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ARTICLE INFO ABSTRACT

Keywords: Resistance to chemotherapy is the main reason for treatment failure and poor prognosis in patients with triple-
Triple-negative breast cancer negative breast cancer (TNBC). Although the association of RNA N6-methyladenosine (m(’A) modifications with
Chemoresistance therapy resistance is noticed, its role in the development of therapeutic resistance in TNBC is not well docu-
ALKBHS5 . . . . . . . . .

FOXO1 mented. This study aimed to investigate the potential mechanisms underlying reactive oxygen species (ROS)

regulation in doxorubicin (DOX)-resistant TNBC. Here, we found that DOX-resistant TNBC cells displayed low
ROS levels because of increased expression of superoxide dismutase (SOD2), thus maintaining cancer stem cells
(CSCs) characteristics and DOX resistance. FOXO1 is a master regulator that reduces cellular ROS in DOX-
resistant TNBC cells, and knockdown of FOXO1 significantly increased ROS levels by inhibiting SOD2 expres-
sion. Moreover, the m®A demethylase ALKBH5 promoted m®A demethylation of FOXO1 mRNA and increased
FOXO1 mRNA stability in DOX-resistant TNBC cells. The analysis of clinical samples revealed that the increased
expression levels of ALKBH5, FOXO1, and SOD2 were significantly positively correlated with chemoresistance
and poor prognosis in patients with TNBC. To our knowledge, this is the first study to highlight that ALKBH5-
mediated FOXO1 mRNA demethylation contributes to CSCs characteristics and DOX resistance in TNBC cells.
Furthermore, pharmacological targeting of FOXO1 profoundly restored the response of DOX-resistant TNBC cells,
both in vitro and in vivo. In conclusion, we demonstrated a critical function of ALKBH5-mediated m®A deme-
thylation of FOXOI mRNA in restoring redox balance, which in turn promoting CSCs characteristics and DOX
resistance in TNBC, and suggested that targeting the ALKBH5/FOXO1 axis has therapeutic potential for patients
with TNBC refractory to chemotherapy.

Reactive oxygen species

1. Introduction

Breast cancer is the most commonly diagnosed cancer and the
leading cause of cancer-related deaths in women worldwide [1,2].
Triple-negative breast cancer (TNBC) is defined as the lack of expression
of estrogen and progesterone receptors and human epidermal growth
factor receptor 2 (HER2), accounting for approximately 15-20 % of all
breast cancers. Compared to other subtypes, TNBC represents the most
challenging subtype of breast cancer owing to its highly invasive nature,

distant metastasis and recurrence, and lack of targeted therapy options.
Chemotherapy is still the standard therapeutic treatment for patients
with TNBC [3,4]. According to the National Comprehensive Cancer
Network guidelines, doxorubicin (DOX) is the first-line drug used in
adjuvant chemotherapy and postoperative complementary chemo-
therapy for patients with TNBC. About 30-50 % of patients with meta-
static breast cancer who have not treated with chemotherapy are DOX
responsive [5]. However, intrinsic or acquired drug resistance to DOX
limited the efficacy of breast cancer treatment [6]. Therefore, there is an
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urgent need to identify novel and effective therapeutic approaches to
overcome this resistance, with the aim of eliminating mortality in pa-
tients with TNBC.

Reactive oxygen species (ROS) are oxygen free radicals, which are a
series of oxygen products from oxidation-reduction reactions, including
superoxide anions, hydrogen peroxide, and hydroxyl radicals [7]. In
normal cells, ROS levels are balanced by elimination through antioxi-
dant enzymes, such as superoxide dismutase (SOD), catalase, and
peroxidase, which prevent oxidative damage to normal cells by oxygen
free radicals [8]. Cancer cells exhibit enhanced ROS levels and increased
dependence on the antioxidant defense system, which plays an impor-
tant role in cancer initiation and progression [9]. Cancer cells are more
sensitive to increased ROS levels than normal cells, and excessive ROS
levels induced by chemotherapy or radiation can cause oxidative dam-
age and induce cancer cell apoptosis [10]. In particular, the expression
levels and activities of antioxidant enzymes in drug-resistant cancer cells
are typically higher than those in non-resistant cancer cells, suggesting
that cellular adaptation to ROS stress is critical for maintaining drug
resistance. Therefore, the modulation of cellular ROS levels can enhance
drug-resistant cancer cell death and sensitize them to chemotherapeutic
drugs [11,12].

RNA N6-methyladenosine (m®A) modification is one of the most
pervasive and abundant RNA modifications and plays a critical role in
regulating mRNA stability, splicing, transport, localization, and trans-
lation. The biological function of m®A modification is dynamically and
reversibly mediated by RNA mCPA methyltransferases, including
methyltransferase-like (METTL)3, METTL14 and Wilms tumor 1-associ-
ated protein (WTAP), and mPA demethylases, which includes fat mass
and obesity-associated protein (FTO) and a-ketoglutarate-dependent
dioxygenase AlkB homolog 5 (ALKBH5) [13,14]. Recent studies have
suggested that the dysregulation of RNA m®A methyltransfer-
ases/demethylases plays an important role in cancer initiation, pro-
gression, and metastasis by modulating the mRNA metabolism of
oncogenic and tumor-suppressive transcripts. Dynamic RNA m®A mod-
ifications are associated with therapy resistance, including drug trans-
port and metabolism, target receptors, cancer stemness, DNA damage
repair, and cell death [15-18]. However, the role of mPA modifications
in the development of therapeutic resistance in breast cancer is not well
documented.

The present study aimed to investigate the potential mechanisms
underlying ROS regulation in DOX-resistant TNBC cells. We found that
ALKBH5-mediated Forkhead box protein O1 (FOXO01) mP®A modification
increased FOXO1 mRNA stability and expression, resulting in an
increased SOD2 expression and attenuated cellular ROS levels, which in
turn promoting CSCs characteristics and DOX resistance in TNBC.
Moreover, targeting FOXO1 significantly enhanced the DOX sensitivity
of DOX-resistant TNBC cells both in vitro and in vivo.

2. Materials and methods
2.1. Cell culture and reagents

The human breast cancer cell lines BT549 and MDA-MB-231 were
purchased from American Type Culture Collection (ATCC, VA, USA).
The DOX-resistant MDA-MB-231/DOX, and BT549/DOX cells were
successfully established by continually exposing MDA-MB-231 and
BT549 cells, respectively, to a gradually increasing concentration of
doxorubicin for more than 12 weeks. All the cells were cultured in RPMI
1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10 %
fetal bovine serum (Gibco, Grand Island, NY, USA) and 1 % penicillin/
streptomycin in a humidified atmosphere with 5 % CO at 37 °C. The
cells were authenticated by DNA profiling by short tandem repeat (STR)
analysis.
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2.2. RNA interference and plasmid transfection

Lentiviral vectors expressing nontargeting pLKO.1 control shRNA
(SCHO002), two shRNA constructs targeting ALKBHS5-shRNA1
(TRCN0000064783) and -shRNA2 (TRCN0000064787) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Short hairpin sequences
against either the FOXO1 or the scrambled short hairpin RNA (shRNA)
sequences were cloned into the GFP-labeled lentiviral vector GV102
(GENECHEM). The target sequences selected are: shControl,
TTCTCCGAACGTGTCACGT; shFOXO01-1, CAGTCTGTCCGA-
GATCAGTAA; shFOX01-2, AGCGGGCTGGAAGAATTCAAT. Expression
plasmid for pCMV6-SOD2 (Cat. No RC202330), and pCMV6-XL5 empty
plasmid was purchased from Origene (Rockville, MD). For cell trans-
fection, Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) was
used according to the manufacturer’s instructions. After 72 h trans-
fection, stably expressing or knockdown cells were selected in RPMI
1640 medium containing 1 pg/mL puromycin.

2.3. Cell viability assay

Cells were plated into 96-well plates and then incubated with
doxorubicin for 72 h. Cell viability was detected by MTS assay using
CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega,
Madison, WI, USA), following the manufacturer’s instructions.

2.4. Cell apoptosis assay

Cell apoptosis was determined by Annexin V-APC/PI apoptosis kit
(Keygen Biotech, Nanjing, China), followed by flow cytometer analysis
(BD FACSCanto II, BD biosciences) according to manufacturer’s in-
structions. The percentages of apoptotic cells in the Annexin V*/PI” and
Annexin V/PI* populations were determined.

2.5. Combination index analysis

For the combination index (CI) analysis, cells were planted into 96-
well plates and then treated with a concentration gradient of
AS1842856, DOX or their constant ratio combination for 48 h. The CI
value of the combination of AS1842856 and DOX was calculated ac-
cording to the Chou-Talalay method by CompuSyn software, with CI >
1, CI = 1, and CI < 1 indicating antagonism, an additive effect, and
synergism, respectively.

2.6. CD44*CD24™"" population analysis

CD44 and CD24 antibodies (BD Pharmingen, San Diego, CA, USA)
were used to fractionate the CD44+CD24710% population. Cells were
harvested by dissociation using 0.05 % trypsin/EDTA. 1 x 10° cells were
resuspended in 200 pL HBSS with 2 % FBS and then stained with the
proper amount of antibodies (according to the instruction sheet) for 30
min at 4 °C. Cells incubated with unconjugated antibodies were stained
with secondary antibodies for another 30 min at 4 °C. CD44+CD2471°%
population were assayed with flow cytometry (BD FACSAria III, BD
Bioscience, USA).

2.7. Mammosphere formation assay

Cells were plated in ultralow attachment 6-well plates and main-
tained in DMEM/F12 supplemented with B27, 20 ng/mL EGF, 20 ng/mL
basic fibroblast growth factor (bFGF), and 4 mg/mL heparin for 14 days.
The mammospheres were photographed using inverted microscope
(Leica, Hamburg, Germany).

2.8. ROS production

Intracellular production of ROS was determined by using oxidation
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sensitive fluorescent probe 5-(and-6)- chloromethyl- 2',7-dichlorodihy-
drofluorescein diacetate (CM-H2DCFDA). Cells were incubated with 5
pM oxidation sensitive probe CM-H2DCFDA for 30 min at 37 °C in
serum-free RPMI 1640 medium. Then, cells were washed with PBS twice
and suspended in 0.5 mL PBS. CM-DCF fluorescence was measured by
flow cytometry.

2.9. Superoxide dismutase activity

The enzyme activities of superoxide dismutase (SOD) were deter-
mined using the commercial assay kits (Jiancheng Biochemical, Inc.,
Nanjing, China) following the manufacturer’s protocol. The specific
enzyme activities of SOD were expressed as U/mg protein.

2.10. Quantitative real-time PCR

Total RNAs of whole cell lysates were isolated using the RNA-easy
Isolation Reagent (Vazyme, Nanjing, China). The purity and concen-
tration of extracted RNAs were measured on a NanoDrop 2000 (Thermo
Fisher Scientific, Waltham, USA). 500 ng of total RNAs was then reverse
transcribed using the iScript™ cDNA synthesis kit (Bio-Rad Labora-
tories, Inc., Hercules, CA, USA) according to standard protocols. Quan-
titative real-time PCR was performed on cDNA samples using Brilliant III
Ultra-Fast SYBR® Green QPCR Master Mix (Agilent Technologies), and
the signal was detected with Light Cycler 480 II Real-Time PCR System
(Roche, Switzerland). The PCR primers used were as follows: FOXO1
(forward, 5-TTATGACCGAACAGGATGATCTTG-3' and reverse, 5-
TGTTGGTGATGAGAGAAGGTTGAG-3"); SOD2 (forward, 5-ATGTT-
GAGCCGGGCAGTGTG-3' and reverse, 5-GTGCAGCTGCATGATCTGCG
-3); Catalase (forward, 5-GAACTGTCCCTACCGTGCTCGA-3' and
reverse, 5-CCAGAATATTGGATGCTGTGCTCCAGG-3"); GAPDH (for-
ward, 5-TGGTATCGTGGAAGGACTCA-3' and reverse, 5-CCAGTA-
GAGGCAGGGATGAT-3'.

2.11. RNA stability assay

Cells were seeded in a 6-well plate and transfected with desired
constructs as described above. After 24 h transfection, cells were treated
with actinomycin D (2 pg/mL) for 0, 2, and 4 h before collection. Total
RNAs were isolated for qRT-PCR analysis.

2.12. mPA-RIP qPCR

Total RNA was extracted from cells under indicated treatment, and
then treated with DNase (Sigma) to remove genomic DNA. After mRNA
purification and fragmentation, the fragments were incubated with m®A
primary antibody for immunoprecipitation using a Magna MeRIP™ m®A
kit (Merck Millipore, MA, USA). Enriched m®A modified mRNA was then
detected by qRT-PCR.

2.13. Western blot assay

Cells were lysed by RIPA buffer (Beyotime Biotechnology, China).
Total protein concentrations were detected by BCA Protein Assay Kit
(Thermo Fisher, Waltham, MA, USA). Separated by 8-12 % SDS-PAGE,
the proteins were then transferred to PVDF membranes. Blocked with 5
% skim milk, the membranes were incubated with primary antibodies
overnight at 4 °C and then the secondary antibodies for 1h at room
temperature. Bound antibodies were visualized by ECL reagents
(Thermo Fisher). ALKBH5 (ab195377) antibody was purchased from
Abcam (Cambridge, MA, USA). SOD2 (#13141), Catalase (#12980),
P53 (#2527), NRF2 (#12721), FOXO1 (#2880), METTL3 (#96391),
METTL14 (#51104), Cleaved Caspase-3 (#9664), Ki67 (#9449), and
human -actin (#4970) antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA).
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2.14. Tumor xenograft model in mice

6-week old immunodeficient mice (Guangdong Medical Laboratory
Animal Center, Guangzhou, China) were selected for generating a sub-
cutaneous xenograft model. MDA-MB-231/DOX cells were implanted
subcutaneously into the immunodeficient mice. 7 days later, mice were
randomly divided into 4 groups, administrated with vehicle control,
FOXO1 inhibitor AS1842856 (20 mg/kg/day, i. p.), Doxorubicin (5 mg/
kg/day, i. p.), and AS1842856 combined with Doxorubicin, respec-
tively. Tumor formation was examined every 4 days. Tumor volume was
calculated by the formula, LW2/2. At the end of experiment, tumors
were collected and weighed, and then were dissected for fixation and
embedded in paraffin, and then were subject to immunohistochemistry.
All the animal studies were performed in conformity to protocols
authorized by the Animal Experimentation Ethics Committee of
Guangzhou Medical University. Standard animal care and laboratory
guidelines were followed according to the IACUC protocol.

2.15. Clinical samples

The clinical samples were collected prior to any therapeutic pro-
cedures at the Affiliated Cancer Hospital and Institute of Guangzhou
Medical University. All samples were collected with informed consent
from the patients and all examining procedures were performed with the
approval of the internal review and ethics boards of the hospital. Tumor
specimens from fifty TNBC breast cancer patients who had received
Doxorubicin-based chemotherapy were acquired from the Affiliated
Tumor Hospital of Guangzhou Medical University between 2011 and
2016. Thirty-one patients manifesting early relapse within 6 months
after the last course of chemotherapy were defined as the chemotherapy-
resistant group and nineteen patients with no recurrent disease during
follow-up comprised the chemotherapy-sensitive group. The clinico-
pathological features of the two subgroups were matched, such as age,
pathological stage, as shown in Table S1.

2.16. Immunohistochemistry (IHC) assay

The tissues after formalin-fixed and paraffin-embedded were cut into
4-um sections. The specimens were deparaffinized in xylene and rehy-
drated using a series of graded alcohols after being dried at 62 °C for 2 h.
The tissue slides were then treated with 3 % hydrogen peroxide in
methanol for 15 min. To exhaust endogenous peroxidase activity, and
the antigen were retrieved in 0.01 M sodium cirate buffer (pH 6.0) using
a microwave oven. After preincubation in 10 % goat serum, the speci-
mens were incubated with a primary Ab at 4 °C overnight. The tissue
slides were treated with a non-biotin horseradish peroxidase detection
system according to the manufacturer’s instruction. Two independent
individuals evaluated the results of IHC. The staining intensity was
scored as O (no signal), 1 (weak), 2 (moderate), and 3 (marked). Per-
centage scores were designated as 1, 1-25 %; 2, 26-50 %; 3, 51-75 %,
and 4, 76-100 %. The scores of each tumor sample were multiplied to
generate a final score of 0-12, and the tumors were finally characterized
as negative (—), score 0; lower expression (+), score <4; moderate
expression (++), score 5-8; and high expression (+++), score >9. An
optimal cutoff value was determined: a staining index of five or greater
defines tumors of high expression, and four or lower for low expression.

2.17. Statistical analysis

All data were presented as the mean =+ SD. Statistical analyses were
performed using GraphPad Prism 6 and SPSS version 16.0. A chi-square
test was used to analyze the relationship between genes expression
levels. Student’s t-tests were performed to calculate the p-value, and p <
0.05 was considered statistically significant.
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3. Results
3.1. Chemotherapy-resistant TNBC displayed lower ROS levels

The DOX-resistant TNBC cell models (MDA-MB-231/DOX, BT549/
DOX) was successfully established by continually exposing MDA-MB-
231 and BT549 cells to gradually increasing DOX concentrations for 3
months. Compared with parental cells, MDA-MB-231/DOX and BT549/
DOX cells are less sensitive to DOX treatment, exhibiting significantly
higher cell viability (Fig. 1A) and less cell apoptosis (Fig. S1). Impor-
tantly, both MDA-MB-231/DOX and BT549/DOX cells exhibited notable
cancer stem cell (CSC) features (Fig. 1B-C). CSCs are functionally
defined by their capacity to drive tumor growth and therapy resistance
[19]. Previously studies suggested that low levels of reactive oxygen
species (ROS) are crucial for maintaining cancer stem cells (CSCs)
characteristics and chemoresistance [12,20]. To evaluate ROS levels in
DOX-resistant TNBC cells, we measured intracellular hydrogen peroxide
levels using flow cytometry after staining with CM-H2DCFDA.
MDA-MB-231/DOX and BT549/DOX cells exhibited lower levels of
ROS than those in the parental MDA-MB-231 and BT549 cells, respec-
tively (Fig. 1D-E). This was further confirmed using immunofluores-
cence analysis (Fig. 1F). Cancer cells have developed antioxidant
mechanisms to protect themselves from oxidative stress by expressing
various detoxifying enzymes such as SOD2 and catalase(8,9). We found
that the expression of SOD2 was significantly upregulated in
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MDA-MB-231/DOX and BT549/DOX cells compared to those in the
parental cells (Fig. 1G-H). Furthermore, we found that SOD2 enzyme
activity was significantly increased in DOX-resistant TNBC cells (Fig. 1I).
These findings suggest a link between lower ROS levels and DOX resis-
tance in TNBC, indicating that TNBC may have a cell-intrinsic drug
resistance mechanism related to redox homeostasis.

3.2. FOXOL1 is required for redox homeostasis in chemotherapy-resistant
TNBC

Several transcription factors, including Nrf2, p53, and FOXO1,
regulate intracellular ROS levels, thereby protecting cancer cells from
oxidative stress [21-24]. We then investigated the expression levels of
Nrf2, p53, and FOXO1 in DOX-resistant TNBC cells. We found that the
levels of FOXO1, but not those of Nrf2 or p53, were significantly
increased in MDA-MB-231/DOX and BT549/DOX cells (Fig. 2A). To
explore the role of FOXO1 in regulating ROS homeostasis related to DOX
resistance in TNBC, we constructed stable FOXO1-depleted
MDA-MB-231/DOX and BT549/DOX cells using two independent
short hairpin RNA (shRNA) sequences (shFOXO1-1 and —2) (Fig. 2B-C).
As expected, we found that the knockdown of FOXO1 decreased SOD2
mRNA and protein expression (Fig. 2B-C), and significantly increased
intracellular ROS levels (Fig. 2D). To further validate whether FOXO1
regulates ROS level in DOX-resistant TNBC cells via SOD2, we overex-
pressed SOD2 in FOXO1l-knockdown MDA-MB-231/DOX and
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Fig. 1. Chemotherapy-Resistant Triple-Negative Breast Cancer (TNBC) displayed low reactive oxygen species (ROS) levels. (A) MDA-MB-231, MDA-MB-231/DOX,
BT549, and BT549/DOX cells were treated with doxorubicin (DOX) at the indicated concentrations for 72 h, and cell viability was evaluated using MTS assays. (B)
The percentages of CD44"/CD24/*°W cells in MDA-MB-231, MDA-MB-231/DOX, BT549, and BT549/DOX cells were measured by flow cytometry. (C) Self-renewal
of CSCs in MDA-MB-231, and MDA-MB-231/DOX cells as measured by mammosphere formation assay. (D-E) ROS levels were analyzed using flow cytometry after
exposing oxidation sensitive fluorescent probe (CM-H2DCFDA) in MDA-MB-231/DOX and MDA-MB-231 cells (D), BT549/DOX and BT549 cells (E). (F) Immuno-
fluorescence was performed to analyze ROS levels in MDA-MB-231, MDA-MB-231/DOX, BT549, and BT549/DOX cells. (G-H) The expression levels of SOD2 and
catalase in MDA-MB-231, BT549, MDA-MB-231/DOX, and BT549/DOX cells were determined using Western blot (G) and qRT-PCR (H), respectively. (I) The ac-
tivities of SOD2 in MDA-MB-231/DOX and BT549/DOX cells were evaluated. Each point represents the mean + standard deviation (SD). *p < 0.05, **p < 0.01, ***

< 0.001.
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Fig. 2. FOXO1 is required for redox homeostasis in chemotherapy-resistant TNBC. (A) The expressions of p53, Nrf2, and FOXO1 in MDA-MB-231, BT549, MDA-MB-
231/DOX, and BT549/DOX cells were determined using Western blot analysis. (B-C) MDA-MB-231/DOX and BT549/DOX cells were transfected with FOXO1 short
hairpin RNA (shRNA) or control shRNA, the expressions of SOD2 and FOXO1 were determined using qRT-PCR (B) and Western blot (C). (D) MDA-MB-231/DOX and
BT549/DOX cells were transfected with FOXO1 shRNA or control shRNA, the ROS levels were analyzed using flow cytometry. (E) MDA-MB-231/DOX and BT549/
DOX cells were co-transfected with FOXO1 shRNA or control shRNA and pCMV or pCMV-SOD2, the ROS levels were analyzed using flow cytometry. (F) MDA-MB-
231/DOX cells were transfected with FOXO1 shRNA or control shRNA, self-renewal of CSCs was measured by a mammosphere formation assay. (G) MDA-MB-231/
DOX and BT549/DOX cells were transfected with FOXO1 shRNA or control shRNA, the percentages of CD44"/CD247'°¥ cells were measured by flow cytometry. (H)
MDA-MB-231/DOX and BT549/DOX cells transfected with FOXO1 shRNA or control shRNA were treated with DOX at the indicated concentrations for 72h; cell
viability was evaluated using the MTS assay. (I) MDA-MB-231/DOX cells transfected with FOXO1 shRNA or control shRNA were treated with 2 pM DOX for 48 h; cells
were then stained with Annexin V-APC and propidium iodide. Cell apoptosis was analyzed using flow cytometry. (J) MDA-MB-231/DOX and BT549/DOX cells
transfected with FOXO1 shRNA were pretreated with 5 mM NAC for 24 h, the percentages of CD44+/CD2471°" cells were measured by flow cytometry. (K) MDA-MB-
231/DOX transfected with FOXO1 shRNA were pretreated with 5 mM NAC for 24 h, self-renewal of CSCs was measured by a mammosphere formation assay. (L)
MDA-MB-231/DOX and BT549/DOX cells transfected with FOXO1 shRNA were pretreated with 5 mM NAC for 24h, and then treated with DOX at indicated con-
centrations for 72h, cell viability was evaluated by MTS assays. Each point represents the mean + SD. *p < 0.05, **p < 0.01.

BT549/DOX cells (Fig. S2). As expected, SOD2 overexpression abro- stem cell populations were reduced in the MDA-MB-231/DOX and
gated the FOXO1-knockdown-induced increase in ROS level (Fig. 2E). BT549/DOX cells with FOXO1 knockdown (Fig. 2G and Fig. S3B).
Notably, spheroid formation assays demonstrated that knockdown of Consistently, the knockdown of FOXO1 significantly increased sensi-
FOXO1 decreased the spheroid-forming capacity of MDA-MB-231/DOX tivity to DOX (Fig. 2H) and increased DOX-induced apoptosis in
cells (Fig. 2F and Fig. S3A). Flow cytometry confirmed that breast cancer DOX-resistant TNBC cells (Fig. 2I). To assess whether the impact of
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FOXO1 depletion on CSC properties and doxorubicin sensitivity is due to Previously studies suggested that FOXO1 is a transcriptional activator of
the increasing intracellular ROS, FOXO1-knockdown cells were treated drug efflux pump MDR1 [25], while increased MDR1 expression leads to
with doxorubicin in the presence or absence ROS scavenger NAC. Our chemoresistance in breast cancer cells [26]. Then, intracellular DOX
results showed that treatment of NAC reduced the ROS levels without concentration was measured to check whether the differential DOX
affecting SOD2 expression (Fig. S4A-B). Importantly, we observed that response between FOXO1-knockdown MDA-MB-231/DOX and control
NAC rescued breast cancer stemness in FOXO1-knockdown cells was due to differential drug uptake or multidrug efflux pumps.

MDA-MB-231/DOX and BT549/DOX (Fig. 2J-K, Fig. S4C). Moreover, When cells were treated with DOX at 5 pM, the intracellular DOX con-
our results showed that NAC restored the DOX resistance of centration of FOXO1-knockdown MDA-MB-231/DOX and control cells
FOXO1-knockdown MDA-MB-231/DOX and BT549/DOX (Fig. 2L). was detected and calculated based on the red fluorescence emitted from
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Fig. 3. ALKBHS5 increased FOXO1 mRNA stability in chemotherapy-resistant TNBC. (A) The expression levels of FOXOI mRNA in MDA-MB-231, BT549, MDA-MB-
231/DOX, and BT549/DOX cells were determined using qRT-PCR. (B) M®A immunoprecipitation (MeRIP)-qPCR assays were performed to determine the change of
FOXO1 mRNA with m°A methylation in MDA-MB-231, MDA-MB-231/DOX, BT549, and BT549/DOX cells. (C) MDA-MB-231, BT549, MDA-MB-231/DOX, and
BT549/DOX cells were treated with actinomycin D (2 pg/mL) at the indicated time points; the mRNA levels of FOXO1 were determined using qRT-PCR. (D) The
expression of mP®A modification-related protein METTL3, METTL14, ALKBH5, and FTO in MDA-MB-231, MDA-MB-231/DOX, BT549, and BT549/DOX cells were
determined using Western blot. (E) MDA-MB-231/DOX and BT549/DOX cells were stably transfected with ALKBH5 shRNA or control shRNA, the mP®A modifications
of FOXO1 mRNA were measured by MeRIP-qPCR. (F) MDA-MB-231/DOX cells were co-transfected with ALKBH5 shRNA or control shRNA and wild-type (WT) or
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were transfected with ALKBH5 shRNA or control shRNA followed by treatment with actinomycin D (2 pg/mL) at the indicated time points; the mRNA levels of FOXO1
were determined using qRT-PCR. (I) MDA-MB-231/DOX and BT549/DOX cells were transfected with ALKBH5 shRNA or control shRNA, the expression levels of
ALKBH5, FOXO01, and SOD2 were determined using Western blot. (J) MDA-MB-231/DOX and BT549/DOX cells transfected with ALKBH5 shRNA or control shRNA
were treated with DOX at the indicated concentrations for 72 h, cell viability was evaluated using the MTS assay. Each point represents the mean + SD. *p < 0.05,
*p < 0.01.
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DOX. The result shows that the drug uptake curves were similar between
FOXO1-knockdown MDA-MB-231/DOX and control cells without sta-
tistical differences, which excludes the decreased drug uptake as a major
mechanism of FOXO1-induced DOX resistance in MDA-MB-231/DOX
cells (Fig. S5). In summary, these data suggest that FOXO1 is a master
regulator for reducing cellular ROS levels and restoring the redox bal-
ance in DOX-resistant TNBC cells, implying that FOXO1-mediated ROS
downregulation is a mechanism underlying chemoresistance in TNBC.

3.3. ALKBH5-mediated m®A demethylation increased FOXO1 mRNA
stability in chemotherapy-resistant TNBC

We further investigated the potential mechanisms underlying
FOXO1 upregulation in DOX-resistant TNBC cells. We found that FOXO1
mRNA expression was significantly upregulated in MDA-MB-231/DOX
and BT549/DOX cells (Fig. 3A). However, the luciferase reporter assay
showed no significant change in FOXO1 promoter activity in DOX-
resistant TNBC cells compared to that in the parental cells (Fig. S6A).
Moreover, treatment with 5-aza-dC (a DNA methyltransferase inhibitor)
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or SAHA (a histone deacetylase inhibitor) had no significant effect on
FOXO1 mRNA expression in MDA-MB-231/DOX cells (Fig. S6B). RNA
m®A modification plays a critical role in regulating mRNA stability and
expression. We evaluated the possible mechanisms involved in the m®A-
regulated expression of FOXO1 in DOX-resistant TNBC cells. Indeed, the
reduction of m®A-modified FOXO1 mRNA in MDA-MB-231/DOX and
BT549/DOX cells as compared to that in MDA-MB-231 and BT549 cells,
respectively, was confirmed by the anti-m®A immunoprecipitation
(Fig. 3B). RNA stability assays revealed that FOXO1 mRNA stability
significantly increased in MDA-MB-231/DOX and BT549/DOX cells
(Fig. 3C). Moreover, high ALKBH5 expression levels were observed in
MDA-MB-231/DOX and BT549/DOX cells, whereas the protein levels of
FTO, METTL3, and METTL14 were not consistently different between
resistant and sensitive cells (Fig. 3D). Notably, we found that the mPA-
specific antibody significantly enriched FOXO1 mRNA in ALKBH5-
depletion MDA-MB-231/DOX and BT549/DOX cells (Fig. 3E). To
study the role of ALKBH5-induced m®A demethylation on the 3-UTR of
FOXO1, we generated luciferase reporters containing either wild-type
(WT) FOXO01 3-UTR or mutant 3-UTR (GGACU to GGCCU) (Fig. S7A).
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Fig. 4. Inhibition of FOXO1 abrogates chemoresistance in TNBC in vitro. (A) MDA-MB-231/DOX and BT549/DOX cells were treated with FOXO1 inhibitor
AS1842856 at indicated concentrations for 48 h, the expression levels of FOXO1 and SOD2 were determined using Western blot. (B) MDA-MB-231/DOX and BT549/
DOX cells were treated with FOXO1 inhibitor AS1842856 at indicated concentrations for 24 h, the ROS levels were analyzed using flow cytometry. (C) MDA-MB-231/
DOX and BT549/DOX cells were treated with FOXO1 inhibitor AS1842856 at indicated concentrations, self-renewal of CSCs was measured by mammosphere
formation assay. (D) MDA-MB-231/DOX and BT549/DOX cells were treated with DOX, AS1842856, or their combinations at the indicated concentrations for 72 h,
cell viability was evaluated using MTS assays. (E) The combination index (CI) curves were calculated using the Calcusyn software, according to the Chou-Talalay
equation. (F) MDA-MB-231/DOX and BT549/DOX cells were treated with 2 pM DOX in combination with 5 pM AS1842856 for 48 h, cells were then stained with
Annexin V-APC and propidium iodide. Cell apoptosis was analyzed using flow cytometry. Each point represents the mean + SD. *p < 0.05, **p < 0.01.
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The luciferase assays showed that specific knockdown of ALKBH5
significantly inhibited WT-3-UTR reporter activity, but had little effect
on the luciferase activity of mutant-3-UTR reporter (Fig. 3F, Fig. S7B),
indicating that ALKBH5 was critically involved in FOXO1 mRNA m°A
methylation. Furthermore, the specific knockdown of ALKBH5 signifi-
cantly reduced FOXO1 mRNA expression and stability in MDA-MB-231/
DOX and BT549/DOX cells (Fig. 3G-H), thus dramatically decreasing
FOXO1 and SOD2 protein levels in MDA-MB-231/DOX and BT549/D0OX
cells (Fig. 3I). Importantly, the knockdown of ALKBH5 expression
significantly increased DOX-mediated growth inhibition in both MDA-
MB-231/DOX and BT549/DOX cells (Fig. 3J). Collectively, our data
demonstrates the critical role of the ALKBH5-mediated FOXO1 mRNA
mP®A in developing resistance to chemotherapy in TNBC.

3.4. FOXO1 inhibition abrogates chemoresistance in TNBC

Considering that DOX-resistant TNBC cells have increased FOXO1
expression, it is conceivable to hypothesize that the therapeutic target-
ing of FOXO1 will overcome resistance and re-sensitize the cells to DOX-
induced growth inhibition. To test this hypothesis, we used

A B
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pharmacological approaches to suppress FOXO1 expression. AS1842856
has recently been identified as a potent inhibitor of FOXO1 that reduces
DNA binding and transactivation ability [27]. Accordingly, the treat-
ment of MDA-MB-231/DOX and BT549/DOX cells with AS1842856
potently decreased SOD2 expression (Fig. 4A), while increased intra-
cellular ROS levels (Fig. 4B). Similar to FOXO1 depletion, treatment
with AS1842856 also decreased the mammosphere formation potential
in MDA-MB-231/DOX cells (Fig. 4C). Moreover, treatment of
AS1842856 significantly enhanced DOX-induced growth inhibition in
MDA-MB-231/DOX and BT549/DOX cells (Fig. 4D). To determine
whether AS1842856 and DOX treatment have a synergistic inhibitory
effect on cell growth, we performed the Fraction Affected-Combination
Index plot (Fa-CI plot) analysis according to the Chou-Talalay equation
[28]. The curves showed that the CI values were lower than 1.0 in
combination of AS1842856 and DOX across a broad range of concen-
trations, suggesting that the combination of AS1842856 and DOX
showed a synergistic inhibitory effect on the growth of
MDA-MB-231/DOX and BT549/DOX cells (Fig. 4E). Flow cytometry was
performed to confirm these results. DOX alone had a minor effect on
inducing apoptosis in MDA-MB-231/DOX (total apoptotic cells
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Fig. 5. Inhibition of FOXO1 abrogates chemoresistance in TNBC in vivo. (A-C) 5 x 10° MDA-MB-231/DOX cells were injected into nude mice and palpable tumors
were allowed to develop for 7 days. Mice were randomly divided into four groups (n = 4) and treated with vehicle control (0.01 % dimethylsulfoxide in phosphate
buffered saline), DOX (5 mg/kg/day, intraperitoneal (i.p.)), AS1842856 (20 mg/kg/day, i. p.) or a combination of DOX and AS1842856 every alternate day. (A-B)
The tumor size was measured at indicated time intervals and calculated. (C) Measurement of tumor weights. (D) Body weight of the experimental mice during
treatment. (E-F) Tumor tissues were fixed, sectioned, and placed on slides. Tumor specimens were subjected to immunohistochemical (IHC) staining for Ki-67 and
cleaved caspase-3 (E), Quantification of IHC staining were analyzed by ImageJ and ImageJ plugin IHC profiler (F). Each point represents the mean =+ SD. **p < 0.01.
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approximately 15.2 %) and BT549/DOX (total apoptotic cells approxi-
mately 16.3 %) cells, whereas AS1842856 in combination with DOX
dramatically increased the percentage of total cell apoptosis to 24.6 %
and 31.4 % in MDA-MB-231/DOX and BT549/DOX cells, respectively
(Fig. 4F).

To determine the anti-tumor activity in vivo, we tested the combi-
natorial effects of AS1842856 and DOX on tumor growth in a xenograft
model. MDA-MB-231/DOX cells were inoculated into 6-week-old nude
mice. After tumor formation, the tumor-bearing mice were treated with
DMSO (control), AS1842856 (20 mg/kg/d), DOX (5 mg/kg/d), or a
combination of AS1842856 and DOX. As expected, treatment with
AS1842856 or DOX marginally reduced tumor growth; however, their
combination inhibited tumor growth significantly (Fig. 5A-C). More-
over, all mice in each treatment group showed stable body weights,
indicating that treatment with AS1842856, DOX, or their combination
had no significant toxicity (Fig. 5D). Furthermore, immunohistochem-
ical (IHC) assays revealed that the combination of AS1842856 and DOX
considerably decreased cell proliferation and increased apoptosis in
tumor xenografts (Fig. 5E-F). In summary, our data strongly support the
hypothesis that FOXO1 inhibition overcomes DOX resistance and
significantly enhances the efficacy of chemotherapy in TNBC.

3.5. The clinical significance of ALKBH5/FOX01/SOD2 axis in
chemoresistance of TNBC

To determine the clinical significance of the ALKBH5/FOX01/SOD2
axis in the chemoresistance of TNBC, we collected and analyzed

ALKBHS
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specimens from a cohort of 50 patients with TNBC who had received
adjuvant treatments containing DOX. The expression of ALKBHS5,
FOXO1, and SOD2 in TNBC tissues was detected using IHC assays. We
found that ALKBHS5 was significantly upregulated in chemotherapy-
resistant TNBC tissues (Fig. 6A-B). Consequently, the high expression
of FOXO1 and SOD2 were significantly positively correlated with che-
moresistance (Fig. 6A-B), and positively correlated with ALKBHS5
expression (Fig. 6C). Moreover, we observed a significantly positive
correlation between FOXO1 and SOD2 expression (R = 0.42, p—value =
1.5e—47), and ALKBH5 and FOXO1 expression (R = 0.14, p—value =
6.6e—06) in the TNBC tumors via Gene Expression Profiling Interactive
Analysis (GEPIA) database (Fig. S8A). Moreover, Kaplan-Meier plotter
analysis showed that the relapse-free survival (RFS) was shorter in TNBC
patients with high ALKBH5 expression than in those with low ALKBH5
expression after administration with systemic chemotherapy. Similarly,
patients with TNBC exhibiting increased FOXO1 and SOD2 expression
showed reduced RFS (P < 0.05) (Fig. 6D). The prognostic values of
ALKBHS5, FOXO01, and SOD2 were further validated at the mRNA level in
the cases from the Kaplan-Meier plotter dataset. We observed that
higher levels of ALKBH5, FOXO1, and SOD2 were correlated with
shorter survival in TNBC patients, but the correlation did not reach
statistical significance (Fig. S8B). We next focused on whether ALKBHS5,
FOXO1, and SOD2 expression level in TNBC is correlated with the
chemotherapy efficacy. We found that high expression of ALKBHS5,
FOXO1, and SOD2 was relevant to shorter survival in the chemotherapy
group, but not in the non-chemotherapy group (Fig. S8C). In summary,
these data suggest that the activation of ALKBH5/FOX01/SOD2
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Fig. 6. The clinical significance of ALKBH5/FOX01/SOD2 axis in chemoresistance of TNBC. (A) Representative images of ALKBH5, FOXO1, and SOD2 staining using
THC analysis in TNBC specimens. (B) IHC staining scores for ALKBH5, FOXO1, and SOD2 in chemotherapy-sensitive and chemotherapy-resistant TNBC specimens. (C)
Correlation between the expression of ALKBH5, FOXO1, and SOD2 in TNBC tissues. (D) Kaplan-Meier analysis of relapse-free survival in patients with TNBC in
relation to the expression of ALKBH5, FOXO1, and SOD2. Each point represents the mean + SD. **p < 0.01.
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signaling is a feature of acquired chemoresistance and could be used as a
biomarker for chemoresistant TNBC.

4. Discussion

DOX is one of the common first line chemotherapeutic drugs used for
TNBC treatment. However, intrinsic or acquired drug resistance to DOX
limited the efficacy of TNBC treatment [29]. Studies on acquired DOX
resistance have revealed that several mechanisms, including the
ATP-binding cassette (ABC) membrane transporter family, altering in
cell death, autophagy pathway, abnormal activation of signaling path-
ways, cell cycle arrest, epithelial to mesenchymal transition (EMT) and
cancer stem cells (CSCs), have been reported in TNBC patients [30,31].
However, an optimal therapeutic strategy remains to be developed for
TNBC patients with DOX resistance. M®A is the most common and
important RNA methylation modification and is recognized as a novel
epigenetic regulator of RNA metabolism. M®A modification is involved
in various physiological and pathological processes, such as tumori-
genesis, stem-like cell proliferation, and metastasis [15,32]. In this
study, we identified a novel signaling pathway, involving m®A deme-
thylase ALKBH5, FOXO1 and SOD2, associated with DOX resistance. We
demonstrated that the ALKBHS5 plays a critical role in DOX resistance by
regulating the FOXO1/SOD2 axis to maintain low ROS levels, which in
turn promoting CSCs characteristics and DOX resistance in TNBC. Tar-
geting FOXO1 effectively reversed DOX resistance both in vitro and in
vivo. This study revealed a novel mechanism of DOX resistance in TNBC
based on epigenetic insights.

Redox homeostasis is essential for maintaining the redox balance
through ROS regulators in normal cells. Therefore, high levels of
oxidative stress, a state of a disturbed balance between ROS production
and the efficiency of antioxidants, have been detected in cancer cells
[33,34]. Most conventional chemotherapeutic agents exert cytotoxic
effects by inducing oxidative damage through ROS accumulation [35,
36]. Chemoresistance results from the ability of cellular antioxidant
programs to defend cancer cells against high ROS levels [37]. In this
study, we found lower ROS levels in DOX-resistant TNBC cells than those
in DOX-sensitive TNBC cells. Consistently, the remarkable antioxidant
enzyme SOD2 was overexpressed in DOX-resistant TNBC cells. The
specific mechanism for crosstalk between ROS level and chemo-
resistance remains poorly understood. Emerging evidence implied that
ROS level regulates cancer stemness in a wide variety of cancers [38],
whereas cancer stem cells have been considered to be associated with
chemoresistance in TNBC [39]. Consistent with these observations, the
results of our study demonstrated that lower ROS level played an
essential role in stemness maintenance, which is responsible for DOX
resistance in TNBC.

FOXO1, an intracellular transcription factor, is the main target of
insulin signaling and regulates metabolic homeostasis in response to
oxidative stress [40,41]. It plays a crucial role in regulating various
cellular processes including cell cycle arrest, differentiation, apoptosis
and DNA damage [42]. Several studies have also demonstrated that
FOXO1 played an important role in protection of cancer cells against
chemotherapy-induced apoptosis. For example, Pan et al. reported that
AKT-mediated phosphorylation causes FOXO1 localization to the nu-
cleus and increases pERK1/2 expression and drug resistance [43].
FOXOL1 also contributed to chemoresistance in several cancer cells by
activating FOXO1-related pathways, including AMPK, PI3K/AKT, JNK,
and TGFPl signaling pathway [44,45]. In the present study, we
demonstrated that FOXO1 silencing attenuated SOD2 expression while
increased intracellular reactive oxygen species levels in DOX-resistant
TNBC cells, which collectively suggested a direct role of FOXO1 in the
development of chemoresistance through maintaining redox homeo-
stasis in TNBC. Previous studies also suggested that FOXO1 may affect
drug efflux pathway in breast cancer cells, which might be a major
mechanism of doxorubicin resistance [25]. However, we found that the
intracellular DOX uptake curves were similar between
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FOXO1-knockdown MDA-MB-231/DOX and parental cells, which ex-
cludes the decreased drug uptake as a major mechanism of
FOXO1-induced DOX resistance in TNBC cells.

m®A modification accounts for 80 % of RNA base methylation
modifications and is the most abundant and reversible epigenetic
modification in eukaryotes [13]. It is a dynamic balancing process
regulated by RNA m°A methyltransferases (METTL3, METTL14, and
WTAP), demethylases (FTO and ALKBHS5), and m6A-binding proteins
(YTHDC2, YTHDF1, and YTHDF2). Recently studies demonstrated the
significances of ALKBH5 as an m®A demethylase in the regulation of
epigenetic processes and its effects on breast cancer progressions [46,
47]. Our current data further our understanding of the function of
ALKBHS by proving its regulatory effect on the DOX resistance in TNBC.
We observed that ALKBH5 was overexpressed in DOX-resistant TNBC
cells. The upregulation of ALKBH5 was further confirmed in the clinical
samples obtained from chemotherapy-resistant TNBC patients and was
negatively correlated with RFS in the patients who received adjuvant
treatments containing DOX. Moreover, we identified FOXO1 as one of
the key downstream targets of ALKBH5. ALKBH5-mediated mSA
demethylation maintains FOXO1 overexpression in DOX-resistant TNBC
cells through its impacts on mRNA stability. This is in agreement with
the recent reports showing that m®A modification acts as a crucial
regulator of FOXO1 expression [48,49]. Similar to our findings, Yang
et al. found that the m®A demethylase FTO-induced mRNA expression of
FOXO01 was closely associated with glucose metabolism in patients with
type 2 diabetes [50]. Moreover, our study clearly illustrated that specific
knockdown of ALKBHS5 significantly enhanced the sensitivity of
DOX-resistant TNBC cells to DOX. To our knowledge, this is the first
study to provide evidence that ALKBHS5-mediated FOXOI mRNA
demethylation contributes to redox homeostasis and chemoresistance in
TNBC cells.

Finally, our findings suggested that ALKBH5/FOX01/SOD2 axis may
have predictive value for chemotherapy benefit, potentially minimizing
the risk of development of chemotherapy resistance in TNBC. Although
upregulation of ALKBH5, FOXO1, and SOD2 was relevant to shorter
survival in the patients who received adjuvant chemotherapy, the
upregulation of FOXO1 and SOD2 was found no notable correlation with
OS in the non-chemotherapy group. Previously studies have demon-
strated that upregulation of FOXO1 was responsible for not only the
initial response to cancer therapeutics, but also the subsequent acqui-
sition of therapeutic resistance [44,51,52]. Thus, the response of TNBC
cells to chemotherapeutic agents, such as doxorubicin may depend on
transient activation of ALKBH5/FOXO01, whereas sustained FOXO1
activation could paradoxically promote chemoresistance in TNBC via
inducing SOD2 expression to maintain redox homeostasis and stemness.
We postulated that ALKBH5 or FOXO1 inhibitors in combination with
chemotherapeutic agents might be a valuable strategy for TNBC treat-
ment. Indeed, our in vitro and in vivo data strongly support the hypoth-
esis that FOXO1 inhibition overcomes DOX resistance and significantly
enhances the efficacy of chemotherapy in TNBC.

5. Conclusion

Our findings reveal a novel mechanism of chemoresistance in TNBC
cells mediated by m®A modification through the ALKBH5/FOX01/SOD2
axis (Fig. 7), providing a valuable strategy for overcoming chemo-
resistance by targeting FOXO1 through combination therapy in patients
with TNBC.
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