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ABSTRACT ARTICLE HISTORY
Excessive activation of signal transducer and activator of transcription 3 (STAT3) is implicated in Received 2 February 2021
breast cancer (BC) chemoresistance, but its underlying mechanism is not fully understood. There ~ Revised 27 April 2021
are STAT3 binding sites in fat mass and obesity-associated protein (FTO) promoter region, thus Accepted 27 April 2021
STAT3 may regulate the transcription of FTO. This study aimed to investigate the correlation  keywoRrps
between FTO and STAT3 in BC chemoresistance. Herein, FTO and STAT3 were highly expressed FTO; Doxorubicin resistance;
in doxorubicin-resistant BC (BC-DoxR) cells. CHIP assay verified the binding between STAT3 and breast cancer; Stat3;
FTO promoter in BC-DoxR cells. Dual luciferase reporter assay showed that FTO promoter Chemosensitivity
activity was inhibited by S31-201 (STAT3 inhibitor) but enhanced by epidermal growth factor

(EGF, STAT3 activator) in BC-DoxR and BC cells. FTO mRNA and protein expression were

suppressed by S31-201 in BC-DoxR cells and EGF-stimulated BC cells. Notably, FTO regulated

total N6-methyladenosine (m6A) levels in BC-DoxR and BC cells but could not affect STAT3

mRNA expression, indicating that FTO was not involved in the m6A modification of STAT3.

However, FTO could activate STAT3 signaling in BC-DoxR and BC cells. Besides, FTO knockdown

inhibited the doxorubicin resistance of BC-DoxR cells, while FTO overexpression enhanced the

doxorubicin resistance and weakened the doxorubicin sensitivity of BC cells. Moreover,

decreased doxorubicin resistance by STAT3 knockdown was abolished by FTO overexpression

and decreased doxorubicin sensitivity by STAT3 overexpression was reversed by FTO knock-

down, indicating that FTO was implicated in STAT3-mediated doxorubicin resistance and

impairment of doxorubicin sensitivity of BC cells. Altogether, our findings provide

a mechanism underlying BC doxorubicin resistance.
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Introduction

Breast cancer (BC) is the most commonly diag-
nosed cancer all over the world, which is respon-
sible for about 11.7% of the total cancer incidence
[1]. An estimated 2.3 million new global BC cases
occurs in 2020, contributing to about 1 in 4 female
cancer cases and 1 in 6 female cancer deaths
[1]. BC is still the leading cause of cancer-related
death in women worldwide [1]. Patients diagnosed
with localized BC receive timely treatment, most
of whom can have an excellent prognosis. The
5-year survival rate for BC patients diagnosed at
Stage I is nearly 100%, but for those diagnosed at
Stage IV, the 5-year survival rate is only 26% [2].
Chemotherapy is one of the most frequently used
treatment strategies for BC. Furthermore, che-
moresistance has become the significant constraint
in successful BC treatment. Hence, a better under-
standing of the mechanisms underlying BC che-
moresistance is of great significance.

Fat mass and obesity-associated protein (FTO),
the first identified N6-methyladenosine (m6A)
mRNA demethylase, has been well known for its
association with an increased risk of obesity [3].
Accumulating evidence has shown that FTO contri-
butes to the development and progression of cancers,
including endometrial cancer [4], ovarian cancer [5],
pancreatic cancer [6], lung squamous cell carcinoma
[7], melanoma [8] and acute myeloid leukemia [9].
Previous studies have shown that FTO expression
was up-regulated in the breast tissues of BC patients
[10,11]. Furthermore, FTO has been implicated in
regulating the proliferation, apoptosis and metastasis
of BC cells [10]. These findings highlight the impor-
tant role of FTO in the development of BC.

Signal transducer and activator of transcription
3 (STAT3) is a cytoplasmic signal transcription
factor that mediates cytokine and growth factor
signaling pathway [12]. Aberrantly activated
STAT3 has been reported in various tumors,
including renal tumors [13], esophageal squamous
cell carcinoma [14], multiple myeloma [15], pro-
static carcinomas [16] and BC [17]. Further acti-
vated STAT3 plays a pivotal role in carcinogenesis
[18,19]. Excessive activation of STAT3 has been
reported to be strongly associated with the che-
moresistance of BC [20-22]. Emerging studies
have revealed that FTO could promote STAT3
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activation as well as inhibit its activation [23,24].
However, the relationship between FTO and
STAT3 in BC remains unclear. As a transcription
factor, STAT3 has been reported to promote che-
moresistance of BC by binding to the promoter of
an oncogene Midline2 [25]. It also needs further
investigations whether STAT3 can bind to FTO
promoter.

To investigate the correlation between FTO and
STAT3 in BC chemoresistance and the role of
STAT3-FTO in BC chemoresistance, doxorubicin-
resistant BC (BC-DoxR) cells were collected to
evaluate the FTO and STAT3 expression pattern.
Then we explored the role of STAT3 in the tran-
scription activity of FTO promoter and the expres-
sion of FTO in BC-DoxR and BC cells.
Subsequently, the effect of FTO on the activation
of STATS3 signaling in BC-DoxR and BC cells was
also investigated. Finally, the function of STAT3-
FTO circuit in doxorubicin resistance of BC cells
and doxorubicin sensitivity of triple-negative BC
(TNBC) cell were verified. This work manifested
the molecular mechanism underlying the che-
moresistance of BC cells.

Methods
Cell culture

Luminal A type BC cell line MCF-7 and two TNBC
cell lines MDA-MB-231 and Hs578T were pur-
chased from Procell Life Science &Technology Co.,
Ltd. and iCell Bioscience Inc. (China). Cells were
maintained at 37°C in a 5% CO,-humidified incu-
bator (Heal Force, China). MCF-7 cells were cul-
tured in Minimum Essential Medium (Gibco Life
Technologies, USA) containing 10% fetal bovine
serum (FBS, Every Green, China), MDA-MB-231
cells in Leibovitz’s L-15 Medium (Procell) contain-
ing 10% FBS and Hs578T in Dulbecco’s modified
eagle medium (Gibco Life Technologies) containing
10% FBS (Every Green).

Induction of doxorubicin resistance

The BC-DoxR cells were generated by exposing
the parental cells to different concentrations of
doxorubicin (10-100 nM, Aladdin, China) as pre-
viously described [26]. Cells were considered
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doxorubicin-resistant after surviving 7 passages.
Then the dxorubicin-resistant MCF-7 and MDA -
MB-231 cells were cultured in Minimum Essential
Medium (Gibco Life Technologies) and Leibovitz’s
L-15 Medium (Procell) containing 10% FBS (Every
Green) at 37°C with 5% CO,, respectively.

Cell treatment and transfection

To obtain the half-maximal (50%) inhibitory con-
centration (IC50) value of doxorubicin in MCF-7/
MDA-MB-231, MCEF-7-DoxR/MDA-MB-231-
DoxR and Hs578T cells, these cells were exposed
to different levels of doxorubicin (0.01-10 uM) for
24 h in a humidified atmosphere at 37°C with 5%
CO,. To verify the role of STAT3 in the expression
of FTO, BC cells were treated with 5 or 10 ng/ml
epidermal growth factor (EGF, Sino Biological,
China) to promote STAT3 activation and 100 pM
selective STAT3 inhibitor S3I-201 (MeilunBio,
China) to inhibit STAT3 DNA-binding activity
for 24 h, while BC-DoxR cells were treated with
30 or 100 pM S31-201 for 24 h.

BC-DoxR cells or their parental cells were trans-
fected with FTO shRNA (shFTO), plasmids
pcDNA3.1 (Invitrogen, USA) containing the FTO
gene or their negative control (NC shRNA, shNGC;
empty vector, OE-NC). Seventy-two h post-
transfection, the cells were used for further
analyses. BC-DoxR cells or their parental cells
were transfected with FTO siRNA (siFTO;
siFTO-1, sense 5-CCACGUUGAUAAGG
CACAATT-3/, antisense 5'-UUGUGCC
UUAUCAACGUGGTT-3; siFTO-2, sense 5'-
GGGUGUGAUAAGUGUGGAGTT-3', antisense
5-CUCCACACUUAUCACACCCTT-3'),  plas-
mids pcDNA3.1 (Invitrogen, USA) containing the
FTO gene or their negative control (NC siRNA,
siNC; OE-NC) and co-transfected with STATS3
siRNA (siSTATS3; sense 5-CCACUU
UGGUGUUUCAUAATT-3/, antisense 5'-
UUAUGAAACACCAAAGUGGTT-3) and plas-
mids pcDNA3.1 containing the FTO gene using
Lipofectamine 2000 (Invitrogen). Forty-eight
h post-transfection, the cells were exposed to dox-
orubicin (half of IC50) for 24 h. Hs578T cells were
transfected with plasmid pcDNA3.1 containing the
FTO gene or its negative control (OE-NC) and co-
transfected with plasmids pcDNA3.1 containing

the STAT3 gene and siFTO-1  using
Lipofectamine 2000 (Invitrogen). Forty-eight
h post-transfection, Hs578T cells were exposed to
doxorubicin (half of IC50) for 24 h.

Cell counting kit-8 (CCK-8) assay

Cell proliferation was measured using the CCK-8
assay Kit (Sigma-Aldrich, USA). Cells were seeded
into 96-well culture plates at a density of 4 x 10°
cells per well. For detection, cells were incubated
with 10 uL. CCK-8 solution for 1 h at 37°C in a 5%
CO,-humidified incubator, then the absorbance
was measured at 450 nm using a microplate reader
(BioTek Instruments, USA).

Real-time quantitative PCR (RT-qPCR)

The mRNA expression level of genes was analyzed
using RT-qPCR. Total RNA was extracted from
cells using the RNApure High-purity Total RNA
Rapid  Extraction Kit (BioTeke, China).
Complementary DNA was synthesized from the
total RNA samples by reverse-transcribing with
reverse transcriptase M-MLV (Takara), oligo (dT)
15 and random primers (Genscript, China). Next,
RT-qPCR was carried out using SYBR Green
(BioTeke) and Taq™ HS Perfect Mix (Takara).
The sequence of primers used in RT-qPCR was
presented in Table 1. The mRNA expression level
of B-actin was used as an endogenous control. The
results were analyzed using the 27**" method.

Western blotting analysis

Cells were harvested and lysed with RIPA Lysis
Buffer (beyotime, China) containing 1% protease
inhibitor PMSF (beyotime). The cell lysates were
separated by SDS-PAGE and transferred to PVDF

membranes (Thermo Fisher Scientific, USA).
Table 1. The sequence of primers used in RT-qPCR.
Primers
Type Sequence (5X-3K)
FTO Forward GAACACCAGGCTCTTTACG
Reverse ATGAACCCATCCCAACC
STAT3 Forward TGGAGAAGGACATCAGCGGT
Reverse TGGTCTTCAGGTATGGGGCA
B-actin Forward CACTGTGCCCATCTACGAGG
Reverse TAATGTCACGCACGATTTCC




After blocking with 5% (M/V) BSA, the mem-
brane was incubated with primary antibodies
including anti-FTO (1:1000, ABclonal, China),
anti-phospho STAT3 (Tyr705) (p-STAT3, 1:500,
affinity, China), anti-STAT3 (1:500, affinity), anti-
cleaved poly (ADP-ribose) polymerase (PARP)
(1:500, CST, USA), anti-cleaved caspase-3 (1:500,
affinity) and anti-B-actin (1:2000, proteintech,
China) at 4°C overnight, followed by incubation
with HRP-conjugated Goat anti-Rabbit or Goat
anti-Mouse IgG secondary antibodies (1:10,000,
proteintech) at 37°C for 40 min. The protein
bands were quantified wusing the Gel-Pro-
Analyzer software. B-actin was served as an endo-
genous control.

Chromatin immunoprecipitation (CHIP) assay

CHIP assay was performed using the CHIP
Assay Kit (Wanleibio, China) according to the
manufacturer’s protocol. The immunoprecipi-
tated DNA was purified using the PCR Clean-
Up Kit (Wanleibio) and then amplified with
2x Power Taq PCR MasterMix (Bioteke) and
primers (FTO  promoter  forward: 5'-
ACCTCCACCCACCCTCAT-3", reverse: 5'-
GCCACGGGATTTAGCACAG-3', Genscript).
The PCR-amplified product of the DNA sam-
ples was confirmed using 1.5% agarose gel
electrophoresis.

Dual luciferase reporter assay

The fragment of FTO promoter containing the
predicted STAT3-binding sites was cloned into
pGL3 reporter vectors (Promega Corporation,
USA). The MCEF-7-DoxR cells and MCF-7 cells
were transfected with the reporter vector contain-
ing the fragment of FTO promoter or empty
reporter vector using Lipofectamine™ 2000
Reagent (Invitrogen). Forty-eight h  post-
transfection, the transfected MCF-7-DoxR cells
were treated with 100 pM S31-201 for 6 or 24 h,
while the transfected MCF-7 cells were treated
with 10 ng/ml EGF for 6 or 24 h. The ratio of
firefly to Renilla luciferase luminescence was cal-
culated and normalized to the ratio of the empty
reporter group.
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Detection of m6A RNA methylation

The m6A RNA methylation was measured using
the M6A RNA Methylation Quantification Kit
(EpiQuik, USA) according to the manufacturer’s
instruction.

Cell apoptosis assay

The transfected BC-DoxR cells and BC cells were
collected and washed twice with PBS. Next, the
cells were stained using Annexin V-PI Apoptosis
Detection Kit (Beyotime, China) according to the
manufacturer’s instruction and then detected
using a NovoCyte Flow Cytometer (Acea
Biosciences, USA). The cell apoptotic rate was
calculated as follows: Apoptotic cells (%) = early
apoptotic cells (Annexin V*/PI", %) + late apop-
totic cells (Annexin V'/PI*, %).

Statistical analysis

All data were shown as mean + standard deviation.
Each experiment contained at least three repli-
cates. Graphpad prism 8 was used to analyze data
and make graphs. We used Student’s t-test to
analyze differences between two groups and ordin-
ary one-way ANOVA combined with Tukey’s
multiple comparison test to analyze differences
among three or more groups, and a P value less
than 0.05 was considered statistically significant.

Results

Increased expression of FTO and STAT3 in
BC-DoxR cells

To investigate the expression of FTO and STAT3
in BC-DoxR cells, two commercially available BC
cell lines including MCF-7 and MDA-MB-231 were
used to develop doxorubicin-resistant population
MCF-7-DoxR and MDA-MB-231-DoxR. CCK-8
assay was carried out to determine the resistance
of BC cells to doxorubicin. As shown in Figure 1(a,
b), the resistant ability of MCF-7-DoxR and MDA-
MB-231-DoxR cells to doxorubicin was significantly
higher compared with their parental cells. MCF-
7-DoxR (IC50 value: 0.41 uM) and MDA-MB-231-
DoxR (IC50 value: 0.86 uM) cells were about 6.19 and
4.66 times more resistant than their parental cells
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Figure 1. FTO and STAT3 expression in doxorubicin-resistant BC cells. a, b The sensitivity of doxorubicin-resistant MCF-7 and
MDA-MB-231 cells and their parental cells to doxorubicin. ¢ The IC50 value of doxorubicin against doxorubicin-resistant MCF-7 and
MDA-MB-231 cells and their parental cells. d, e The mRNA level of FTO and STAT3 in doxorubicin-resistant BC cells and their parental
cells. f, g The protein expression of FTO, p-STAT3 and STAT3 in doxorubicin-resistant BC cells and their parental cells. **p < 0.01.
MCF-7-DoxR, doxorubicin-resistant MCF-7; MDA-MB-231-DoxR, doxorubicin-resistant MDA-MB-231; IC50, half-maximal (50%) inhibi-
tory concentration; p-STAT3, phosopho-STAT3™"7%%,

(IC50 value-MCEF-7: 0.07 uM; IC 50 value-MDA-MB ~ mRNA and protein expressions, respectively. FTO
-231: 0.18 uM) (Figure 1(c)). RT-qPCR and western =~ and STAT3 mRNA expression levels in MCEF-
blotting were performed to measure FTO and STAT3 ~ 7-DoxR  and MDA-MB-231-DoxR cells were



significantly up-regulated compared with their paren-
tal cells (Figure 1(d,e)). Moreover, FTO and p-STAT3
protein expression in MCF-7-DoxR and MDA-MB
-231-DoxR cells were also increased (Figure 1 (f,g)).

STAT3 binds to FTO promoter and enhances
the activity of FTO promoter and FTO expres-
sion in BC-DoxR and BC cells

To explore the relationship between STAT3 and
FTO, the JASPAR database (http://jaspar.genereg.
net/) was used to predict whether the binding sites of
STATS3 existed in FTO promoter region (Figure 2(a)).
CHIP assay was performed to determine the relation-
ship between STAT3 and FTO promoter. It was con-
firmed that STAT3 could bind to the FTO promoter in
MCEF-7-DoxR cells (Figure 2(b)). Subsequently, the
effect of STAT3 inhibitor and activator on the activity
of FTO promoter was analyzed by dual luciferase
reporter assay. The efficiency of STAT3 inhibitor
§31-201 has been widely reported and that of STAT3
activator EGF on MCF-7 cells was shown in Figure
S1A. S31-201 significantly decreased the relative luci-
ferase activity of FTO promoter in MCF-7-DoxR cells
(Figure 2(c)), while EGF increased the relative lucifer-
ase activity of FTO promoter in MCE-7 cells (Figure 2
(d)). The results indicated that STAT3 could enhance
the activity of FTO promoter in BC-DoxR and BC
cells. Then we detected the expression of FTO in BC-
DoxR and BC cells after stimulation with EGF or/and
S31-201 using RT-qPCR and western blotting. The
efficiency of STAT3 activator EGF on MDA-MB-231
cells was shown in Figure S1B. EGF significantly up-
regulated the mRNA and protein expression of FTO
in BC cells, yet further S31-201 stimulation down-
regulated the EGF-induced mRNA and protein
expression of FTO (Figure 2(e-h)). Moreover, S3I-
201 stimulation led to down-regulation in the
mRNA and protein expression of FTO in BC-DoxR
cells (Figure 2(i-1)). These results illustrated that
STAT3 positively regulated the expression of FTO
in BC-DoxR and their parental cells.

FTO positively regulates the activation of STAT3
signaling in BC-DoxR and BC cells

To determine the effect of FTO on the STAT3
expression, two shRNAs for FTO were transfected
into BC-DoxR cells, while plasmids overexpressing
FTO were transfected into BC cells. As shown in
Figure 3(a-d), the introduction of FTO shRNAs
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weakened the mRNA and protein expression of
FTO in BC-DoxR cells and plasmids overexpres-
sing FTO increased the mRNA and protein
expression of FTO in BC cells. In addition, FTO
silencing was observed to increase the m6A level
in MCF-7-DoxR cells (Figure 3(e)). On the con-
trary, FTO overexpression decreased the m6A level
in MCF-7 cells (Figure 3(f)). It was indicated that
FTO was involved in the mRNA m6A modifica-
tion in BC-DoxR and their parental cells. The
SRAMP database (http://www.cuilab.cn/sramp)
predicted that there were several possible m6A
modification sites in STAT3. To verify the inter-
action between FTO and STAT3, RT-qPCR and
western blotting were performed to measure
STAT3 mRNA expression and p-STAT3 and
STAT3 protein expression. FTO silencing signifi-
cantly decreased the protein expression of
p-STAT3 in BC-DoxR cells, while FTO overex-
pression increased its expressions in BC cells
(Figure 3(g,h)), respectively. Notably, the mRNA
expression of STAT3 in BC-DoxR cells and their
parental cells was not significantly influenced by
FTO silencing and overexpression (Figure 3(i,j)).
These results indicated that FTO was able to acti-
vate STAT3 signaling in BC-DoxR and BC cells.
Nevertheless, FTO did not contribute to the m6A
modification of STAT3 in BC-DoxR and BC cells.

STAT3 facilitates the resistance of BC cells to
doxorubicin via FTO

To evaluate the role of FTO-STAT3 in the resis-
tance of BC cells to doxorubicin, cells were
transfected with FTO siRNAs or plasmids over-
expressing FTO and co-transfected with STAT3
siRNA and plasmids overexpressing FTO. Then
the transfected and untransfected BC-DoxR
and BC cells were exposed to doxorubicin. Cell
viability was measured using CCK-8 assay and
cell apoptosis was detected using Annexin V-PI
staining. The apoptosis-related proteins includ-
ing cleaved PARP and cleaved caspase-3 were
analyzed using western blotting. Results showed
that doxorubicin exposure resulted in decreases
in cell viability and increases in apoptotic cells
and expressions of cleaved PARP and cleaved
caspase-3 in BC and BC-DoxR cells (Figure S2-
S4). FTO siRNAs weakened FTO expression
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Figure 2. Effect of STAT3 on the transcriptional activity of FTO promoter and the expression of FTO in doxorubicin-
resistant BC cells and their parental cells. a The binding sites of STAT3 in FTO promoter predicted by JASPAR. b CHIP assay
confirmed the binding between FTO promoter and STAT3 in doxorubicin-resistant MCF-7 cells. ¢, d Dual luciferase reporter assay
confirmed that the transcriptional activity of FTO promoter was inhibited by S3I-201 but enhanced by EGF in doxorubicin-resistant
MCF-7 cells and MCF-7 cells. e-l The mRNA and protein expression of FTO was evaluated using RT-gPCR and western blotting.
*p < 0.05, **p < 0.01. MCF-7-DoxR, doxorubicin-resistant MCF-7; MDA-MB-231-DoxR, doxorubicin-resistant MDA-MB-231; EGF,
epidermal growth factor.
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Figure 3. Effect of FTO on the activation of STAT3 signaling in doxorubicin-resistant BC cells and their parental cells.
Doxorubicin-resistant BC cells and their parental cells were transfected with FTO shRNAs and FTO overexpression plasmids for 72 h,
respectively. a-d The protein and mRNA expression of FTO in transfected and untransfected cells. e, f Total m6A level in transfected
and untransfected cells. g-j The protein expression of p-STAT3 and STAT3 and the mRNA expression of STAT3 in transfected and
untransfected cells. **p < 0.01. MCF-7-DoxR, doxorubicin-resistant MCF-7; MDA-MB-231-DoxR, doxorubicin-resistant MDA-MB-231;
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; m6A, N6-methyladenosine.



1882 (&) Y. WANG ET AL.

in BC-DoxR cells and plasmids overexpressing
FTO increased FTO expression in BC cells
(Figure S5A-D). The results of CCK-8 assay
showed that the viability of BC cells exposed to
doxorubicin was decreased by FTO silencing but
increased by FTO overexpression (Figure 4(a,b,d,
e). The results of Annexin V-PI staining and
western blotting exhibited that doxorubicin-
induced BC cell apoptosis and expressions of
cleaved PARP and cleaved caspase-3 were

promoted by FTO silencing yet inhibited by
FTO overexpression (Figure 5(a-c) and Figure 6
(a-c)). The findings suggested that FTO facili-
tated the resistance of BC cells to doxorubicin.
In addition, STAT3 siRNA weakened the expres-
sion of STAT3 and p-STAT3 and plasmids over-
expressing FTO increased the expression of
p-STAT3 in BC-DoxR cells (Figure S6). The
results displayed that FTO overexpression
reversed the loss of BC cell viability and

d MCF-7-DoxR b MCF-7 Cc MCF-7-DoxR
15 15 1.5
E 1.0 E 1.0 T
c c c
(=] o o
n 0 n
3 < 53
S 0.5- S 0.5- S
0.0- 0.0-
¢ O
[®) A
O &
&
d e f
MDA-MB-231-DoxR MDA-MB-231 MDA-MB-231-DoxR
1.6 . 1.5 — 15
*%
* *
121 R A1.2-
: £ 101 :
o s £ 0.9
< 087 o3 2
(=) (=) 0.6
(o) O 0.57 8
0.4-
0.3-
0.0- 0.0- 0.0-
o N 9 ¢ O O & & O
S O O oY & & S o L
° £ & & & ° eé xéo
Ny
A
é‘% ,;@&?.

Figure 4. Role of STAT3-FTO in the doxorubicin-induced loss of BC cell viability. Doxorubicin-resistant BC or BC cells were
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promotion in cell apoptosis and expressions of  (Figure 4(c,f), Figure 5(d,e) and Figure 6(d,e)).
cleaved PARP and cleaved caspase-3 induced by = The results revealed that STAT3 facilitates the
doxorubicin exposure and STAT3 silencing resistance of BC cells to doxorubicin via FTO.
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STAT3 impairs the sensitivity of TNBC cells to

doxorubicin via FTO

To confirm the role of STAT3-FTO in the sensi-
tivity of TNBC cells to doxorubicin, Hs578T cells

were exposed to different levels of doxorubicin
(0.01-10 pM) to evaluate IC50 value (Figure S7,
IC50 value: 4.57 pM). Then Hs578T cells were
exposed to doxorubicin for 24 h. Doxorubicin
exposure decreased cell viability and increased
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cell apoptosis (Figure 7(a,b)). FTO overexpression
led to increases in cell viability and decreases in
cell apoptosis (Figure 8(a,c)), and STAT3 overex-
pression exhibited a similar effect (Figure 8(b,d)).
However, FTO knockdown reversed the increases
in cell viability and decreases in cell apoptosis
induced by STAT3 overexpression (Figure 8(b,
d)). These results implied that STAT3 impairs
the sensitivity of TNBC cells to doxorubicin
via FTO.

Discussion

Doxorubicin, a type of anthracycline, has been
widely used as a classical chemotherapy drug in
the treatment of many cancers, including BC [27].
However, resistance to doxorubicin is by far one of
the most important obstacles on the treatment
of BC, which can diminish the efficiency of dox-
orubicin and results in tumor growth [28].
Therefore, we discussed the mechanisms under-
lying the resistance of BC to doxorubicin in the
present study. Early reports showed that there was
a close association between FTO and the occur-
rence and development of obesity and type 2 dia-
betes [29,30]. Later, FTO was found to be highly
expressed in cancers and correlate with the risk of
various human cancers [31,32,33]. FTO has been
involved in regulating multiple aspects of cancer
biology, including cell proliferation, migration,
invasion and apoptosis [6,34,35]. However, FTO
is a double-edged sword in regulating the

chemoradiotherapy sensitivity of cancer cells. On
one hand, FTO overexpression inhibited cisplatin
and irradiation-induced loss of cervical squamous
cell carcinoma cell viability but FTO inhibitor
MA?2 increased the chemosensitivity of cervical
squamous cell carcinoma cells [36]. Moreover,
depletion of FTO expression by shRNA enhanced
melanoma cell sensitivity to anti-PD-1 antibody
[8]. On the other hand, up-regulated FTO expres-
sion sensitized leukemia cells to
R-2-hydroxyglutarate [37]. The oncogenic poten-
tial of FTO in BC has also been recognized in
previous studies, while its role in the chemother-
apy sensitivity of BC remains unclear. In the pre-
sent study, FTO mRNA and protein expression
was higher in less doxorubicin-sensitive BC cells.
Hence, it was speculated that FTO might contri-
bute to the doxorubicin resistance of BC cells.
Activation of STAT3 via Y705-phosphorylation
broadly exists in cancers, and its tumorigenic role
has been widely recognized. Since STAT3 was dis-
covered in 1994, most studies have mainly focused
on its potential in the survival, proliferation,
angiogenesis, migration, invasion and immune
suppression of cancer cells [38]. In addition,
STATS3 also plays a critical role in the chemoresis-
tance of BC cells. Suppression of STAT3 activation
by drugs has been confirmed to promote the che-
mosensitivity of BC cells [39]. Consistent with
prior studies, p-STAT3 was highly expressed in
less doxorubicin-sensitive BC cells in the present
study, indicating that STAT3 was activated in BC-
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Figure 8. Role of STAT3-FTO in the doxorubicin-induced viability loss and apoptosis of Hs578T cells. Hs578T cells were
transfected with FTO overexpression plasmids and co-transfected with STAT3 overexpression plasmids and FTO siRNA-1 for 48 h and
then exposed to doxorubicin for 24 h. a, b Cell viability was measured by CCK-8 assay. ¢, d Apoptotic Hs578T cells were detected by
Annexin V/PI staining. *p < 0.05, **p < 0.01. Dox, doxorubicin; OD, optical density; Pl, propidium iodide; NC-OE, empty vector; OE-
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DoxR cells. Multiple types of cytokine including
fibroblast growth factor, interleukin 6 and EGF
can activate Janus kinases to trigger STAT3 phos-

phorylation by binding their corresponding

receptors and S3I-201 shows potent inhibition of
STAT3 DNA-binding activity [40,41]. Hence, EGF
and S31-201 were chosen to promote and inhibit
STAT3  activation in this study. The



phosphorylated STAT3 concentrates into nucleus
and further binds to the promoter region of target
genes to activate transcription [42]. JASPAR data-
base showed that several STAT3-binding sites
existed in the promoter region of FTO. In the
present study, STAT3 was observed to bind to
the promoter region of FTO, increase the activity
of FTO promoter and positively regulate FTO
mRNA and protein expression in BC and BC-
DoxR cells. Therefore, the up-regulation of FTO
expression in BC-DoxR cells may be attributed to
the activation of STAT3.

FTO plays an oncogenic role through an m6A-
dependent mechanism. FTO has been involved in
the tumor progression of breast cancer via sup-
pressing BCL2 interacting protein 3 in an mo6A-
dependent way [10]. SRAMP predicted potential
m6A sites in STAT3. It was speculated that FTO
might regulate the m6A modification of STAT3 to
affect its expression. In the present study, in spite
of significant changes in m6A levels, FTO silen-
cing and overexpression could not affect STAT3
mRNA expression in BC and BC-DoxR cells, indi-
cating that FTO was not implicated in the m6A
modification of STAT3. FTO has been reported to
regulate the phosphorylation of STAT3, and FTO
knockdown decreased the p-STAT3 expression in
porcine preadipocytes [24]. On the contrary, FTO
overexpression in the liver of mice inhibited
p-STAT3 expression [23]. The present study
showed that the phosphorylation of STAT3 was
inhibited by FTO silencing but promoted by FTO
overexpression in BC-DoxR and BC cells, which
indicated that FTO activated STAT3 signaling. It
has been reported that knockdown of FTO might
inhibit p-STAT3 expression by suppressing JAK2
mRNA level through influencing the m6A level of
JAK2 [24]. Therefore, the phosphorylation of
STATS3 regulated by FTO might be attributed to
JAK2, which will be confirmed in our future work.

Subsequently, we further validated the role of
STAT3-FTO in the doxorubicin resistance of BC
cells. In the present study, FTO overexpression
inhibited doxorubicin-induced loss of BC cell via-
bility and BC cell apoptosis, indicating that FTO
overexpression enhanced the doxorubicin resis-
tance of BC cells. Contrarily, FTO knockdown
decreased the doxorubicin resistance of BC-DoxR
cells. In addition, STAT3 knockdown also
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inhibited the doxorubicin resistance of BC cells,
while further FTO overexpression reversed STAT3
knockdown-induced decreases of doxorubicin
resistance of BC cells, suggesting that STAT3 aug-
mented the doxorubicin resistance of BC cells via
FTO. Chemotherapy remains the standard of care
for TNBC treatment, thus the role of STAT3-FTO
circuit in the doxorubicin sensitivity of TNBC cells
was verified. We found that FTO overexpression
and STAT3 overexpression lowered the doxorubi-
cin sensitivity of TNBC cells. However, FTO silen-
cing reversed the inhibition of doxorubicin
sensitivity of BC cells induced by STAT3 over-
expression, suggesting that STAT3 impaired the
doxorubicin sensitivity of TNBC cells via FTO.

There is a limitation in the present study. MCEF-
7 is a luminal A-type breast cancer cell line.
Compared with chemotherapy, endocrine therapy
is a more effective treatment strategy for luminal
A-type breast cancer. Hence, a luminal A-type
breast cancer cell line might not be the best can-
didate for the studies about chemotherapy.

Conclusion

In summary, up-regulated FTO and STAT3
expressions were found in doxorubicin-resistant
BC cells. STAT3 could bind to FTO promoter
and increase the activity of FTO promoter to posi-
tively regulate FTO expression. Furthermore, FTO
was also able to activate STAT3 signaling. Besides,
FTO was involved in STAT3-mediated doxorubi-
cin resistance of BC cells and impairment in dox-
orubicin sensitivity of TNBC cells. Altogether, our
findings provide a mechanism underlying the
resistance of BC cells to doxorubicin.

Highlights

1. FTO and STAT3 were highly expressed in doxorubicin-
resistant BC (BC-DoxR) cells.

2. STAT3 could bind to FTO promoter in BC-DoxR cells.
3. STATS3 positively regulated FTO expression in BC-DoxR
cells.

4. FTO did not regulate the m6A modification of STAT3 but
activated STAT3 signaling.

5. FTO was implicated in STAT3-mediated doxorubicin
resistance of BC cells.



1888 Y. WANG ET AL.

Disclosure of potential conflicts of interest

No potential conflict of interest was reported by the
author(s).

Funding

No funding was received for conducting this study.

Data availability

The datasets used in the present study are available from the
corresponding author on reasonable request.

Author contributions

Dang L conceived this work. Zuo M designed the experi-

ments. Wang Y wrote the present manuscript. Cheng ZQ and
Xu J performed data analysis and visualization. Lai MN and
Liu LM carried out the experiments and collected data.

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

Sung H, Ferlay J, Siegel RL, et al. Global cancer statis-
tics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries.
CA Cancer J Clin. 2021. DOI:10.3322/caac.21660
Miller KD, Nogueira L, Mariotto AB, et al. Cancer
treatment and survivorship statistics. CA Cancer
J Clin. 2019;69(5):363-385.

Chen J, Du B. Novel positioning from obesity to can-
cer: FTO, an m(6)A RNA demethylase, regulates
tumour progression. ] Cancer Res Clin Oncol
2019;145(1):19-29.

Zhang L, Wan Y, Zhang Z, et al. FTO demethylates
m6A modifications in HOXB13 mRNA and promotes
endometrial cancer metastasis by activating the WNT
signalling  pathway. ~RNA  Biol.  2020;1-14.
DOI:10.1080/15476286.2020.1841458

Zhao L, Kong X, Zhong W, et al. FTO accelerates
ovarian cancer cell growth by promoting proliferation,
inhibiting apoptosis, and activating autophagy. Pathol
Res Pract. 2020;216(9):153042.

Tang X, Liu S, Chen D, et al. The role of the fat mass
and obesity-associated protein in the proliferation of
pancreatic cancer cells. Oncol Lett. 201917
(2):2473-2478.

Liu J, Ren D, Du Z, et al. m(6)A demethylase FTO
facilitates tumor progression in lung squamous cell
carcinoma by regulating MZF1 expression. Biochem
Biophys Res Commun. 2018;502(4):456-464.

Yang S, Wei J, Cui YH, et al. m(6)A mRNA demethy-
lase FTO regulates melanoma tumorigenicity and
response to anti-PD-1 blockade. Nat Commun.
2019;10(1):2782.

[9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

Li Z, Weng H, Su R, et al. FTO Plays an Oncogenic
Role in Acute Myeloid Leukemia as a N
(6)-Methyladenosine RNA Demethylase. Cancer Cell.
2017;31(1):127-141.

Niu Y, Lin Z, Wan A, et al. RNA N6-methyladenosine
demethylase FTO promotes breast tumor progression
through inhibiting BNIP3. Mol Cancer. 2019;18(1):46.
Tan A, Dang Y, Chen G, et al. Overexpression of the
fat mass and obesity associated gene (FTO) in breast
cancer and its clinical implications. Int J Clin Exp
Pathol. 2015;8(10):13405-13410.

Gelain A, Mori M, Meneghetti F, et al. Signal
Transducer and Activator of Transcription Protein 3
(STAT3): an Update on its Direct Inhibitors as
Promising Anticancer Agents. Curr Med Chem.
2019;26(27):5165-5206.

Guo C, Yang G, Khun K, et al. Activation of Stat3 in
renal tumors. Am ] Transl Res. 2009;1(3):283-290.
Tian F, Yang X, Liu Y, et al. Constitutive activated
STATS3 is an essential regulator and therapeutic target
in esophageal squamous cell carcinoma. Oncotarget.
2017;8(51):88719-88729.

Bharti AC, Shishodia S, Reuben JM, et al. Nuclear
factor-kappaB and STAT3 are constitutively active in
CD138+ cells derived from multiple myeloma patients,
and suppression of these transcription factors leads to
apoptosis. Blood. 2004;103(8):3175-3184.

Dhir R, Ni Z, Lou W, et al. Stat3 activation in prostatic
carcinomas. Prostate. 2002;51(4):241-246.

Banerjee K, Resat H. Constitutive activation of STAT3
in breast cancer cells: a review. Int ] Cancer. 2016;138
(11):2570-2578.

Gu D, Fan Q, Zhang X, et al. A role for transcription
factor STAT3 signaling in oncogene
smoothened-driven carcinogenesis. ] Biol Chem.

2012;287(45):38356-38366.

Wang Z, Zhu S, Shen M, et al. STAT3 is involved in
esophageal carcinogenesis through regulation of Oct-1.
Carcinogenesis. 2013;34(3):678-688.

Gariboldi MB, Ravizza R, Molteni R, et al. Inhibition of
Stat3 increases doxorubicin sensitivity in a human
metastatic breast cancer cell line. Cancer Lett.
2007;258(2):181-188.

Lin L, Hutzen B, Zuo M, et al. Novel STAT3 phosphor-
ylation inhibitors exhibit potent growth-suppressive
activity in pancreatic and breast cancer cells. Cancer
Res. 2010;70(6):2445-2454.

Real PJ, Sierra A, De Juan A, et al. Resistance to
chemotherapy via Stat3-dependent overexpression of
Bcl-2 in metastatic breast cancer cells. Oncogene.
2002;21(50):7611-7618.

Bravard A, Vial G, Chauvin MA, et al. FTO contributes
to hepatic metabolism regulation through regulation of
leptin action and STAT3 signalling in liver. Cell
Commun Signal. 2014;12(1):4.

Wu R, Guo G, Bi Z, et al. m(6)A methylation modu-
lates adipogenesis through JAK2-STAT3-C/EBPbeta


https://doi.org/10.3322/caac.21660
https://doi.org/10.1080/15476286.2020.1841458

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

signaling. Biochim Biophys Acta Gene Regul Mech.
2019;1862(8):796-806.

Luo J, Zeng S, Tian C. MORC4 Promotes
Chemoresistance of Luminal A/B Breast Cancer via
STAT3-Mediated MID2 Upregulation. Onco Targets
Ther. 2020;13:6795-6803.

Marinello PC, Panis C, Silva TNX, et al. Metformin
prevention of doxorubicin resistance in MCF-7 and
MDA-MB-231 involves oxidative stress generation
and modulation of cell adaptation genes. Sci Rep.
2019;9(1):5864.

Cole MP, Todd ID, Wilkinson PM. A preliminary trial
of doxorubicin in advanced breast cancer and other
malignant disease. Br J Cancer. 1974;29(2):114-116.
Han J, Lim W, You D, et al. Chemoresistance in the
human triple-negative breast cancer cell line
MDA-MB-231 Induced by doxorubicin gradient is
associated with epigenetic alterations in histone
deacetylase. ] Oncol. 2019:1345026 2019. 10.1155/
2019/1345026

Bravard A, Lefai E, Meugnier E, et al. FTO is increased
in muscle during type 2 diabetes, and its overexpres-
sion in myotubes alters insulin signaling, enhances
lipogenesis and ROS production, and induces mito-
chondrial dysfunction. Diabetes. 2011;60(1):258-268.
Frayling TM, Timpson NJ, Weedon MN, et al
A common variant in the FTO gene is associated
with body mass index and predisposes to childhood
and adult obesity. Science. 2007;316(5826):889-894.

Li Y, Zheng D, Wang F, et al. Expression of demethy-
lase genes, FTO and ALKBH], is associated with prog-
nosis of gastric Cancer. Dig Dis Sci. 2019;64
(6):1503-1513.

Strick A, Von Hagen F, Gundert L, et al. The N(6) -
methyladenosine (m(6) A) erasers alkylation repair
homologue 5 (ALKBH5) and fat mass and
obesity-associated protein (FTO) are prognostic

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

BIOENGINEERED 1889

biomarkers in patients with clear cell renal
carcinoma. BJU Int. 2020;125(4):617-624.

Xu D, Shao W, Jiang Y, et al. FTO expression is
associated with the occurrence of gastric cancer and
prognosis. Oncol Rep. 2017;38(4):2285-2292.

Xu Y, Ye S, Zhang N, et al. The FTO/miR-181b-3p/
ARLS5B signaling pathway regulates cell migration and
invasion in breast cancer. Cancer Commun (Lond).
2020;40(10):484-500.

Zou D, Dong L, Li C, et al. The m(6)A eraser FTO
facilitates proliferation and migration of human cervi-
cal cancer cells. Cancer Cell Int. 2019;19(1):321.

Zhou S, Bai ZL, Xia D, et al. FTO regulates the
chemo-radiotherapy resistance of cervical squamous
cell carcinoma (CSCC) by targeting beta-catenin
through mRNA demethylation. Mol Carcinog.
2018;57(5):590-597.

Su R, Dong L, Li C, et al. R-2HG exhibits anti-tumor
activity by targeting FTO/m(6)A/MYC/CEBPA
signaling. Cell. 2018;172(1-2):90-105 e123.

Avalle L, Camporeale A, Camperi A, et al. STAT3 in
cancer: a double edged sword. Cytokine. 2017;98:42-50.
XuY, Zhu'Y, Yue Y, et al. Tamoxifen attenuates reactive
astrocyte-induced brain metastasis and drug resistance
through the IL-6/STAT3 signaling pathway. Acta
Biochim Biophys Sin (Shanghai). 2020;52(12):1299-1305.
Lo HW, Hsu SC, Ali-Seyed M, et al. Nuclear interac-
tion of EGFR and STAT3 in the activation of the
iNOS/NO pathway. Cancer Cell. 2005;7(6):575-589.
Mitsuyama K, Matsumoto S, Masuda J, et al
Therapeutic strategies for targeting the IL-6/STAT3
cytokine signaling pathway in inflaimmatory bowel
disease. Anticancer Res. 2007;27(6A):3749-3756.
Garcia R, Bowman TL, Niu G, et al. Constitutive acti-
vation of Stat3 by the Src and JAK tyrosine kinases
participates in growth regulation of human breast car-
cinoma cells. Oncogene. 2001;20(20):2499-2513.


https://doi.org/10.1155/2019/1345026
https://doi.org/10.1155/2019/1345026

	Abstract
	Introduction
	Methods
	Cell culture
	Induction of doxorubicin resistance
	Cell treatment and transfection
	Cell counting kit-8 (CCK-8) assay
	Real-time quantitative PCR (RT-qPCR)
	Western blotting analysis
	Chromatin immunoprecipitation (CHIP) assay
	Dual luciferase reporter assay
	Detection of m6A RNA methylation
	Cell apoptosis assay
	Statistical analysis

	Results
	Increased expression of FTO and STAT3 in BC-DoxR cells
	FTO positively regulates the activation of STAT3 signaling in BC-DoxR andBC cells
	STAT3 facilitates the resistance ofBC cells to doxorubicin via FTO
	STAT3 impairs the sensitivity of TNBC cells to doxorubicin via FTO

	Discussion
	Conclusion
	Highlights
	Disclosure of potential conflicts of interest
	Funding
	Data availability
	Author contributions
	References



