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The acquisition of the cancer stem cell (CSC) properties is often mediated by the surrounding microenvironment,
and tumor hypoxia is considered an important factor for CSC phenotype development. High levels of NRF2
(Nuclear Factor Erythroid 2-Like 2; NFE2L2), a transcription factor that maintains cellular redox balance, have
been associated with facilitated tumor growth and therapy resistance. In this study, we investigated the role of
NRF2 in hypoxia-induced CSC phenotypes in colorectal cancer cells. Chronic hypoxia for 72 h resulted in CSC
phenotypes, including elevation of krupple-like factor 4 (KLF4) and octamer-binding transcription factor 4
(OCT4), and an increase in cancer migration and spheroid growth with concomitant hypoxia-inducible factor 2a
(HIF-2a) accumulation. All these chronic hypoxia-induced CSC properties were attenuated following HIF-2a-
specific silencing. In this chronic hypoxia model, NRF2 inhibition by shRNA-based silencing or brusatol treat-
ment blocked HIF-2a accumulation, which consequently resulted in decreased CSC marker expression and in-
hibition of CSC properties such as spheroid growth. In contrast, NRF2 overactivation by genetic or chemical
approach enhanced the chronic hypoxia-induced HIF-2a accumulation and cancer migration. As a molecular
mechanism of the NRF2-inhibition-mediated HIF-2a dysregulation, we demonstrated that miR-181a-2-3p, whose
expression is elevated in NRF2-silenced cells, targeted the HIF-2a 3'UTR and subsequently suppressed the chronic
hypoxia-induced HIF-2a and CSC phenotypes. The miR-181a-2-3p inhibitor treatment in NRF2-silenced cells
could restore the levels of HIF-2a and CSC markers, and increased cancer migration and sphere formation under
chronic hypoxia. In line with this, the miR-181a-2-3p inhibitor transfection could increase tumorigenicity of
NRF2-silenced colorectal cancer cells. Collectively, our study suggests the involvement of NRF2/miR181a-2-3p
signaling in the development of HIF-2a-mediated CSC phenotypes in sustained hypoxic environments.

1. Introduction CD44 and krupple-like factor (KLF4) in breast cancers [8,9],

octamer-binding transcription factor 4 (OCT4) in melanomas [10], and

The tumor mass contains a small subpopulation of cells that fuel
tumor growth and therapy resistance, which are called tumor-initiating
cells or cancer stem cells (CSCs) [1]. Since their first report on acute
myeloid leukemia, CSCs have been identified in solid tumors, including
breast, lung, and colon cancers [2-4]. The self-renewal and differenti-
ation abilities of CSCs are critical drivers of cancer malignancy,
including metastasis, invasion, therapy resistance, and immune evasion
[5,6]. Although the characterization of CSCs remains challenging,
several markers have been identified that contribute to stemness,
including cluster of differentiation 133 (CD133) in glioblastoma [7],

SRY (sex determining region Y)-box 2 (SOX2) and homeobox protein
NANOG (NANOG) in colorectal cancers [11]. The signaling pathways
such as Wnt/p-catenin and neurogenic locus notch homolog protein
(NOTCH) have been reported to increase in CSCs, and these are known
to involve in CSC self-renewal and tumorigenicity [12].

The development of CSC phenotypes is supported by the surrounding
microenvironment. Tumor hypoxia is considered as an important
microenvironment factor facilitating cancer initiation, progression, and
acquisition of CSC-like properties [13,14]. Upon hypoxic environment,
hypoxia-inducible factors (HIFs) upregulate groups of genes to maintain
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cancer survival [15]. HIFs consist of an oxygen-reactive a subunit
(HIF-o) and stable § subunit {HIF-B, aryl hydrocarbon nuclear trans-
locator 1 (ARNT1)}, which are members of the bHLH-PAS domain
proteins [16]. Among the HIF-a proteins, HIF-1a and HIF-2a are the best
characterized in mammals. Under sufficient levels of Oy, HIF-a proteins
are constantly hydroxylated by proline hydroxylase domain (PHD)
proteins, which are enzymes that use oxygen as a substrate. Hydroxyl-
ated HIF-a proteins are then recognized by the von Hippel Lindau
(pVHL) tumor suppressor protein for rapid degradation by the 26S
proteasome [17]. In an anaerobic environment, HIF-a proteins are sta-
bilized due to the lack of PHD activity and heterodimerize with ARNT1
to bind to the hypoxic response element (HRE) of their target genes [17].

Despite having similar structures, HIF-1a and HIF-2a are different in
their specific functions, and not only share overlapping target genes but
also have specific target genes [18]. HIF-1a is mainly activated during
acute hypoxia and promotes angiogenesis by activating vascular endo-
thelial growth factor (VEGF) expression [17]. It also increases glycolytic
capacity, which is a hallmark of cancer, by elevating glycolysis-related
enzymes such as glucose transporter 1, and plays a role in cell survival
by targeting the anti-apoptotic protein Bcl-2 [19]. In contrast, HIF-2a is
more stable under chronic hypoxic conditions, and growing evidence
shows that HIF-2a is likely to possess oncogenic activity by regulating
cancer stemness [18]. HIF-2a directly regulates OCT4 expression to
support stem cell function, embryo development, and tumor growth
[20]. In glioblastoma specimens, HIF-2a and CSC markers were colo-
calized, and the depletion of HIF-2a in CD133-enriched glioma stem
cells reduced their tumorigenic activity in vitro and in vivo [21]. HIF-2«
upregulates the expression of the stem cell factor (SCF), a multifunc-
tional cytokine, and consequently promotes angiogenesis and metastasis
in hepatocellular carcinoma [22]. Breast cancer stemness is mediated by
HIF-2a via the induction of mitochondrial reactive oxygen species (ROS)
under hypoxia [23].

NRF2 (Nuclear Factor Erythroid 2-Like 2; NFE2L2) plays an impor-
tant role as a transcription factor in the expression of multiple cyto-
protective genes in response to electrophilic and oxidative stress. NRF2
activation is primarily regulated by Kelch-like ECH-associated protein 1
(KEAP1), an adaptor protein for ubiquitination and continuous degra-
dation of NRF2 by the 26S proteasome under normal conditions [24,25].
In the presence of stress, conformational changes in the KEAP1 protein
structure allow NRF2 nuclear translocation to activate gene subsets,
including NAD(P)H: quinone oxidoreductase (NQO1) and
glutamate-cysteine ligase (GCL). However, constitutive NRF2 activation
has been reported in multiple types of cancers, and its association with
facilitated cancer growth, survival, and therapy resistance has been
firmly established [26].

In our previous studies, knockdown of NRF2 expression in colorectal
and breast cancer cells suppressed HIF-1a accumulation under hypoxic
conditions for 24 h, thus inhibiting HIF-1a-dependent tumor angiogen-
esis and metabolic shift [27,28]. Additionally, we provided evidence
that the elevation of NRF2 levels is associated with CSC properties,
including therapy resistance and enhanced tumor growth, spheroid
growth, and migration/invasion capacity in breast, colorectal, and
ovarian carcinoma cells [29-32]. Based on these findings, we hypothe-
sized the potential contribution of NRF2 to hypoxia-induced CSC-like
properties, and investigated the effect of NRF2 on HIF-2a accumulation
and CSC phenotype development in chronic hypoxia-exposed colorectal
cancer cells. Additionally, the molecular link between NRF2 and HIF-2«a
regulation has been explored by focusing on differentially expressed
micro RNAs (miRNAs) in NRF2-silenced colorectal cancer cells.

2. Materials and methods
2.1. Reagents

5-Fluorouracil (5-FU), Z-Leu-Leu-Leu-al (MG132), brusatol, doxo-
rubicin, and dimethyl sulfoxide (DMSO) were purchased from Sigma-
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Aldrich Co. (Saint Louis, MO, USA). Bardoxolone methyl was pur-
chased from Selleckchem (Boston, MA, USA). TB Green real-time poly-
merase chain reaction (PCR) master mix was purchased from Takara Bio
Inc. (Kusatsu, Shiga, Japan). HIF-1a antibody (#610958) was purchased
from BD Biosciences (Palo Alto, CA, USA). Antibodies against HIF-2a
(#7096), KLF4 (#4038), and pVHL (#68547) were obtained from Cell
Signaling Technology Inc. (Danvers, MA, USA). Antibodies against the
catalytic subunits of GCL (GCLC; #207777), matrix metallopeptidase 2
(MMP2, #86607), NRF2 (#62352), and OCT4 (#109183) were pur-
chased from Abcam (Trumpington, Cambridge, UK). Antibodies against
ARNT1 (#55526), KEAP1 (#15246), lamin B (#6216), NQOI1
(#16464), VEGF (#152), and p-actin (#47778) were purchased from
Santa Cruz Biotechnology Inc. (Dallas, TX, USA). All primers for PCR
analysis (Table 1), silencing RNAs, and miRNA mimics and inhibitors
were synthesized by Bioneer Corp. (Daejeon, Republic of Korea).

2.2. Plasmids

The pMir-Target plasmids containing the 3'UTR of human HIF-2«
(wild-type, point, and whole sequence mutation in the miR-181a-2-3p
binding sites) were purchased from OriGene Technologies Inc. (Rock-
ville, MD, USA). HIF-2a overexpression plasmid with mutation in its
proline residues (pcDNA3-HA-HIF-2a-P405A/P531A) was a gift from
William Kaelin (Addgene #18956) [33]. Mammalian expression
plasmid for human NRF2 (pcDNA3-Myc3-NRF2) was a gift from Yue
Xiong (Addgene #21555) [34]. The miArrest™ miR-181a-2-3p inhibitor
expression plasmid (pEZX-AMO04-miR-181a-2-3p inhibitor, #HmiR--
AN0233-AM04) and its backbone vector control (pEZX-AMO4,
#CmiR-AN0001-AMO04) were purchased from Genecopoeia (Rockville,
MD, USA).

2.3. Cell culture

HCT116 and HT29 colorectal cancer cell lines were purchased from
the American Type Culture Collection (ATCC; Manassas, VA, USA).
HCT116 and HT29 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) and Roswell Park Memorial Institute (RPMI) 1640
medium, respectively. All media were purchased from Welgene Inc.
(Daegu, Republic of Korea) and supplemented with 10% fetal bovine
serum (FBS; Corning Inc., Corning, NY, USA) and 1% penicillin/strep-
tomycin (Welgene Inc.). Stable NRF2- and KEAP1-silenced cell lines and
their corresponding scrambled control cell lines were previously estab-
lished [27,35]. Cells were grown at 37 °C in a humidified atmosphere
containing 5% CO,. Hypoxic incubation was performed in a hypoxic
incubator (Astec Co. Ltd., Kasuya, Fukuoka, Japan) humidified with 1%
05 and 5% CO, at 37 °C as described previously [28].

2.4. Transfection of siRNA, microRNA mimic and inhibitor

The cells were seeded in antibiotic-free complete medium at a den-
sity of 5 x 10° cells/well and grown overnight. The next day, cells were
transfected using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA,
USA) with predesigned siRNAs targeting HIF-1a (#1, 5-GUGGUUG-
GAUCUAACACUA(ATAT)-3' and 5-UAGUGUUAGAUCCAACCAC (dT
dT)-3’; #2, 5-CAUGAAAGCACAGAUGAAU(ATAT)-3' and 5-AUUCA
UCUGUGCUUUCAUG(dTAT)-3’; #3, 5'-CUCAUCCAUGUGACCAUGA
(dTdT)-3' and 5-UCAUGGUCACAUGGAUGAG(dTAT)-3'), HIF-2a (#1,
5'-CGUGAG AACCUGAGUCUCA(dATAT)-3' and 5'-UGAGACUCAGGUU-
CUCACG(ATdT)-3’; #2, 5'-ACUACGUCCUGAGUGAGAU(ATAT)-3' and
5-AUCUCACUCAGG ACGUAGU(dTdT)-3/, #3, 5-GAUCUUUUCGA
AGCUGUUA(ATAT)-3' and 5-UAACAGCUUCGAAAA GAU C(dTdT)-3),
or scrambled control siRNA from Bioneer Corp. For miRNA transfection,
10 nmol of mimic or inhibitor of miR-181a-2-3p and miR-2278-5p and
the corresponding negative control miRNA were used. For plasmid
transfection, 1 pg plasmid or its corresponding control was added to the
complex mixture. After 24 h of transfection, the transfection complex-
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Table 1
Primer sequences for qPCR analysis of human genes and miRNAs.
Gene name Forward Reverse
KLF4 5-ACACTTGTGATTACGCGGGCTGC-3' 5-GGCGAATTTCCATCCACAGCCG-3'
OCT4 5'-TGCAGAAGTGGGTGGAGGAAGC-3' 5'-TGGCTGATCTGCTGCAGTGTG-3'
MMP2 5-CGTCGCCCATCATCAAGTTCCC-3' 5-CCTTCAGCACAAACAGGTTGCAGC-3'
VEGF 5-TTGTACAAGATCCGCAGACG-3' 5-TTCTGTCGATGGTGATGGTG-3'
EPAS1 5'-ATCAGCTTCCTGCGAACACA -3’ 5’-GCTCCACCTGTGTAAGTCCC-3’
PHD1 5'-ACGGGCTCGGGTACGTAAG-3' 5'-CCCAGTTCTGATTCAGGTAATAGATACA-3
PHD2 5-ACTGGGATGCCAAGGTAAGTG-3' 5-CTCGTGCTCTCTCATCTGCAT-3’
PHD3 5-GGAGAGGTCTAAGGCAATGG-3' 5-ACTTCGTGTGGGTTCCTACG-3'
ACTB 5'-CCATGTACGTTGCTATCCAG-3' 5'-GGCCATCTCTTGCTCGAAGT-3'
miR-181a-2-3p 5'-ACCACTGACCGTTGACTGTACC-3' Universal primer
miR-2278 5'-GAGAGCAGTGTGTGTTGCCTGG-3' Universal primer
U6 5-CGCAAGGATGACACGCAAATTC-3' Universal primer

containing medium was removed, and the cells were re-seeded at a
density of 2 x 10° cells and incubated for 72 h.

2.5. Cell counting

Cells were seeded at a density of 5 x 10* cells in 6-well plates. After
incubation in hypoxic conditions for 24, 48, or 72 h, the cells were
harvested and stained with trypan blue. Viable cells were counted using
a TC10 automated cell counter (Bio-Rad Laboratories, Inc., Hercules,
CA, USA).

2.6. WST assay

Cells were plated at a density of 1.25 x 10° cells/well in a 96-well
plate and incubated with 5-FU or doxorubicin for 72 h in a hypoxia
chamber. Next, 10 pL of WST solution (EZ-Cytox, DoGenBio, Seoul,
Republic of Korea) was added to each well and further incubated for 1 h.
Absorbance was measured at 450 nm using a SpectraMax spectropho-
tometer (Molecular Devices, San Jose, CA, USA) as described previously
[36].

2.7. Immunoblot analysis

Hypoxia-incubated cells were washed using phosphate-buffered sa-
line (PBS) supplemented with 100 mM MG132 and rapidly lysed with
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris pH 7.4, 150
mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1% nonyl
phenoxypolyethoxylethanol-40, 1% sodium dodecyl sulfate, and 10%
sodium deoxycholate) containing a protease inhibitor cocktail (Sigma-
Aldrich Co.). Protein concentrations were determined using a bicin-
choninic acid kit (Thermo Fisher Scientific Inc.,Waltham, MA, USA).
Proteins (15 mg/mL) were separated on 6%, 10%, or 15% SDS-
polyacrylamide gels and transferred onto nitrocellulose membranes
(GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) [37]. Membranes
were blocked with 5% skim milk (BD Biosciences) for 1 h and incubated
overnight with the corresponding primary antibody. The membranes
were then incubated with the corresponding secondary antibody com-
bined with horseradish peroxidase (Thermo Fisher Scientific Inc.) for an
hour. Chemiluminescent images were captured using an ImageQuant
LAS 4000 Mini luminescent image analyzer (GE Healthcare
Bio-Sciences). Protein levels from three independent experiments were
calculated using ImageJ analysis software [38].

2.8. Total RNA isolation and quantitative PCR (qPCR) analysis

Total RNA was isolated from cells using TRIzol (Ambion, Inc. Austin,
TX, USA). For mRNA expression analysis, 200 ng of RNA was transcribed
into cDNA using GoScript Reverse Transcriptase (Promega Corp., Mad-
ison, WI, USA). qPCR was performed using TB Green qPCR Mix with
forward and reverse primer pairs (Table 1) in a total volume of 20 pL.
B-Actin was used as the reference gene. miRNA cDNA was synthesized

from 500 ng of RNA using a miScript RT kit (Qiagen, Hilden, Germany).
qPCR analysis was performed with a miScript SYBR green PCR kit
(Qiagen) using miRNA-specific forward primers (Table 1) and universal
primers provided by the kit manufacturer. Forward primer U6 was used
as the reference gene. All primers were synthesized by Bioneer Corp.
Expression quantitation was performed on a CFX96 Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc.) as previously described
[39]. The data were processed using Bio-Rad CFX Maestro Software 2.3
(Bio-Rad Laboratories, Inc.).

2.9. Isolation of nuclear fraction

After growth under normoxic or hypoxic condition for 72 h, the cells
were harvested and washed with ice-cold PBS. The cells were processed
using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo
Fisher Inc.) according to the manufacturer’s protocol. Briefly, cyto-
plasmic extraction reagents I and II were added at 200:11 ratio to
separate the cytoplasmic fraction from the cell lysates. After centrifu-
gation, an ice-cold nuclear extraction reagent was added to isolate the
nuclear fraction.

2.10. Soft agar colony formation assay

Anchorage-independent growth ability was assessed by suspending
5 x 10° cells in the top soft agar layer (0.35% agarose) on 6-well plates,
which were pre-coated with 0.5% base agar. Colonies were allowed to
grow at 37 °C in a normoxic or hypoxic (1% O,) incubator for 2-3 weeks
and counted using an ECLIPSE Ti inverted microscope by NIS-Elements
AR (V.4.0) computer software program (Nikon Instruments Korea,
Seoul, Republic of Korea) [29].

2.11. Transwell migration assay

The cells were treated under normoxic or hypoxic condition for 72 h,
suspended in serum-free medium, and seeded in a Transwell chamber
(8.0 pm pore size, Corning Inc.) at a density of 2 x 10* cells/well. The
chambers were placed in complete medium and further incubated under
normoxic or hypoxic conditions for 18 h. Migrated cells on the lower
surface of the membrane were fixed and stained using Diff-Quick re-
agent (Sysmex, Kobe, Japan) before capture using ToupView software
(ToupTek, Hangzhou, Zhejiang, China) as described previously [36].
The density of migrated cells was calculated using ImageJ software.

2.12. Sphere formation assay

HCT116 cells were grown at a density of 1 x 10° cells/mL in a 1:1
ratio of serum-free DMEM and Nutrient Mixture F-12 (Welgene Inc.)
supplemented with 2% B-27 (Life Technologies), 20 ng/mL epithelial
growth factor, 20 ng/mL basic fibroblast growth factor (R&D Systems,
Minneapolis, MN, USA), 5 pg/mL bovine insulin (Cell Applications Inc.,
San Diego, CA, USA), 0.5 pg/mL hydrocortisone (Sigma Aldrich, Co.),
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and 1% penicillin/streptomycin on ultralow attachment 100 mm plates
(Corning Inc.). The sphere formation assay was conducted by growing
the colonospheres on ultra-low attachment 96-well plates (Corning Inc.)
for 3 d following hypoxic incubation for 72 h. The sphere number was
then measured using ToupView software (ToupTek) as described pre-
viously [30].

2.13. Animal experiments

Six-week-old male BALB/c (nu/nu) mice (Orient Bio Inc., Seongnam,
Republic of Korea) were housed in a pathogen-free environment with
standard feeding and water ad libitum. One week after the adaptation
period, the mice were injected with sc-HCT116 or shNRF2-HCT116 cells
(1 x 10% or 2.5 x 106 cells/200 pL) transfected with pEZX-AMO04-miR-
181a-2-3p inhibitor and its control plasmid in their right flank. For
brusatol treatment, a total of 2 x 10° HCT116 cells were injected. Once
the average tumor volume reaches 80 mm?3, the mice were randomly
divided into two groups, and brusatol (2 mg/kg) and vehicle control (5%
DMSO in DPBS) were administered intraperitoneally for a total of 15
doses interspersed with a 5-day resting period. Tumor growth was
monitored by measuring the diameter of the tumors using calipers twice
a week. Tumor volume was calculated using formula V:(asz)/2, where
a is the width and b is the length of the tumor [27]. This study was
approved by the Animal Ethics Committee of the Catholic University of
Korea (CUK-IACUC-2020-006; CUK-IACUC-2022-037). The mice were
sacrificed, and tumor sections were preserved by snap-freezing using
liquid nitrogen until further analysis. The tumor sections were weighed
and mixed with RIPA buffer (10 mg tissue/1 mL buffer) supplemented
with protease and phosphatase inhibitor cocktail before being homog-
enized using a tissue homogenizer (IKA, Staufen, Germany). The protein
extracts were centrifuged at 12,000 rpm for 20 min and re-centrifuged at
7000xg for another 20 min at 4 'C before being used for quantification
and immunoblot analysis.

2.14. Luciferase reporter assay

The cells were seeded in 24-well plates at a density of 2 x 102 cells/
well and grown overnight. Three hours before transfection, the medium
was replaced by 1X reduced-serum medium (Opti-MEM, Gibco, Wal-
tham, MA, USA). A total of 100 pL of Lipofectamine 2000, 0.1 pg pRL-TK
Renilla luciferase, 1 pg pMir Target of HIF-2a 3'UTR, and 100 pmol of
miRNA mimic were added and the cells were further incubated over-
night. The reporter assay was performed using the Dual Luciferase Re-
porter Assay System (Promega Corp.) [40]. Transfected cells were
washed with PBS and lysed using a passive lysis buffer at room tem-
perature. Luciferase activity was detected following the addition of
LARII substrate and Stop&Glo at 10s measurement on a Centro XS3
LB960 microplate luminometer (Berthold Technologies, Baden Wiirt-
temberg, Germany).

2.15. Clinical analysis of miR-181a-3-5p expression in colorectal cancers
using public datasets

Gene expression data from the colon cancer dataset (n = 105)
available from the Clinical Proteomic Tumor Analysis Consortium
(CPTAC-2 Prospective) [41] and pan-cancer analysis of whole genomes
(n = 749) from the International Cancer Genome Consortium and The
Cancer Genome Atlas (ICGC/TCGA) [42] were analyzed using cBio-
Portal (https://www.cbioportal.org/) [43,44]. The correlations be-
tween miR-181a-2 or miR-2278 levels and OCT4 mRNA levels were
plotted as RNA-seq data using the estimation maximization (RSEM) al-
gorithm on a log2 scale. The correlations were evaluated using both
Spearman rank correlation and Pearson correlation -coefficients.
GSE49246 [45] was used to study the expression of human miRNAs in
public colorectal cancer (CRC) datasets. Samples from healthy and colon
cancer patients were grouped, and the expression values from both
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groups were further analyzed using statistical analysis.
2.16. Statistical analysis

The data were analyzed using Student’s t-test and one-way or two-
way ANOVA followed by Bonferroni’s multiple comparison test to
determine significantly different groups. These analyses were performed
using GraphPad Prism5 (GraphPad Software, Inc., La Jolla, CA, USA).
Statistical significance was set at P < 0.05.

3. Results

3.1. Chronic hypoxia induces CSC phenotypes and HIF-2a accumulation
in colorectal cancer cells

Hypoxia is known to support CSC maintenance and is considered a
hallmark of aggressive cancer [1]. To investigate whether chronic
hypoxia is responsible for the acquisition of stemness phenotypes of
cancer cells, we exposed colorectal cancer HCT116 cells to normoxic
(21% O3) or hypoxic condition (1% Oj) for 24, 48, and 72 h, and
monitored cell growth. Hypoxic condition affected cell growth, and the
72 h-hypoxic incubation suppressed cell growth by 56% compared to the
normoxic condition (Fig. 1A). However, when these hypoxia-exposed
HCT116 cells were subjected to cancer migration and sphere forma-
tion assays, the 72 h hypoxic incubation exhibited substantially
increased migration and sphere-forming capacities compared to the 24 h
and 48 h hypoxic cells (Fig. 1B). Along with aggressive phenotypes, 72
h-hypoxic incubation elevated CSC transcription factors such as KLF4,
OCT4, and p-catenin (Fig. 1C), which suggests that chronic hypoxia
induces CSC-like phenotypes in colorectal cells.

Because HIFa plays an indispensable role in cancer adaptation under
low-oxygen conditions, HIFa protein levels were estimated. While HIF-
la levels rapidly increased after 24 h of hypoxia, HIF-2a levels showed a
maximal elevation after 72 h of hypoxic incubation (Fig. 1D). Similar
results were obtained for HT29 colorectal cancer cells (Fig. 1E). This
observation implies that HIF-2a elevation in chronic hypoxic condition
may contribute to the development of CSC properties in colorectal
cancers.

3.2. HIF-2a mediates CSC-like properties under chronic hypoxic condition

On the basis of the acquisition of stemness phenotypes and HIF-2a
accumulation under chronic hypoxic conditions, we investigated the
potential role of HIF-2a. For this, different types of HIF-2a-targeting
siRNA (siHIF-2a #1, #2, and #3) were transfected in HCT116 cells and
HIF-1a and HIF-2a levels were determined following hypoxic incuba-
tion. Both siHIF-2a #2 and #3 inhibited HIF-2a but not HIF-1a, which
indicates a selective inhibition of HIF-2a by these siRNAs (Fig. 2A).
Accordantly, we selected the siHIF-2a #3 for subsequent experiments.
Transfection with siHIF-2a #3 blocked the elevation of the CSC markers
KLF4, OCT4, and B-catenin after 72 h of hypoxia (Fig. 2B) and sup-
pressed KLF4 and OCT4 mRNA levels (Fig. 2C). These results suggest a
specific contribution of HIF-2a to hypoxia-induced CSC marker eleva-
tion. Next, we monitored the in vitro cell growth, anchorage-
independent growth, migration, resistance to drug therapy, and
sphere-forming ability of the 72 h hypoxia-exposed HCT116 to examine
the role of HIF-2a in the development of CSC-like properties. Silencing
HIF-2a suppressed hypoxia-exposed cell growth (Fig. 2D) and
anchorage-independent colony formation (Fig. 2E). Transwell assays
showed a substantial reduction in the migration of HIF-2a-silenced
HCT116 cells (Fig. 2F). The WST assay indicated that HIF-2a-silenced
HCT116 cells were relatively more sensitive to 5-FU- and doxorubicin-
induced cytotoxicity under chronic hypoxic conditions (Fig. 2G).
Moreover, the colonosphere number, which was increased in cells
exposed to hypoxia for 72 h, was completely suppressed by HIF-2a-
silencing (Fig. 2H), and the increase in KLF4, OCT4, and f-catenin in
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(B) Cell migration and sphere formation were assessed in HCT116 cells following incubation in hypoxic condition for 24, 48, or 72 h. Data are expressed as means +
SD of three experiments. °P <0.05 compared with the 24 h hypoxic group. °P < 0.05 compared with the 48 h hypoxic group. (C) Protein levels of HIF-2q, KLF4,
OCT4, and p-catenin were determined following 72 h hypoxic incubation of HCT116. (D) Protein levels of HIF-1a and HIF-2a were monitored in HCT116 cells
following normoxic or hypoxic incubation for 24, 48, or 72 h. Data are expressed as means + SD from three experiments. °P <0.05 compared with each normoxic
control. °P < 0.05 compared with the 24 h hypoxic group. (E) Protein levels of HIF-1a and HIF-2a were monitored in HT29 cells following normoxic or hypoxic

incubation for 24, 48, or 72 h.

spheroid HCT116 was ablated by HIF-2a-silencing (Fig. 2I). Similar re-
sults were observed when the siHIF-2a #2 was transfected: levels of
hypoxia-induced CSC markers, cell migration, and sphere formation
were all suppressed by siHIF-2a #2 (Supplementary Fig. S1). Moreover,
specific inhibition of HIF-2a suppressed hypoxia-inducible KLF4 and
OCT4 elevation in additional cell line HT29 (Supplementary Fig. S2).

In contrast, specific silencing of HIF-1a (Fig. 2J), which was achieved
by siHIF-1a #1, did not show a noticeable effect on chronic hypoxia-
induced sphere formation when compared to the normox control cells
(Fig. 2K), and the inhibitory effect of HIF-1a silencing on the hypoxia-
inducible CSC markers was only marginal (Fig. 2L). Together, these
results show that HIF-2o mediates CSC-like properties of colorectal
cancer cells following prolonged hypoxic incubation.

3.3. NRF2-silencing suppresses HIF-2a elevation under chronic hypoxic
condition

Previously, we observed that the inhibition of NRF2 expression in
colorectal cancer cells abrogated HIF-1la accumulation under hypoxic
conditions for 24 h [27,28]. In order to explore the potential role of
NRF2 in HIF-2a-induced CSC-like properties in a chronic hypoxic envi-
ronment, stable HCT cell lines with nonspecific shRNA (sc) or
NRF2-specific sShRNA (shNRF2) were incubated in 1% O3 for 24 h, 48 h,
or 72 h. HIF-1a accumulation, which was at the maximal level after 24 h
hypoxia, was significantly low in shNRF2 cells (Fig. 3A). HIF-2a accu-
mulation was maximal at 72 h of hypoxia, and NRF2-silencing inhibited
HIF-2a elevation. Similarly, KLF4 and OCT4 levels, which increased
after 72 h of hypoxic incubation, were attenuated in shNRF2 cells. The
levels of NRF2 and its target NQO1 and GCLC were not noticeably
changed by chronic hypoxic incubation. Inmunoblot analysis of nuclear
levels of HIF-2a, KLF4, OCT4, and B-catenin showed similar effect of
NRF2-silencing on at 72 h (Fig. 3B). In line with this, prolonged
hypoxia-inducible levels of MMP2, a specific target of HIF-2a, and
VEGF, a common target of HIF-la and HIF-2a, were inhibited in
NRF2-silenced HCT116 cells (Fig. 3C). These results were confirmed by
measuring mRNA levels of MMP2, KLF4, and OCT4 (Fig. 3D). An addi-
tional colorectal cell line HT29 showed similar results: levels of HIF-2a

and CSC markers diminished in NRF2-silenced HT29 cells after 72 h of
hypoxia (Fig. 3E and Supplementary Fig. S3).

3.4. NRF2-silencing suppresses CSC-like properties in chronic hypoxic
environment

To confirm the effect of HIF-2a inhibition in NRF2-silenced cancer
cells, CSC-like phenotypes were examined in cells exposed to 72 h of
hypoxia. Hypoxia-activated anchorage-independent colony growth
(Fig. 4A) and migration (Fig. 4B) were significantly inhibited in NRF2-
silenced HCT116 cells. The viability of shNRF2 cells was more sup-
pressed following 5-FU and doxorubicin treatment than that of control
cells (Fig. 4C). Chronic hypoxic-stimulated sphere formation was sub-
stantially attenuated in shNRF2 cells (Fig. 4D), and CSC markers, which
were highly elevated in colonospheres, were diminished in the NRF2-
silenced group (Fig. 4E). These results suggest that the development of
chronic hypoxia-induced CSC-like properties is dependent on NRF2.

In an attempt to verify the role of HIF-2q, the HIF-2a plasmid with
proline residues mutation (P405A/P531A) was transfected. Over-
expression of HIF-2a in normoxic condition promoted migration and
sphere formation capacities of the ssNRF2 HCT116 cells with concom-
itant increase in OCT4 (Fig. 4F and G). Moreover, hypoxia-induced
shNRF2 migration, which was reduced when compared to the sc con-
trol, was restored by the forced expression of HIF-2a (Supplementary
Fig. S4 and Fig. 4H).

Consistent with the in vitro results, shNRF2 cells did not develop
tumors in the mouse xenograft study (Fig. 4I). In contrast, the sc control
HCT116 developed tumors from 21st day after inoculation, and tumoral
levels of HIF-2a, OCT4, and KLF4 were found to be high, which are
comparable to those in hypoxic HCT116 cells (Fig. 4J).

3.5. NREF2 inhibitor brusatol suppresses CSC-like properties in chronic
hypoxic environment

Brusatol has been shown to inhibit NRF2 and thereby enhance
chemotherapy efficacy in cancers [46]. In HCT116, brusatol (20 and 40
nM) incubation for 24 h effectively reduced the bardoxolone-induced
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NRF2-silencing, brusatol treatment diminished HIF-2a levels and sup-

pressed migration/sphere formation of HCT116 in 72 h-hypoxic condi-
tion (Fig. 5B-D). In vivo, brusatol administration (2 mg/kg) for 15 days
significantly retarded tumor growth in HCT116-inoculated mice (Fig. 5E
and F). These results confirm the effect of NRF2 inhibition on

hypoxia-induced CSC-like properties.
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Fig. 2. HIF-2a mediates CSC-like properties under
prolonged hypoxia. (A) Protein levels of HIF-1a and
HIF-20 were determined following transfection with
HIF-2a-specific siRNAs (siHIF-2a #1, #2, #3) and
nonspecific siRNA (siCTRL) in hypoxic HCT116 cells.
(B) Protein levels of HIF-2a, KLF4, OCT4, and p-cat-
enin were determined following prolonged hypoxic
incubation for 72 h in siHIF-2a (#3) or siCTRL
HCT116 cells. Values are means + SD from three
experiments. °P <0.05 compared with normoxic
siCTRL. °P < 0.05 compared with the hypoxic siCTRL.
(C)Transcript levels of KLF4 and OCT4 were
measured in hypoxic siCTRL and siHIF-2a (#3)
HCT116 cells (72 h) using RT-PCR analysis. Values
are expressed as means + SD of three experiments, *P
<0.05 compared with each normoxic group and °P <
0.05 compared with the hypoxic siCTRL control. (D)
Cell growth was assessed in siCTRL and siHIF-2u (#3)
HCT116 cells following hypoxic incubation for 24,
48, or 72 h. Data are expressed as means + SD of
three experiments. P <0.05 compared with the
siCTRL control. (E) Soft agar colony formation was
determined in siCTRL and siHIF-2a (#3) HCT116
cells following incubation under hypoxic conditions
for 72 h, and the number of colonies was counted.
Data are expressed as the means + SD of three ex-
periments. *P <0.05 compared with each normoxic
group. °P < 0.05 compared with the hypoxic siCTRL
control. (F) Transwell cell migration assay was per-
formed using siCTRL and siHIF-2a (#3) following
incubation under 72 h hypoxic condition. Data are
expressed as the means + SD of three experiments. °P
<0.05 compared with each normoxic group. °P <
0.05 compared with the hypoxic siCTRL control. (G)
Viability of the siCTRL and siHIF-2a (#3) cells was
determined following incubation with 5-fluorouracil
(5-FU, 1.25 and 2.5 pM) or doxorubicin (31.25 and
62.5 nM) for 72 h under hypoxia. Data are expressed
as means + SD of three experiments, °P <0.05
compared with each untreated group. (H) Sphere
formation was assessed in siCTRL and siHIF-2u (#3)
following incubation for 72 h of hypoxia, and sphere
numbers were counted. Data are expressed as the
means + SD of three experiments. “P <0.05
compared with each normoxic group. °P < 0.05
compared with the hypoxic siCTRL control. (I) Pro-
tein levels of KLF4, OCT4, and B-catenin were deter-
mined in siCTRL and siHIF-2a spheres. (J) Protein
levels of HIF-la and HIF-2x were determined
following transfection of HIF-1a-specific siRNAs
(siHIF-1a #1, #2, #3) and nonspecific siCTRL in
HCT116 cells. (K) Sphere formation capacity was
assessed in the 72 h-hypoxic siHIF-1a (#1) HCT116
cells. Data are expressed as the means + SD of three
experiments. P <0.05 compared each normox group.
(L) HCT116 cells were transfected with HIF-1a-spe-
cific siRNA (#1) and the levels of HIF-1a, HIF-2a,
KLF4, OCT4, and p-catenin were monitored following
hypoxic incubation for 72 h.

3.6. NREF2 level- is positively correlated with HIF-2a level

To elucidate the mechanism of HIF-2a inhibition in hypoxic NRF2-
silenced cancer cells, we first monitored mRNA levels of HIF-2a. The
shNRF2 cells did not show a noticeable difference in HIF-2a mRNA
levels compared to the sc control, and no changes were observed after

72 h of hypoxia (Fig. 6A), which indicates that reduced HIF-2a tran-
scription is not a cause of HIF-2q inhibition. Additionally, the levels of
PHD1, pVHL, and ARNT1 were not altered by NRF2-silencing (Fig. 6B).
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Fig. 3. NRF2 silencing suppresses prolonged hypoxia-induced HIF-2a elevation. (A) The control (sc) and NRF2-silenced HCT116 (shNRF2) cells were incubated
in hypoxic condition for 24, 48, or 72 h, and protein levels of HIF-1a, HIF-2a, NRF2, NQO1, GCLC, KLF4, and OCT4 were determined using immunoblot analysis.
Values are expressed as means + SD of three experiments. ®P <0.05 compared with each normoxic control. °P < 0.05 compared with the 24 h hypoxic sc control. P
< 0.05 compared with the 72 h hypoxic sc control. (B) Nuclear levels of HIF-2a, KLF4, OCT4, and p-catenin were measured in the nuclear fractions of the sc and
shNRF2 cells following 72 h hypoxic incubation. (C) Protein levels of HIF-2a, and MMP2 were determined in the sc and shNRF2 cells following hypoxic incubation for
72 h. (D) Transcript levels of KLF4, OCT4, and MMP2 were assessed in the sc and shNRF2 cells following 72 h hypoxic incubation. Data are expressed as means + SD
of three experiments. P <0.05 compared with each normoxic group. P < 0.05 compared with the hypoxic sc control. (E) HT29 cells were transfected with the
nonspecific ShRNA (sc) or NRF2-specific sShRNA (shNRF2), and protein levels of HIF-2a, KLF4, OCT4, and p-catenin were assessed following 72 h hypoxic incubation.

Measurement of PHD1, PHD2, and PHD3 mRNA levels also showed that
differential PHDs expression is not associated with HIF-2a inhibition
(Supplementary Fig. S5A). Of note, when proteasome-mediated HIF-2a
degradation was blocked by MG132 incubation, HIF-2a levels were still
attenuated in NRF2-silenced cells (Fig. 6C).

We also examined the NRF2-dependent HIF-2a regulation using
KEAP]1-silencing and bardoxolone treatment. NRF2 and its target NQO1
were elevated in KEAPI-silenced HCT116 cells, and chronic hypoxia
(72 h)-induced HIF-2a accumulation was further enhanced compared to
the sc control (Fig. 6D), although HIF-20 mRNA levels did not show any
differences (Fig. 6E). KEAPI-silencing enhanced migration and sphere
formation capacities in chronic hypoxic condition (Fig. 6F and G). When
shKEAP1 cells were incubated with MG132, the HIF-2x level was higher
than that in control cells (Supplementary Fig. S5B). Similarly, bardox-
olone treatment increased NRF2, GCLC, and NQOL1 levels, and elevated
HIF-2a accumulation following a 72 h-hypoxic incubation (Fig. 6H).
Chronic hypoxia-stimulated HCT116 migration was also enhanced
following bardoxolone treatment (Fig. 6I). Taken together, these results
suggest that NRF2 levels are positively correlated with chronic hypoxia-

induced HIF-2a levels and that NRF2 appears to contribute to HIF-2a
regulation during the translational process.

3.7. NRF2-silencing-induced miR-181a-2-3p inhibits HIF-2a elevation

Since it was observed that regulation of transcription and protein
stability were not involved in HIF-2a inhibition following NRF2-
silencing, we explored the potential association of miRNAs with this
change. For this, we selected common miRNAs that were upregulated
more than 1.5-fold by NRF2-silecing both in HCT116 and HT29 cells
from our prior microarray analysis [39], and searched for miRNAs
predictably targeting HIF-2a 3'-untranslated region (UTR) with more
than 75% context percentile rank using the TargetScan database
(Table 2). Among the 23 miRNAs, miR-181a-2-3p (miR-181a-2) and
miR-2278-5p (miR-2278) were found to target the HIF-2a 3'-UTR with
context score percentiles of 78% and 83%, respectively (Table 2 and
Fig. 7A).

Consistent with the microarray results, QPCR analysis showed that
miR-181a-2 and miR-2278 levels increased 2-fold in shNRF2 cells
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compared to the control (Fig. 7B). Transfection of HCT116 cells with
miR-181a-2 and miR-2278 mimic did not affect HIF-2a mRNA levels
(Fig. 7C). When these two miRNAs were transfected into the sc cells and
further incubated under hypoxic conditions for 72 h, miR-181a-2
reduced HIF-2a and OCT4 elevations, but not miR-2278 (Fig. 7D).
Conversely, transfection of sShANRF2 cells with inhibitors of two miRNAs,
only miR-181a-2 enhanced hypoxia-induced HIF-2a and OCT4 levels
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(Fig. 7E). In line with these results, transfection of HCT116 cells with
miR-181a-2 repressed luciferase activity derived from the 3-UTR of HIF-
2a, confirming the inhibitory function of miR-181a-2 (Fig. 7F). More-
over, the specific binding of miR-181a-2 to the HIF-2a 3'UTR was
confirmed by mutation analysis. When the putative binding site of miR-
181a-2 was mutated in the HIF-2a 3'-UTR, miR-181a-2 lost its inhibitory
effect on HIF-2a 3'-UTR-derived luciferase activity (Fig. 7G). These
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Fig. 4. NRF2 mediates prolonged hypoxia-induced CSC-like properties. (A) Soft agar colony formation was assessed in the sc and shNRF2 HCT116 cells, which
were incubated in hypoxic condition for 72 h, and number of colonies was counted. (B) Transwell migration assay was carried out in the sc and shNRF2 cells
following incubation in hypoxic condition for 72 h. Data are expressed as means + SD of three experiments. P <0.05 compared with each normoxic control. °P <
0.05 compared with the hypoxic sc control. (C) Viable cell number was determined following incubation with 5-fluorouracil (5-FU) or doxorubicin under hypoxic
condition. Data are expressed as means =+ SD of three experiments. P <0.05 compared with each treated sc control. (D) Sphere formation capacity assessed in the sc
and shNRF2 cells following incubation in hypoxic condition for 72 h. Data are expressed as means + SD of three experiments. P <0.05 compared with each normoxic
control. P < 0.05 compared with the hypoxic sc control. (E) Protein levels of KLF4, OCT4, and p-catenin were determined in the sc and shNRF2 spheres. (F) Protein
levels of HIF-2a and OCT4 were measured in normoxic shNRF2 HCT116 cells following transfection with HIF-2a overexpression plasmid (pcDNA3-HA-HIF—2a-
P405A/P531A) and blank pcDNA3. (G) Cell migration and sphere formation were assessed in normoxic shNRF2 cells following transfection with HIF-2a over-
expression plasmid and blank pcDNA3. Values are means =+ SD of three experiments. *P <0.05 compared with pcDNAS3 control. (H) Cell migration was determined in
shNRF2 HCT116 cells following transfection with HIF-2a overexpression plasmid or blank pcDNA3 in chronic hypoxic condition (72 h). Values are means + SD of
three experiments. P <0.05 compared with the sc control cells. P < 0.05 compared with pcDNA3 control. (I) Tumor growth was monitored following the inoc-
ulation of the sc and shNRF2 HCT116 cells in BALBc (nu/nu) mice. (J) Levels of HIF-2a, OCT4, and KLF4 were determined in tumors from the sc control group. For
the comparison, cell lysates from the sc and shNRF2 cells which were exposed to hypoxic condition for 72 h. Relative tumor size of the sc control groups is
sAhown together.

results suggest that miR-181a-2, which is elevated in NRF2-silenced experiments. Levels of miR-181a-2 were lower in KEAPI-silenced

colorectal cancer cells, targets the HIF-2a gene. HCT116 cells (Fig. 8A), bardoxolone-treated HCT116 (Fig. 8B), and
NRF2-overexpressed shNRF2 HCT116 cells (Fig. 8C).

The association of miR-181a-3 with cancer HIF-2a could be further

3.8. NRF2-silencing-induced miR-181a-2-3p suppresses hypoxia-induced confirmed using clinical datasets. miR-181a-2 levels were significantly
CSC-like properties lower in colorectal cancer tissues than in normal tissues (Fig. 8D), and
there were negative correlations between miR-181a-2 levels and HIF-2a

In line with NRF2-silencing effect, the negative correlation between target OCT4 levels in colorectal cancers (Fig. 8E) and total cancers

NRF2 and miR-181a-3 levels could be confirmed in additional
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Fig. 6. NRF2 level is positively associated with
HIF-2a level-. (A) Transcript levels of HIF-2a were
measured in the sc and shNRF2 HCT116 cells

1%
—

PHD1
pVHL
ARNT1
B-Actin

o

o

(Ratio to normox sc)
o

HIF-2a mRNA

i

0, 21% 1% 21% 1% kDa

75
—— e - -
N ey .

following 72 h hypoxic incubation. (B) Levels of
PHD1, pVHL, and ARNT1 were determined in the
hypoxic sc and shNRF2 cells using immunoblot
analysis. (C) Protein levels of HIF-2a were assessed
following incubation of the sc and shNRF2 HCT116

20

[
o

sc shNRF2

Cc

0 1 5

.-
. — Y G TS SRy

MG132 (uM)
HIF-2c

HIF-2c levels
(Ratio to sc)

B-Actin

sc shKEAP1
1% 21% 1% kpa

0,

21%

~
o
a
g

H

NRF2
NQO1
HIF-2a

8
(Ratio to sc)

HIF-2a Protein

(Ra%0 1 norm o1 HCT116 1¢)

HIF-2a mRNA M

ap O21%
I - 1%
o

cells with MG132 (1 and 5 pM). Values are means +
SD of three experiments. °P <0.05 compared with the
sc control. (D) Protein levels of KEAP1, NRF2, NQO1,
and HIF-2a were monitored in KEAPI-silenced
HCT116 cells (shKEAP1) following 72 h hypoxic in-
cubation. HIF-2a protein levels are means + SD of
three experiments. *P <0.05 compared with normoxic
sc. PP < 0.05 compared with hypoxic sc control. (E)
Transcript levels of HIF-2a were measured in the sc
and shKEAP1 HCT116 cells using RT-PCR analysis.
(F-G) Cell migration and sphere formation were
assessed in sc and shKEAP1 cells following 72 h
hypoxia. Values are means + SD of three experi-
ments. P <0.05 compared with normoxic sc. °P <
0.05 compared with hypoxic sc control. (H) Protein
levels of NRF2, GCLC, NQO1, and HIF-2a were

a
B-Actin | v w—w w—— sc shKEAP1

sc

Bardoxolone (0.1 M)

H - -

0,

21% 1%

21%

+

determined after pre-treatment of the sc control cells
with bardoxolone (0.1 pM) or vehicle (DMSO) for 24
h followed by hypoxic incubation (72 h). (I) Migra-
tion of bardoxolone-treated sc control was deter-

shKEAP1

+

1% «oa

o NRF2

: =
b %

1.5

1.0

0.5

0.0

a
sc ShKEAP1

21% O. 1% O.
u--
@

GCLC

NQO1

HIF-2a

Cell migration
(Ratio to normoxic sc)

B-Actin

e e

mined following hypoxic incubation for 72 h. Data
are expressed as means =+ SD of three experiments. °P
<0.05 compared with normoxic vehicle. °P < 0.05
compared with hypoxic vehicle control.

..
o

21% O, 1% O,

b

veh

S a
& a
© 1s.

E

5

210

2os

°

]

&

oo

-
o
Q&
&
3
c
@
=
o
£
-3
2]

-

shKEAP1
Bardoxolone

ShKEAPT

(Fig. 8F). In the case of miR-2278, no correlation was observed between
miR-2278 levels and OCT4 (Fig. 8E), and its expression in colorectal
cancers did not show a statistical difference when compared to normal
tissues (data not shown).

Next, to verify the effect of miR-181a-2 on HIF-2a-mediated CSC-like
properties, we transfected control cells with miR-181a-2 and monitored
the CSC marker levels after 72 h of hypoxia. As expected, miR-181a-2
diminished hypoxia-inducible HIF-2a, KLF4, OCT, and f-catenin pro-
tein levels (Fig. 8G) and attenuated hypoxia-inducible KLF4 and OCT4
mRNA levels (Fig. 8H). Consistent with the repressed CSC markers, miR-
181a-2 inhibited chronic hypoxia-stimulated cell migration (Fig. 8I) and
sphere formation (Fig. 8J). Taken together, these results suggest that
miR-181a-2, which is negatively correlated with NRF2 level, suppresses
CSC-like properties in chronic hypoxic condition.

3.9. miR-181a-2-mediated HIF-2a inhibition suppresses CSC-like
properties in chronic hypoxic condition

In an attempt to verify the role of miR-181a-2 in CSC properties,
effect of the miR-181a-2 inhibitor was examined. Transfection of NRF2-
silenced HCT116 cells with the miR-181a-2 inhibitor restored chronic
hypoxia-inducible HIF-2a and CSC marker levels (Fig. 9A). Migration
and sphere formation of the shNRF2 cells were also increased by the
miR-181a-2 inhibitor (Fig. 9B and C). These results were confirmed
using an additional colorectal HT29 cell line. Stable silencing of NRF2 in
HT29 cells increased miR-181a-2 levels (Fig. 9D), and treatment of

Cell migration

(Rato to normoxic vehick )

10

vehicle Bardoxolone

NRF2-silenced HT29 with the miR-181a-2 inhibitor elevated hypoxia-
inducible KLF4 and OCT4 expression (Fig. 9E). As in vivo evidence,
NRF2-silenced HCT116 with the miR-181a-2 inhibitor transfection
showed a substantially increased tumor growth when compared to the
blank plasmid-transfected shNRF2 cells (Fig. 9F and G). Collectively, our
results demonstrate that the effect of NRF2-silencing on CSC-like prop-
erties in a chronic hypoxic environment is mediated through the
elevation of miR-181a-2.

4. Discussion

HIFs signaling leads to the immediate adaptive responses of cancer
cells to a low oxygen environment and promotes cancer survival and
growth by inhibiting apoptosis, inducing metabolic conversion, and
acquiring drug resistance and metastatic potential, which eventually
results in poor clinical outcomes [16]. In particular, stabilization of HIFs
has been considered a prominent mechanism for regulating the genes
that contribute to the maintenance of stemness properties and devel-
opment of aggressive cancer phenotypes [13]. In neuroblastoma and
small-cell lung carcinoma, hypoxia was demonstrated to maintain a
highly tumorigenic stem cell population, which showed the capability of
migration and invasion in in vitro and in vivo experimental models [47].
Hypoxic exposure of breast cancer cells induced HIFs-dependent
demethylation of NANOG mRNA and further increased NANOG activ-
ity to enhance tumor initiation capacity [48]. For the relative contri-
bution of HIFs to the development of CSC phenotypes, specific role of
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Table 2

Common microRNAs, which are upregulated (>1.5 fold) both in HCT116 and
HT29, following a stable silencing of NRF2. Hypoxia-related target genes were
predicted using TargetScan database. n.d., not determined.

miRNAs shNRF2/sc > 1.5-  Hypoxia-related target gene
fold prediction
HCT116  HT29
hp_hsa-mir-1908-5p 1.505 1.511 HIFIA
hsa-miR-181a-2-3p 1.505 1.949 HIF2A
hsa-miR-4787-5p 1.511 1.945 nd.
hsa-miR-200a-3p 1.568 1.702 nd.
hp_hsa-mir-1302-10- 1.572 1.613 n.d.
3p
hsa-miR-3122-5p 1.588 1.721  HIF3A
hsa-miR-181c-5p 1.590 2.013  ARNT2
hsa-miR-4466-5p 1.598 1.822 n.d.
hsa-miR-2392-5p 1.611 1.667 n.d.
hsa-miR-3152-3p 1.638 1.868 HIFIA
hp_hsa-mir-3960-5p 1.640 1.604 n.d.
hsa-miR-4763-3p 1.643 1.531  HIF3A, ARNT2
hp_hsa-mir-548q-5p 1.645 2.112  HIF3A, ARNT2
hp_hsa-mir-124-2-3p 1.659 1.708 ARNTI, ARNT2
hsa-miR-3201-5p 1.674 2.754  HIFIA
hsa-miR-146a-5p 1.898 1.713  HIFIA, HIF3A

hsa-miR-93-3p 1.953 1.852 HIF1A, ARNT1, ARNT2
hsa-miR-2278-5p 2.034 1.615  HIF2A
hsa-miR-4720-5p 2131 1.990 HIF1A, ARNT2
hsa-miR-4490-5p 2.209 3.118 HIF1A, HIF3A, ARNT2
hsa-miR-3921-5p 2.499 2.366 n.d.

hsa-miR-4532-5p 2.582 1.713  n.d.

hsa-miR-3188-5p 4.568 1.938 HIF1A, HIF3A, ARNT2

HIF-2a has been demonstrated in multiple studies. HIF-2a levels were
differentially increased in glioma stem cells when compared to non-stem
glioma cells, and HIF-2a-silencing selectively suppressed VEGF

A

Redox Biology 60 (2023) 102632

expression only in glioma stem cells. Whereas, HIF-1a was found to
contribute to VEGF expression in both glioma stem and non-stem cells
[21]. Hypoxia promotes stem-like properties in non-stem glioblastoma
cells with a concomitant increase in HIF-2a, and overexpression of
HIF-2a enhances CSC markers and tumorigenic properties of non-stem
glioblastoma cells [49]. Intestine-specific deletion of VHL constitu-
tively upregulated HIFs, thereby increasing colon tumorigenesis in
Apc™i™* mice. This effect was attenuated following the double deletion
of VHL and HIF-2¢, indicating the critical role of HIF-2a in
hypoxia-induced tumorigenic signaling [50]. Consistent with these re-
ports, we observed an association between HIF-2a and CSC phenotype
development in colorectal cancer cells. Under a 1% O3 hypoxic envi-
ronment, the HIFs proteins showed differential accumulation patterns.
While HIF-1a rapidly increased under these conditions, HIF-2a protein
elevation was maximal after 72 h of hypoxia. In addition, CSC markers
and sphere-forming capacity were enhanced in a chronic hypoxic
environment (72 h), and these CSC phenotypes were all suppressed by
HIF-2a-silencing, but not by HIF-1a-silencing, which suggests the critical
contribution of HIF-2a to the development of CSC phenotypes under
chronic hypoxic conditions.

Regardless of its protective role in normal healthy cells, NRF2
signaling is often activated in many types of cancer and plays a signifi-
cant role in cancer survival and progression. Dysregulation of cancer
NRF2 signaling seems to be an adaptive strategy to maintain homeo-
stasis under stressful tumor environments and involves various molec-
ular events. Frequent somatic mutations have been found in the binding
regions of KEAP1 and NRF2, and these changes lead to constitutive
NRF2 activation and malignant properties [51,52]. KEAP1 gene
methylation or NRF2 exon 2 deletion has also been reported in lung and
colorectal cancers, and resultant NRF2 overactivation is associated with
poor prognosis in patients [53,54]. Phosphorylated p62/SQSTM1, an
autophagy protein adaptor, can increase NRF2 activity by competing

Fig. 7. Involvement of miR-181a-2-3p in HIF-2a
regulation in NRF2-silenced cancer cells. (A)
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Fig. 8. miR-181a-2-3p suppresses chronic hypoxia-induced CSC properties. (A) miR-181a-2 levels were determined in the sc and KEAP-silenced HCT116
(shKEAP1). (B) Levels of miR-181a-2 were measured following bardoxolone (0.1 uM) treatment. (JC) miR-181a-2 levels were assessed in shNRF2 cells following
transfection with NRF2 overexpression plasmid. Data are expressed as means + SD of three experiments. *P <0.05 compared with each control. (D) Relative miR-
181a-2 levels in normal and colorectal cancer (CRC) samples were analyzed from GSE49246 public datasets (n = 40). P <0.05 compared with the normal sample
datasets. (E) Clinical correlation between OCT4 mRNA and miR-181a-2 or miR-2278 were evaluated using colorectal cancer (CRC) dataset (n = 105) from the Clinical
Proteomic Tumor Analysis Consortium (CPTAC). (F) Clinical correlation between OCT4 mRNA and miR-181a-2 was analyzed using pan-cancer analysis of whole
genomes dataset (n = 749) from International Cancer Genome Consortium and The Cancer Genome Atlas (ICGC/TCGA). (G) Protein levels of HIF-2a, KLF4, OCT4,
and f-catenin were measured following the transfection of HCT116 with miR-181a-2 and prolonged hypoxic incubation. (H) Transcript levels of KLF4 and OCT4 were
assessed in HCT116 cells after the transfection of miR-181a-2 and hypoxic incubation. Data are expressed as means =+ SD of three experiments. °P <0.05 compared
with each normoxic control, °P < 0.05 compared with the hypoxic NC control. (I-J) Cell migration and sphere formation capacities were evaluated following the
transfection of HCT116 with miR-181a-2 and prolonged hypoxic incubation. Data are expressed as means & SD of three experiments. P <0.05 compared with each
normoxic group, °P < 0.05 compared with the hypoxic NC control.

with NRF2 for KEAP1 binding; thus, its accumulation in tumor cells activation in breast cancer spheroids activates FoxO3a/Bim-1 signaling,
leads to hepatocellular carcinoma malignancies [55]. The key role of which promotes the self-renewal capacity of breast CSCs [59]. In
NRF in cancer malignancy is further supported by recent reports contrast, silencing of NRF2 or pharmacological NRF2 inhibition sensi-

showing an association between NRF2 signaling and CSC phenotypes tized breast CSCs to radiotherapy by enhancing ROS and suppressing
[56]. Upregulation of NRF2 has been observed in breast cancer spher- DNA repair [60]. Similar to these reports, we observed that NRF2

oids and this elevation contributed to spheroid growth and survival, and signaling is activated via p62 and GSK-3f signaling in CD44-positive
chemotherapy resistance [32,57]. Aldehyde dehydrogenase (ALDH)-- breast cancer, CD133-positive colorectal cancer, and ALDH-high
positive breast CSC population, which shows high NRF2 levels, is ovarian cancer cells, and NRF2-sileing suppressed CSC phenotypes
responsible for the radioresistance of breast tumors [58]. NRF2 such as migration, spheroid formation, drug resistance, and tumor
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growth [29-31]. In addition to the above reports, our current study
provides evidence that NRF2 is involved in the development of CSC
properties acquired by cancer cells under hypoxic conditions. Xenograft
tumors from control HCT116 cells showed high levels of HIF-2a, OCT4,
and KLF4, which implies the activation of hypoxia-induced HIF-2a
signaling; however, NRF2-silenced cells failed to develop tumors (Fig. 41
and J). The treatment with brusatol, an inhibitor of NRF2, suppressed
hypoxia-inducible HIF-2a accumulation, CSC marker elevation, and
migration/sphere formation in hypoxic HCT116 cells, and inhibited
HCT116 xenograft tumors (Fig. 5). Conversely, chronic hypoxia-induced
HIF-2a accumulation and CSC properties were enhanced by NRF2 acti-
vation that was achieved by KEAPI-silencing and bardoxolone treat-
ment (Fig. 6D-I). In particular, we showed that NRF2 inhibition can
suppress chronic hypoxia-induced CSC phenotypes by elevating
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miR-181a-2, a miRNA targeting HIF-2qa. Introduction of miR-181a-2 into
colorectal cells diminished cell proliferation, anchorage-independent
colony growth, sphere formation, cell migration, and drug resistance.
In contrast, miR-181a-2 inhibition in NRF2-silenced cells restored
HIF-2a levels and CSC marker expression, and facilitated cancer
migration/sphere formation and tumor growth (Fig. 9).

Although a direct link between NRF2 and HIF-2« activation has not
been reported, compelling evidence has been shown for NRF2 and HIF-
la. Continuous hypoxia increased HIF-1la without NRF2 elevation in
lung cancer cells, whereas intermittent hypoxia increased both HIF-1a
and NRF2, and ROS-mediated NRF2/TRX1 elevation augmented HIF-1a
signaling [61]. The PKR-like ER kinase (PERK)-mediated NRF2 phos-
phorylation is critical for ROS removal, cell proliferation, and radio-
protection in hypoxic pancreatic and lung cancers, and

Fig. 9. miR-181a-2-3p mediates the suppressive
effect of NRF2- silencing on hypoxia-induced CSC
properties. (A) Protein levels of HIF-2a, KLF4, OCT4,
and p-catenin were measured following the trans-
fection of shNRF2 HCT116 with pEZX-AMO04-miR-
181a-2-3p inhibitor (p-miR-181a-2 inhibitor) or con-
trol pEZX plasmid under 72 h hypoxic incubation.
(B-C) Transwell migration assay and sphere forma-
tion were performed in shNRF2 cells transfected with
p-miR-181a-2 inhibitor or the pEZX control plasmid.
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Values are means + SD of three experiments, °P
<0.05 compared with normoxic pEZX control, °P <
0.05 compared with the hypoxic pEZX control. (D)
Levels of miR-181a-2 were monitored in NRF2-
silenced HT29 (shNRF2 HT29) cells. Data are
expressed as means + SD of three experiments. °P
<0.05 compared with the sc control. (E) Transcript
levels of KLF4 and OCT4 were measured in the
shNRF2 HT29 cells following the miR-181a-2 inhibi-
tor transfection. Data are expressed as means + SD of
three experiments, *P <0.05 compared with each
normoxic control, °P < 0.05 compared with the
hypoxic NC control. (F) Tumor volumes were
measured following inoculation of the p-miR-181a-2
inhibitor-transfected sShNRF2 HCT116 cells in BALB/
C(nu/nu) mice. (G) Tumors were collected and
weighed. Tumors were only grown in two mice in the
shNRF2 group. Values are means + SD of four ani-
mals. ®P <0.05 compared with the pEZX control
group. (H) A schematic diagram of the effect of NRF2
levels on the prolonged hypoxia-induced HIF-2a
activation and CSC-like properties.
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NRF2-knockdown led to HIF-1a suppression and subsequent cancer in-
hibition [62]. Molecular events between NRF2 and HIF-1a have been
suggested by several groups. First, the direct regulation of HIF-1a by
NRF2 has been suggested by identifying the functional ARE present 30
kb upstream of the HIF-1a gene [63]. Second, a role for NRF2 target
proteins has been suggested. NQO1 was found to directly bind to HIF-1a
protein and thereby PDH-mediated proteasomal degradation, resulting
in HIF-1a stabilization in human cancers overexpressing NQO1 [64].
Third, in our previous study, the relationship between NRF2 and HIF-1a
was explained by miR-181c: NRF2-silencing increased miR-181c levels,
which subsequently targeted the mitochondria-encoded cytochrome C
oxidase subunit-1 and consequently reduced mitochondrial oxygen
consumption, leading to the inhibition of the 24 h-hypoxia-induced
HIF-1a accumulation in colorectal and breast cancer cells [27,28].

MiRNAs, which play divergent roles in cancers as oncogenes or
tumor suppressors, are often dysregulated in human cancers; therefore,
miRNAs are considered as promising targets for developing cancer
biomarkers and therapeutics [65]. Several miRNAs have been identified
to target HIFs. MiR-200c, an miR-200 family member that regulates
epithelial-mesenchymal transition, targets HIF-1a, thereby inhibiting
the migration of lung cancer cells [66]. Overexpression of miR-519d-3p
diminished HIF-2a levels by binding to its 3’-UTR region, thereby sup-
pressing cell proliferation in hypoxic cervical cancer cells [67].
Recently, miR-526b-3p was demonstrated to inhibit HIF-2a/Notch
signaling and consequently suppress the sphere-forming capacity and
CSC marker expression [68]. Our results demonstrate a novel role of
miR-181a-2 in NRF2-associated HIF-2a suppression and CSC phenotype
inhibition. It was shown that miR-181a-2 directly binds to the 3'-UTR of
the HIF-2a gene, and alterations in the binding sequences abrogated this
binding, confirming the specific binding of this miRNA to HIF-2a.
MiR-181a-2-3p, together with miR-181b-2, is located on chromosome
9q33.3, while other miR-181 family members, including miR-181c and
miR-181a-1, are located on chromosomes 1p32.1 and 19p13.12 [69].
Although the specific function of miR-181a-2-3p in cancer remains un-
clear, our analyses of public datasets and clinical studies suggest that
miR-181a-2 level is low in colorectal cancers. Similarly, miR-181a-2
levels were found to be low in 46% of cervical cancer samples due to
the loss of heterozygosity of chromosome 9q33.3 and promoter hyper-
methylation [70]. The introduction of miR-181a-2 in cervical cancer
attenuates tumorigenesis by targeting the EGF/SOX2 pathway with a
concomitant decrease in the CSC population [71]. In agreement with our
observations, this result suggests an inhibitory role of miR-181a-2 in
CSC phenotypes. Moreover, our analysis of clinical data sets confirmed
the negative relationship between miR-181a-2 levels and the CSC
marker OCT4 levels in colorectal and total cancer samples.

The molecular mechanism of miR-181a-2 increase by NRF2-silencing
remains to be clarified in future studies. Since we observed that miR-
181a-2 levels were diminished by KEAPI-silencing and bardoxolone
treatment (Fig. 8A and B), the link between NRF2 and miR-181a-2 seems
to be negative. Considering reports showing a repressive role of NRF2 in
gene transcription [72,73], NRF2-mediated direct regulation might be a
possible explanation. In addition, several transcription factors, including
SMADs, have been reported to directly regulate miR-181a-2-3p expres-
sion [74]. As lines of evidence indicate that NRF2 activation suppresses
the TGF-$/SMAD3 pathway, which is eventually associated with tissue
fibrosis inhibition [75], NRF2 might hypothetically downregulate
miR-181a-2 through the suppression of SMAD3/4 signaling.

Collectively, under chronic hypoxic conditions, NRF2 inhibition can
suppress HIF-2a-induced CSC phenotypes, including enhanced colony
formation, migration, sphere formation, drug resistance, and tumor
growth, by elevating the HIF-2a-3'UTR targeting miR-181a-2 (Fig. 9H).
These results further suggest that the NRF2/miR-181a-2 pathway may
be a novel therapeutic target to prevent chronic hypoxia-induced CSC
properties.
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