex-
pression of key ROS detoxification genes through reverse transcription-
quantitative PCR. Catalase and peroxiredoxin 3 (Prx3) mRNAs were
highly upregulated in SMKN1 cells (Fig. 3A). Consistently, mitochon-
drial Prx3 protein was upregulated in both S-cells compared with that
in P-cells (Fig. 3B).

Prx3 is reported to be transcriptionally upregulated by the tran-
scription factor FoxM1 [14,15]. We also observed a positive correlation
between basal levels of endogenous FoxM1 and Prx3 in our model
systems (Fig. 3C). To investigate the regulation of Prx3 expression in S-
cells, we analyzed the expression and nuclear localization of FoxM1.
Indeed, the expression levels and nuclear localization of FoxM1 were
increased in S-cells compared with those in P-cells (Fig. 3D and E). In
contrast, FoxM1 siRNA-transfected cells displayed Prx3 downregulation
in comparison with control siRNA-transfected cells (Fig. 3F). We also
showed that stable knock down of FoxM1 led to a decrease in Prx3
expression and overexpression of exogenous FoxM1 led to an increase
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in Prx3 expression in S-cells and in P-cells, respectively (Fig. 3G-H).
Furthermore, FoxM1 and Prx3 were upregulated in CD44+CD133+

isolated gastric cancer cells compared with their levels in
CD44−CD133- cells (Fig. 3I). We also utilized thiostrepton, a selective
FoxM1 inhibitor, and it reduced FoxM1 and Prx3 expression (Fig. 3J).
Together, these results confirmed the mechanistic association between
FoxM1 and Prx3 expression in gastric CSCs.

3.4. The transcription factor FoxM1 is required for redox homeostasis and
survival of gastric CSCs against chemotherapeutics

FoxM1 is suggested to regulate intracellular ROS levels, thus pro-
tecting cancer cells from oxidative stress [14,16]. Based on this link
between FoxM1 and the mitochondria-specific antioxidant enzyme
Prx3 in S-cells, we next explored the role of FoxM1 in regulating ROS
homeostasis in relation to cell fitness. As expected, intracellular ROS
concentrations were significantly increased in FoxM1-depleted cells,
whereas treatment of FoxM1-depleted cells with the antioxidant N-
acetylcysteine (NAC) substantially restored the ROS levels (Fig. 4A).
Similarly, mitochondrial ROS levels were significantly higher in FoxM1-
depleted cells, and MitoTEMPO, a specific scavenger of mitochondrial
superoxide, efficiently suppressed the ROS accumulation in FoxM1-
depleted S-cells (Fig. 4B).

FoxM1 reportedly plays important roles in drug resistance [17,18].
To investigate the potential association between drug resistance and the
capability of FoxM1 to mitigate oxidative stress induced by anticancer
drugs, we analyzed the effect of chemotherapy in CSCs. We observed
that FoxM1-knockdown cells became significantly more sensitive to-
ward 5-FU than control cells (Fig. 4C). Consistently, western blot

analysis showed increased cleaved caspase-3 and cleaved PARP in 5-FU-
treated FoxM1-knockdown cells (Fig. 4D). Moreover, treatment with
NAC substantially rescued 5-FU-induced cell death (Fig. 4E). Con-
sistently, thiostrepton induced increased apoptosis in 5-FU-resistant
cells in dose-dependent manner (Fig. 4F).

Together, these data showed that elevated ROS levels are associated
with increased cell death after exposure to chemotherapeutics in CSCs,
implying FoxM1-mediated ROS down-modulation as a mechanism un-
derlying drug resistance.

Clinically, FoxM1 was upregulated in patients with malignant gas-
tric cancer compared to that in the adjacent normal or benign inflamed
tissues (Fig. 4G). Further, FoxM1 upregulation predicted poor survival
in patients with various types of cancers, including gastric, breast, lung,
and ovarian cancers (Fig. 4H).

3.5. CSCs have increased mitochondrial NADPH regeneration

ROS-quenching enzymes, including Prx3, requires cellular reducing
power to function. NADPH, the primary source of cellular reducing
power, serves as an electron carrier to maintain redox homeostasis and
reductive biosynthesis, with compartmentalized cytosolic and mi-
tochondrial pools to facilitate reduction reactions at corresponding sites
[19].

Indeed, intracellular NADPH levels were higher in CSCs, and were
associated with an increase in reduced glutathione levels (Fig. 5A and
B). PCR array analysis (Fig. S1A) revealed that genes encoding some
NADPH-generating enzymes (e.g., IDH2, ME3, MTFHD2L, MTHFD1,
ME1, and G6PD) were upregulated in both CSC subtypes in comparison
with their respective P-cells. Single-sample gene enrichment analysis

Fig. 1. Gastric cancer stem-like cells display metabolic features compatible with oxidative metabolism. (A–F) Glucose uptake by 2-NBDG incorporation
measured by flow cytometry (A), lactate production (B), mitochondrial mass as determined by flow cytometry using MitoTracker Green-FM (C), mitochondrial DNA
(mtDNA) content (D), membrane potential (E), and oxygen consumption rate (F) in parental and selected stem-like cells from the MKN1 and AGS gastric cancer cell
lines. Error Bars represent standard deviation. Statistical significance was determined by student's T-test. All experiments were performed at least in triplicate not
otherwise indicated. * P-value<0.05, ** P-value< 0.01, *** P-value<0.001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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(ssGSEA) of PCR array result revealed that mitochondrial fatty acid
beta-oxidation pathways were significantly enriched in SMKN1 cells,
while one-carbon pool by folate and related purine nucleotide bio-
synthesis pathways as well as PPP were enriched in SAGS cells
(Fig. 5C). Indeed, assessment of differential gene expression by volcano
plots showed that essential genes involved in FAO (e.g., ACSL5, ECI1,
and CPT1C) were coordinately upregulated in S-MKN1 cells. The most
differentially expressed genes in SAGS over PAGS were PHGDH, ME1,

and G6PDH, confirming the ssGSEA results (Fig. 5D). To assess the
protein expression of corresponding genes, we performed im-
munoblotting, revealing that IDH2 and MTHFD2 were increased in
SMKN1 and SAGS, respectively (Fig. 5E).

Therefore, both SMKN1 and SAGS cells displayed increased levels of
mitochondrial enzymes compared with their parental counterparts,
playing major roles in regenerating NAPDH from NADP+, mitochon-
drial isocitrate dehydrogenase (IDH2), and mitochondrial methylene

Fig. 2. Cancer stem-like cells (CSCs)
maintain low reactive oxygen species
(ROS) levels compared with non-CSCs.
(A-C) Levels of mitochondrial superoxide
(A,B) and intracellular hydrogen peroxide
(C) were measured by fluorescence-acti-
vated cell sorting after staining with
MitoSOX Red and DCFH-DA dye. (D–E)
Representative confocal micrographs of
immunofluorescence staining in parental
cells and CSCs using MitoSOX Red (D) and
DCFH-DA dye (E). (F–G) CSCs and non-CSCs
were treated with the indicated doses of 5-
FU for 72 h. Levels of mitochondrial ROS
were measured by MitoSOX Red staining
(F). Levels of intracellular ROS were mea-
sured by DCFH-DA fluorescence (G). Error
Bars represent standard deviation.
Statistical significance was determined by
student's T-test. All experiments were per-
formed at least in triplicate not otherwise
indicated. * P-value<0.05, ** P-value<
0.01, *** P-value< 0.001. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the Web
version of this article.)
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tetrahydrofolate dehydrogenase (MTHFD2), respectively.

3.6. CSCs have enhanced fatty acid oxidation mediated NADPH
regeneration responsible for drug resistance

In cancer cells, FAO is an important source of mitochondrial NADPH
by generating acetyl-CoA to sustain the TCA cycle [20]. To analyze how
CSCs utilize nutrients, we performed uniformly-labeled [U–13C]glucose
and [U–13C]palmitate flux analyses by LC-MS using cell extracts. In-
terestingly, the glucose-derived 13C signal was significantly reduced
among TCA cycle intermediates, including citrate, α-ketoglutarate (α-
KG), and malate in SMKN1 cells, compared to those in PMKN1 cells
(Fig. 6A). Furthermore, S-AGS cells had reduced citrate, malate, and
succinate levels, although α-KG was not detected (Fig. S4A). However,
mass distribution analysis revealed an increase in m+2 malate in both
SMKN1 and SAGS cells, suggesting that FA-derived carbons sustained
the oxidative TCA cycle in CSCs (Fig. 6B and C).

Furthermore, the mRNA expression levels of key genes associated
with FAO were upregulated in CSCs (Fig. S4B), whereas the protein
levels of ACC1, which encodes malonyl-CoA and directly inhibits CPT1,
were decreased in CSCs (Fig. S4C).

Since NADPH, which is required to quench ROS, is generated
through FAO, we hypothesized that FAO is associated with the me-
chanism underlying drug resistance in CSCs. To determine the con-
tribution of FAO to 5-FU-acquired resistance, CSCs were treated with 5-
FU in combination with the FAO inhibitor etomoxir. Etomoxir and 5-FU
exhibited synergistic effects to significantly decrease CSC viability

(Fig. 6D).
FAO is reportedly important for cells that have become detached

from the extracellular matrix and those cultured in nutrient-deprived
conditions [21,22]. To confirm the role of the FAO-NADPH-ROS
pathway herein, we examined the effects of matrix detachment on ROS
production. Extracellular matrix detachment significantly increased
ROS levels in both CSCs and non-CSCs; however, the magnitudes of
these increases were relatively lower in CSCs (Fig. S4D). Similarly, ROS
levels were lower in CSCs under glucose-deprived conditions (Fig. S4E)
and higher in those treated with etomoxir (Fig. S4F). These results also
implied that FAO-mediated ROS homeostasis is associated with key
features including CSC invasion and metastasis.

To investigate the role of mitochondrial NADPH-producing enzymes
in CSCs, we depleted mitochondrial NAPDH-producing enzymes with
siRNAs, which significantly decreased NADPH levels and was asso-
ciated with increased mitochondrial ROS levels in CSCs (Fig. 6E–H).
Furthermore, FAO inhibition with etomoxir, an irreversible CPT1 in-
hibitor, more significantly reduced NADPH levels and increased mi-
tochondrial ROS levels in CSCs. Thus, FAO, via IDH2 or MTHFD2,
substantially contributes to physiologically significant mitochondrial
NADPH production.

4. Discussion

Tumor cells reprogram their metabolic pathways to adapt to the
fluctuating metabolic environment. CSCs have evolved a flexible energy
metabolic strategy to increase fitness in the ever-changing tumor

Fig. 3. FoxM1 increases Prx3 ex-
pression in CSCs. (A) mRNA expres-
sion levels of ROS detoxification genes
in parental cells (PMKN1) and stem-
like cancer cells (SMKN1). (B)
Cytoplasmic and mitochondrial of Prx3
levels in parental cells and CSCs. (C)
Immunoblot analysis of FoxM1 and
Prx3 levels in parental cells and CSCs.
(D–E) Cytoplasmic and nuclear levels of
FoxM1 in parental cells and CSCs. (F)
Prx3 expression, in cells transfected
with siRNA against FoxM1 and control
siRNA. (G–H) FoxM1-depleted cells
showed downregulation of Prx3 ex-
pression (G), and FoxM1-over-
expression cells showed upregulation of
Prx3 expression (H) based on im-
munoblot analysis with the indicated
antibodies. (I) FoxM1 and Prx3 ex-
pression confirmed by immunoblot
analysis of CD44−CD133- and
CD44+CD133+ non-CSC subpopula-
tions. (J) SMKN1 cells were treated
with thiostrepton, a potent FoxM1 in-
hibitor, and expression of Prx3 protein
levels were determined by western
blot. Error Bars represent standard de-
viation. Statistical significance was de-
termined by student's T-test. All ex-
periments were performed at least in
triplicate not otherwise indicated. * P-
value< 0.05, ** P-value<0.01, *** P-
value< 0.001.
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microenvironment. In particular, to cope with the uncertainty in se-
curing nutrients and appropriate energy substrates, CSCs harness
OXPHOS as the dominant metabolic strategy, which is far more efficient
than glycolysis but comes at a cost of overproduced ROS, thereby re-
quiring large amounts of NADPH as a counteractive measure [23].

Although physiologically important, beyond a certain level, ROS

can damage the cellular functions of cancer cells by subjecting them to
oxidative stress. Thus, the maintenance of ROS at appropriate levels is
imperative for regulating the stemness-associated properties of cancer
cells [24]. This was confirmed in our CSC model, wherein both CSC
lines displayed activated mitochondrial OXPHOS and maintained rela-
tively low ROS levels to sustain their functions.

Fig. 4. FoxM1 mediates drug re-
sistance through reducing mi-
tochondrial ROS in CSCs. CSCs were
transfected with control or FoxM1
siRNA for 72 h. Intracellular ROS levels
were measured using DCF-DA at base-
line and upon supplementation with
NAC (A), and mitochondrial ROS levels
were measured using MitoSOX at
baseline and upon supplementation
with MitoTempo (B). (C) Cell viability
of FoxM1 knockdown and control cells
treated with indicated concentrations
of 5-FU (n = 3). (D) Immunoblot of
cleaved caspase-3 and cleaved PARP in
control and FoxM1 knockdown cells
treated with indicated concentrations
of 5-FU. (E) S-MKN1 cells were pre-
treated with NAC and then 5-FU was
added to the mixture and incubated.
Total and cleaved caspase-3 and FoxM1
were detected by western blot analysis
using specific antibodies. (F)
Immunoblot of cleaved caspase-3 and
cleaved PARP in SMKN1 cells upon 5-
FU and thiostrepton treatment at in-
dicated concentrations. (G) Expression
of FoxM1 in gastric cancer tissues and
adjacent normal tissues from patients
determined by immunohistochemistry.
(H) FoxM1 levels correlated with poor
patient survival in gastric cancer,
breast cancer, lung cancer and ovarian
cancer. Error Bars represent standard
deviation. Statistical significance was
determined by student's T-test. All ex-
periments were performed at least in
triplicate not otherwise indicated. * P-
value<0.05, ** P-value< 0.01, *** P-
value<0.001.

H.-J. Choi, et al. Redox Biology 36 (2020) 101589

7



Scavenging of ROS is mediated by a set of antioxidant enzymes
expressed in various subcellular compartments [25]. During adaptation
to metabolic stress, our selected CSCs (S-cells) displayed metabolic re-
modeling of numerous antioxidant enzymes including catalase, super-
oxide dismutase 2, Gpxs, and Prxs. In particular, Prx3 levels were
substantially increased as a common factor in the two CSC subtypes.
Recent studies have reported that mitochondrial Prx3, transcriptionally

activated by FoxM1, maintains mitochondrial function by eliminating
ROS produced upon ATP production in the OXPHOS system in colonic
CSCs [15]. Similarly, our S-cells also primarily eliminated ROS via the
FoxM1-Prx3 axis through ROS-quenching mechanisms. Moreover, gas-
tric cancer organoid models, highly expressing FoxM1 and Prx3, ex-
hibited low levels of mitochondrial ROS (Figs. S5A–C).

In general and in glycolytic tumors, including proliferating tumor
cells, most of the cellular reducing power in the form of NADPH is
generated through the pentose phosphate pathway or hexose mono-
phosphate shunt. However, tumor cells, including the S-cells estab-
lished herein, do not rely on glycolysis but rather maintain sufficiently
high levels of NADPH to effectively neutralize ROS. To explore the
potential sources of this NAPDH, we performed metabolomic flux
analysis and found that S-cells utilize fatty acid-derived metabolites to
generate NADPH. Furthermore, in the absence of glucose, the S-cells
were still viable and maintained ROS in the homeostatic range, sug-
gesting that these S-cells use a different energy/nutrient substrate other
than glucose. S-cells used fatty acid to feed the TCA cycle and generate
NADPH, as is evident from metabolic flux analysis using stable isotope
labeling for MS analysis.

Several recent studies have reported that mitochondrial IDH2 is
essential for supplying the NADPH needed to defend cancer cells
against mitochondrial oxidative damage and promote cell survival
[26–28].

MTHFD2, which is frequently overexpressed in cancers [29], also
contributes to NADPH homeostasis [30]. Moreover, MTHFD2-mediated
mitochondrial one-carbon metabolism appears to be critical for cancer
stem-like properties and drug resistance [31]. Notably, S-cells also ap-
pear to use different enzyme modules to generate NADPH. Differences
have been observed between the two model cell lines, with one line
displaying IDH2-dependent NADPH regeneration and the other de-
pending on MTHFD2.

A range of anticancer therapeutics, such as chemotherapy or io-
nizing radiation, work by increasing cellular ROS levels, which are ef-
fective against cancer cells [13]. Thus, tumor cells with intrinsic me-
chanisms to mitigate ROS production induced by chemotherapy or
ionizing radiation can survive and become resistant to the anticancer
therapy. Indeed, S-cells exhibited higher cell viability than P-cells upon
5-FU treatment, which was associated with lower ROS levels, indicating
the crucial role of ROS in chemotherapy-induced cytotoxicity. When we
knocked down FoxM1 in S-cells or supplemented the cells with NAC, a
potent ROS detoxifying agent, reversion of cell viability was observed,
further confirming the mechanistic link between ROS and the tumor-
icidal effect of 5-FU. Therefore, anticancer strategies are required to
harness the mechanisms underlying intracellular ROS regulation, which
can help overcome drug resistance and consequently enhance the
clinical benefits of anticancer therapeutics.

Although the two S-cell lines differ in terms of the specific enzyme
modules used for NADPH regeneration, they both utilize the TCA cycle
or are mitochondria-dependent, suggesting that CSCs have a mi-
tochondria-centric energy metabo-phenotype. However, further studies
would be required to investigate the regulatory mechanisms of these
enzymes in CSCs.

5. Conclusions

This study showed that CSCs exhibit increased OXPHOS and para-
doxically maintain a low level of ROS, through coupling of FoxM1-
dependent Prx3 expression and FAO-mediated NADPH regeneration.
Thus, a mitochondrial ROS homeostasis-targeted approach may be an
effective strategy for controlling cancers that are refractory to con-
ventional chemotherapy.
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