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Paeoniflorigenone inhibits ovarian cancer metastasis
through targeting the MUC1/Wnt/f-catenin pathway
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Abstract. Ovarian cancer (OC) is one of the most common
gynecological malignancies. Currently, chemoradiotherapy is
the primary clinical treatment approach for OC; however, it has
severe side effects and a high rate of recurrence. Thus, there
is an urgent need to develop innovative therapeutic options.
Paeoniflorigenone (PFG) is a monoterpene compound isolated
from the traditional Chinese medicine Paconiae Radix Rubra.
PFG can inhibit the proliferation of tumor cells; however,
its anticancer activity against OC has yet to be elucidated.
Mucin 1 (MUCI) is highly expressed in various malignant
tumors, and is associated with tumor proliferation, metastasis
and epithelial-mesenchymal transition (EMT). In addition,
MUCI affects numerous signaling pathways in tumor cells. In
order to develop a possible treatment approach for metastatic
OC, the antitumor activity of PFG in OC cells was investigated
using Cell Counting Kit-8 assay, Edu assay, flow cytometry,
Transwell assay and western blot analysis. In addition, it was
assessed how PFG affects MUCI expression and function. The
experiments revealed that PFG significantly inhibited OC cell
proliferation, migration, invasion and EMT. PFG also induced
S-phase cell cycle arrest in OC cells. Furthermore, PFG
inhibited MUCI1 promoter activity, which led to a decrease in
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MUCI protein expression. By contrast, MUCI1 promoted OC
progression, including cell proliferation, cell cycle progres-
sion and cell migration. Stable knockdown of MUCI in OC
cells improved the ability of PFG to block the Wnt/p-catenin
pathway, and to limit tumor cell invasion and migration,
whereas MUCI1 overexpression partially counteracted the
antitumor effects of PFG. In conclusion, the present study
demonstrated that PFG may inhibit the MUC1/Wnt/p-catenin
pathway to induce anti-metastatic, anti-invasive and anti-EMT
effects on OC. Notably, MUCI may be a direct target of PFG.
Thus, PFG holds promise as a specific antitumor agent for the
treatment of OC.

Introduction

Ovarian cancer (OC) is a major health concern among women
worldwide, ranking as the seventh most commonly diagnosed
cancer and the eighth leading cause of cancer-associated
death (1,2). By the end of 2023, it is predicted that 19,710 new
OC cases will be diagnosed and 13,270 OC-related deaths
will occur in the United States (3). OC is considered the most
lethal gynecological cancer due to its asymptomatic early
stages and the inadequate screening methods for detecting
precancerous lesions, often resulting in a late-stage diag-
noses (at stage III/IV). In addition to traditional surgery, the
treatment options for OC include platinum-based combined
chemotherapy and radiotherapy (4). Most patients are treated
with surgery first, followed by platinum-based combined
chemotherapy (5). However, it has been reported that both
chemotherapy and radiotherapy have serious side effects (6),
and tumor recurrence arises as a result of treatment resis-
tance (7). Therefore, identifying novel therapeutic strategies is
crucial to treat OC.

Traditional Chinese medicine (TCM) has a history of
2,500 years and has been used to treat diseases since ancient
times (8). Paeoniae Radix Rubra (PRR, also known as Chishao)
is a type of Chinese herbal medicine, which is the dried root
of Paeonia lactiflora Pall. PRR is often used in TCM formu-
lations to clinically treat cancer (9,10), such as the Guizhi
Fuling Formulation (11) for the treatment of bladder cancer,
OC and breast cancer. Paconiflorin has been identified as one
of the main components in PRR with antitumor activity (12).
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A water-soluble monoterpene glycoside known as paeoniflorin
has been reported to have a good antitumor function in various
types of cancer, such as liver cancer (13), gastric cancer (14),
breast cancer (15), lung cancer (16) and bladder cancer (12),
and the molecular mechanisms involved include the nuclear
factor kB, STAT3 and p53/14-3-3 signaling pathways (17).

Paeoniflorigenone (PFG), another monoterpene compound
found in Paeonia species, has been shown to possess a range
of bioactive properties. Previous research has shown that PFG
is a depolarizing neuromuscular blocking agent in frogs and
mice, being similar to succinylcholine (18). PFG can also
improve blood circulation through anticoagulant and anti-
platelet activities (19). In addition, it has been reported that
PFG induces Jurkat cells, HeLa cells and HL-60 tumor cell
lines to undergo apoptosis, possibly through the activation of
caspase-3 (20). Additionally, PFG can suppress the growth of
cancerous HeLa cells through triggering S and G,/M cell cycle
arrest and inhibiting mitosis (21). Nevertheless, to the best
of our knowledge, the mechanism underlying the antitumor
activity of PFG in OC has not been reported.

Over 90% of cases of epithelial OC (EOC), including
platinum-resistant tumors, exhibit upregulation of the
type I transmembrane glycoprotein mucin 1 (MUCI), which
is highly glycosylated (22,23). Following O-glycosylation
and N-glycosylation, MUC1 matures into a mucin that is
capable of performing its function (24). Glycosylation
is thought to be responsible for 50-90% of the total
weight of MUCI, and MUCI can range in weight from
250 to 500 kDa, depending on the quantity of tandem
repeats and the level of glycosylation (25). Notably,
MUCI can serve as a target and prognostic biomarker for
immunotherapy (26). Overexpression of MUCI has been
shown to promote the invasive growth and metastasis of
tumor cells (27,28). Furthermore, MUCI1 functions as an
anti-adhesion factor in cancer, and may destroy cell-to-cell
and cell-to-matrix adhesion, releasing cells from tumor
nests and causing micro-metastasis (29,30). Additionally,
MUCI induces epithelial-mesenchymal transition (EMT)
at the post-transcriptional level by altering the expression
of microRNAs that regulate the expression of EMT-related
genes (31,32). As a result, tumor-associated MUCI repre-
sents a prospective therapeutic target for EOC.

The present study aimed to scrutinize the inhibitory effect
of PFG on SKOV3 and A2780 OC cells, and to investigate the
role of MUCT in the anti-OC effects of PFG by knocking down
and overexpressing MUC1.The present study also explored
the association of MUCI expression with the pharmaceutical
effectiveness of PFG, potentially providing a new approach for
developing MUCl-targeted drugs.

Materials and methods

Cell culture. China Center for Type Culture Collection
supplied the human OC cell lines SKOV3, A2780 and
HEY-T30. SKOV3 cells were grown in McCoy's 5A medium
(Cienry Biotechnology, Inc.), whereas A2780 and HEY-T30
cells were grown in RPMI 1640 medium (Gibco; Thermo
Fisher Scientific, Inc.). Both media were supplemented
with 10% (v/v) fetal bovine serum (FBS; Invigentech, Inc.),
100 U/ml penicillin and 100 pg/ml streptomycin (Beyotime

Institute of Biotechnology). The cells were grown at 37°C in
an atmosphere containing 5% CO, with saturated humidity.

Reagents and antibodies. PFG (cat. no. B31203; molecular
weight: 318.326; purity 298%; lot no. D15GB171320; Fig. 1A)
was purchased from Shanghai Yuanye Bio-Technology Co.,
Ltd. PFG was mixed with dimethyl sulfoxide and stored at
-80°C. To reduce the effects of serum and other chemicals
in the culture medium on pharmacological action, PFG was
diluted in cell culture medium containing 2% FBS and applied
in all experiments. Docetaxel (cat. no. HY-B0OO11; purity
99.42%) was purchased from MedChemExpress, and was
used to treat SKOV3 and A2780 cells for 24 h at 37°C at a
dose of 80 nM. The Wnt/B-catenin pathway inhibitor XAV939
(cat. no. S1180; molecular weight: 312.31; purity 99.95%) was
purchased from Selleck Chemicals, which was used to treat
SKOV3 and A2780 cells for 24 h at 37°C at a dose of 10 uM.
The MUCI (cat. no. 4538S), N-cadherin (cat. no. 13116S),
Vimentin (cat. no. 5741S), Snail (cat. no. 3879S), -catenin
(cat. no. 8480S) and cyclin D1 (cat. no. 55506S) antibodies
were purchased from Cell Signaling Technology, Inc.
Antibodies against MMP2 (cat. no. ab92536), MMP9
(cat. no. ab76003) and CDK2 (cat. no. ab32147) were acquired
from Abcam. Antibodies against c-Myc (cat. no. sc-40),
cyclin A (cat. no. sc-239) and cyclin E (cat. no. sc-247) were
obtained from Santa Cruz Biotechnology, Inc. The (3-actin
antibody (cat. no. AC026) was obtained from ABclonal, Inc.
HRP-conjugated goat anti-mouse IgG H&L (cat. no. BK-M050)
and anti-rabbit IgG H&L (cat. no. BK-R050) antibodies were
purchased from BIOKER Biotechnology, Inc. For western
blotting, antibodies were used at a 1:1,000 dilution.

Molecular docking. The Research Collaboratory for Structural
Bioinformatics Protein Data Bank database (https://www.
rcsb.org/) and the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/) were utilized to find the three-dimensional
structures of the MUCI protein and molecular ligand struc-
tures, respectively. The Dockthor tool (https://docthor.Incc.
br/v2/) was used to process proteins and ligands, including
removing water molecules, performing hydrogenation and
calculating protein charges. The final docking conformation
should have the strongest affinity. According to this principle,
the conformation was selected and visualized using Pymol 2.3
software (33).

Cell counting kit-8 (CCK-8) assay. Cell proliferation and
the drug half maximal inhibitory concentration (ICs,) were
examined by CCK-8 assay (Biosharp Life Sciences). SKOV3
and A2780 cells were inoculated in 96-well plates at a density
of 4x10° cells/well. The cells were incubated overnight
with 5%CO, at 37°C in 5% CO,, and were then treated with
various doses of PFG (0, 0.5, 1, 2, 5, 10, 20 and 40 uM) for 24,
48 and 72 h at 37°C. As recommended, 10 ul CCK-8 reagent was
then added per well and incubated for 1 h at 37°C in 5% CO,. A
New Epoch™ 2 Epoch Microplate Spectrophotometer (Thermo
Fisher Scientific, Inc.) was used to measure the absorbance at
450 nm.

Colony formation assay. SKOV3 and A2780 cells were
exposed to different concentrations of PFG (0.5, 1 and 2 uM)
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Figure 1. PFG inhibits the expression of MUCI in ovarian cancer cells. (A) Chemical structure of PFG. (B) Binding mode of PFG with MUCI. Pink depicts
the three-dimensional structure of MUCI; blue indicates the PFG structure; yellow, green, and dark blue correspond to distinct amino acid residues and the
amino acid residue appears in black type. (C) PFG inactivates the MUCI promoter in SKOV3 cells. (D) Reverse transcription-quantitative polymerase chain
reaction detection of MUC1 mRNA expression levels in response to different PFG doses. GAPDH was used as an internal control. (E) Changes in MUCI1
protein expression levels in response to PFG treatment in SKOV3 and A2780 cells, as determined by western blotting. f-actin was used as an internal control.
Data are presented as the mean + SEM (n=3) and one-way ANOVA was used to determine statistical significance. "P<0.05, “P<0.01 vs. control group or as

indicated. MUCI, mucin 1; PFG, paeoniflorigenone.

for 24 h at 37°C in 5% CO,, then grown in McCoy's 5A or
RPMI 1640 media supplemented with 10% FBS for 2 weeks,
after being plated at a density of 1,000 cells/well in 6-well
plates. Subsequently, 4% paraformaldehyde was employed
to fix the colonies for 20 min and they were stained with
0.1% crystal violet for 30 min at room temperature. An
optical microscope was used to count colonies containing
>50 cells.

EdU assay. Using an EdU assay kit (Beyotime Institute of
Biotechnology), the cell proliferation capacity was detected.
At a density of 4x10° cells/well, cells were plated into 6-well
plates and exposed to different concentrations of PFG (0.5,
1 and 2 uM) for 24 h at 37°C in 5% CO,. After SKOV3 and
A2780 cells underwent a 2 h incubation in 50 uM EdU buffer
at 37°C in 5% CO,, they were fixed for 30 min in 4% parafor-
maldehyde, and then permeabilized for 20 min in 0.1% Triton
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X-100. After the culture was infused with click reaction solu-
tion, prepared according to the manufacturer's instructions,
and then incubated in the dark for 30 min at room tempera-
ture, the nuclei were stained with 1X Hoechst 33342 at room
temperature in the dark for 10 min. A fluorescence microscope
was used to visualize the cells.

Cell cycle and apoptosis assay. To analyze cell apoptosis,
the Annexin-V FITC/PI Apoptosis Analysis Kit (Beyotime
Institute of Biotechnology) was used. Several concentra-
tions of PFG (0.5, 1 and 2 yuM) were used to pretreat SKOV3
and A2780 cells for 24 h at 37°C in 5% CO,. According to
the manufacturer's instructions, prior to staining with 5 ul
Annexin-V/FITC and 10 gl PI at room temperature in the dark
for 15 min, centrifuged cells (1,000 x g for 5 min at 25°C) were
rinsed in precooled PBS. In addition, as a positive control, cells
were treated with 80 nM docetaxel for 24 h at 37°C in 5% CO,.
To assess cell cycle progression, the Cell Cycle Analysis Kit
(Shanghai Yuanye Bio-Technology Co., Ltd.) was performed.
The same cells were assessed as for the apoptosis experiment.
According to the manufacturer's instructions, centrifuged cells
(1,000 x g for 5 min at 25°C) were rinsed gently in precooled
PBS before being stained with 500 gl 50 pg/ml PI staining
reagent (containing 200 pxg/ml RNase) at room temperature
in the dark for 15 min. The test was repeated three times for
each sample. Finally, FlowJo-V10 software (FlowJo, LLC) was
used to investigate the apoptosis and cell cycle data, which
were collected using Beckman CytoFlex (Beckman Coulter,
Inc.). The apoptotic rate was calculated using the formula:
Apoptotic rate=QI1-LR + QI-UR. LR refers to early apoptotic
rate and UR to late apoptotic rate.

DNA fragmentation analysis. DNA fragmentation, which
is a hallmark of apoptosis, was studied using the One-Step
TUNEL Apoptosis Detection Kit (FITC) (MedChemExpress).
SKOV3 and A2780 cells (2x10%/well) were seeded in 24-well
plates and treated with PFG (0.5, 1 and 2 yuM) or docetaxel
(80 nM) at 37°C in 5% CO, for 24 h. Cells were fixed with 10%
neutral buffered formalin at room temperature for 20 min,
and stained according to the manufacturer's protocol. Slides
were then cover-slipped with antifade mounting medium with
DAPI (Vector Laboratories, Inc.). Images were acquired using
a fluorescence microscope, and the fluorescence intensity was
statistically analyzed by ImagelJ v1.48 software (National
Institutes of Health). The experiment was repeated three times.

Wound-healing assay. OC cells (3x10° cells/well) were plated
on 6-well plates and allowed to adhere to the plates for 24 h. To
maintain a healthy cell growth state, when the fusion degree of
the cell monolayer reached >80%, a straight line was scratched
into the monolayer using a 200-u1 pipette tip. After three washes
with PBS, PFG (0.5, 1 and 2 uM) with 2% FBS was added to
each plate at 37°C in 5% CO, for 24 h. The distance that cells
had migrated was photographed under a light microscope at
0, 12 and 24 h for the subsequent calculation. Taking 24 h as
an example, migration was assessed as follows: Migration rate
(%)=(At=0 h)-(At=24 h)/(At=0 h). (At=0 h) refers to the area of
the wound measured immediately after scratching; (At=24 h)
refers to the area of the wound measured 24 h after the scratch
was performed.

Migration and invasion assays. For the migration and inva-
sion assays, PFG was applied to SKOV3 and A2780 at 0.5,
1 and 2 uM at 37°C in 5% CO, for 24 h. Subsequently, the upper
chamber of a Transwell system (pore size, 8 ym; Corning, Inc.)
was seeded with 2x10* cells resuspended in 100 ul serum-free
medium, and the bottom of the chamber contained the cell
culture medium with 10% FBS. After the cells had migrated
for 24 h at 37°C in 5% CO,, the chamber was removed, the
unmigrated cells were scraped off, and the migrated cells were
fixed with 4% paraformaldehyde for 20 min at room tempera-
ture and stained with 0.01% crystal violet (Beijing Solarbio
Science & Technology Co., Ltd.) for 15 min at room tempera-
ture. Using a light microscope (x200 magnification; Olympus
Corporation) cell images were captured and cell counts from
five random fields were measured. For the invasion assay, the
upper chamber of the insert was coated with 100 ul growth
factor-reduced Matrigel (Corning, Inc.) overnight at 37°C.

Establishment of stable cell lines with MUCI knock-
down and overexpression. To infect the SKOV3 and
A2780 cell lines, Shanghai GeneChem Co., Ltd. provided
both the lentivirus-based short hairpin (sh) RNA vector
GV493 (hU6-MCS-CBh-gcGFP-IRES-puromycin)
and the lentivirus-based overexpression RNA vector
GV721 (CMV enhancer-MCS-3FLAG-EFla-firefly_
Luciferase-SV40-puromycin). According to the manufacturer's
instructions, the recombined GV493/GV721 lentiviral vector
plasmid or the negative control lentiviral vector plasmid, and
pHelper 1.0 and pHelper 2.0 plasmids (Shanghai Genechem
Co., Ltd.) were co-transfected into 293T cells (American Type
Culture Collection) using HitransG enhanced infection solu-
tion (Shanghai Genechem Co., Ltd.) at 37°C in 5% CO, for
6 h. Subsequently, the culture supernatant was removed and
replaced with fresh high-glucose DMEM supplemented with
10% FBS and the culture supernatants were collected at 48 h
post-transfection. Following centrifugation at 4,000 x g for
10 min at 4°C to remove cell debris, the supernatant was
filtered through 0.45-um filters. The concentrated viral super-
natant was aliquoted and maintained at -80°C prior to use. The
lentivirus was then diluted with serum-free McCoy's 5A or
1640 medium and used to infect SKOV3 and A2780 cells at a
multiplicity of infection of 10. After 8 h at 37°C in 5% CO,, the
medium was refreshed. Subsequently, at 72 h post-infection,
puromycin (2 ug/ml) was employed to screen out the stable
knockdown and overexpression cell lines at 37°C in 5% CO,
for 48 h, and then 1 pg/ml puromycin was used for mainte-
nance. Finally, the SKOV3 and A2780 cells were harvested
for further analysis. The following shRNA sequences were
used: sh-MUCI, 5'-CCGGGATACCTACCATCCTATP-3;
sh-Control (non-targeting negative control viral vector),
5" TTCTCCGAACGTGTCACGT-3.

Promoter-reporter assays. According to the manufacturer's
protocol, the pGL3 Basic human MUCI1 promoter (HIBio
Biotechnology Co., Ltd.) was transfected into human OC
SKOV3 cells using Lipofectamine® 3000 Transfection Reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). As an internal
control, a pRL-TK plasmid carrying the Renilla luciferase
gene (HIBio Biotechnology Co., Ltd.) was co-transfected
with pGL3 Basic human MUCI1 promoter in SKOV3 cells.



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

Briefly, 24-well plates were used for transfection; the plasmid
was transfected into cells at 37°C in 5% CO, for 8 h, then the
medium was replaced with fresh culture medium for 24 h.
Subsequently, PFG (1 and 2 yM) was added for 24 h at 37°C
in 5% CO,. Utilizing the Dual-luciferase Reporter Assay Kit
(Promega Corporation), according to the guidelines provided
by the manufacturer, cells transfected with vector were added
to perform luciferase assays in triplicate in 96-well plates
after puromycin resistance screening. GraphPad Prism 8§
(Dotmatics) was used to evaluate and plot the exported data.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR) analysis. Using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), RNA was extracted from the
cells. The Nanodrop 2000 system (Thermo Fisher Scientific,
Inc.) was employed to measure the quality and quantity of
RNA. Subsequently, 1 ug total RNA was used to generate
cDNA using the PrimeScript RT reagent kit (Takara Bio,
Inc.) according to the manufacturer's protocol. gPCR was
conducted on a CFX96 Real-Time PCR Detection System
(Bio-Rad Laboratories, Inc.) using the SYBR Premix Ex
Taq™ kit (Takara Bio, Inc.). The thermocycling conditions
were as follows: An initial denaturation step at 95°C for
10 sec, followed by 40 cycles, (denaturation at 95°C for 10 sec,
annealing at 64°C for 25 sec), and a final extension step at 55°C
for 1 min and 95°C for 10 sec. GAPDH was used as an internal
control. To obtain the relative gene expression levels, the
2-44¢4 method (34) was used. The following primer sequences
were used: MUCI, forward 5'-ATACCTACCATCCTATGAG
CGA-3, reverse 5-CTGCTGGGTTTGTGTAAGAGA-3'"; and
GAPDH, forward 5-GGTGGTCTCCTCTGACTTCAACA-3'
and reverse 5-GTTGCTGTAGCCAAATTCGTTGT-3"

Western blotting. Cells were lysed in RIPA buffer with
a proteinase inhibitor cocktail (Beyotime Institute of
Biotechnology), and the BCA Protein Assay Kit (Thermo
Fisher Scientific, Inc.) was used to quantify the amount
of protein in the extracts. Proteins (20 ug) were separated
by SDS-PAGE on 8% gels and were then transferred to
polyvinylidene fluoride membranes (MilliporeSigma). To
prevent nonspecific binding, the membranes were blocked
for 2 h with 5% skim milk (Bio-Rad Laboratories, Inc.)
diluted in Tris-buffered saline. Prior to being incubated with
HRP-conjugated secondary antibodies at room temperature
for 2 h, membranes were pre-incubated with a specific primary
antibody for an overnight period at 4°C. An ECL Western
Blotting Detection kit (Biosharp Life Sciences) was utilized
for detecting protein signals. After standardization to 3-actin,
ImagelJ v1.48 software (National Institutes of Health) was used
to measure the optical density of the blot.

Statistical analysis. GraphPad Prism version 8 software was
used to investigate statistical significance via a Student's
unpaired t-test, one-way ANOVA or two-way ANOVA with
a Bonferroni multiple comparisons test (if the variance is
homogeneous) or Games-Howell multiple comparison test
(if the variance is uneven). All studies were conducted at least
in triplicate, and all data are presented as the mean + SEM.
P<0.05 was considered to indicate a statistically significant
difference.
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Results

PFG inhibits the expression of MUCI in OC cells. The binding
mode of PFG to MUCI was predicted by molecular docking,
and it was revealed that PFG formed three hydrogen bonds
with HIS-1104, LYS-43 and TRP-1105 amino acid residues
(Fig. 1B). These results indicated that MUCI is a potential
target protein of PFG. Next, the effects of PFG on the promoter
activity of MUC1 were assessed using a dual-luciferase assay.
Compared with the human MUC1 promoter-pGL3 Basic
group, the PFG (1 and 2 uM) groups showed a significant
decrease in relative fluorescence activity, indicating that PFG
treatment affected the binding of transcription factors to the
MUCI promoter in SKOV3 cells (Fig. 1C). Subsequently,
quantification of MUCI expression in SKOV3 and A2780
cells was performed using RT-qPCR and western blotting. The
results suggested that PFG inhibited MUCI expression and
exhibited a concentration-dependent effect on the downregula-
tion of MUCI expression at concentrations of 0.5, 1 and 2 yM
(Fig. 1D and E). According to these findings, PFG may inhibit
MUCI expression by decreasing MUC1 promoter activity in
OC cells.

PFG suppresses the proliferation of OC cells. To understand
the anticancer effect of PFG on OC cells, SKOV3 and A2780
cells were treated with PFG (0.5-40 uM) for 24, 48 and 72 h,
and cell viability was detected by CCK-8 assay. According
to the results, compared with in the control group, PFG
suppressed the viability of SKOV3 and A2780 cells, and the
inhibition was dose-dependent (Fig. 2A). The IC;, value at
24 h for SKOV3 cells was 10.79 uM, and the IC;, value at 24 h
for A2780 cells was 3.845 pM. To rule out the potential bias
in subsequent experiments caused by the cytotoxicity of high
doses of PFG, 0.5, 1 and 2 M concentrations were selected for
subsequent experiments.

The EdU assay also indicated that PFG treatment inhibited
the proliferation of both cell lines (Fig. 2B). Moreover, the
colony formation assay revealed that PFG significantly inhib-
ited the clonogenic ability of both cell lines (Fig. 2C).

To further assess the mechanism underlying the anti-prolif-
erative effects of PFG, flow cytometry was performed to detect
its effects on the apoptosis and cell cycle progression of the
two cell lines. The results showed that in SKOV3 and A2780
cells, the apoptotic rate was significantly different in the PFG
(2 uM) and docetaxel (80 nM) treatment groups compared
with that in the control group (Fig. 3A), TUNEL detection
indicated the same trend change in SKOV3 and A2780 cells
(Fig. S1). However, the maximum apoptotic rate detected by
the two experimental methods was <10%, which indicates that
the effect of PFG on the apoptosis of SKOV3 and A2780 cells
may have no biological significance. Cell cycle experiments
demonstrated that PFG treatment could block the cell cycle
in S phase, resulting in shortening of the G,/G, phase and
prolonging the S phase (Fig. 3B), with no significant change in
the proportion of cells in G, phase. To explore the molecular
mechanism underlying PFG-induced S-phase blockade, the
expression levels of specific proteins associated with S-phase
regulation were examined by western blotting. Notably, PFG
treatment had a marked dose-dependent inhibitory effect on
the protein expression levels of cyclin A, cyclin E and CDK?2
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Figure 2. PFG suppresses the proliferation of ovarian cancer cells. (A) PFG was applied to SKOV3 and A2780 cells at concentrations of 0, 0.5, 1, 2,
5, 10,20 and 40 M. Cell viability was evaluated using the Cell Counting Kit-8 assay at 24, 48 and 72 h. (B) EdU assay measured the proliferation of SKOV3
and A2780 cells after 24 h of PFG treatment. Cells stained with red fluorescence indicated those that were in a proliferative state (magnification, x200).
(C) Colony formation assay was performed to assess the clonogenic potential of PFG-treated SKOV3 and A2780 cells for 24 h. Data are presented as the
mean + SEM (n=3). One-way ANOVA was used to establish statistical significance. "P<0.05, “P<0.01 vs. control group. PFG, paeoniflorigenone.
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Figure 3. PFG induce S-phase arrest in OC cells. (A) Apoptotic rate (Q1-LR + Q1-UR) was measured after PFG treatment by flow cytometry. Docetaxel (80 nM)
was used as a positive control drug. (B) Effects of PFG on the OC cell cycle were assessed using flow cytometry. (C) Cell cycle-related proteins cyclin A,
cyclin E and CDK?2 were subjected to western blot analysis to assess the effects of PFG treatment. Data are presented as the mean + SEM (n=3). One-way
ANOVA was used to establish statistical significance. "P<0.05, “P<0.01 vs. control group. ns, not significant; OC, ovarian cancer; PFG, paeoniflorigenone.

(Fig. 3C). These results suggested that PFG may induce anti-metastatic effects, the migration of SKOV3 and A2780
S-phase cell cycle arrest in OC cell lines through controlling  cells was assessed using a wound-healing assay. Compared
the levels of S-phase cell cycle regulatory proteins. with in the control group, PFG significantly inhibited the
migration of both cell lines in a dose-dependent manner
PFG suppresses cell migration, invasion and EMT in OC.  (Fig. 4A). Furthermore, the effects of PFG on migration and
OC frequently exhibits distant metastasis, and patients with  invasion were assessed using the Transwell assay, and it was
metastatic OC exhibit a low survival rate when compared revealed that PFG markedly inhibited the migration and inva-
with primary OC (35). In order to determine if PFG has sion of both cell lines in a dose-dependent manner (Fig. 4B).
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Figure 4. Functions of PFG on the migration, invasion and EMT of OC cells. (A) Cell migration was examined using the wound-healing assay and was observed
under a light microscopy at 0, 12 and 24 h (magnification, x200); cell migration rate calculation using wound healing area. (B) Inhibitory effect of PFG on the
ability of OC cells to invade and migrate, as identified using the Transwell assay (magnification, x200). (C) Inhibitory effect of PFG on EMT-related proteins
(N-cadherin, Vimentin and Snail) and cell invasion-related proteins (MMP2 and MMP9) in OC cells was tested using a western blotting. Three independent
repetitions of the experiment were performed. Data are presented as the mean + SEM (n=3). One-way ANOVA was applied to establish statistical significance.
“P<0.05, “P<0.01 vs. control group. EMT, epithelial-mesenchymal transition; OC, ovarian cancer; PFG, paeoniflorigenone.

Due to the importance of the EMT in the distant metas-
tases of OC, identifying a new therapy that can target EMT is
critical. To the best of our knowledge, the specific mechanism
underlying the effects of PFG on the EMT of OC cells has
not been reported. Therefore, after 24 h of PFG treatment, the

expression levels of EMT-related proteins in the two OC cell
lines were examined via western blot analysis. It was revealed
that PFG could significantly inhibit the expression levels of
MMP2 and MMP9, and downregulate the expression levels
of mesenchymal markers, such as N-cadherin, Vimentin
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Figure 5. Construction of MUCI knockdown and OE cell lines. (A) Comparison of the protein expression levels of MUCI in three untreated human ovarian
cancer cells. “P<0.01 vs. SKOV3. (B) Following lentiviral infection in SKOV3 and A2780 cells to produce cell lines with MUC1 knockdown and MUCI OE,
reverse transcription-quantitative polymerase chain reaction assays were performed to detect changes in MUC1 mRNA expression levels. (C) MUCI protein
expression levels post-infection with sh-MUCI or MUC1 OE lentivirus plasmids in SKOV3 and A2780 cells were identified through western blotting. Data are
presented as the mean + SEM (n=3). One-way ANOVA was applied to establish statistical significance. "P<0.05, “P<0.01. MUCI, mucin 1; OE, overexpression;

sh, short hairpin.

and Snail (Fig. 4C). These results indicated that PFG could
block the activation of EMT in OC cells. Overall, it may
be concluded that PFG suppresses OC cell migration and
invasion via blocking EMT.

MUCI promotes the proliferation of OC cells. To investigate
the effects of MUCI on OC cells, MUCI protein expression
levels were compared in three OC cell lines, and SKOV3
cells with the highest relative expression levels and A2780

cells with the lowest relative expression levels were selected
for the construction of cells with stable MUC1 knockdown
and overexpression for further mechanistic studies (Fig. SA).
Accordingly, RT-qPCR and western blot experiments verified
the knockdown and overexpression of MUCI (Fig. 5B and C).
Compared with in the sh-Control cells, the results demon-
strated that MUC1 knockdown had a significant effect on
inhibiting the proliferation of OC cells (Fig. 6A and B),
inducing cell cycle arrest at G,/G, phase (Fig. 6C), and reducing
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Figure 6. MUC1 promotes the proliferation of OC. (A) Proliferation curves of the two OC cell lines were affected by knockdown and OE of MUCI. The
absorbance at 450 nm was measured at 0, 24, 48, 72 and 96 h using the Cell Counting Kit-8 assay. (B) Cell proliferation was discovered using the EdU assay
and (C) cell cycle changes were assessed using flow cytometry. (D) Transwell assay was performed to determine cell migration and invasion (magnification,
x200). Data are presented as the mean = SEM (n=3). One-way ANOVA was applied to establish statistical significance. “P<0.01. MUC1, mucin 1; OC, ovarian
cancer; OE, overexpression; sh, short hairpin.

cell migration and invasion (Fig. 6D). By contrast, compared
with in the overexpression control (OE-control) cells, MUC1
overexpression promoted OC cell proliferation, accelerated

cell cycle progression, and increased cell migration and inva-
sion. These results implied that MUCI is essential for OC cell
proliferation and metastasis.
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Figure 7. Knockdown of MUCI in ovarian cancer cells enhances the inhibitory effects of PFG on tumor cell migration, invasion and EMT. SKOV3 and A2780
cells were incubated with PFG for 24 h at the given concentrations after being infected with a shRNA targeting MUCI. Transwell assay was employed to assess
(A) migration and (B) invasion (magnification, x200). (C) MUCI1 and EMT-related proteins were analyzed by western blotting, and the data were normalized
to the sh-control or the OE-control group treated with 0 uM PFG. Data are presented as the mean + SEM (n=3). Two-way ANOVA was applied to establish
statistical significance. “P<0.05, #P<0.01 vs. control group (0 xM PFG); "P<0.05, “P<0.01. EMT, epithelial-mesenchymal transition; MUCI1, mucin 1; PFG,
paeoniflorigenone; sh, short hairpin.

PFG targets MUCI to limit OC cell migration and invasion. — were detected in cells with MUC1 knockdown and overex-
To clarify whether PFG-induced antitumor effects were  pression after treatment with various concentrations of PFG.
mediated by MUCI, the changes in migration and invasion =~ The migration and invasion rate of sh-MUC]I cells was more
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Figure 8. Overexpression of MUCI in ovarian cancer cells antagonizes the antitumor effects of PFG. SKOV3 and A2780 cells were incubated with PFG for
24 h at the given concentrations after being infected with an overexpression vector targeting MUCL. Transwell assay was employed to assess (A) migration and
(B) invasion (magnification, x200). (C) MUC1 and EMT-related proteins were analyzed by western blotting, and the data were normalized to the sh-control or
the OE-control group treated with O xM PFG. Data are presented as the mean + SEM (n=3). Two-way ANOVA was applied to establish statistical significance.
#P<0.05, #P<0.01 vs. control group (0 uM PFG); "P<0.05, “P<0.01. EMT, epithelial-mesenchymal transition; MUCI, mucin 1; OE, overexpression; PFG,
paeoniflorigenone.

affected by PFG than that of sh-control cells (Fig. 7A and B).  (including N-cadherin, Vimentin and Snail) was enhanced
Compared with the sh-control cells, in sh-MUCI cells, the  (Fig. 7C).

expression levels of MUCI1 were significantly decreased By contrast, MUCI overexpression restored and enhanced
and the inhibitory effect of PFG on EMT-related proteins  the migratory and invasive ability of SKOV3 and A2780 cells,
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Figure 9. PFG blocks the Wnt/B-catenin signaling pathway via MUCI suppression. Expression levels of key proteins in the Wnt signaling pathway and their
downstream target proteins were measured in cells with MUCI (A) knockdown and (B) OE by western blotting. PFG was applied to the cells for 24 h. Data
are presented as the mean + SEM (n=3) and the data were normalized to the sh-control or the OE-control group treated with 0 uM PFG. Two-way ANOVA
was applied to establish statistical significance. “P<0.05, *P<0.01 vs. control group (0 uM PFG); "P<0.05, “P<0.01. MUCI, mucin 1; OE, overexpression; PFG,
paeoniflorigenone; sh, short hairpin.

while also activating EMT. Compared with the OE-control
cells, the inhibitory effect of different concentrations of PFG

supplementation on cell migration and invasion was reduced
in MUCI-overexpressing cells (Fig. 8A and B). Compared
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Figure 10. Graphic representation of the anticancer bioactivities of PFG in human ovarian cancer cells. EMT, epithelial-mesenchymal transition; MUCI,

mucin 1; PFG, paeoniflorigenone.

with the OE-control cells, the expression levels of MUCI1
were significantly increased in OE-MUCI cells, and MUCI1
overexpression partially reversed the PFG-induced decrease
in N-cadherin, Vimentin and Snail protein expression levels.
(Fig. 8C). These results indicated that MUC1 may be the
dominant target protein through which PFG inhibits SKOV3
and A2780 cells migration, invasion and EMT.

PFG blocks the Wnt/3-catenin signaling pathway by inhibiting
MUCI. The Wnt/B-catenin pathway is closely related to the
migration and invasion of tumor cells (36). To evaluate the role
of the Wnt/B-catenin pathway in the anti-OC effect of PFG, the
‘Wnt/B-catenin pathway inhibitor XAV939 was used. Western
blot analysis revealed that PFG and AXV939 exhibited similar
inhibitory effects on SKOV3 and A2780 cells. The combina-
tion of PFG and XAV939 further suppressed the expression
levels of B-catenin in SKOV3 cells, as well as the downstream
target protein MMP9 in SKOV3 and A2780 cells (Fig. S2A).
The results of the wound-healing assay showed that combining
PFG and XAV939 markedly improved the inhibitory effect of
PFG on OC cell migration (Fig. S2B). These results suggested

that the Wnt/p3-catenin pathway may have an important role in
the inhibition of OC by PFG.

To elucidate whether PFG regulates the Wnt/f3-catenin
pathway and cancer motility via inhibiting the expression of
MUCI, the protein expression levels of Wnt/B-catenin-related
proteins and their downstream target proteins, which are
linked to tumor cell metastasis and invasion were assessed.
PFG (2 uM) treatment significantly reduced the protein
expression levels of B-catenin, c-Myc, cyclin D1 and MMP9
in the sh-control cells and OE-control cells, when compared
with the control cells (0 uM PFG), indicating that PFG inhib-
ited Wnt/B-catenin pathway signaling in both OC cell lines.
In addition, compared with sh-control cells, the silencing of
MUCI accelerated the decrease in [3-catenin, c-Myc, MMP9
and cyclin DI protein expression levels induced by PFG in
SKOV3 and A2780 cells (Fig. 9A).

By contrast, compared with in the OE-control group,
overexpression of MUCI partially reversed the decrease in
[-catenin protein expression levels in SKOV3 and A2780 cells
induced by PFG, as well as c-Myc and cyclin D1 protein expres-
sion levels in SKOV3 cells (Fig. 9B). In summary, it may be
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suggested that PFG can prevent the EMT process by blocking
the Wnt/B-catenin signaling pathway through inhibiting MUCI1
in OC cells (Fig. 10).

Discussion

The present study indicated that PFG can inhibit the prolifera-
tion of OC cells, induce cell cycle arrest in the S phase, and
suppress cell migration and invasion. Moreover, PFG inhibited
the promoter activity of MUCI, lowered its protein expres-
sion, and suppressed the production of crucial proteins in the
Wnt/B-catenin signaling pathway.

PFG has been shown in several studies to reduce the prolif-
erative capacity of tumor cells, and is cytotoxic and selectively
induces apoptosis in cancer cell lines (20,21); notably, the
present study confirmed these effects in two OC cell lines.
The latest research shows that PFG exerts anticancer effects
by inducing apoptotic cell death and blocking metastatic
processes via the inactivation of PI3K/AKT/mTOR/p70S6K
signaling (37). In the present study, although PFG signifi-
cantly affected the apoptotic rate of OC cells, the maximum
apoptotic rate was <10% in both flow cytometry and TUNEL
experiments, which is not biologically significant, suggesting
that when the survival rate of SKOV3 and A2780 cells is
>80%, induction of apoptosis is not the primary mechanism
by which PFG inhibits OC cells. Subsequently, it was revealed
that PFG significantly inhibited the expression levels of the
cell cycle-related proteins cyclin A, cyclin E and CDK2,
leading to cell cycle arrest in S phase. This could be one of the
key reasons why PFG inhibits the proliferation of OC cells.
Furthermore, MUC1 knockdown caused cell cycle arrest in the
G,/G, phase, which differed from the direct action of PFG on
OC cells. PFG has previously been shown to lower the expres-
sion of cyclin D1, CDK4 and CDK®6 in tumor cells, which may
affect progression of the G, phase (37); however, another study
demonstrated that PFG can promote S-phase arrest in HeLa
cells (21). These findings indicated that the regulatory effects
of PFG on cells is multifaceted. Although the present study
demonstrated that PFG can directly bind to MUCI, it is also
plausible that PFG interacts with other molecules at the same
time, influencing cell cycle-related protein expression. The
results of the present study showed that PFG only significantly
affected S phase in SKOV3 and A2780 cells.

Cancer cell expansion, motility, invasion and EMT are
associated with MUCI. In the present study, knockdown and
overexpression of MUCI in OC cells confirmed its crucial
function in OC progression, which is consistent with previous
research (38-40). Research on MUCI has increased as a result
of its promise as an OC therapeutic target. For example, it has
been suggested that patients with EOC may have a higher chance
of overall survival if IgG antibodies to MUCI are induced (41).
Furthermore, the anti-MUC1 monoclonal antibody C595
alone, and in combination with docetaxel, greatly improves
the efficiency of OC cell death and induces apoptosis (42,43).
Moreover, the new vaccine BN-CV301, which encodes the
tumor-associated antigens MUCI1 and CEA, induces T-cell
responses to these antigens, resulting in high levels of immu-
nogenicity that may have therapeutic benefits either alone or in
combination with anti-PD-1/L1 drugs (44-46). These results
offer an experimental foundation for ongoing preclinical
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assessment of MUCI targeting. GO-203, a cell-penetrating
peptide-based MUCI-cytoplasmic tail (CT) inhibitor, is still
in phase I clinical trials for the treatment of breast cancer (25).
However, there are currently few targeted drugs that target
MUCI, and PFG, a monomer compound of traditional Chinese
medicine, is expected to be a good candidate inhibitor of
MUCIL. The present study discovered that the TCM compound
PFG directly inhibited MUCI expression, and that knocking
down MUCI via external intervention further enhanced its
efficacy. By contrast, MUC1 overexpression antagonized the
antitumor activity of PFG. As a result, it may be hypothesized
that MUC is a critical target for PFG to exert its anticancer
effects. More investigation is warranted to determine which
region of PFG primarily binds to MUCI and affects its
function.

A complex between (-catenin and T cell-specific tran-
scription factor that drives transcriptional activity is formed
as a result of the Wnt/p-catenin pathway. Notably, the onset,
development, progression and worsening of numerous malig-
nancies are linked to elevated transcriptional activity of this
pathway (47-49). Recent research has demonstrated that
cancer cell migration can be inhibited and the Wnt/p-catenin
signaling pathway can be blocked by MUCI silencing (50).
Furthermore, interfering with MUCI1 via small interfering
RNA can decrease the interaction between MUCI1-CT and
B-catenin, inhibiting f-catenin nuclear translocation and
target gene expression during carcinogenesis (51,52).

During the present study, it was revealed that the
Wnt/p-catenin pathway is critical in the inhibition of OC by
PFG. Furthermore, PFG and the pathway inhibitor XAV939
had a similar inhibitory effect on OC cell migration, and their
combination considerably increased the inhibitory effects of
PFG. Moreover, it was revealed that the expression levels of
key Wnt/B-catenin pathway proteins, including B-catenin, and
critical downstream genes, such as c-Myc, MMP9 and cyclin
D1, were significantly altered in two OC cell lines with MUC1
knockdown and overexpression. Additionally, it was observed
that PFG treatment inhibited this pathway more effectively
in cells with MUCI1 knockdown and less effectively in
MUCI-overexpressing cells. Taken together, it may be hypoth-
esized that PFG can prevent OC cell migration and invasion by
decreasing MUCI expression and blocking the Wnt/p-catenin
signaling pathway. PFG could be used as an effective inhibitor
targeting MUCI, providing a new experimental basis for the
treatment of OC with TCM.

The present study investigated the antitumor activity of
PFG against OC. The binding relationship between PFG and
its target MUC1 was identified, and further experiments were
performed to assess how MUCI expression affects PFG effi-
cacy. The detailed mechanistic investigation revealed that PFG
may exert anti-migratory, -invasive and -EMT effects on OC by
preventing MUCI from being expressed and thus suppressing
the Wnt/pB-catenin signaling pathway. These results indicated
that a possible therapeutic option for OC is MUCI, and PFG
could be used to treat OC as a MUCI inhibitor. However, there
are several limitations to the present study that require further
exploration: i) Only the inhibitory effect of PFG on EOC
cells was investigated, suggesting that other types of OC may
involve different mechanisms; ii) further extensive investiga-
tions are essential to explore the inhibitory mechanism of PFG
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on MUCI; and iii) additional in vivo experiments are needed
to support the findings of this study. iv) In addition, the specific
mechanism of PFG-induced S-phase arrest of OC cells needs
to be further explored.
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