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Abstract: Quercetin, a flavone, is multifaceted, having anti-oxidative, anti-inflammatory, and
anticancer properties. In the present study, we explored the effects of quercetin on the epithelial—
mesenchymal transition (EMT) and invasion of pancreatic cancer cells and the underlying mecha-
nisms. We noted that quercetin exerted pronounced inhibitory effects in PANC-1 and PATU-8988
cells. Moreover, quercetin inhibited EMT and decreased the secretion of matrix metalloproteinase
(MMP). Meanwhile, we determined the activity of STAT3 after quercetin treatment. STAT3
phosphorylation decreased following treatment with quercetin. We also used activating agent of
STATS3, IL-6, to induce an increase in cell malignancy and to observe the effects of treatment with
quercetin. As expected, the EMT and MMP secretion increased with activation of the STAT3
signaling pathway, and quercetin reversed IL-6-induced EMT, invasion, and migration. Therefore,
our results demonstrate that quercetin triggers inhibition of EMT, invasion, and metastasis by
blocking the STAT3 signaling pathway, and thus, quercetin merits further investigation.
Keywords: quercetin, EMT, MMPs, STAT3, pancreatic cancer

Introduction

Pancreatic cancer (PC), a highly lethal disease, is one of the most common digestive
malignancies. Most PCs are derived from pancreatic intraepithelial neoplasms, which
are microscopic, non-invasive epithelial proliferations within the pancreatic ducts.!
PC is the fourth leading cause of cancer-associated death worldwide.? In addition,
the 5-year survival rates of PC patients are 21.3% for local stage cancer, 8.9% for
regional stage cancer, and 1.8% for distant stage cancer.® Therefore, the molecular
mechanism of PC must be clarified and new potential chemotherapeutic anticancer
drugs should be identified.

Quercetin (3,3,4",5,7-pentahydroxyavone), a dietary bioflavonoid widely
distributed in fruits, vegetables, and beverages, possesses low intrinsic toxicity and
does not have carcinogenic activity in vivo.** Several studies have demonstrated the
anti-tumor effects of quercetin in various cancer cells, including PC. For example,
cell proliferation was regulated through quercetin-induced miR-200b-3p in PC,° and
quercetin induced cell apoptosis in human gastric cancer stem cells and breast cancer
cells.”® Moreover, quercetin inhibited cell viability, migration, and metastasis by
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modulating Wnt signaling components in a prostate cancer
cell line.” Although quercetin synergizes with epigallo-
catechin gallate to inhibit self-renewal capacity, invasion,
and migration in pancreatic cancer stem cells (CSCs),' the
specific effects and cell signaling pathways involved in the
effect of quercetin treatment on pancreatic cells are not fully
understood. Thus, we aimed to ascertain the roles of quercetin
in controlling the epithelial-mesenchymal transition (EMT),
invasion and metastasis of PC, and to explain the potential
molecular mechanisms in the context of PC.

EMT is a physiological phenomenon in mammalian embry-
onic development and a basic biological event that maintains
cell and tissue balance. However, EMT is also an important
phenomenon in tumorigenesis and cancer development.'!
During EMT, epithelial cells lose cell polarity, incapacitate
cell-cell tight junctions and adhesive connections, and access
infiltration and migration ability.'> Epithelial cells possess
the cell morphology and characteristics of interstitial cells.
We can detect changes in EMT by observing EMT marker
proteins, such as N-cadherin, E-cadherin, Vimentin and
Snail.”*!* Recent studies have shown that MMPs and EMT
are closely related.'>' MMPs can be used as markers of EMT
and can act as a predisposing factor for EMT.!” MMPs are a
family of zinc-binding metalloproteases with the ability to
degrade the extracellular matrix (ECM), and play a critical
role in tumor cell infiltration and metastasis. In addition,
MMPs degrade and destroy the ECM and basement mem-
brane (BM) near the tumor surface, allowing tumor cells to
infiltrate the surrounding tissue along the damaged region.
MMPs can also promote tumor growth and spread through
neovascularization and capillary endothelium.'®

The STAT family is a family of proteins encoded by
several chromosomes. STATSs play an important role in the
JAK-STAT signaling pathway mediated by ILs, especially
IL-6," and are involved in the process of cell growth, prolif-
eration, differentiation, and apoptosis.?’ The STAT protein
family consists of seven members: STAT1, STAT2, STAT3,
STAT4, STAT5a, STATSb, and STAT6.>' STAT3 has been
shown to be closely associated with the development of
tumors.? Studies have shown that ILs, growth factors, and
certain oncoproteins can cause phosphorylation of STAT3 in
the cytoplasm, resulting in Y705 and S727 site phosphoryla-
tion, homodimerization, and subsequent activation. Activated
STAT3 translocates into the nucleus and binds to genomic
DNA for transcriptional regulation.® Activated STAT3 plays
avital role in promoting tumor cell proliferation and survival,
tumor invasion, angiogenesis, and immunosuppression.?
IL-6 is one of the most important traditional activators of

STAT3.2 IL-6 can induce EMT in various cancer cells and
enhance invasion and metastasis through STAT3 signaling,
including in PC cells.?>%

In this context, our aim is to demonstrate that quercetin can
exert a beneficial effect on PC cells and reverse IL-6-induced
EMT, invasion, and metastasis. Our results suggest that quer-
cetin may act through the STAT3 signaling pathway.

Materials and methods

Reagents

Quercetin (Sigma-Aldrich Co., St Louis, MO, USA) was
stored at —80°C until dilution in DMSO before use. Fetal
bovine serum (FBS), trypsin, RPMI-1640, and DMEM
were purchased from Gibco (Thermo Fisher Scientific,
Waltham, MA, USA). Anti-N-cadherin, anti-Vimentin,
anti-Twist, anti-Slug, anti-MMP-2, and anti-MMP-7
antibodies were purchased from Abcam (Cambridge,
UK). Anti-E-cadherin, anti-Zeb1, anti-Snail, anti-STAT3,
and anti-phospho-STAT3 antibodies were obtained
from Cell Signaling Technology (Danvers, MA, USA).
Polymerase chain reaction (PCR) primers were purchased
from Synbio Tech (Jiangsu, People’s Republic of China).
Power SYBR Green PCR Master Mix was purchased from
Applied Biosystems (Foster City, CA, USA) and a Revert
Aid First Strand cDNA Synthesis Kit was purchased from
Thermo Fisher Scientific.

Cell culture and treatment

The human PC cell line PATU-8988 was obtained from
the American Type Culture Collection (Manassas, VA,
USA). The human PC cell line PANC-1 was purchased
from the Institute of Biochemistry and Cell Biology, the
Chinese Academy of Science (Shanghai, People’s Republic
of China). PATU-8988 cells were cultured in RPMI-1640,
PANC-1 cells were cultured in DMEM, and both cell lines
were maintained in a 5% CO, incubator at 37°C. Both
media contained 100 U/mL penicillin, 100 pg/mL strep-
tomycin, and 10% FBS, and culture medium was changed
every 2 days. When cells were approximately 80%—-90%
confluent, PBS with 0.25% trypsin and 0.01% EDTA was
used to detach the cells for subculture or experimental
treatments. The cell morphology was observed with an
inverted microscope.

Cell viability determined with Cell

Counting Kit 8 (CCKS8) assays
Approximately 10,000 PATU-8988 cells were plated in
96-well plates for a 24 h incubation period. Then, the
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medium was discarded, and FBS-free medium with different
concentrations of quercetin was added into each well. After
24 h, the medium was replaced with 100 uL of FBS-free
medium containing 10 pL of CCKS8 (Dojindo, Kumamoto,
Japan) reagent. Then, the cells were incubated for another
2 h, and the absorbance of each well was observed at 490 nm
using an ELISA reader (BioTek, Winooski, VT, USA).

Transwell invasion and migration assays
PATU-8988 cells were cultured using a Transwell cham-
ber (BD Biosciences, San Jose, CA, USA). An 8 um-pore
polyethylene terephthalate membrane was inserted into the
chamber. BM matrix (Corning Incorporated, Corning, NY,
USA) was placed in the upper chambers for the invasion
assays but not the migration assays. RPMI-1640 contain-
ing 10% FBS was placed in the lower compartment. After
treatment with quercetin, 5,000 PC cells (PATU-8988) in
serum-free medium were placed in the upper compartment.
The cells were incubated in a 5% CO, incubator for 24 h.
Then, the cells on the upper surface of the filter were scraped
off with a cotton swab, and those in the lower compartment
were stained with a 0.05% crystal violet solution. The cells
in three randomly selected fields on each filter were imaged
under an inverted microscope. We divided each image
equally into nine pictures and selected three of the nine
pictures. Finally, nine pictures were used for the count and
the statistical analysis.

Wound healing assays

The cells were detached and cultured in 6 cm culture dishes.
When the cells were approximately 80%—-90% confluent, we
used a sterile p200 pipette tip to scrape a wound of ~500 um
as a linear scratch. The cells were washed three times with
PBS, and RPMI-1640 medium containing 1% FBS and dif-
ferent concentrations of quercetin were added. After 24 h,
pictures of cell migration were acquired with an inverted

microscope at 0, 24, and 48 h. The wound area was analyzed
using Image-Pro Plus. The average width = wound area/
wound height.

RNA extraction and quantitative

real-time PCR analysis

When the cells had grown to 80%—90% confluence, we added
TRIzol Reagent (Ambion, Carlsbad, CA, USA) to extract
RNA according to the manufacturer’s instructions. Reverse
transcription to obtain cDNA was performed with a RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
Quantitative analyses were performed using SYBR Green
Master Mix on a 7500 Real-Time PCR System (Applied Bio-
systems). The quantitative real-time PCR data were analyzed
using ACt values, and B-actin was amplified as an internal
standard. Primer sequences are listed in Table 1.

Western blot analysis

The cells were lysed in RIPA buffer (Beyotime, Shanghai,
People’s Republic of China) containing 10% protease inhibi-
tor (Beyotime) and 1% phosphatase inhibitor (Beyotime) for
40 min. The final cell lysate was centrifuged at 12,000x g,
and the supernatant was collected. The protein concentra-
tion was measured using a BCA assay (Beyotime). After
denaturation, the protein mixture was subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis using
a 10% polyacrylamide gel. The separated proteins were
transferred to polyvinylidene difluoride membranes and
incubated at 4°C overnight with primary antibodies. After
being washed, the membranes were incubated with HRP-
conjugated secondary antibodies (Bioworld Technology,
Inc, St Louis Park, MN, USA) for 2 h at room temperature.
The density of the protein bands was captured and measured
using enhanced chemiluminescence reagent (Thermo Fisher
Scientific) and AlphaEaseFC (StandAlone, Alphalnnotech,
SanLeandro, CA, USA).

Table | The primers used for real-time polymerase chain reaction

Gene Sense (5'-3') Antisense (5-3')

CDHI TCACGCTGTGTCATCCAACGG TAGGTGTTCACATCATCGTCCGC
CDH2 CATCATCATCCTGCTTATCCTTGT GGTCTTCTTCTCCTCCACCTTCTT
Vimentin AATCCAAGTTTGCTGACCTCTCTGA ACTGCACCTGTCTCCGGTACTC
Zeb-1 CGCTTCTCACACTCTGGGTCTTATT CCTCTTCCCTTGTAAACTCTCT
Twist GTCCGCAGTCTTACGAGGAG GCTTGAGGGTCTGAATCTTGCT
Slug ATCTGACACCTCCTCCAAG TGCAGCTGCTTATGTTTGGCC
Snail CTTCTCCTCTACTTCAGTCTCTTCC TGAGGTATTCCTTGTTGCAGTATTT
MMP-2 TGATCTTGACCAGAATACCATCGA GGCTTGCGAGGGAAGAAGTT
MMP-7 AGTGAGCTACAGTGGGAACAGGC CATTATTTCTATGACGCGGGAGT
Beta-actin GGGAAATCGTGCGTGACATTA CAGGAAGGAAGGCTGGAAGAGTG
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Immunofluorescence microscopy

The cells were seeded onto 6-well plates containing glass
coverslips. After cell treatment, the cells were washed three
times with PBS and then immersed in the fixation solution
containing 4% paraformaldehyde for 20 min. Then, fixed
cells were permeabilized in 0.2% Triton X-100, washed
with PBS, and blocked with the addition of 5% goat serum
albumin for 1 h at room temperature. The cells were incu-
bated with anti-N-cadherin antibody and anti-Vimentin
respectively overnight at 4°C. After three rinses with PBS,
the cells were incubated with AlexaFluor 488-conjugated
secondary antibody (Thermo Fisher Scientific) to detect
N-cadherin. Then, the cells were washed three more times
with PBS, and DAPI was added for 5 min to stain cell nuclei.
Finally, images were captured with an automated upright
microscope system (Leica DM4000B; Leica Microsystems,
Wetzlar, Germany).

Statistical analysis

Statistical analyses were performed using the SPSS 19.0
statistical software package (IBM Corporation, Armonk,
NY, USA). The results were derived from at least three
independent experiments and are expressed as the mean *
standard error of the mean (SEM). Student’s #-test was used
to assess significance. A value of P<<0.05 was considered to
indicate a statistically significant difference.
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Results

Quercetin decreases cell viability and
inhibits EMT in PC cell lines

At the beginning of our experiments, we observed whether
quercetin had an effect on cell viability by using CCKS8
assays. After the PATU-8988 and PANC-1 cells were treated
with quercetin (0, 20, 40, 80, 160 uM) for 24 h, we performed
a CCK& assay to detect cell viability by measuring the absorb-
ance at 490 nm of each well. Cell viability was decreased with
increasing concentration (Figure 1A and B). The IC(50) of
quercetin was 131.05 uM in the PATU-8988 and 244.909 uM
in the PANC-1 cells.

In the next experiment, we treated PATU-8988 cells with
quercetin at concentrations of 0, 20, 40, and 80 uM for 24 h.
Then RT-PCR was performed to detect mRNA levels of impor-
tant EMT biomarkers of N-cadherin, E-cadherin, and Vimentin.
The results showed that quercetin increased mRNA expres-
sion levels of E-cadherin and decreased mRNA expression
levels of N-cadherin and Vimentin with increasing quercetin
concentration (Figure 1C). In addition, we then performed a
Western blotting assay to detect the protein level of N-cadherin,
E-cadherin, and Vimentin. The results were consistent with the
trend observed in the RT-PCR results (Figure 1D).

To more thoroughly verify the effect of quercetin on
EMT, we focused on the EMT nuclear transcription factors
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Figure | Dose-dependent inhibition of cell viability in PANC-1 and PATU-8988 cells, and of epithelial-mesenchymal transition in PATU-8988 cells.

Notes: PANC-| and PATU-8988 cells were treated with different concentrations of quercetin (0, 20,40, and 80 M) for 24 h in the cell viability experiments, and PATU-8988
cells were treated with different concentrations of quercetin (0, 20, 40, and 80 uM) for 24 h in the rest of the experiments. (A, B) Fold changes in cell viability of PANC-1
and PATU-8988 cells. (C) Fold changes in mRNA expression of E-cadherin, N-cadherin, and Vimentin in PATU-8988 cells. PATU-8988 cells were treated with different
concentrations of quercetin (0, 20, 40, and 80 uM) for 24 h. (D) The protein expression of E-cadherin, N-cadherin, and Vimentin was measured with a Western blotting assay.
B-actin was used as an internal control. (E) Fold changes in mRNA expression of Zebl, Twist, Slug, and Snail in PATU-8988 cells. (F) The protein expression of Zeb |, Twist,
Slug, and Snail was measured with a Western blotting assay in PATU-8988 cells. B-actin was used as an internal control. (G) The immunofluorescence of N-cadherin,Vimentin
(green), and the cell nuclei (blue).The data are presented as the mean * standard error of the mean (SEM); n=3; *P<<0.05 versus the 0 UM group.
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Zebl, Twist, Slug, and Snail. We treated PATU-8988 cells
with quercetin at concentrations of 0, 20, 40, and 80 uM for
24 h. Then, RT-PCR and Western blotting were performed
to detect the mRNA and protein levels of Zeb1, Twist, Slug,
and Snail. The results showed that quercetin decreased the
mRNA and protein levels of Zebl1, Twist, Slug, and Snail in
a dose-dependent manner (Figure 1E and F).

We also performed an immunofluorescence assay to
determine the protein level of N-cadherin and Vimentin,
and found that N-cadherin and Vimentin expression had
decreased obviously (Figure 1G). Taken together, our results
revealed that quercetin was able to reverse the EMT process
in PATU-8988 cells.

Quercetin inhibits PC cell migration

and invasion

There is a close relationship between EMT and MMPs in the
process of tumorigenesis. Thus, we investigated the effects
of quercetin on PC cell invasion and metastasis. The cells
were treated as described previously. Then, we performed
RT-PCR to detect the mRNA level of MMP2 and MMP7.
The results showed that quercetin decreased the mRNA
level of MMP2 and MMP7 in a dose-dependent manner
(Figure 2A). We also performed a Western blotting assay
to detect the protein levels of MMP2 and MMP7. Quercetin
also suppressed the protein levels of MMP2 and MMP7 in
a dose-dependent manner (Figure 2B).
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Figure 2 Quercetin inhibits invasion and metastasis of PATU-8988 cells in a dose-dependent manner.

Notes: PATU-8988 cells were treated with different concentrations of quercetin (0, 20, 40, and 80 uM) for 24 h. (A) Fold changes in mMRNA expression of MMP-2 and MMP-7
in PATU-8988 cells. (B) The protein expression of MMP-2 and MMP-7 was measured with a Western blotting assay. 3-actin was used as an internal control. (C) Quercetin
inhibited the invasion and migration capacity of PATU-8988 cells. (D) Image of the wound healing assay and the average width of the wound area. The data are presented as

the mean + standard error of the mean (SEM); n=3; *P<<0.05 versus the 0 UM group.

MMPs are major contributors to cancer cell invasion
and metastasis due to their ability to degrade the ECM and
BM. We performed Transwell invasion and wound healing
assays to investigate whether quercetin inhibited invasion
and metastasis of PC cells. The results showed that invasion
and metastasis were significantly inhibited in PC cells treated
with quercetin (Figure 2C and D).

Quercetin inhibits activation of p-STAT3
and the IL-6-induced increase in p-STAT3

To investigate the effects of quercetin on the STAT3 path-
way, we performed a Western blotting assay for STAT3
and p-STAT3 after treatment with different concentrations
of quercetin. The results showed that the protein level of
p-STAT3 was obviously decreased and the protein level of
STAT3 was not affected (Figure 3A).

IL-6has been confirmed, in various cells, to activate STAT3
signaling and promote EMT, invasion, and metastasis. In the
previously mentioned experiment, we found that quercetin
inhibited STAT3 signaling in a dose-dependent manner.
Therefore, we investigated whether quercetin could inhibit
IL-6-induced activation of STAT3 in PATU-8988 cells. First,
we observed changes in cell morphology. There was a transi-
tion to a spindle-shaped morphology in the PATU-8988 cells
after treatment with IL-6 for 24 h (Figure 3B). We treated
the cancer cells with human recombinant IL-6 (100 ng/mL)
for 72 h, and in the last 24 h, quercetin (80 uM) was added.
The results showed that the level of STAT3 was not changed
after treatment with IL-6 or quercetin. However, the increase
of p-STAT3 induced by IL-6 was inhibited after treatment
with quercetin (Figure 3C). Before being treated with
quercetin for 24 h, PATU-8988 cells were pretreated with
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Figure 3 Quercetin inhibits the STAT3 signaling pathway and IL-6-induced STAT3 signaling.

Notes: (A) The protein expression of STAT3 and p-STAT3 was measured with a Western blotting assay. f-actin was used as an internal control. PATU-8988 cells were
treated with different concentrations of quercetin (0, 20, 40, and 80 uM) for 24 h. (B) Morphological changes after IL-6 (100 ng/mL) treatment in PATU-8988 cells. (C) The
protein expression of IL-6-induced STAT3 and p-STAT3 was measured with a Western blotting assay. 3-actin was used as an internal control. PATU-8988 cells were treated
with human recombinant IL-6 (100 ng/mL) for 72 h, and in the last 24 h, quercetin (80 uM) was added. (D) The protein expression of IL-6-induced p-STAT3 in cells treated
with quercetin and AG490. B-actin was used as an internal control. Before being treated with quercetin for 24 h, PANC-| cells were pretreated with AG490 for 30 min.

AG490 (50 uM) for 30 min. There was no obvious difference
between the two groups (Figure 3D). The results suggest that
quercetin may weaken the IL-6-induced activation of STAT3
and inhibit EMT, invasion, and metastasis by inhibiting
STATS3 signaling.

Quercetin reverses the process of IL-6-

induced EMT, invasion, and metastasis

IL-6 can induce EMT and promote cell invasion in various
cancer cells. We treated PATU-8988 cells with human
recombinant IL-6 (100 ng/mL) for 72 h and performed
Western blotting and RT-PCR to determine the change in
the EMT biomarkers N-cadherin, E-cadherin, and Vimentin;
the EMT nuclear transcription factors Zebl, Twist, Slug
and Snail, and MMP2 and MMP7. While E-cadherin
was reduced, the remaining indicators were increased
(Figure 4A-F), which indicated that IL-6 significantly
induced EMT, invasion, and metastasis in PC cells. For the
last 24 h, quercetin was added and the effect of IL-6-induced
EMT, invasion, and metastasis was reversed after treatment
with quercetin (Figure 4A-F).

Discussion

PC is one of the most invasive tumors of the digestive system
and has the worst prognosis. Surgery, the only radical treat-
ment presently offered, is often unavailable when a patient
is diagnosed because most patients remain asymptomatic
until PC reaches an advanced stage, and there is no effective

program for screening patients who may have a high risk of
PC.! Quercetin has emerged as a potential anti-tumor drug.
Quercetin induces protective autophagy in gastric cancer
cells,”” and quercetin inhibited cell viability, migration, and
metastasis in a prostate cancer cell line by modulating Wnt
signaling components.?® We hypothesized that quercetin
could have a beneficial effect in PC cells via STAT3 signal-
ing. Here, we found that quercetin can reduce the degree
of malignancy in PC cells, at least partly, via the STAT3
signaling pathway, and thus, we confirmed that quercetin is
a potential therapeutic agent for PC.

EMT is considered an important pathological process
that promotes tumor invasion and metastasis.”’ EMT was
found to occur in PC cell lines and surgically resected PC
tissues.’*3! Clinical observations and animal studies have
shown that EMT plays an important role in PC progression.*?
Therefore, we investigated whether quercetin could reverse
the EMT phenotype in PC. The results were consistent with
our hypothesis that quercetin has the potential to inhibit EMT
in PC. EMT results in degradation of the ECM, and MMPs
are the primary mediators of the degradation of the ECM and
BM. MMPs play an important role in the process of tumor
invasion and metastasis.* MMPs are highly expressed in PC
cells in clinical and experimental models.** We therefore per-
formed an investigation of the MMP-2, MMP-7 expression
levels and an in vitro Transwell invasion assay. The results
showed that quercetin effectively inhibited the expression of
MMPs and cell invasion.
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Figure 4 Quercetin inhibits IL-6-induced epithelial-mesenchymal transition and MMP secretion in PATU-8988 cells.

Notes: PATU-8988 cells were treated with human recombinant IL-6 (100 ng/mL) for 72 h, and in the last 24 h, quercetin (80 {M) was added. (A) Fold changes in mRNA
expression of E-cadherin, N-cadherin, and Vimentin in PATU-8988 cells. (B) The protein expression of E-cadherin, N-cadherin, and Vimentin was measured with a Western
blotting assay. B-actin was used as an internal control. (C) Fold changes in the mRNA expression of Zebl, Twist, Slug, and Snail in PATU-8988 cells. (D) The protein
expression of Zeb |, Twist, Slug, and Snail was measured with a Western blotting assay in PATU-8988 cells. B-actin was used as an internal control. (E) Fold changes in the
mRNA expression of MMP-2 and MMP-7 in PATU-8988 cells. (F) The protein expression of MMP-2 and MMP-7 was measured with a Western blotting assay. -actin was used
as an internal control. The data are presented as the mean + standard error of the mean (SEM); n=3; *P<<0.05 versus the 0 UM group; *P<<0.05 versus the 20 UM group.

Although STATS3 is not a housekeeping transcription
factor of EMT, it is involved in the expression of EMT-
related genes, affecting the phenotype of tumor cells and
invasion and metastasis. Activation of STAT3 increased the
invasive and metastatic ability of liver cancer cells by medi-
ating the EMT process.*>*¢ STAT3 signaling enforces MMP
expression in various cancer cells and promotes malignant
cell invasion and metastasis.’’** STAT3 is an important
oncogene, but unphosphorylated-STAT3 has no effect in
the development of cancer. It has been reported widely that

p-STAT3, the activation product of STAT3, is likely to
contribute importantly to the development of cancer.*’ In our
experimental results, we observed that the inhibition caused
by quercetin of the STAT3 signaling pathway is accompanied
by a reversal of the EMT phenotype and MMP secretion.
PC cells secrete more IL-6 than cells in tissues adjacent
to carcinomas in PC development and progression.*! IL-6,
a multi-potent cytokine, binds to sIL-6R to form an IL-6/
sIL-6R complex. It then activates gp130 on the cell mem-
brane surface, inducing STAT3 activation.** IL-6 can activate
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the STAT3 pathway to promote progression of pancreatic
intraepithelial neoplasia and development of PC.** We used
IL-6 to induce EMT in PC cells and investigated whether
quercetin reversed the IL-6-induced increase in malignancy
via inhibition of the STAT3 signaling pathway. The results
are consistent with our speculation that IL-6 can induce EMT
and the secretion of MMPs. IL-6-induced EMT and the secre-
tion of MMPs was reversed by quercetin. We also pretreated
PATU-8988 cells with a p-STAT3 inhibitor (AG490) for
30 min. The expression of p-STAT3 was inhibited in both
groups, and the difference in the expression level was not
significant. Taken together, quercetin inhibits EMT, invasion,
and metastasis of PC cells by inhibiting the STAT3 signaling
pathway. However, we cannot rule out the possibility that
quercetin may also act through other mechanisms to inhibit
EMT, invasion, and metastasis in PC. This still requires
further investigation.

Although the anti-tumor effects of STAT3 were verified
in our experiments, the specific mechanisms of how STAT3
regulates EMT, invasion, and metastasis are not fully dem-
onstrated in this article. c-fos and c-jun, which are STAT3
downstream molecules, are early oncogenes. STAT3 acti-
vation by phosphorylation causes c-fos and c-jun oncogene
activation and expression. Activated STAT3 and c-jun bind
to the AP-1 promoter binding site as a heterodimer or with
c-fos in a homodimer form, inducing oncogene expression,
thus participating in malignant transformation of cells.*
Furthermore, STAT3 plays a vital role in the process of
chronic inflammation-mediated tumor progression. The
mechanistic link between inflammatory damage and cancer
initiation is still unclear. Activation of STAT3 enhances the
M2-type polarization of macrophages and helps the forma-
tion of tumor-associated phenotypes.* Tumor-associated
macrophages can upregulate the expression of HIF-1 and
VEGF with the activation of STAT3, which can significantly
promote the formation of tumor blood vessels.*® All in all,
what can be affirmed is that quercetin and STAT3 have
a beneficial effect in cancer and the relationship between
quercetin and STAT3 and other signaling pathways is very
complicated and requires further study.

In conclusion, quercetin can inhibit EMT, invasion, and
metastasis and reverse the IL-6-induced increase in PC cell
malignancy by inhibiting the STAT3 signaling pathway. Our
results provide important insight for understanding the mech-
anisms of the anticancer effect of quercetin. The results of
this study suggest that quercetin is a potential anticancer drug.
We propose that quercetin treatment may be a new therapeutic
strategy that targets EMT, invasion, and metastasis.
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