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Abstract Pancreatic ductal adenocarcinoma (PDA)
is an aggressive type of malignant tumor with a poor
prognosis and high mortality. Aberrant activation of

Bullet point summary What is already known?

Quercetin inhibits the growth, migration, and invasion and
induced apoptosis of pancreatic cancer cells.

What does this study add?

Gli2-dependent sonic hedgehog signaling is critical for quercetin-
mediated anticancer effects in pancreatic ductal adenocarcinoma.

Clinical significance Quercetin has therapeutic potential for the
treatment of pancreatic ductal adenocarcinoma by targeting SHH
and TGF-[3/Smad signaling pathways.

Highlights

1. Quercetin inhibited growth, migration, and invasion and
induced apoptosis of pancreatic cancer cells.

2. Gli2-dependent SHH signaling pathway was involved in
quercetin-mediated anticancer effects.

3. Quercetin reduced SHH activity, thereby inhibiting TGF-31/
Smad2/3 signaling and blocking the EMT process by regulating
the expression of EMT-TFs Zeb2 and Snaill.

Pharmacological nomenclature TARGETS
Smo

LIGANDS

Quercetin

Transforming growth factor beta-1
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hedgehog signaling plays a crucial role in the main-
tenance and progression of PDA. Here, we report
that the dietary bioflavonoid quercetin has therapeu-
tic potential for PDA by targeting sonic hedgehog
(SHH) signaling. The effects of quercetin on the
proliferation, apoptosis, migration, and invasion of
pancreatic cancer cells (PCCs) and tumor growth
and metastasis in PDA xenograft mouse models
were evaluated. Additionally, SHH signaling activi-
ty was determined. Quercetin significantly inhibited
PCC proliferation by downregulating c-Myc expres-
sion. In addition, quercetin suppressed epithelial-
mesenchymal transition (EMT) by reducing
TGF-B1 level, which resulted in inhibition of PCC
migration and invasion. Moreover, quercetin in-
duced PCC apoptosis through mitochondrial and
death receptor pathways. In nude mouse models,
PDA growth and metastasis were reduced by quer-
cetin treatment. Mechanically, quercetin exerts its
therapeutic effects on PDA by decreasing SHH ac-
tivity. Interestingly, quercetin-induced SHH inacti-
vation is mainly dependent on Gli2, but not Glil.
Enhance SHH activity by recombinant Shh protein
abolished the quercetin-mediated inhibition of PCC
proliferation, migration, and invasion. Furthermore,
Shh activated TGF-31/Smad2/3 signaling and pro-
moted EMT by inducing the expression of Zeb2 and
Snaill that eventually resulted in a partial reversal of
quercetin-mediated inhibition of PCC migration and
invasion. We conclude that quercetin inhibited the
growth, migration, and invasion and induced apo-
ptosis of PCCs by antagonizing SHH and TGF-3/
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Smad signaling pathways. Thus, quercetin may be a
potential candidate for PDA treatment.

Keywords Pancreatic ductal adenocarcinoma (PDA) -
Quercetin - Sonic hedgehog signaling - EMT - TGF-{31/
Smad2/3
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Introduction

Pancreatic cancer is a highly malignant tumor of the
digestive system with a very poor prognosis (Bray et al.
2018). According to the World Cancer Research Fund,
458,918 people were diagnosed with pancreatic cancer
in 2018 (Bray et al. 2018). Only 8 percent of diagnosed
patients are expected to survive more than 5 years after
diagnosis. The main reason of the poor prognosis in
patients with pancreatic cancer is that pancreatic cancer
has a strong local invasion and early metastasis ability
(Christenson et al. 2020). Furthermore, most patients
with pancreatic cancer are unresectable due to local
invasion or distant metastasis at the time of diagnosis.
Therefore, elucidating the underlying mechanism of
tumor metastasis and taking effective measures to curb
metastasis are of utmost importance for improving the
prognosis of patients with pancreatic cancer.

Pancreatic ductal adenocarcinoma (PDA) is a type of
exocrine pancreatic cancer. It is the most common type
of pancreatic cancer and accounts for 95% of all pan-
creatic cancers (Collisson et al. 2019). Due to the high
degree of heterogeneity, pancreatic cancer cells (PCCs)
have an abnormal growth, early dissemination, and me-
tastasis and have some resistance to radiotherapy and
chemotherapy (Nevala-Plagemann et al. 2019). Emerg-
ing evidence has shown that the epithelial-to-
mesenchymal transition (EMT) program was consid-
ered a major driver of PDA progression from initiation
to metastasis (Aiello et al. 2017; Rhim et al. 2012). In
the EMT process, epithelial-derived tumor cells often
lose the characteristics of epithelial cells during invasion
and metastasis, reduce adhesion between cells, and ex-
press markers of mesenchymal cells and enzymes that
decompose the extracellular matrix, eventually leading
to increased invasive ability (Zhou et al. 2017). Thus,
targeting EMT is one of the main strategies for the
treatment of PDA metastasis.

Aberrant activation of the hedgehog pathway has
been reported to be involved in the maintenance and
progression of PDA (Hidalgo and Maitra 2009; Saini
et al. 2019; Xu et al. 2009). The hedgehog signaling
pathway consists of ligands, such as Sonic hedgehog
(Shh), Indian hedgehog (Ihh), and two transmembrane
receptors: Patched (Ptch) and Smoothened (Smo), and
the downstream transcription factor Gli family (Glil and
Gli2) (Amakye et al. 2013). In absence of the Shh
ligand, the membrane receptor Ptch blocks the Smo
receptor, thereby repressing its activity. Conversely,
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binding of the Shh ligand to the Ptch receptor dimin-
ishes its inhibitory effects on Smo, allowing signal
transduction through the pathway that culminates in
activation and nuclear translocation of Gli zinc finger
transcription factors. Consequently, these transcription
factors turn on genes in the nucleus to promote cellular
proliferation and induce the activation of downstream
cascade signals such as TGF-{3/Smad2/3 to trigger EMT
in PDA (Moutasim et al. 2014).

Quercetin is a natural flavonoid, also known as
meletin, mainly found in five-color fruit and vegetables,
such as cherries and cranberries (Kawabata et al. 2015).
Quercetin has anti-platelet aggregation, anti-oxidation,
anti-inflammatory, free radical scavenging, and other
biological activities (Chen et al. 2016; Lu et al. 2018).
In PDA, quercetin also has potential therapeutic activity.
Quercetin sensitizes PCCs to tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL)-induced ap-
optosis through JNK-mediated cFLIP turnover (Kim
et al. 2016). In PCCs, quercetin facilitates cell death
and chemosensitivity through the RAGE/PI3
K/Akt/mTOR axis (Lan et al. 2019). Moreover, querce-
tin inhibited the EMT and regulated apoptosis and pro-
liferative pathways by the suppression of sonic hedge-
hog (SHH) signaling (Liu et al. 2019; Salama et al. 2019
). Considering the above, we hypothesized that querce-
tin might have therapeutic potential for the treatment of
PDA by antagonizing SHH signaling.

In the present study, we investigated the effects of
quercetin on the proliferation, migration, and invasion
and apoptosis by real-time cell analysis, colony forma-
tion and cell migration assays, and flow cytometry anal-
ysis in PCCs, as well as tumor growth and metastasis via
a nude mouse tumorigenicity assay. In addition, the
activity of SHH signaling was determined both in vivo
and in vitro. Taken together, our findings revealed that
quercetin inhibited PCC growth, migration, and inva-
sion and induced apoptosis by antagonizing SHH and
TGF-f3/Smad signaling pathways. Thus, quercetin may
be a potential candidate for the treatment of PDA.

Materials and methods
Cell culture and drug treatment
Human PCC lines PANC-1 and Patu8988 were obtain-

ed from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). PANC-1 and Patu8988

cells were cultured at 37 °C and 5% CO, in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, Carls-
bad, CA, USA), supplemented with 10% fetal bovine
serum (FBS; Invitrogen), 100 pug/ml streptomycin, and
100 U/ml penicillin (Invitrogen). Cells were treated with
10 or 100 uM quercetin (CAS: 117-39-5, Yuanye Bio-
technology, Shanghai, China) with or without recombi-
nant Shh protein (PeproTech, Cranbury, NJ, USA).

Real-time cellular analysis

In this study, 10% FBS served as the stimulator and cells
were subjected to serum-free medium for 24 h before
experimentation. Real-time monitoring of cell prolifer-
ation was performed using an XCELLigence MP system
(ACEA Biosciences, San Diego, CA, USA). Prior to
seeding cells into the E-plate 96, background impedance
was measured after 100 pl of medium was added to the
wells for 30 min at room temperature. Cell density was
determined by using a hemocytometer after methylene
blue staining. Following seeding of the appropriate
number of cells (6 x 10° cells) into each well, the plate
was incubated at room temperature for 30 min to allow
cells to settle. Cell proliferation was monitored every
30 min for 24 h.

CCK-8 assay

The CCK-8 cell proliferation and cytotoxicity test kit
(Dojindo, Shanghai, China) was performed as per the
manufacturer’s instructions to determine the viability of
PANC-1 and Patu8988 cells that were treated with
different concentrations of quercetin. At specified time
points, 10 ul of the reagent at different concentrations
was added to each pore containing 100 pl cell suspen-
sion (5 x 10 cells), incubated for 1 h, and the absor-
bance at 450 nm was determined. The cell viability was
calculated by comparing the experimental cells with
untreated control cells. All the experiments were repeat-
ed at least in triplicate.

Flow cytometry analysis

PANC-1 and Patu8988 cells treated with quercetin were
incubated for 24 h and were collected by centrifugation.
For apoptosis analysis, Annexin V-FITC (Multi Sci-
ence, Hangzhou, China) was added to re-suspended
cells at room temperature and incubated for 15 min in
the dark. Next, propidium iodide (PI, Multi Science)
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was added to re-suspended cells and incubated for an-
other 5 min in the dark. Finally, cell apoptosis was
analyzed using flow cytometry (Ex = 488 nm; Em =
530 nm, BD FACSVerse™, BD Biosciences, San Jose,
CA, USA).

Colony formation assay

Cells were incubated into six-well plates at 500~1000
cells per well. When cells grew into colonies that were
visible to the naked eye, cells were treated with querce-
tin. At 24 h after treatment, colonies were fixed with
formaldehyde and stained with crystal purple, and the
number of clones was counted.

Cell migration assay

PANC-1 and Patu8988 cells were incubated in a 6-well
plate at 37 °C for 48 h. Then, the culture area was
scraped at the tip of the crystal pipette to form a linear
gap in the confluent cell monolayer. Isolated cells were
washed with PBS and added to DMEM containing
quercetin. Cells would grow to fill the gaps, and an
inverted microscope was used to capture images of the
culture area every 24 h.

Transwell invasion assay

A transwell chamber (Costar, New York City, NY,
USA) assay was used to determine the invasive ability
of PANC-1 and Patu8988 cells in vitro. In brief, cells
were incubated in 500 pl serum-free medium containing
betulinic acid, coated with Matrigel® reduced by
growth factor (invasion test), and 10% FBS was added
to the lower chamber to serve as a chemical inducer.
After incubation for 24 h, cells on the upper surface of
the membrane were collected with a Q-TIP, whereas
invaded cells were fixed with formaldehyde and stained
with 0.5% crystal purple (Sigma). The number of inva-
sive cells in five randomly selected areas was counted
using a microscope (Leica Microsystems, Wetzlar,
Germany).

Immunofluorescence staining
PANC-1 and Patu8988 cells were cultured with querce-
tin in six-well plates containing glass slides, washed in

phosphate buffer saline (PBS), and fixed in 4% parafor-
maldehyde (Sigma-Aldrich, Shanghai, China) for
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30 min at 4 °C. After permeating in 0.1%Triton X100
for 10 min, cells were washed in PBS and sealed with
10% FBS to eliminate non-specific fluorescence. Immu-
nofluorescence staining was performed by incubating
the cell sections containing cells overnight with the
following primary antibodies: x-SMA (1: 200, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), Ptchl (1:
200, Santa Cruz), and Smo (1: 200, Santa Cruz) at 4 °C
(Additional file 1). After washing three times in PBS,
cell preparations were incubated with DyLight 488
(green)- or 594 (red)-labeled secondary antibodies
(Sigma-Aldrich) at room temperature for 1 h. After
washing in PBS, a mounting media was dropped onto
the cell preparations, which were mounted onto a slide.
Immunofluorescence studies were quantitatively or
semi-quantitatively evaluated by two independent in-
vestigators in a blinded manner.

Tumorigenicity assay in nude mice

Male nude mice (BALB/c), weighing 18-22 g, 6-8
weeks old, were purchased from the Experimental An-
imal Center of Wenzhou Medical University (Wenzhou,
China). Mice were placed in an environment controlled
by temperature, humidity, and light and were fed a
standard mouse feed and water. The day before the
experiment, mice were fasted. Prior to the experiment,
a total of 0.2% pentobarbital sodium was injected intra-
peritoneally. The side of the left neck of experimental
mice (n = 12) was injected subcutaneously with 5 x 10°
PANC-1 cells in 10 ul of PBS after which mice received
daily intragastric administration of quercetin (75 mg/kg
day) for 30 days. Model mice (n = 12) received an
injection of 5 x 10° PANC-1 cells and a daily gastric
tube of solvent (PBS), whereas the healthy group (n = 6)
was treated with PBS only. Tumor was monitored daily
until the tumor grew too bulky or became necrotic.
Based on the formula V = length2 x width, the tumor
volume was measured every other day, in which the
length was always the longest measurement. At the end
of the experiment, all the mice were euthanized by CO,
asphyxiation. Animal protocols including the method of
euthanasia were approved by the Institutional Animal
Care and Use Committee of Wenzhou Medical Univer-
sity, China. All methods were performed according to
the guidelines approved by the Institutional Review
Board of the Key Laboratory of Diagnosis and Treat-
ment of Severe Hepato-Pancreatic Diseases of the Zhe-
jiang Province, China.
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Histopathological examination
and immunohistochemical staining

Tumor specimens from animals fixed in formalin and
embedded in paraffin were cut into 4-yum sections and
stained with hematoxylin and eosin (HE, Yuanye Bio-
technology, Shanghai, China). Immunohistochemical
(IHC) analysis was performed using 4-pm-thick sec-
tions that had been dewaxed with xylene and rehydrated
in sequential ethanol. Sections were incubated in 0.1%
sodium citrate buffer (pH 6.0) for antigen retrieval, and
endogenous peroxidase activity was blocked with 3%
hydrogen peroxide (Beyotime, Shanghai, China). IHC
staining was performed using the following primary
antibodies: anti-Ki67 (1:200), anti-E-cadherin (1:200),
anti--SMA (1:200), and anti-Shh (1:200) (Additional
file 1). Stained sections were examined and images were
taken using a DM4000B LED Microscope System
(Leica Microsystems) and a DFC 420C 5M Digital
Microscope Camera (Leica Microsystems). The inte-
grated optical density (IOD) was measured using
Image-Pro Plus software (version 6.0, Media Cybernet-
ics, Silver Spring, MD, USA). All samples were semi-
quantitatively or quantitatively assessed by two inde-
pendent investigators in a blinded manner.

Western blot analysis

Western blot analysis was performed according to a
previous report (Zhang et al. 2019). Total proteins or
nucleoprotein from PANC-1 and Patu8988 cells or tu-
mor tissues were collected, and the protein concentra-
tion was determined by double star choline acid protein
analysis kit (Beyotime Biotechnology). Total protein
(20 pg) of each sample was separated by SDS-PAGE
and transferred to polyvinylidene fluoride membrane
(Solarbio, Beijing, China). After blocking with 5% skim
milk that was dissolved in TBST, membranes were
probed with a primary antibody overnight at 4 °C, and
a horseradish peroxidase (HRP)-conjugated secondary
antibody detection system was used for visualization. A
SuperSignal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific) was used for visualization.
All primary antibodies listed in Additional file 1 were
diluted to 1:1000. Protein bands were quantified by
measuring the intensity of the signals using Image-Pro
Plus (version 6.0) and normalized to the GAPDH or
Histone H3 signals.

Quantitative reverse transcriptase-PCR (qQRT-PCR)

Total RNA was extracted from PANC-1 and Patu8988
cells or tumor tissues using TRIzol reagent (Invitrogen)
and reverse transcribed into cDNA template using an
ReverTra Ace qPCR RT Kit (Toyobo, Japan). SYBR
Green Real-Time PCR Master Mix Plus (Toyobo) was
used for QRT-PCR. The cDNA was separated on an
agarose gel, and the quantity was determined by
Varioskan flash (Thermo Fisher Scientific, San Jose,
CA, USA). Sequence-specific primers for Cdhl, Acta2,
Vim, Tgfbl, Zeb2, Snaill, Shh, Ihh, Glil, and Gli2,
listed in Additional file 2, were synthesized by
Invitrogen, and GAPDH was used as an endogenous
reference gene. Samples were analyzed in triplicate and
melting curves were examined to verify that a single
product was amplified. For quantitative analysis, sam-
ples were analyzed by the AACT method.

Human PDA tissues and THC staining

Human PDA tissues and paired non-tumorous pancre-
atic tissues were collected during surgical resection at
The First Affiliated Hospital of Wenzhou Medical Uni-
versity (Wenzhou, China). The use of human samples
was approved by the Institutional Review Board of The
First Affiliated Hospital of Wenzhou Medical Universi-
ty (Wenzhou, China). For histopathological analysis,
tissues were sectioned (4 pum), and HE staining was
performed according to the manufacturer’s instructions.

Oncomine data analyses

Oncomine data analyses were carried out as previously
described (Xu et al. 2015). Briefly, we searched for Shh
or Gli2 using the following threshold values: P value of
0.05, fold-change of 2, and gene rank in the top 10%
among all differentially expressed genes. Subsequently,
Oncomine ordered all data sets by P value per published
data set, and the values were linked to the graphical
representations of the original microarray data set. Each
sample value was log2 transformed. P values were
calculated using Student’s ¢ test.

RNA interference
Small interfering RNA (siRNA) targeting Gli2 were

synthesized by GenePharma (Shanghai, China). The
primer sequences of siRNAs were as follows: Gli2
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siRNA, 5-GGUUCGAGCAGCUCAAGAAGG-3’
(sense) and 5'-UUCUUGAGCUGCUCGAA CCGG-3'
(antisense). We transfected the PANC-1 cells with
siRNAs using Lipofectamine 3000 (Life Technologies,
CA, USA) as per the instructions of the manufacturer.
The efficiency of siRNA transfection was assessed by
qRT-PCR.

Statistical analysis

Data were presented as the mean =+ standard error of the
mean (SEM). All statistical analyses were performed
using GraphPad Prism software (version 8.0, GraphPad
Software, Inc., La Jolla, CA, USA). Two-sided Stu-
dent’s ¢ test was used to analyze differences between
the two groups. A one-way analysis of variance was
used when more than two groups were compared. A P
value of less 0.05 was considered statistically
significant.

Results

Quercetin inhibits proliferation and induces apoptosis
of PCCs

To investigate the effects of quercetin on the prolifera-
tion of PCCs, unlabeled real-time cell analysis (RTCA),
CCK-8 assay, and colony formation assay were per-
formed. As shown in Fig. la, as expected, the growth
of PANC-1 and Patu8988 cells was markedly inhibited
by quercetin treatment (0, 10, and 100 uM) and was
concentration- and time-dependent. The CCK-8 results
of PANC-1 and Patu8988 cells confirmed the
concentration-dependent inhibitory effects of quercetin
on cell viability (Fig. 1b). In addition, quercetin signif-
icantly reduced the colony formation in PANC-1 and
Patu8988 cells (Fig. 1c). Ki67 (also known as MKI67)
has been reported as a cellular marker for proliferation
and is highly expressed in pancreatic cancer tissues
(Panzuto et al. 2011). Ki67 is present during all active
phases of the cell cycle (G1, S, G2, and M), but is absent
in resting cells (GO). The cellular content of Ki67 pro-
tein markedly increased during PCC progression
through the S phase of the cell cycle (Foltyn et al.
2012). In this study, the ratio of Ki67-positive cells in
total cells was reduced in quercetin-treated PANC-1 and
Patu8988 cells when compared with the control (Fig.
1d). Thus, these results suggested that quercetin has
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proliferation-inhibitory activities on PCCs and it is
concentration- and time-dependent.

Next, we assessed the effects of quercetin on apopto-
sis of PCCs by flow cytometry analysis. Treatment with
quercetin significantly increased the proportion of apo-
ptosis and necrotic cells (Fig. le). Further studies
showed that the expression levels of p62, LC3-1, and
LC3-II did not alter in quercetin-treated PANC-1 and
Patu8988 cells, thereby suggesting that quercetin did not
induce autophagy in PCCs (Fig. 1f). Interestingly, up-
regulated levels of cleaved caspase-8 and cleaved
caspase-3 were observed after quercetin treatment (Fig.
1g). In addition, quercetin increased Bax expression and
decreased Bcl-2 expression (Fig. 1h). Taken together,
quercetin induced death receptor- and mitochondrial-
mediated apoptosis of PCCs.

Quercetin inhibits migration and invasion of PCCs
by suppressing EMT

PCC migration and invasion are the main factors for
PDA metastasis and poor prognosis (Christenson et al.
2020). Here, the invasion number of PANC-1 and
Patu8988 cells using transwell chamber assay was
markedly inhibited by quercetin treatment (Fig. 2a).
Also, the migrated rate of PANC-1 and Patu8988 cells
as determined by a wound healing assay was reduced by
quercetin (Fig. 2b) and was concentration- and time-
dependent. Further studies revealed that gene expression
levels of Acta2 (encoding x-SMA) and Vim (encoding
vimentin) were downregulated, and the gene expression
of Cdhl (encoding E-cadherin) was upregulated in
quercetin-treated PANC-1 and Patu8988 cells (Fig.
2c¢, d). In addition, quercetin decreased the protein levels
of a-SMA, N-cadherin, type I collagen, and vimentin
and increased the protein level of E-cadherin in PANC-1
and Patu8988 cells (Fig. 2e, f). Moreover, immunoflu-
orescence analysis showed suppressed expression of «-
SMA and vimentin and enhanced expression of E-
cadherin after quercetin treatment (Fig. 2g, h). Collec-
tively, these results indicated that quercetin inhibits
migration and invasion of PCCs by suppressing the
EMT process as well as matrix production.

Quercetin reduces c-Myc expression and TGF-{31/
Smad2/3 signaling activity

Considering that quercetin inhibited cell proliferation
and induced apoptosis in PCCs, we investigated the
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Fig. 1 Quercetin inhibits proliferation and induces apoptosis of
pancreatic cancer cells. a The growth of PANC-1 and Patu8988
cells with or without quercetin treatment assessed by real-time
cellular analysis (RTCA). b The viability of PANC-1 and
Patu8988 cells with or without quercetin treatment determined
by CCK-8 assay. ¢ The proliferation of PANC-1 and Patu8988
cells with or without quercetin treatment analyzed by colony
formation assay. d Immunocytochemical staining of Ki67 in
PANC-1 and Patu8988 cells with or without quercetin treatment.
Bar = 100 pum. e Flow cytometry analysis revealing apoptotic and
necrotic cells in PANC-1 and Patu8988 cells with or without

effect of quercetin on the expression of ¢c-Myc, which
plays an important role in apoptosis, cell cycle progres-
sion, and proliferation (McMahon 2014). As shown in
Fig. 3a, quercetin treatment reduced c-Myc expression
in a concentration-dependent manner in PANC-1 and
Patu8988 cells, thereby suggesting that reduced c-Myc
expression may be responsible for quercetin-mediated
effects on proliferation and apoptosis of PCCs.

Next, we analyzed the mechanism of quercetin-
mediated EMT inhibition to reduce the migration and

Quercetin (uM)

Patu8988 PANC-1  Patu8988 PANC-1  Patu8988 PANC-1  Patu8988

quercetin treatment. f The effects of quercetin on the expression
of p62, LC3-1, and LC3-II protein levels of PANC-1 and Patu8988
cells by Western blot analysis. g The effects of quercetin on the
expression of cleaved caspase-8 and cleaved caspase-3 protein
levels of PANC-1 and Patu8988 cells by Western blot analysis.
h The effects of quercetin on the expression of Bcl-2 and Bax
protein levels of PANC-1 and Patu8988 cells by Western blot
analysis. Data were presented as the mean + standard deviation in
quintuplicate for the cell line experiment. P < 0.05; ~P < 0.01,
P <0.001

invasion of tumor cells. The TGF-{31/Smad pathway is a
key regulator of proliferation and differentiation of tu-
mor cells (Gaarenstroom and Hill 2014; Massague
2012). TGF-B1 from the tumor microenvironment
may cause cancer cell apoptosis and tumor suppression
or induce EMT that promotes cancer cell invasion and
metastasis (David et al. 2016; Heldin et al. 2012). Evi-
dence from qRT-PCR, Western blot analysis, and im-
munofluorescence staining showed that quercetin de-
creased TGF-f31 expression in PANC-1 and Patu8988
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Fig. 2 Quercetin inhibits migration and invasion of pancreatic
cancer cells by suppressing the epithelial-mesenchymal transition.
Bar = 100 pum. a The effects of quercetin on the invasion number
of PANC-1 and Patu8988 cells analyzed by transwell chamber
assay. b The effects of quercetin on the migrated rate of PANC-1
and Patu8988 cells determined by wound healing assay. ¢ qRT-
PCR analysis showing the mRNA expression of Cdhl and Acta?
in quercetin-treated PANC-1 and Patu8988 cells. d qRT-PCR
analysis for the mRNA expression of Vim in quercetin-treated
PANC-1 and Patu8988 cells. e Western blot analysis showing

cells (Fig. 3b—d). In addition, quercetin inhibited the

phosphorylation and nuclear translocation of Smad2
and Smad3 (Fig. 3e, f). Furthermore, quercetin reduced
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10 100

PANC-1

0 10 100
’!

the protein expression of a-SMA, N-cadherin, and E-cadherin in
PANC-1 and Patu8988 cells. f Western blot analysis for the
protein expression of type I collagen and vimentin in PANC-1
and Patu8988 cells. g¢ Immunocytochemical staining of x-SMA
and E-cadherin in quercetin-treated PANC-1 and Patu8988 cells.
Bar = 25 um. h Immunocytochemical staining of vimentin in
quercetin-treated PANC-1 and Patu8988 cells. Bar = 25 pum. Data
were presented as the mean =+ standard deviation in quintuplicate
for the cell line experiment. P < 0.05; “"P < 0.01, ™" P < 0.001

Vimentin

Patu8988

mRNA and protein expression of EMT-inducing tran-
scription factors (EMT-TFs) Snaill and Zeb2 (Fig.
3g, h), which are two key downstream target molecules
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Fig. 3 Quercetin reduces c-Myc expression and TGF-[31/Smad2/
3 signaling activity. a Western blot analysis showing c-Myc
expression in PANC-1 and Patu8988 cells. b ELISA analysis for
TGF-B1 level in PANC-1 and Patu8988 cells. ¢ Western blot
analysis showing TGF-f31 expression in PANC-1 and Patu8988
cells. d Immunocytochemical staining of TGF-f31 in quercetin-
treated PANC-1 and Patu8988 cells. Bar = 25 um. e Western blot
analysis showing the expression and phosphorylation of Smad2
and Smad3 in PANC-1 and Patu8988 cells. f Immunocytochem-
ical staining of Smad2 and Smad3 in quercetin-treated PANC-1

of TGF-31/Smad2/3 signaling that suppress E-cadherin
expression (Thiery et al. 2009; Zheng et al. 2015). Thus,
quercetin regulates EMT to inhibit migration and inva-
sion of PCCs by reducing TGF-1/Smad2/3 activity
and EMT-TF expression.

Quercetin reduces SHH signaling activity dependent
of Gli2 in PCCs

During embryonic development, the complex but deli-
cate interactions between TGF-1/Smad2/3, SHH,
JAK2/STAT3, WNT/B-catenin, PI3K/Akt/mTOR, and

PANC-1  Patug988

and Patu8988 cells. Bar = 25 um. g Western blot analysis showing
the phosphorylation of Smad2 and Smad3 in the nucleus of
PANC-1 and Patu8988 cells. h qRT-PCR analysis for the mRNA
expression of Zeb2 and Snaill in quercetin-treated PANC-1 and
Patu8988 cells. i Western blot analysis showing the expression of
Zeb2 and Snaill in PANC-1 and Patu8988 cells. Data were
presented as the mean + standard deviation in quintuplicate for
the cell line experiment. P < 0.05; P < 0.01, P < 0.001

other pathways are crucial for cell fate determination
and organogenesis (Guo and Wang 2009). Aberrant
activation of these pathways may result in the develop-
ment of pathological consequences, including a variety
of human tumors, such as PDA (Guo and Wang 2009;
Hidalgo and Maitra 2009; Massague 2012). In this
study, we investigated the effects of quercetin on the
activities of SHH, JAK2, [3-catenin, and mTOR in
PANC-1 and Patu8988 cells. We found that quercetin
did not inhibit the expression and phosphorylation of
JAK2, 3-catenin, and mTOR (Figure S1A-C). Howev-
er, quercetin did reduce the mRNA expression of
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hedgehog ligand Shh, but did not affect the mRNA
expression of the Thh ligand (Fig. 4a), thereby indicating
that SHH signaling may be the target of quercetin. In
previous studies, it was shown that SHH signaling plays
an important role in the induction of EMT through
dialog with TGF-f31 pathway (Lu et al. 2016; Thiery
etal. 2009). In our study, we identified upregulated Shh
expression in human PDA tissues (Figure S2A), as well
as PCCs (Figure S2B). These results were further con-
firmed by in silico analyses of three other independent
data sets that were obtained from Oncomine
(Figure S2C) (Rhodes et al. 2004). Thus, in addition to
TGF-f1/Smad2/3 signaling, the activity of SHH signal-
ing in PANC-1 and Patu8988 cells may be suppressed

by quercetin. As expected, enhanced expression of
Ptchl and reduced expression of Smo were observed
in quercetin-treated PANC-1 and Patu8988 cells (Fig.
4b, c). Interestingly, quercetin induced the mRNA and
protein expression of nuclear transcription factor Gli2,
but did not induce the expression of Glil (Fig. 4d—f). In
hypoxic tumor microenvironment, in mammals, Gli2
can be activated to promote cancer cell stemness and
resistance to chemotherapy (Tang et al. 2018). Here, we
confirmed enhanced Gli2 expression in PDA tissues in
silico analyses of two other independent data sets ob-
tained from Oncomine (Figure S3A). Our findings ob-
tained from TCGA data showed that patients with high
Gli2 protein levels had shorter overall survival times
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Fig. 4 Quercetin reduces SHH signaling activity in pancreatic
cancer cells. a qRT-PCR analysis showing the mRNA expression
of Shh and 7hh in quercetin-treated PANC-1 and Patu8988 cells. b
Western blot analysis showing the expression of Ptchl and Smo in
PANC-1 and Patu8988 cells. ¢ Immunocytochemical staining of
Ptchl and Smo in quercetin-treated PANC-1 and Patu8988 cells.
Bar =25 um. d qRT-PCR analysis showing the mRNA expression
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of Glil and GIi2 in quercetin-treated PANC-1 and Patu8988 cells.
e Western blot analysis showing the expression of Glil and Gli2 in
PANC-1 and Patu8988 cells. f Immunocytochemical staining of
Glil and Gli2 in quercetin-treated PANC-1 and Patu8988 cells.
Bar = 25 pum. Data were presented as the mean + standard
deviation in quintuplicate for the cell line experiment. “P < 0.05;
P <0.01,""P <0.001
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compared to patients harboring tumors with low Gli2
levels (P < 0.001) (Figure S3B) and indicated that Gli2
as a nuclear transcription factor for SHH signaling was
more important in tumor progression. Collectively,
these results showed that quercetin exerted pancreatic
anti-tumor activity by suppressing SHH signaling activ-
ity dependent of Gli2.

Quercetin inhibits the growth and metastasis of PDA
in animal xenograft models

To evaluate whether similar anticancer effects also oc-
cur in vivo, quercetin (75 mg/kg day) was administered
for 30 consecutive days to mice subjected to the injec-
tion of PCCs. Figure Sa shows morphologic changes in
the experimental groups as a result of quercetin treat-
ment. We found that quercetin administration signifi-
cantly reduced the volume (45.49 mm° vs 167.9 mm>, P
< 0.001) and weight (206.5 mg vs 764.5 mg, P < 0.001)
of the tumor (Fig. 5b, c). In addition, HE staining
showed pathological results of PDA in tissues of model
group (Fig. 5d). The downregulated proportion of Ki67-
positive cells in total cells in quercetin-treated models
showed the inhibition of tumor cell proliferation (Fig.
5e). Further studies showed that quercetin administra-
tion upregulated the expression of cleaved caspase-8
and cleaved caspase-3 (Fig. 5f). Furthermore, quercetin
increased Bax expression and decreased Bcl-2 expres-
sion (Fig. 5g). Thus, our in vivo findings showed that
quercetin induced apoptosis of PCCs via a death
receptor- and mitochondrial-mediated manner.

To assess whether quercetin suppressed
the metastasis of PDA, we firstly examined the expres-
sion of matrix proteins, which are produced in
myofibroblasts that originated from activated pancreatic
stellate cells (PSCs) or epithelial cells by phenotypic
transformation when stimulated by TGF-31. We found
that quercetin administration significantly decreased the
expression of type I collagen and vimentin (Fig. Sh).
Quercetin also reduced the expression of x-SMA and
increased E-cadherin expression (Fig. 5i). We further
identified that downregulated TGF-31 levels were re-
sponsible for quercetin-mediated effects and resulted in
the inhibition in phosphorylation of Smad2 and Smad3
(Fig. 5j). Interestingly, quercetin administration induced
inactivation of SHH signaling in tumor tissues depen-
dent of Gli2, not Glil (Fig. 5k, 1). As a result, quercetin
suppressed PDA metastasis, including hepatic metasta-
ses (Fig. 5m). Taken together, these data suggested that

quercetin inhibited the growth and metastasis of PDA in
mouse xenograft models.

Activated SHH signaling abolishes quercetin-mediated
anti-tumor effects

Given that quercetin exerts anti-tumor effects on PDA
by suppressing SHH signaling, we next investigated
whether activated SHH signaling impacted this effect
of quercetin. In PANC-1 and Patu8988 cells, recombi-
nant Shh protein was used to activate SHH signaling by
enhancing Smo expression and reducing Ptchl expres-
sion (Fig. 6a). Moreover, Shh treatment increased the
expression of Gli2, as well as Glil (Fig. 6a), thereby
suggesting that Shh-induced activation of SHH signal-
ing in PCCs in despite of quercetin treatment. As a
result, activated SHH signaling abolished the anti-
proliferative effect of quercetin as determined by the
colony formation assay (Fig. 6b). However, upregulated
activity of SHH signaling did not alter the ratio of
apoptotic cells caused by quercetin, thus indicating that
the pro-apoptotic activity of quercetin was not affected
by SHH signaling (Fig. 6¢). Using a transwell chamber
assay and wound healing assay, we confirmed that Shh
treatment increased the invasion of PANC-1 and
Patu8988 cells (Fig. 6d), as well as the migrated rate
(Fig. 6e). Thus, activated SHH signaling abolished
quercetin-induced inhibition of EMT, as indicated by
reduced expression of E-cadherin and increased expres-
sion of N-cadherin, x-SMA, vimentin, and type I colla-
gen (Fig. 6f). Combined, these findings confirmed a
crucial role of SHH signaling in the anti-tumor effects
of quercetin.

Activated SHH signaling rescues quercetin-mediated
inhibition of TGF-31/Smad2/3 signaling

To further elucidate the role of TGF-f1/Smad2/3
signaling in activation of SHH signaling to promote
EMT and reduce anti-tumor effects of quercetin, we
first examined the activity of TGF-31/Smad2/3 sig-
naling in SHH signaling activation. In quercetin-
treated PANC-1 and Patu8988 cells, the inhibition
of TGF-B1 expression as determined by Western
blot analysis and immunofluorescence staining was
abolished by Shh (Fig. 7a, b). Also, quercetin-
mediated inhibition of the phosphorylation and nu-
clear translocation of Smad2 and Smad3 was res-
cued by Shh (Fig. 7c¢, d). Moreover, Shh induced
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Fig. 5 Quercetin inhibits the growth and metastasis of pancreatic
ductal adenocarcinoma in animal xenograft models. a Effect of
quercetin on morphologic changes in experimental groups. b
Effect of quercetin on the volume of tumor in animal xenograft
models. ¢ Effect of quercetin on tumor weight. d HE staining for
pathological results of pancreatic ductal adenocarcinoma (PDA) in
tissues of the model group. Bar = 100 um. e Immunohistochemical
(IHC) staining for Ki67 in quercetin-treated models. Bar = 100
um. f Western blot analysis showing the expression of cleaved
caspase-8 and cleaved caspase-3 in PDA tissues. g Western blot
analysis showing the expression of Bcl-2 and Bax in PDA tissues.

the expression of Snaill (Fig. 7e). However, Shh
did not increase Zeb2 expression in quercetin-
treated PANC-1 and Patu8988 cells (Fig. 7e).
These results indicated TGF-{31/Smad2/3 signaling
as a downstream target of SHH signaling to pro-
mote EMT by inducing Snaill expression. Further-
more, recombinant TGF-f31 protein was used to
assess the effect of TGF-31/Smad2/3 signaling on
SHH signaling. Our findings indicated that TGF-31
increased the expression of Smo in PANC-1 and
Patu8988 cells (Fig. 7f and Figure S4). However,
TGF-f1 did not induce the expression and nuclear
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Ptch1  Smo Gli1 Gli2

h Western blot analysis showing the expression of type I collagen
and vimentin in PDA tissues. i [HC staining for E-cadherin and -
SMA in quercetin-treated models. Bar = 100 um. j Western blot
analysis showing the expression or phosphorylation of TGF-f31,
Smad2, and Smad3 in PDA tissues. k IHC staining for Shh, Ptchl,
Glil, and Gli2 in PDA tissues. Bar = 100 um. 1 Western blot
analysis showing the expression of Ptchl, Smo, Glil, and Gli2 in
PDA tissues. m Effect of quercetin on hepatic metastasis in PDA
tissues. Data were presented as the mean + standard deviation for
six rats per group. P < 0.05; P <0.01, ""P < 0.001

translocation of Glil and Gli2 (Fig. 7f and
Figure S4), thereby indicating that TGF-f1 acti-
vates the SHH signaling pathway dependent of
Glil and GIli2 in PCCs. Moreover, Gli2 siRNA
significantly decreased the mRNA and protein ex-
pression of TGF-1 (Figure S5A and B), revealing
that SHH signaling and TGF-31/Smad2/3 signaling
may have a dialog, which affects the effects of
quercetin on EMT and tumor growth and metastasis
(Fig. 8). Thus, activated SHH signaling can rescue
quercetin-mediated inhibition of TGF-1/Smad2/3
signaling.
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anti-tumor effects. a Western blot analysis showing the expression
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Discussion

In the present study, we investigated the effects of
quercetin, a natural flavonoid compound with various
biological activities, on proliferation, apoptosis, mi-
gration, and invasion of PCCs and tumor growth and
metastasis in PDA xenograft mouse models. Our data
showed that quercetin treatment significantly
inhibited PCC proliferation by downregulating c-
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Myc expression. In addition, quercetin suppressed
EMT via reducing the TGF-31 level, resulting in
the inhibition of PCC migration and invasion. More-
over, quercetin induced PCC apoptosis through mi-
tochondrial and death receptor pathways. In nude
mouse models, pancreatic tumor growth and metas-
tasis were reduced by quercetin administration. Our
results provide a rational for the use of quercetin as a
potential supplemental treatment for PDA.
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Fig. 7 Activated SHH signaling rescued quercetin-mediated in-
hibition of TGF-f31/Smad2/3 signaling. a Western blot analysis
showing the expression of TGF-f31 in quercetin-treated PANC-1
and Patu8988 cells with or without Shh. b Immunocytochemical
staining of TGF-B1 in quercetin-treated PANC-1 and Patu8988
cells with or without Shh. Bar =25 um. ¢ Western blot analysis for
the expression and phosphorylation of Smad2 and Smad3 in
quercetin-treated PANC-1 and Patu8988 cells with or without
Shh. d Immunocytochemical staining of Smad2 and Smad3 in

Previous studies have shown that hedgehog signaling
was involved in the occurrence and development of
PDA (Hidalgo and Maitra 2009; Saini et al. 2019; Xu
et al. 2009). Drug research and development based on
hedgehog signaling has become a new hotspot in the
treatment of PDA. Effective drugs could potentially
include small-molecule inhibitors and natural com-
pounds. IPI-926, a small-molecule inhibitor of Smo,
significantly improved the survival rate of PDA when
used in combination with gemcitabine in a mouse model
(Olive et al. 2009). In addition, GANT-61, an inhibitor
of Glil and Gli2, inhibited pancreatic cancer stem cell
growth in vitro and in a NOD/SCID/IL2R gamma null
mice xenograft (Fu et al. 2012). As a flavonol com-
pound, quercetin is thought to antagonize the occurrence
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TGF-B1 - + TGF-B1 - +

PANC-1

Patu8988
Patu8988

quercetin-treated PANC-1 and Patu8988 cells with or without
Shh. Bar = 25 um. e Western blot analysis showing the expression
of Zeb2 and Snaill in quercetin-treated PANC-1 and Patu8988
cells with or without Shh. f Immunocytochemical staining of Smo,
Glil, and Gli2 in TGF-f31-treated PANC-1 and Patu8988 cells.
Bar = 25 um. Data were presented as the mean + standard
deviation in quintuplicate for the cell line experiment. “P < 0.05;
P <0.01,""P <0.001

and development of tumors through targeting hedgehog
signaling with no associated teratogenicity (Khaksary
Mahabady et al. 2016; Sistani Karampour et al. 2014).
Quercetin has the ability to inhibit the self-renewal
capacity of pancreatic cancer stem cells (CSCs) via
hedgehog signaling (Drenkhahn et al. 2013; Tang
etal. 2011). In this study, we demonstrated that querce-
tin exerted a pancreatic anti-tumor activity by antago-
nizing hedgehog signaling. However, quercetin did not
inhibit the activities of JAK2, (3-catenin, and mTOR,
thereby revealing that hedgehog signaling may be a
potential target for quercetin. Interestingly, quercetin
reduced the expression of hedgehog ligand Shh in two
PCC lines, but not IThh. In mammals, three related
hedgehog ligand proteins exist, namely Sonic (Shh),
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Fig. 8 Anti-tumor activity of quercetin against pancreatic ductal adenocarcinoma via SHH signaling dependent of Gli2

Desert (Dhh), and Indian (Ihh). Dhh mainly exists in
fruit flies and may be involved in both male gonadal
differentiation and perineurial development (Kuspert
et al. 2012). Thh is a vertebrate homolog that may be
related to cartilage differentiation in long bone growth
(Probst et al. 2013). Shh plays a role in the growth and
differentiation of various cells, which reveals that ab-
normal expression of Shh may be closely related to
tumorigenesis (Xu et al. 2019). Shh-triggered signaling
activation in turn affects the biological functions of
tumor cells, which is mediated by its receptor Ptchl, as
well as Dispatched, a protein with sequence similarity to
Ptchl (Cannac et al. 2020). In this study, our findings
confirmed that Shh was overexpressed in human pan-
creatic tumor tissues and cell lines, and it was associated
with poor prognosis (Haque et al. 2012). Moreover,
when compared to Thh, Shh plays a more important role
in the anti-tumor effect of quercetin. Thus, Shh-
triggered (SHH) downstream signal activation may be
an important potential target for anticancer drugs, in-
cluding quercetin.

Further studies have shown that the nuclear transcrip-
tional regulator Gli (Glil/Gli2) was responsible for the
crucial role of SHH signaling in quercetin-mediated
anti-tumor effects. In mammals, the activator form of
Gli2, not Glil, is required for SHH signaling, and Glil-
KO mice develop normally (Bai et al. 2002; Park et al.
2000), whereas Gli2-KO mice die at birth and have
severe skeletal and neural defects (Ding et al. 1998).
Gli2 can rescue most Glil functions, whereas Glil

cannot rescue Gli2 function (Park et al. 2000). In the
present study, we confirmed enhanced Gli2 expression
in PDA tissues and that patients with high Gli2 expres-
sion had a shorter overall survival time. Moreover,
quercetin reduced the expression of Gli2 and inhibited
its nuclear translocation in vivo and in vitro. However,
quercetin did not affect Glil expression, though Glil is
involved in PDA development (Kasai 2016). Thus,
quercetin induced inactivation of SHH signaling in
PDA, which was dependent on Gli2, not Glil.

In previous studies, it was shown that activation of
TGF-f1/Smad2/3 signaling promoted the EMT trans-
formation of tumor cells, which in turn aggravated the
ability of tumor cells to invade and infiltrate (Heldin
etal. 2012; Massague 2012). In PDA, TGF-31 activates
Smad2 and/or Smad3 through complexes of
heteromeric transmembrane type I (TGPBRI) and type
IT (TGPBRII) receptors. Subsequently, phosphorylated
Smad2 and Smad3 form heteromeric complexes with
Smad4 and translocate to the nucleus to induce the
expression of EMT-TFs (Snaill and Zeb2). As a result,
the expression of E-cadherin is downregulated, and
tumor cells shed their differentiated epithelial character-
istics, including polarity and cell-cell adhesion, and
acquire mesenchymal abilities, including invasiveness
and motility (Xu et al. 2015). In this study, we observed
over-activation of TGF-31/Smad2/3 signaling in PDA.
Quercetin treatment can reduce TGF-31 levels in two
types of PCCs and block the phosphorylation and nu-
clear translocation of Smad2 and Smad3. Thus, these
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results supported that TGF-31/Smad2/3 pathway, as
SHH signaling, plays an important role in quercetin-
mediated anti-tumor effects.

Since both SHH and TGF-31/Smad?2/3 signaling are
involved in the occurrence and metastasis of PDA, it is
of utmost importance to understand their interaction
mechanism, including anti-tumor effects of quercetin.
Recombinant Shh protein was used to enhance SHH
activity in quercetin-treated PCCs, and thereby activated
TGF-[31/Smad2/3 signaling and promoted the EMT
process by inducing the expression of EMT-TFs Zeb2
and Snaill. Although exogenous TGF-f31 protein
slightly increased the expression of Smo protein, the
expression of Glil or Gli2 was not affected. In addition,
Gli2 knockdown significantly decreased the mRNA and
protein expression of TGF-f1, which indicated that
TGF-31/Smad2/3 was more likely to be a signaling
pathway downstream of SHH. It has not yet been deter-
mined whether the underlying mechanism was caused
by drugs or is a general phenomenon. Although most
studies have shown that Smad-dependent TGF-{31 sig-
naling during EMT may activate many signaling path-
ways (Zhang et al. 2016), the mechanism by which SHH
affects the growth and metastasis of PDA through acti-
vation of TGF-31 signaling requires more in-depth
research.

This study has some limitations. First, a genetic
approach and an in vivo experiment involved in the
association between SHH and TGF-[31/Smad2/3 signal-
ing in quercetin-treated PCCs need to be presented. In
addition, the mechanism of action between TGF-31 and
hedgehog pathways should be clarified. Importantly, the
precise target of the anticancer effect of quercetin needs
to be further clarified and confirmed by pharmacologi-
cal studies.

Taken together, quercetin inhibited PCC prolifera-
tion by downregulating c-Myc expression. In addition,
quercetin suppressed EMT via reducing the TGF-31
level, resulting in inhibition of PCC migration and in-
vasion. Moreover, quercetin induced PCC apoptosis
through mitochondrial and death receptor pathways,
but did not induce autophagy. In nude mouse models,
the growth and metastasis of PDA were deprived by
quercetin administration. Mechanically, quercetin exerts
its therapeutic effects on PDA by decreasing SHH ac-
tivity dependent on Gli2, not Glil. Activated SHH
abolished quercetin-mediated inhibition of PCC prolif-
eration, migration, and invasion. Furthermore, Shh acti-
vated TGF-f31/Smad2/3 signaling and promoted the

@ Springer

EMT process by inducing the EMT-TFs Zeb2 and
Snaill, which eventually led to a partial reversal of
quercetin-mediated inhibition of migration and invasion
of PCCs. Thus, quercetin may be a potential candidate
for the treatment of PDA.
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