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Abstract

Triple-negative breast cancer is an aggressive subtype of breast cancer with poor clinical outcomes and poor prognosis.
Hesperetin is an active component extracted from Citrus fruits and Traditional Chinese Medicine has a wide range of
pharmacological effects. Here, we assessed the anti-migration and anti-invasive effects and explored inhibitory mechanisms
of hesperetin on metastasis of human triple negative breast cancer MDA-MB-23 1 cells. Cell viability experiments revealed
that 200 uM hesperetin has a clear inhibitory effect on MDA-MB-231 cells. TGF-f1 treatment induces apparent tumor
progression in MDA-MB-231 cells including aberrant wound-healing and invasion ability, which is effectively suppressed by
hesperetin co-treatment. Additionally, hesperetin inhibited the TGF-f31-mediated actin stress fiber formation. Western
blot results showed that hesperetin suppressed the TGF-31-mediated (i) activation of Fyn, (ii) phosphorylation of paxillin
at Y31, Y88, and Y18 sites, (iii) the increased expression of RhoA, and (iv) activation of Rho-kinase. We demonstrated
the increased interaction of Fyn with paxillin and RhoA protein in the TGF-f3 1-induced metastasis of MDA-MB-231 cells.
Small interfering RNA Fyn inhibited phosphorylation of paxillin (Y3 1) and activation of Rho-kinase induced by TGF-B1.
In conclusion, hesperetin has a significant inhibitory effect on migration and invasion of MDA-MB-231 cells induced by
TGF-B1, which might be attributed to inhibiting the Fyn/paxillin/RhoA pathway.
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Introduction was identified in 1986.>* Fyn has been recognized as an
important mediator and regulator in the signal transduction
pathway associated with cell invasion, migration, and pro-
liferation in various cancers, such as gastric cancer and
prostate cancer.>® As a major participant in the regulation of
cell movement, paxillin plays distinct roles in pathological
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conditions such as disruption of the endothelial cell barrier
and cancer cell metastasis by recruiting cytoskeletal ele-
ments and signaling molecules involved in cell attachment,
spreading, and migration.” The function of paxillin is tightly
regulated by tyrosine phosphorylation.® Previously studies
have revealed that the interaction of Fyn with paxillin leads
to the tyrosine phosphorylation of the focal adhesion
kinase.® Additionally, increased levels of activate SFK, is
associated with Rho family of GTPases (including RhoA,
Racl, and Cdc42) regulate many aspects of intracellular
actin dynamics. During regulating morphologic differen-
tiation of oligodendrocyte cells, Fyn and Rho family of
GTPases interaction have been confirmed in previous
studies.'? Additionally, it has been demonstrated that cyto-
skeletal reorganization and chemotaxis of mast cells are
involved in interactions between Fyn and Rac1.!" Although
the role of Fyn and RhoA in tumorigenesis and develop-
ment has been proved,®'? the mechanism underlying inter-
action between Fyn and RhoA is not completely elucidated
in the metastasis of TNBC yet. Hodge and Ridley have
demonstrated that paxillin regulates the promotion of cell
migration through binding to regulators and effectors of the
Rho family of GTPases.'> Moreover, most researchers agree
that the RhoA/Rho-kinase (ROCK) signaling pathway
plays a crucial role in the regulation of cell motility.!>*

Numerous studies discovered that flavonoids are able to
inhibit cancer metastasis and delay cancer progression'>¢
via suppressing the metastasis and angiogenesis-related
signaling pathways. Hesperetin, a naturally occurring
flavanone glycoside, can be obtained from Citrus fruits
(C. sinensis and C.limon) and Traditional Chinese Medicine
(Zhishi and Chenpi). It has been demonstrated that hesper-
etin has an anti-tumor effect on breast cancer cells by sup-
pressing proliferation and inducing apoptosis in multiple
cancer cell lines.'”'® However, the detailed anti-tumor effi-
cacy and mechanisms of hesperetin as an anti-breast cancer
agent are very limited.

In the present study, the aggressive TNBC MDA-MB-231
cell line is known to be resistant to several anti-cancer
agents,'” and was selected as the subject. The purpose of
this study was to reveal a novel mechanism and pathway of
hesperetin in TNBC migration and invasion induced by
TGF-B1 in TNBC MDA-MB-231 cells through further elu-
cidating the important role of the Fyn/paxillin/RhoA path-
way in TNBC metastasis.

Materials and Methods

Cell Culture and Treatment

MDA-MB-231 cells were purchased from the Chinese
Academy of Sciences (Shanghai, China). MDA-MB-231
cells were cultured in Leibovitz’s L-15 medium (GE
Healthcare, USA) supplemented with 10% fetal bovine

serum (Millipore, USA) at 37°C in a humidified atmosphere
with 5% CO,. Cells were starved for 24 hour with serum-
free L-15 medium before dosing. MDA-MB-231 cells were
co-incubated with different concentrations of hesperetin
and 20ng/mL TGF-B1 for 24, 48, and 72 hour. Serum-free
media lacking TGF-B1 or hesperetin was used as control.
Serum-free medium only containing 20 ng/mL TGF-B1 was
used as the positive control.

Reagents and Antibodies

Hesperetin  (purity =98%), purchased from Cayman
Chemical Company (Michigan, USA), was dissolved in
dimethyl sulfoxide (DMSO) and stored at —20°C.
Transforming growth factor-B1 (TGF-B1) purchased from
Wako (Tokyo, Japan) was made up at 40 ug/mL and stored
at —80°C before use. The final concentration of 20 ng/mL of
TGF-B1 was used in this study. Rhodamine phalloidin and
DAPI (NucBlue® Fixed Cell Stain ReadyProbe™ reagent)
were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). The primary and second antibodies used were
as follows: Fyn (1:1000, BD Biosciences, USA), p-Src
(Y416) (1:1000, Cell Signaling Technology, USA), paxillin
(1:5000, BD Biosciences, USA), p-paxillin (Y31) (1:500,
Santa Cruz, USA), p-paxillin (Y88) (1:500, Santa Cruz,
USA), p-paxillin (Y118) (1:500, Santa Cruz, USA), RhoA
(1:500, Santa Cruz, USA), MYPT-1(H-130) (1:500, Santa
Cruz, USA), p-MYPT-1(Thr850) (1:500, Merck Millipore,
USA). Anti-mouse IgG HRP Conjugate, anti-rabbit IgG
HRP Conjugate, and anti-goat IgG HRP Conjugate (diluted
1:5000 with TBS-T) were purchased from Promega
(Madison, WI, USA).

Cytotoxicity Assay

MDA-MB-231 cells were seeded at 5000 cells/well into
96-well culture plates for 24 hour, then cells were starved
for 24 hour without serum before treatment with different
concentrations (0, 3.125, 6.25, 12.5, 25, 50, 100, and
200 uM) of hesperetin for 48 hour. The final concentration
of DMSO (0.1% volume) was added to medium as a con-
trol. Cell Counting Kit-8 assay (Dojindo, Japan) was used
to evaluate the viability of cells. The experiment was oper-
ated strictly following the instructions. The absorbance of
the solutions in the wells was read at 450 nm in a microplate
reader (iMark, Bio-Rad, USA).

Wound Healing Assay

The migration ability of MDA-MB-231 cells was examined
by the wound-healing assay, which is a standard procedure
in monitoring cell migration.?’ The cells were seeded into
35mm dishes. When the cell confluence reached 70% to
80%, serum-free L-15 medium was changed to starve cells
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for 24hour. A scratched areca was created using a sterile
20 uL pipette tip on the cells. Then, the cells were incubated
in serum-free medium containing 20ng/mL TGF-B1 in the
absence or presence of hesperetin (25, 50, and 100 uM).
The cells migrated to the wound surface were observed and
recorded under the microscope at 0, 24, 48, and 72 hour.
The ratio of cell migration was calculated as the percentage
of the remaining cell-free area compared with the area of
the initial scratched area,?' and analyzed using NIH Image-J
software.

Transwell Invasion Assay

Cell invasion was assayed using Corning Matrigel invasion
chamber 24-well plate (Corning BioCoat, USA). In brief,
the Matrigel (BD Biosciences, USA) was diluted in serum-
free L-15 medium in 1:1.6 ratio. The upper compartment of
the transwell chamber was coated with 60 uLL Matrigel and
incubated for 30min to gel at 37°C. Then, 5 X 10* cells of
MDA-MB-231 were resuspended in serum-free L-15
medium and transferred into the upper chamber of each tran-
swell. Lower chambers contained fresh L-15 medium with
20ng/mL TGF-B1 in the absence or presence of hesperetin.
After culturing for 24 hour, the cells remaining at the upper
surface of the membrane were removed using a swab,
whereas those cells that had invaded the lower membrane
surface were fixed with 4% paraformaldehyde for 10 minute
and stained with 0.5% crystal violet for 30 minute. The num-
ber of cells invaded through the filter was photographed
using a Keyence microscope (Osaka, Japan) at a magnifica-
tion of 10X and counted by NIH Image-J software.

Fluorescence Staining

Fluorescence studies were carried out as described
previously.? In brief, the MDA-MB-231 cells were seeded
on sterile coverslips that were previously coated with
200 ul 0.3% gelatin at room temperature for 30 minute.
When the cells grew up to approximately 70% confluence,
the serum-free L-15 medium was replaced for 24 hour. After
the treatment with TGF-B1 in the absence or presence of
hesperetin for 24 hour, the cells were fixed with 4% parafor-
maldehyde and stained with rhodamine phalloidin over-
night at 4°C, then conjugated with DAPI for 1 h at room
temperature after being washed with PBS (-) 3 times. Before
observation, the cells were mounted with PermaFluor aque-
ous mounting medium (Thermo Fisher Scientific, Waltham,
MA, USA). Stained cells were observed on a fluorescence
microscope (Keyence, Osaka, Japan).

Immunoprecipitation

We performed Fyn and paxillin immunoprecipitation in
MDA-MB-231 cells using Capturem IP & Co-IP Kit (Takara

Bio, USA). Briefly, cell lysates were prepared as described
previously? and clarified by centrifugation at 10000Xg
and 4°C for 10minute. About 100pug total protein was
removed for immunoprecipitation after the protein concen-
tration was detected. 500 uL protein sample pre-incubated
with primary antibody was loaded onto the equilibrated
spin column, and centrifuged at 1000Xg for 1minute at
room temperature. After being washed using the wash buf-
fer in kits, the spin column was inserted into the collection
tube containing 5 uL neutralization buffer. The eluted sam-
ple was collected by using 50 uL Elution Buffer and incu-
bated with SDS sample buffer at 95°C for 5minute for
western blot analysis.

Fyn siRNA

MDA-MB-231 cells were cultured using antibiotic-free
Leibovitz’s L-15 medium in 24-well plates. The cells were
transfected with Fyn siRNA (80 nM) for 72 hour by using a
ScreenFect Plus A Kit (Wako, Japan) according to the man-
ufacturer’s recommendations. AllStars Negative Control
siRNA was used as a control. The cells were subjected to
serum starvation for 24 hour, then were incubated in serum-
free medium containing 20ng/mL TGF-B1 in the absence
or presence of hesperetin (100 uM). After stimulation,
cell lysates were collected using sample buffer, and
western blot analysis was then carried out to confirm the
knockdown efficacy of Fyn and to observe the expres-
sion of p-paxillin(Y31) and p-MYPT1 after transfection
of MDA-MB-231 cells with Fyn siRNA.

Western Blot

Western blot was carried out as described previously.??
Briefly, after treatment with TGF-B1 in the absence or pres-
ence of hesperetin for 48 hour, MDA-MB-231 cells were
collected in a RIPA buffer (Wako, Japan) added with protein
inhibitors by using a cell scraper. The proteins were sepa-
rated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and then transferred to polyvinylidene fluo-
ride membranes. The membranes were blocked using 5%
non-fat milk solution, then were treated with primary anti-
bodies at 4°C overnight. Next, the membranes were washed
3 times in TBS-T and incubated with secondary antibodies
for 1 hour at room temperature. Finally, Super Signal West
Pico chemiluminescence substrates (Thermo Fisher
Scientific, Waltham USA) were used to visualize the stained
proteins. The protein bands were evaluated using Quantity
One with ChemuDoc XRS-J software (Bio-Rad, USA).

Statistical Analyses

Statistical differences were detected using the unpaired
Student’s #-test. Values are presented as mean = SD and
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Figure 1. Chemical structure formula of hesperetin and the
cytotoxicity effect of hesperetin on the MDA-MB-231 cells. (A)
Chemical structure formula of hesperetin. (B) The cytotoxicity
of hesperetin on MDA-MB-231 cells was detected by CCK-8
Kit assay. The result shows that hesperetin treatment at the
concentration of =100 uM had no influence on the viability

of MDA-MB-231 cells compared to the control group. By
contrast, 200 uM hesperetin treatment obviously inhibited the
growth of MDA-MB-231 cells with statistical significance. Each
result represents mean = SD of 6 independent experiments. **
P<0.01 versus control group.

each experiment was performed at least 6 times. P values
<0.05 were considered statistically significant. Calculations
were performed using GraphPad Prism 8.4 for Windows-
statistical software (GraphPad Prism software, California,
USA).

Results

Cytotoxicity of Hesperetin to MDA-MB-23 |
Breast Cancer Cells

Hesperetin naturally presents in Citrus fruits and Traditional
Chinese Medicine herbs, the chemical structure and sources
of which are shown in Figure 1A. We first investigated the
anti-proliferative effect of hesperetin on MDA-MB-231
cells. We treated the cells with various concentrations of
hesperetin (0, 3.125, 6.25, 12.5, 25, 50,100, and 200 uM)
for 48 hour, and then cell viability was measured. As shown
in Figure 1B, hesperetin treatment at the concentration of
=100 uM did not influence the viability of MDA-MB-231

cells compared to the control group. In contrast, 200 uM
hesperetin treatment significantly inhibited the growth of
MDA-MB-231 cells with 51.3% cell viability inhibition
percentage. Based on this result, 25, 50, and 100 uM hes-
peretin was selected for the subsequent experiments to
observe the effect of hesperetin on migration and invasion
of MDA-MB-231 cells induced by TGF-p1.

Hesperetin Inhibits Migration and Invasion in
MDA-MB-23 | Breast Cancer Cells

To determine whether hesperetin inhibits breast cancer
metastasis, wound healing and transwell invasion assays
were used to evaluate the effect of hesperetin on migration
and invasion of MDA-MB-231 cells. As shown in Figure 2A
and B, TGF-B1 treatment induced the migration of
MDA-MB-231 cells, which were significantly inhibited by
the hesperetin treatment. Additionally, hesperetin signifi-
cantly inhibited TGF-f1-induced invasion of MDA-MB-231
cells (Figure 2C and D). Taken together, these results
strongly suggest that hesperetin inhibited the TGF-B1-
mediated migration and invasion of MDA-MB-231 cells.

Hesperetin Inhibits Actin Stress Fiber Formation
in MDA-MB-23| Cells

Actin stress fiber formation has been reported to regulate
migration and invasion of tumor cells.** TGF-B1 is demon-
strated to induce actin stress fiber formation.> We observed
changes of the actin stress fiber formation in the absence or
presence of hesperetin by immunofluorescence. As shown
in Figure 3, the treatment with TGF-B1 induced remarkable
actin stress fiber formation compared with control cells.
By contrast, hesperetin treatment significantly inhibited
TGF-B1-induced actin stress fiber formation (Figure 3).

Hesperetin Inhibits Activation of Fyn and
Tyrosine Phosphorylation of Paxillin

Fyn was shown to be involved in the migration and invasion
of different cell types.>® Like other members of SFK, acti-
vation of Fyn is regulated by tyrosine phosphorylation and
dephosphorylation of Fyn at 2 sites Y420 and Y531 (in
humans and pigs).”® While phosphorylation at Y420 upreg-
ulates enzyme activity, phosphorylation at Y531 reduces
enzyme activity.?® The phosphorylation of paxillin tyrosine
at Tyr31, Tyr88 and Tyrl18 sites plays a vital role in the
migration and invasion of various tumors.?»?’ To determine
whether hesperetin inhibits TGF-B1-induced Fyn activation
and paxillin phosphorylation during the migration and inva-
sion of MDA-MB-231 cells, we analyzed Fyn activation via
western blot analysis using a phospho-Src family (Y416)
polyclonal antibody (Cell Signaling Technology, USA)
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Figure 2. Hesperetin inhibits the migration and invasion of MDA-MB-231 cells induced by TGF-B1. (A) Wound healing assay was
applied to observe the inhibitory effect of hesperetin on the migration of MDA-MB-231 cells induced by TGF-f1. Cells were treated
with TGF-B1 positive control or co-incubation of TGF-f1 and (25, 50, and 100 uM) hesperetin. Photos were taken with Keyence
fluorescent microscope at 10X magnification at 0, 24, 48, and 72 hour after treatment. Scale bar =100 um. (B) The treatment of
hesperetin inhibits dose-dependently migration induced by TGF-f1 in MDA-MB-231 cells. Cell migration rate was analyzed using
NIH Image] software. Each result represents mean * SD of 6 independent experiments. *P<0.05 versus control group; #P < 0.05
versus TGF-B1 group; ## P<<0.01 versus TGF-B1 group. (C) Transwell invasion assay was used to evaluate the inhibitory effect

of hesperetin on the invasion of MDA-MB-231 cells induced by TGF-B1. a: Control; b: TGF-B1; c: TGF-1 + hesperetin 25 uM; d:
TGF-B1 + hesperetin 50 uM; e: TGF-1 + hesperetin 100 uM. Photos were taken with Keyence microscope at 10 X magnification
at 48 hour after treatment. (D) The statistical figure results show that the TGF-f3|-mediated invasion was significantly decreased in
a dose-dependent manner in MDA-MB-231 cells after treatment with hesperetin. The number of invading cells was counted using
NIH Image] software, and statistical analysis of results was analyzed with Graphpad Prism 8.4 software. Data are expressed as the
mean * SD, n=6. ¥P < 0.0l versus control group; ##P<0.01 versus TGF-B1 group.

after Fyn immunoprecipitation, and investigated the phos-
phorylation of paxillin at Tyr31, Tyr88, and Tyr118 sites in
MDA-MB-231 cells. As shown in Figure 4A and B, western
blot analysis revealed that the phosphorylation of Src
(Y416) induced by TGF-B1 was markedly blocked by
100 uM hesperetin in MDA-MB-231 cells (P <0.01), sug-
gesting that hesperetin inhibited the activation of Fyn
induced by TGF-f1. Compared with the TGF-B1 treatment
group, hesperetin (25, 50, and 100 uM) reduced TGF-B1-
induced phosphorylation of paxillin at Y31, Y88, and Y118
with a statistical significance (P <0.05) (Figure 4C—F).

Hesperetin Inhibits the Expression of RhoA and
Activation of Rho-kinase

The RhoA/Rho-kinase (ROCK) signaling pathway plays an
essential role in TGF-B1-induced migration and invasion of
cancer cells.?® Our results showed that hesperetin signifi-
cantly increased RhoA expression through TGF-B1 treat-
ment (P <0.05), as shown in Figure SA and B. We observed
the expression level of phosphorylated MYPT]1 (an indicator
of ROCK activation) in the MDA-MB-231 cells. As shown
the Figure 5A and C, 50, and 100 uM hesperetin treatment
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Figure 3. The inhibitory effect of hesperetin on the actin stress
fiber formation in MDA-MB-23 | breast cancer cells.

(A) MDA-MB-231 cells were serum-starved for 24 hour,
followed by TGF-f1 stimulation in different concentrations
hesperetin. Inmunofluorescence results were obtained by
Keyence fluorescent microscope at 60 X magnification at

24 hour after hesperetin treatment. F-actin was stained by
rhodamine phalloidin (red). Nuclear was stained by DAPI (blue).
The boxed images were enlarged in the right panels. Scale
bar=10pum. (B) Actin stress fiber formation was quantified by
the percentage of cells with stress fibers in the experiments
described above. Data are the means of 3 experiments in

which at least 40 cells were counted per experiment. Data are
expressed as the mean = SD **P<<0.01 versus control group;
## P<<0.01 versus TGF-B1 group.

significantly downregulated the expression of p-MYPT]I in
the MDA-MB-231 cells compared with the TGF-1 group.

The Interaction Between Fyn, Paxillin and RhoA,
and the Effect of Fyn siRNA on p-paxillin (Y31)
and p-MYPT |

To further investigate the role of Fyn in metastasis induced
by TGF-B1, we utilized siRNA to knock down Fyn in

MDA-MB-231 cells. As the Figure 6A and B show, siRNA-
mediated knockdown of Fyn abrogated the TGF-f1-induced
phosphorylation of paxillin(Y31) and MYPT1. Stimulation
of MDA-MB-231 cells in the control siRNA group with
TGF-B1 obviously increased the expression of p-paxillin
(Y31) and p-MYPT1 (Figure 6A and B). Importantly, the
TGF-B1-induced p-paxillin(Y31) and p-MYPT were sig-
nificantly suppressed in the group of Fyn-knockdown
MDA-MB-231 cells compared with the group of control
siRNA-transfected MDA-MB-231 cells (P <0.05).

We next applied immunoprecipitation to investigate the
interaction of Fyn, paxillin, and RhoA in migration and
invasion of MDA-MB-231 cells induced by TGF-B1, con-
sidering that all of them play a vital role in the metastasis of
breast cancer. Western blot results showed the interaction
between the Fyn, paxillin and RhoA in TGF-B1 treatment
group was obviously increased both after Fyn immunopre-
cipitation (Figure 6C and D) and paxillin immunoprecipita-
tion (Figure 6E and F), compared with the control group.
By contrast, the increased interaction between the Fyn, pax-
illin, and RhoA were suppressed by hesperetin.

Discussion

It has been well confirmed that TNBC treatment is ham-
pered by metastasis. However, the mechanism of TNBC
metastasis remains unclear. The current study demonstrated
that hesperetin prevents migration and invasion of human
triple-negative breast cancer cell line MDA-MB-231
induced by TGF-B1. These inhibitory effects are attributed
to hesperetin reducing TGF-B1-induced Fyn activation,
tyrosine phosphorylation of paxillin at Y31, Y88, and Y118
sites, the increased expression of RhoA, and ROCK activa-
tion, suggesting that hesperetin has an inhibitory effect on
migration and invasion via the Fyn/paxillin/RhoA pathway.
This research strongly showed that hesperetin is valuable as
a therapeutic tool for treating TNBC metastasis.

The rearrangement of the actin cytoskeleton is the first
step in tumor migration and invasion.?>*° It has been dem-
onstrated that TGF-B1 induced mobilization of the actin
cytoskeleton.?> Because hesperetin inhibited migration and
invasion in both wound healing and transwell assays, we
hypothesized that hesperetin might affect actin cytoskele-
ton rearrangement. As we expected, hesperetin treatment
significantly reduced TGF-B1-induced actin stress fibers
formation (Figure 3A and B). The Rho family of GTPases
is associated with the migration and invasion of cancer
cells.’! It is generally recognized that the expression and
activation of RhoA and ROCK affect actin stress fiber
formation.’? Our results showed the increased RhoA
expression in MDA-MB-231 cells treated with TGF-B1,
while that of the hesperetin-treated samples was clearly
reduced. Simultaneously, TGF-B1-induced ROCK activa-
tion was obviously suppressed after treatment with hes-
peretin compared with the TGF-B1 group. These results
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Figure 4. The inhibitory effect of hesperetin on the activation of Fyn and phosphorylation of paxillin in MDA-MB-23 | breast

cancer cells. (A and B) Hesperetin inhibited the activation of Fyn in MDA-MB-231 cells. (A) Analysis of Fyn activation via p-Src
immunoblotting after Fyn immunoprecipitation from MDA-MB-231 cell samples. Representative western blot showed the variation

of p-Src (Y420) in different groups. (B) Statistical analysis revealed that Fyn activation (proportion of Fyn phosphorylation at Y420 to
total Fyn after Fyn immunoprecipitation). Data were presented as the mean = SD, n=6. *P << 0.05 versus control group; #P <0.05
versus TGF-B1 group. (C—F) Hesperetin inhibited the tyrosine phosphorylation of paxillin at Y31, Y88, and Y18 sites induced by
TGF-B1 in MDA-MB-231 cells. (C) The tyrosine phosphorylation of paxillin in MDA-MB-231 cells was analyzed by western blot. (D-F)
Statistical analysis revealed tyrosine phosphorylation of paxillin (proportion of paxillin phosphorylation at Y31, Y88, and Y18 sites to
total paxillin, respectively). Total paxillin was used as control. Data are expressed as the mean = SD, n=6. *P<<0.01 versus control
group; ##P < 0.0l versus TGF-B1 group.
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Figure 5. The inhibitory effect of hesperetin on the expression of RhoA and the activation of Rho-kinase in MDA-MB-231 breast
cancer cells. (A) The expression of RhoA and ROCK activation (proportion of MYPT| phosphorylation at T853 site to total MYPTI)
in MDA-MB-231 cells were analyzed by western blot. (B and C) Quantification of experiments as in (A). The results showed that
TGF-B1-induced increased expression of RhoA and p-MYPT | were significantly blocked by hesperetin (50 and 100 uM). Data are
expressed as the mean = SD, n=6. *P<0.05 versus control group; # P<<0.05 versus TGF-1 group.

suggested that hesperetin inhibited TGF-B1-induced migra-
tion and invasion via restraining the RhoA/ROCK signal
pathway.

The tyrosine phosphorylation of paxillin plays a crucial
role in the migration and invasion of tumor cells. In fact, a
large number of experimental studies on tumors have shown
that the increased phosphorylation of paxillin at Tyr31 and
Tyr118 residues were considered as a marker of metastasis.’
Previous study suggested that paxillin may play an impor-
tant role in regulating signals from Rho family of GTPases
to the actin cytoskeleton.** Paxillin has also been shown to
coordinate the spatiotemporal activation of the Rho family

of GTPases, thus allowing the activation of various signal-
ing pathways related to cell migration.'*** Evidence showed
that the phosphorylation of paxillin Tyr 31 and Tyr 118
causes the activation of RhoA/ROCK pathway to regulate
migration and invasion of tumor cells.** Additionally, previ-
ous study has confirmed that paxillin phosphorylated in dif-
ferent tissues and cells can enhance RhoA activity or
expression.”? The present study confirmed that hesperetin
reduced the TGF-B1-induced phosphorylation of paxillin
Tyr31, Tyr88, and Tyr118 in MDA-MB-231 cells.

Fyn phosphorylates tyrosine residues on key targets
involved in a variety of different signaling pathways.>® Fyn
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Figure 6. The interaction between Fyn, paxillin and RhoA and the role of Fyn in paxillin/RhoA pathway. (A) Western blot analysis of
lysates from MDA-MB-231 cells transfected with Fyn siRNA or control siRNA with or without TGF-B1 treatment. (B) Quantitative
statistical analysis of immunoblots (A) indicates the reduced phosphorylation of paxillin (Y31) and MYPT I at T853 after knockdown of
Fyn. Data are expressed as the mean = SD, n=6. *P<0.0| Fyn siRNA group versus control siRNA group. (C) Immunoprecipitation of
Fyn in MDA-MB-231 cells reveals the interaction between Fyn, paxillin and RhoA. (D) Quantitative statistical analysis of immunoblots
in (C) shows relative paxillin and RhoA levels after Fyn immunoprecipitation. Data are expressed as the mean = SD, n=6. *P < 0.01
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is known to interact with some molecular signals including
paxillin,'! which possibly lends insight into its role in tumor
metastasis. Moreover, it has been observed that some fac-
tors can regulate the tyrosine phosphorylation of paxillin by
regulating SFK, and induce migration and invasion of
tumor cells.”’ It has been reported that Src directly phos-
phorylates paxillin at Y88.37 We speculated that Fyn is
involved in the metastasis of TNBC and attributed to regu-
late the tyrosine phosphorylation of paxillin. Our results
demonstrated that hesperetin inhibited the TGF-B1-induced
activation of Fyn in MDA-MB-231 cells. The knockdown
of Fyn abolished the TGF-B1-induced phosphorylation of
paxillin and ROCK activation in MDA-MB-231 cells.
Additionally, the present results indicated that the interac-
tion between Fyn, paxillin and RhoA plays a key role in the
metastasis of MDA-MB-231 cells induced by TGF-B1,
which was inhibited by hesperetin. Taken together, our
results suggest that the key role of Fyn as an upstream mol-
ecule of the paxillin/RhoA pathway is clarified for the first
time in the metastasis of MDA-MB-231 cells induced by
TGF-B1. These data highlight the importance of Fyn in reg-
ulation of TNBC metastasis.

Hesperetin, as a natural flavonoid, belongs to the class of
polyphenols. Our study demonstrated for the first time that
hesperetin plays an anti-tumor role in TNBC MDA-MB-
231cells by inhibiting the Fyn/Paxillin/RhoA signaling
pathway. It has been reported that some of polyphenols
have obvious antitumor activity with different mechanisms
of action.*®*! It is expected to explore more polyphenolic
compounds with this activity. Although we aimed to inves-
tigate the anti-metastasis effect and mechanism of hespere-
tin on TNBC, to some extent, the lack of in vivo experiments
may be a limitation of our study. In order to further confirm
the effect and mechanism of hesperetin and whether hesper-
etin or other polyphenols can be used as a therapeutic or
protective agent of TNBC in the future, many in vivo stud-
ies will be needed.

Conclusions

In summary, the present study demonstrated that hesperetin
inhibits the TGF-B1-mediated migration and invasion of
TNBC MDA-MB-231 cells, and the potential mechanism
involved in the Fyn/paxillin/RhoA signaling pathway. Our
studies confirmed that the Fyn/paxillin/RhoA signaling
pathway plays an important role in TNBC metastasis.
Importantly, we confirmed for the first time the interaction
of Fyn, paxillin and RhoA in the metastasis of MDA-MB-231
cells induced by TGF-B1. Our research suggested that the
Fyn/paxillin/RhoA signaling pathway serves as a pathway
of therapeutic targets for TNBC therapy. Moreover, our data
can accelerate the development of hesperetin as a therapeu-
tic agent for the treatment of TNBC, although the present
study lacked in vivo experiments.
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