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Abstract: Characterized by autophagy-associated protein disorders, autophagy participates in Taxol resistance in 
triple negative breast cancer (TNBC). As an evolutionarily conserved serine/threonine protein kinase with complex 
signaling pathway, mammalian target of rapamycin (mTOR) can regulate various cellular functions by phosphoryla-
tion of its downstream target proteins after activation. A large number of references have demonstrated that mTOR 
signaling pathway is related to autophagy and apoptosis. Formononetin (FMNT) has anticancer properties against 
breast, prostate and colon cancers. This study aimed to explore the regulatory effect of FMNT/miR-199a-3p/mTOR 
pathway on Taxol resistance and autophagy in breast cancer (BC). MiR-199a-3p, mTOR, LC3 and other autophagy 
related proteins were detected in Taxol sensitive and Taxol resistant TNBC cell lines, which were MDA-MB-231 and 
MDA-MB-231/Taxol, respectively. Cell viability and toxicity were determined by CCK-8 and MTT assay, respectively. 
The therapeutic effect of FMNT was evaluated in xenotransplantation model of nude mice. MiR-199a-3p was more 
highly expressed in MDA-MB-231/Taxol than in MDA-MB-231, while mTOR and p-mTOR decreased in MDA-MB-231/
Taxol in comparison with MDA-MB-231, and autophagy activation and drug resistance were enhanced. In MDA-
MB-231/Taxol cell line, the role of FMNT was verified to inhibit high miR-199a-3p expression. In addition, the com-
bination therapy of FMNT and Taxol was found to be more effective in inhibiting autophagy and drug resistance. 
Moreover, mTOR was the target of miR-199a-3p, which was confirmed by dual luciferase reporter (DLR) gene assay. 
Oral administration of FMNT reduced tumor volume after MDA-MB-231/Taxol injection in vivo. Moreover, oral ad-
ministration of FMNT and Taxol suppressed autophagy and Taxol resistance by restoring mTOR protein level to that 
of the parent MDA-MB-231, suggesting that miR-199a-3p can severe as a new target to overcome Taxol resistance 
in TNBC.
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Introduction 

Breast cancer (BC), as a common clinical 
female tumor, is one of the primary causes of 
female tumor death [1]. Triple negative breast 
cancer, or TNBC, which bears the responsibility 
for approximately 10%-20% of all breast carci-
noma, is a type of BC with high diffusion, high 
histological grade, and poor prognosis [2, 3]. 
Due to the fact that the tests of ER, PR and 
Her2 were all negative, it is difficult to carry out 
targeted therapy to patients [4]. Although che-
motherapy can improve the condition of TNBC 

to a certain extent, the overall survival rate of 
patients is overwhelmingly poor as it has the 
characteristics of high recurrence and high 
metastasis [5]. Apart from that, long-term che-
motherapy will lead to patients’ resistance to 
chemotherapy drugs, which is also one of the 
reasons for clinical treatment failure [6]. 
Therefore, solving TNBC drug resistance is the 
key to improving the prognosis of patients.

Formononetin (FMNT) is an active ingredient 
isolated from Astragalus membranaceus, which 
has many pharmacological effects [7]. Studies 
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have revealed that FMNT plays a favorable role 
in tumor growth inhibition, wound healing, 
estrogen-like effect, antioxidant activity and 
anti-inflammation [8, 9]. Moreover, it can induce 
apoptosis, inhibit cell cycle, angiogenesis and 
reverse multidrug resistance [10, 12]. Zhou et 
al. [12] have proposed in their study that FMNT 
could enhance the antitumor effect of everoli-
mus in BC MDA-MB-468 cells by inhibiting 
mTOR pathway. However, one recent study has 
found that FMNT can regulate the transcription 
of microRNA (miR) and participate in tumorigen-
esis [13]. It is not found that there is a miR 
betweenFMNT and mTOR pathway and exerts 
regulation at present. MiR-199a-3p, as a clas-
sic upstream miR of mTOR pathway, has been 
reported in many papers [14]. Therefore, we 
suspect that FMNT may participate in the devel-
opment of mTOR pathway by mediating miR-
199a-3p. However, researches on FMNT and 
chemotherapy resistance of TNBC are still 
scanty.

Autophagy, a kind of self-adaptation capacity, 
is a double-edged sword in tumor metastasis 
[15]. Generally, malignant cells have apoptosis 
defects, while autophagy refers to a form of cell 
death, which is the same as apoptosis [16, 17]. 
Therefore, autophagy can be another mecha-
nism of cell death when the tumor is deficient in 
apoptosis [18, 19]. In the study of Huang et al. 
[20], it was found that FMNT may protect the 
heart of the elderly from ischemia/reperfusion 
injury by enhancing autophagy degradation. 
However, whether FMNT is related to autopha-
gy in TNBC drug-resistant tumor cells is still 
under investigation.

Therefore, we aimed to explore the related 
mechanism of FMNT in taxol-resistant TNBC 
MDA-MB-231, with the goal of providing refer-
ence for the development of clinical novel 
drugs.

Methods and materials

Cell culture

In a humidity incubator with 5% CO2 at 37°C, 
human TNBC MDA-MB-231 and its Taxol-
resistant cell lines were cultured in 1640 high 
glucose medium (BasalMedia Technologies, 
Shanghai, China) supplemented with fetal 
bovine serum (10%; Thermo Fisher-USA). The 
medium was replaced every two days, and the 
logarithmic growth phase cells were selected 

for experimental study. According to the group-
ing, the cells were added with the drug or 
reagent to be treated respectively, and treated 
24 h later.

Cell transfection

Overexpression and inhibitor of microRNA-
199a-3p (miR-199a-3p mimic and miR-199a-
3p inhibitor respectively) and blank control 
(miR-NC) were purchased from RiboBio 
(Guangzhou, China), and the Lipofectamine 
2000 kit (Invitrogen) was used for transfection 
of cytoplasms. The operation procedure was 
strictly in accordance with the manufacturer’s 
instructions.

qRT-PCR

Trizol (Invitrogen) was used for the extraction of 
the total RNA from cells or serum, and UV spec-
trophotometer and agarose gel electrophoresis 
were responsible for the determination of its 
purity, concentration and integrity. Subsequen- 
tly, TaqMan™ Reverse Transcription Kit (In- 
vitrogen, USA) was used for reverse transcrip-
tion. Then, PCR amplification was carried out by 
a PrimeScript RT Master Mix kit (Takara Bio, 
Japan) and ABI7500 (ABI, USA), and the reac-
tion system and conditions were operated 
according to the kit guidelines. Three parallel 
replicate wells were designed in the experi-
ment, and all the specimens were determined 
three times. With U6 and β-actin as the internal 
reference for miR (microRNA) and GENE, 
respectively, 2-ΔΔct was used for data process-
ing [21]. Primers are shown in Table 1.

Cell viability experiment

CCK-8 test was used for cell viability determina-
tion. The cells were resuspended to 5×103, 
seeded in plates (96-well), and pre-cultured in 
an incubator at 37°C with 5% CO2 and satura-
tion humidity. The resistant strain was treated 
with different concentrations of Taxol (0, 1.5, 5, 
7.5, 10, 50, 15 μM/L) for 24 h, and then 10 
microliters of CCK-8 reagent was added into 
each well. The absorbance at 450 nm was 
measured after 2 h of culture.

Cytotoxicity test

Cytotoxicity was measured by 3-(4,5-dime- 
thylthiazolyl-2)-2,5-diphenyltetrazolium bromi- 
de (MTT) assay in this study. Cells were seeded 
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into 96-well plates with 5×103 cells/well. After 
one overnight incubation, they were intervened 
by different concentrations of FMNT (0, 5, 15, 
20, 40, 60, 80 μM/L) for 48 h. After the remov-
al of the culture medium, 100 μl MTT with a 
final concentration of 500 μg/ml was added 
into each well for a 4-hour culture in an incuba-
tor at 37°C. Thereafter, 20% SDS solution (100 
μl) was placed into the wells and the culture 
was continued for 20 h. Finally, the absorbance 
was measured at 570 nm by a microplate read-
er, and the cell viability value was expressed as 
the percentage of experimental group and con-
trol group.

FACS detection

The apoptosis rate and cell cycle were detected 
by FACS, which were briefly described as fol-
lows. The cells were adjusted to 1×106, seeded 
into plates (24-well), and immobilized with 70% 
chill ethanol 48 h later. Two hours after immobi-
lization, the immobilized cells with 100 μl 
RNase (BD Biosciences, USA) were processed 
for 30 min of incubation at 37°C. After that, 
they were mixed with 400 μl propidium iodide 
and left in the dark at 4°C for 0.5 h. Likewise, 
the cells were adjusted to 1×105 and seed- 
ed into plates (24-well). The apoptotic cells 
were determined by fluorescein isothiocyana- 
te (FITC)-Annexin V apoptosis detection kit  
(BD Biosciences) 48 h later. Flow cytometry 
(FACScan; BD Biosciences) was used to deter-
mine cell cycle and apoptosis. The experiments 
were repeated three times.

mTOR: 1:2000; p-mTOR: 1:2000; LC3-II: 
1:3000; α-Tublin: 1:3000, Abcam Company, 
USA) for overnight sealing at 4°C. After that, the 
primary antibody was washed away, and the 
goat anti-rabbit-HRP secondary antibody (1: 
5000; Abcam, USA) was added for one-hour 
incubation at 37°C, followed by three times of 
membrane washing with PBS, 5 min each. After 
blotting the extra liquid with filter paper, the 
membrane was developed by ECL. With α-Tublin 
as the internal reference, the protein bands 
were scanned and the grayscale values were 
analyzed in Quantity One software.

Immunofluorescence

Immunofluorescence staining was used for 
detecting the changes of autophagy-related 
proteins in cells. After rinsing with PBS three 
times (5 min each time), the cells were given 10 
min of immobilization and then 10 min of infil-
tration using Triton X-100 (0.1%) in PBS. 
Thereafter, they were blocked at indoor tem-
perature for 1 h, and processed for overnight 
incubation with anti-LC3A/B antibody at 4°C. 
On the second day, after being thoroughly 
washed with PBS, the cells were cultured with 
Cy3-labeled goat anti-rabbit IgG (Beyotime, 
China) at indoor temperature for 3 h. After 
staining the chromatin with DAPI for 10 min,  
the cells were evaluated under a fluorescence 
microscope (OLYMPAS IX71, OLYMPAS, Japan). 
The Alexa Fluor 488 fluorescence intensity was 
quantified using Image J software.

Table 1. Sequences of primers used in this study
Gene Primer sequences
miR-199a-3p Sense sequence: 5’-ACACCAGCTGGGTACAGTAGTCTGCACA-3’

Antisense sequence: 5’-GTGTCGTGGAGTCGGCAATTC-3’
ULK1 Sense sequence: 5’-ACCGCATTCACAGCATCACT-3’

Antisense sequence: 5’-CCGATCTACAGACCGACGCT-3’
Beclin1 Sense sequence: 5’-ATGGAAGGGTCTAAGACGT-3’

Antisense sequence: 5’-TCATTTGTTATAAAATTGTGA-3’
Vps34 Sense sequence: 5’-GGACCTTCTGACCACGAT-3’

Antisense sequence: 5’-GCAACAGCATAACGCCTC-3’
LC3-II Sense sequence: 5’-AAACGCATTTGCCATCACA-3’

Antisense sequence: 5’-GGACCTTCAGCAGTTTACAGTCAG-3’
m-TOR Sense sequence: 5’-AGAAACTGCACGTCAGCACCA-3’

Antisense sequence: 5’-CCATTCCAGCCAGTCATCTTTG-3’
β-actin Sense sequence: 5’-GCTTCTAGGCGGACTGTTAC-3’

Antisense sequence: 5’-CCATGCCAATGTTGTCTCTT-3’

WB detection

Lysis of the cultured cells and 
the determination of protein 
concentration were conduct-
ed by RIPA buffer and BCA kit 
(both from Thermo Scientific 
Company, USA) respective- 
ly. The protein concentration 
was then regulated to 4 μg/
μL, isolated by SDS-PAGE 
(12%), and transferred to a 
0.22 μm PVDF membrane. 
Subsequently, it was blocked 
with 5% skim milk for 2 h, 
and added with primary anti-
body (Bcl2: 1:1000; Bax: 1: 
1000; Beclin1: 1:1000; UL- 
K1: 1:2000; VPS34: 1:2000; 



Formononetin regulates Taxol resistance in TNBC by inhibiting autophagy

500	 Am J Transl Res 2021;13(2):497-514

DLR assay

Through starBase 3.0 [22], Targetscan7.2 [23], 
miRDB [24], miRTarBase [25] and TarBase [26] 
prediction, it was found that miR-199a-3p had 
a targeted relationship with mTOR. Therefore, 
pmirGLO-mTOR9-3’UTR wild type (Wt) and 
mutant (Mut) were constructed and transferred 
to the luciferase reporter gene’s downstream 
for sequencing and identification of the con-
structed plasmids. The correctly sequenced 
plasmids were respectively co-transfected with 
miR-199a-3p mimic or miR-NC into 293T cells. 
Lipofectamine™ 2000 kit was used for trans-
fection. The luciferase reporter vector was 
detected by following the guidelines of DLR 
assay system (Promega).

Animal experiment

Acquired from Shanghai Bikai Biotechnology, 
4-5 weeks old Balb/c-nude nude mice were sto-
chastically assigned to 7 groups (4 mice in 
each group): MDA-MB-231, MDA-MB-231/Taxol 
resistance, MDA-MB-231 Taxol resistance + 
Taxol, MDA-MB-231 Taxol resistance + FMNT, 
MDA-MB-231 Taxol resistance + 3-Methyla- 
denine (3-MA), MDA-MB-231 Taxol resistance + 
FMNT + autophagy inhibitor 3-MA, and MDA-
MB-231 Taxol resistance + FMNT + Taxol 
groups. Subcutaneous injection of MDA-MB- 
231 and MDA-MB-231/Taxol (5×107 cells/0.2 
mL) was carried out on each mouse, and 3-MA 
was injected intraperitoneally (15 mg/kg). 
About two weeks later when the tumor diame-
ter of nude mice increased to 5 mm, FMNT (30 
mg/kg) or Taxol (50 mg/mouse) was given oral-
ly every three days, and the tumor size was 
measured every 4 days. The mice were killed 
44 days later, and mTOR, P-mTOR, LC3-I/LC3-II, 
Beclin 1 and VPS34 protein expression in 
tumor tissues were detected by Western blot 
(WB). The research was approved by the Animal 
Ethics Committee of Shanghai Shuguang Hos- 
pital, and the experiment was conducted 
according to the Laboratory animal-Guideline 
for ethical review of animal welfare issued by 
China in 2018. Animals were all executed by 
making them inhale carbon dioxide (Concen- 
tration of CO2: 100%; duration: 2-3 min).

Statistical analysis

SPSS 17.0 software was used for statistical 
analysis. Differences between groups were ver-
ified by the t test. Univariate analysis was 

adopted for comparison among multiple 
groups, and Bonferroni post hoc test for com-
parison between two groups. All experiments 
were conducted 3 times or more, and all the 
data were described as the mean ± standard 
deviation (SD). Statistical significance was set 
at a p-value of < 0.05.

Results

FMNT inhibits MDA-MB-231/Taxol cell growth

At first, to verify the Taxol resistance of MDA-
MB-231/Taxol, CCK-8 experiment was used to 
detect the effect of Taxol at different concen-
trations on MDA-MB-231/Taxol cell viability. 
Through test, we observed that MDA-MB-231/
Taxol showed relatively high drug resistance at 
a concentration of 0-7.5 μm/L, and Taxol gradu-
ally decreased drug resistance when the con-
centration was 10-15 μm/L. For the safety of 
drug-resistant strains, we used 1 μM/L Taxol 
concentration to treat drug-resistant strains in 
subsequent experiments (Figure 1A). In addi-
tion, through the MTT experiment, we found 
that the concentration of FMNT had low toxicity 
to MDA-MB-231/Taxol in the range of 5-20 
μM/L (< 10%), while the FMNT of 40-80 μM/L 
had obvious cytotoxicity to the drug-resistant 
strain, so we used the concentration of 15 
μM/L to treat the drug-resistant strain in the 
follow-up experiment (Figure 1B). Finally, in 
order to determine whether FMNT affected 
MDA-MB-231/Taxol cell growth via autophagy, 
we used autophagy inhibitor 3-MA to treat the 
cells, and found that 3-MA (5 mM) reduced 
MDA-MB-231/Taxol viability, and FMNT also 
effectively suppressed MDA-MB-231/Taxol cell 
growth (inhibition rate: 60.2%). The results indi-
cated that the inhibitory effect of FMNT was 
probably exerted through autophagy. Moreover, 
when FMNT and Taxol were combined to treat 
MDA-MB-231/Taxol, the inhibitory effect on the 
viability of drug-resistant cells was more signifi-
cant (Figure 1C). The results indicated that 
FMNT may suppress MDA-MB-231/Taxol cell 
growth by inhibiting autophagy.

FMNT regulates cell cycle and induces apopto-
sis of MDA-MB-231/Taxol

To further explore the effect of FMNT on MDA-
MB-231/Taxol cell apoptosis, we examined 
MDA-MB-231/Taxol apoptosis after FMNT 
intervention. It was observed that both FMNT 
and 3-MA enhanced MDA-MB-231/Taxol cell 
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apoptosis, and the apoptosis rate was even 
higher after the combined treatment with FMNT 
and Taxol (Figure 2A). Also, WB results demon-
strated that the trend of apoptosis-related pro-
teins was consistent with that of apoptosis 
(Figure 2B). Then, we detected the cell cycle of 
each group by flow cytometry (FC). It was found 
that both FMNT and 3-MA could obviously block 
the cell cycle of MDA-MB-231/Taxol in G1 
phase, while the combined intervention of 
FMNT and Taxol had a more significant effect 
(Figure 3). It suggested that FMNT can promote 
MDA-MB-231/Taxol apoptosis by blocking 
G2/M phase.

FMNT inhibits autophagy of MDA-MB-231/
Taxol cells 

The above research has confirmed that FMNT 
may induce apoptosis of MDA-MB-231/Taxol 
cells by inhibiting autophagy, and thus inhibit 
cell growth. To verify our hypothesis, mRNA lev-
els of autophagy-related genes, Beclin1, ULK1, 
VPS34 and LC3-II were examined by qRT-PCR. 
The results indicated that the autophagy level 
statistically elevated in MDA-MB-231/Taxol 
compared with in MDA-MB-231. FMNT or 3-MA 
evidently inhibited MDA-MB-231/Taxol cell 
autophagy, and the inhibitory effect was more 
profound when the FMNT and Taxol were in a 
combination therapy (Figure 4A). Besides, the 
results of protein detection were consistent 
with qRT-PCR results (Figure 4B). In addition, 
immunofluorescence staining exhibited less 
expressed autophagososomes in the MDA-
MB-231 group. Conversely, more autophagoly-
sosomes were presented in MDA-MB-231/

Taxol and MDA-MB-231/Taxol+Taxol groups. 
FMNT or 3-MA notably suppressed MDA-MB- 
231/Taxol autophagy, and when FMNT was 
combined with Taxol, MDA-MB-231/Taxol cell 
autophagy can be more effectively inhibited 
(Figure 5). The results indicated that FMNT was 
capable of inhibiting the autophagy of MDA-
MB-231/Taxol, thus killing tumor cells.

miR-199a-3p regulates mTOR in a targeted 
manner

References have revealed that miR-199a-3p is 
implicated in cancer and cardiomyocyte differ-
entiation [27, 28]. MiR-199a-3p expression as 
detected by qRT-PCR was more highly ex- 
pressed in MDA-MB-231/Taxol than in MDA-
MB-231 (Figure 6A). Moreover, we predicted 
the targeted binding between miR-199A-3P 
and mTOR through miRTarBase, TarBase, miR- 
DB, TargetScan, starBase respectively (Figure 
6B), which was subsequently verified by DLR. It 
was found that the fluorescence activity of 
mTOR-WT was decreased by miR-199a-3p 
mimic, while elevated by miR-199a-3p inhibitor 
(Figure 6C, 6D), indicating that miR-199a-3p 
regulated mTOR in a targeted manner. Based 
on the above results, we hypothesized that by 
inhibiting miR-199a-3P, FMNT may induce 
mTOR to the level of parent MDA-MB-231, thus 
inhibiting MDA-MB-231/Taxol autophagy and 
drug resistance. Subsequently, we detected 
miR-199a-3p and mTOR by qRT-PCR. It showed 
that FMNT could inhibit miR-199a-3p while 
restoring mTOR to the same level as that of the 
parent MDA-MB-231(Figure 6E, 6F), which vali-
dated the feasibility of our ideas indirectly.

Figure 1. Effects of FMNT on the growth of MDA-MB-231/Taxol cells. A. Drug resistance of MDA-MB-231/Taxol cells 
treated with Taxol at different concentrations by CCK-8 assay. B. Survival of MDA-MB-231/Taxol cells treated with 
different concentrations of FMNT by MTT assay. *** indicated P < 0.001 compared between the two groups. C. 
Survival of MDA-MB-231/Taxol cells under different drug intervention by CCK-8 assay. ** indicated P < 0.01 vs. 
MDA-MB-231/Taxol; *** indicated P < 0.001 vs. MDA-MB-231/Taxol.
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Figure 2. FMNT induces apoptosis of MDA-MB-231/Taxol cells. A. FACS detection of the effect of FMNT on apoptosis of MDA-MB-231/Taxol cells. B. WB detection 
of the effect of FMNT on the expression of MDA-MB-231/Taxol apoptosis-related proteins Bcl-2 and Bax; *** indicated P < 0.001 vs. MDA-MB-231/Taxol; ### indi-
cated P < 0.001 vs. MDA-MB-231/Taxol or MDA-MB-231/Taxol+FMNT.
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Figure 3. Effects of FMNT on MDA-MB-231/Taxol cycle. *** indicated in intra-group comparison, P < 0.001.
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Figure 4. Effects of different intervention methods on autophagy-related genes and proteins in MDA-MB-231/Taxol cells by qRT-PCR and WB. A. qRT-PCR detection 
of the effects of different intervention methods on the mRNA levels of Beclin1, ULK1, VPS34 and LC3-II in MDA-MB-231/Taxol cells. *** indicated P < 0.001 vs. 
MDA-MB-231/Taxol; # indicated P < 0.05 vs. MDA-MB-231/Taxol+3-MA or MDA-MB-231/Taxol+FMNT; ### indicated P < 0.001 vs. MDA-MB-231/Taxol+3-MA or 
MDA-MB-231/Taxol+FMNT. B. WB detection of the effects of different intervention methods on protein levels of mTOR, p-mTOR, Beclin1, ULK1, VPS34 and LC3-II in 
MDA-MB-231/Taxol cells. *** indicated P < 0.001 vs. MDA-MB-231/Taxol; # indicated P < 0.05 vs. MDA-MB-231/Taxol+3-MA or MDA-MB-231/Taxol+FMNT; ### 
indicated P < 0.001 vs. MDA-MB-231/Taxol+3-MA or MDA-MB-231/Taxol+FMNT.
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Figure 5. Detection of LC3-I and LC3-II staining in cells after different interventions by immunofluorescence staining. * vs. MDA-MB-231/Taxol, # vs. MDA-MB-231/
Taxol+3-MA orMDA-MB-231/Taxol+Formononetin.
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Figure 6. miR-199a-3p has a targeted relationship with mTOR. A. qRT-PCR detection of the relative expression of miR-199a-3p in MDA-MB-231 and MDA-MB-231/
Taxol cells. * indicated P < 0.05 in comparison between the two groups. B. Multi-website prediction of targeted binding between miR-199a-3p and mTOR. C. Tar-
geted binding sites and mutation sites of miR-199a-3p and mTOR. D. Dual luciferase reporter confirmed that there was a targeting relationship between miR-199a-
3p and mTOR. *** indicated P < 0.001 in comparison between the two groups. E, F. Relative expression levels of miR-199a-3p and mTOR mRNA by qRT-PCR. *** 
indicated P < 0.001 vs. MDA-MB-231/Taxol; # indicated P < 0.05 vs. MDA-MB-231/Taxol+FMNT; ### indicated P < 0.001 vs. MDA-MB-231/Taxol+FMNT.
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FMNT regulates MDA-MB-231/Taxol autophagy 
via miR-199a-3p/mTOR axis

Further, for the purpose of verifying whether 
FMNT regulated MDA-MB-231/Taxol autopha-
gy through miR-199a-3p/mTOR axis, we exam-
ined autophagy-related proteins in MDA-
MB-231/Taxol after FMNT and miR-199a-3p 
mimic intervention. We found that FMNT alone 
could significantly suppress the autophagy of 
MDA-MB-231/Taxol, and FMNT combined with 
Taxol could further inhibit the autophagy level 
of it. When we treated miR-199a-3p mimic 
transfected drug-resistant cell lines with drugs, 
we found that the combined effect of FMNT and 
Taxol was weakened. Similarly, the combination 
of FMNT and Taxol was weakened by the  
addition of rapamycin (100 nM), an inhibitor of 

mTOR (Figure 7A-D). Thus, it was suggested 
that FMNT regulated mTOR level by inhibiting 
miR-199a-3P, thereby inhibiting MDA-MB-231/
Taxol cell autophagy.

FMNT inhibits tumor growth in MDA-MB-231/
Taxol nude mice

At last, an in vivo tumor model was established 
by subcutaneously injecting MDA-MB-231 and 
MDA-MB-231/Taxol into nude mice, so as to 
observe the cell growth. In comparison with the 
control group, FMNT statistically decreased 
mice tumor volume in the Taxol drug-resistant 
group, and the inhibitory effect was more sig-
nificant in the combined treatment group 
(Figure 8A). In addition, WB detection verified 
that FMNT reduced Beclin1, VPS34 and LC3-I/

Figure 7. FMNT inhibits MDA-MB-231/Taxol autophagy by regulating miR-199a-3p/mTOR axis. A-C. WB detection 
of the effects of different intervention methods on p-mTOR/mTOR, Beclin1, and LC3-I/LC3-II in MDA-MB-231/Taxol 
cells. ** indicated P < 0.01 vs. MDA-MB-231/Taxol; *** indicated P < 0.001 vs. MDA-MB-231/Taxol; # indicated P 
< 0.05 vs. MDA-MB-231/Taxol+FMNT; ### indicated P < 0.001 vs. MDA-MB-231/Taxol+FMNT. D. WB detection of 
p-mTOR/mTOR, Beclin1, and LC3-I/LC3-II autophagy-related protein expression in cells.
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Figure 8. FMNT inhibits tumor growth in MDA-MB-231/Taxol nude mice. A. Changes of tumor volume in nude mice during 44 days of feeding. *** indicated P < 
0.001 vs. MDA-MB-231/Taxol+FMNT. B-F. WB detection of the relative mRNA expression of Beclin1, VPS34, LC3-I/LC3-II, and p-mTOR/mTOR in tumor tissues of 
nude mice. ** indicated P < 0.01 vs. MDA-MB-231/Taxol; *** indicated P < 0.001 vs. MDA-MB-231/Taxol; ## indicated P < 0.01 vs. MDA-MB-231/Taxol+FMNT; 
### indicated P < 0.001 vs. MDA-MB-231/Taxol+FMNT.
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LC3-II in the Taxol resistant group by regulating 
p-mTOR/mTOR (Figure 8B-F), suggesting that 
FMNT reduced autophagy through miR-199a-
3p/mTOR axis, thus overcoming Taxol resis- 
tance.

Discussion

TNBC is still a serious health problem. The lack 
of effective targeted therapy has resulted in 
unfavorable prognosis of patients with TNBC, 
and long-term chemotherapy triggers drug 
resistance in patients, which also lead to clini-
cal treatment failure [29]. We observed by 
inhibiting miR-199a-3p that FMNT can restore 
mTOR to its parental level, and inhibit MDA-
MB-231/Taxol cell autophagy, which has pro-
found implications in developing potential ther-
apeutic strategy for TNBC.

As the key component of Isoflavone Astragalus, 
FMNT has been proposed to have potential 
anticancer effect, which can inhibit the growth 
of various cancers such as liver cancer and BC 
[30, 31]. However, whether FMNT plays the 
same role in TNBC has not been reported. This 
is the first study added in literature, to our 
knowledge, that has identified FMNT can inhibit 
the viability of MDA-MB-231/Taxol, indicating 
that FMNT may be a feasible drug for treating 
TNBC. Autophagy, as a hot research in the field 
of cancer, is considered as an essential way of 
anti-tumorigenesis [32, 33]. For example, one 
study by Wang and others has revealed that 
Rasal2 inhibits the proliferation of breast can-
cer cells regulated by secretory autophagy [34]. 
One other study has showed that MTMR3 can 
regulate the proliferation of breast cancer, and 
cell cycle progression and autophagy are poten-
tial targets of breast cancer [35]. In addition, 
one study has pointed out that FMNT can pro-
tect the heart of the elderly from ischemia/
reperfusion injury by enhancing autophagy deg-
radation [36], which suggests that FMNT can 
regulate autophagy, but it is still unclear  
whether FMNT has the same effect in TNBC. 
Therefore, we analyzed the autophagy of FMNT 
in TNBC. In our research, MDA-MB-231/Taxol 
cells intervened by 3-MA were found to be able 
to inhibit the cell viability, and FMNT can effec-
tively inhibit MDA-MB-231/Taxol cell growth, so 
we speculated that FMNT may play an anti-can-
cer role by inhibiting autophagy. Furthermore, 
by detecting the changes of apoptosis and cell 
cycle, we found that both FMNT and 3-MA pro-

moted MDA-MB-231/Taxol cell apoptosis and 
blocked cell cycle in G1 phase. Moreover, it was 
observed that in the combined treatment group 
with FMNT and Taxol, MDA-MB-231/Taxol pre-
sented a higher apoptosis rate, and the cell 
cycle was more effectively blocked in the G1 
phase. What’s more, in the combined treat-
ment group intervened by FMNT and Taxol, 
MDA-MB-231/Taxol apoptosis as assessed by 
WB was noticeably increased, which was con-
sistent with the FACS results. Further, the 
changes of autophagy-related genes and pro-
teins in the cells were verified by immunofluo-
rescence, qRT-PCR and WB experiments. The 
results identified that MDA-MB-231/Taxol cell 
autophagy was remarkably inhibited by FMNT 
or 3-MA alone, while the inhibitory effect was 
more profound after the combined treatment of 
FMNT and Taxol, suggesting that FMNT can pro-
mote apoptosis of MDA-MB-231/Taxol cells by 
inhibiting autophagy, thus inhibiting cell growth.

It has been reported in many papers that miR 
participates in autophagy by regulating down-
stream target genes [37-39]. MiR-199a-3p, an 
early discovered miR, has been confirmed to 
participate in autophagy by regulating down-
stream target genes [40]. To verify miR-199a-
3p expression in TNBC, we first measured its 
level in MDA-MB-231 and MDA-MB-231/Taxol 
after different interventions, and identified  
its high expression in MDA-MB-231/Taxol. Fur- 
thermore, with multiple online websites, we 
predicted that miR-199A-3p had a targeted 
relationship with mTOR. mTOR belongs to phos-
phatidylinositol kinase-related kinase family, 
which can modulate cell cycle arrest and immu-
nosuppression. For the purpose of verifying the 
link between the two, we performed DLR analy-
sis and found that miR-199a-3p exerted target-
ed regulation to mTOR. Based on the above 
results, we speculated that FMNT may inhibit 
MDA-MB-231/Taxol cell autophagy and drug 
resistance by mediating miR-199a-3p/mTOR 
axis. At last, through experiments conducted 
both in vivo and in vitro, we verified the role  
of FMNT in MDA-MB-231/Taxol. Experiments 
showed that FMNT up-regulated mTOR in cells 
and restored it to the parental level by inhibiting 
miR-199a-3p, thus inhibiting tumor cell growth 
and playing an anti-cancer role.

Through the above studies, we have identified 
the mechanism of FMNT in TNBC drug resis-
tance, but the study still has some limitations. 
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First of all, as a basic research, this study has 
not yet explored the clinical anti-tumor effect of 
FMNT. Secondly, early studies have found that 
FMNT can interfere with cell growth by regulat-
ing lncRNA, but whether FMNT can regulate the 
occurrence of MDA-MB-231/Taxol autophagy 
through lncRNA-miR-mRNA axis needs further 
study. Therefore, we hope to carry out more 
research in the future to supplement our 
findings.
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