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Quercetin modulates Wnt signaling components in prostate
cancer cell line by inhibiting cell viability, migration,
and metastases
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Abstract Epithelial-mesenchymal transition (EMT) is a plas-
tic transition in tumor progression during which cancer cells
undergo dramatic changes acquiring highly invasive proper-
ties. Transforming growth factor-β (TGF-β) is an inducer of
EMT in epithelial cells and is obligatory for acquiring invasive
phenotype in carcinoma. TGF-β plays a vital role in metasta-
sis and tumorigenesis in prostate cancer, and mutations in the
components of Wnt signaling pathways are associated with
various kinds of cancers including prostate cancer. The pur-
pose of this study was to identify alterations in Wnt signaling
pathway components involved during prostate cancer progres-
sion and to determine the effect of quercetin on TGF-β-
induced EMT in prostate cancer (PC-3) cell line. The expres-
sion of epithelial and mesenchymal markers and the compo-
nents of Wnt signaling pathway were evaluated by real-time
polymerase chain reaction. It was observed that quercetin
prevented TGF-β-induced expression of vimentin and N-
cadherin and increased the expression of E-cadherin in PC-3
cells, thus preventing TGF-β-induced EMT. Furthermore, the
relative expression of Twist, Snail, and Slug showed that quer-
cetin significantly decreased TGF-β-induced expression of
Twist, Snail, and Slug. In the present study, the expression
of epithelial markers were found to be upregulated in naive
state and downregulated in induced state whereas the

mesenchymal markers were found to be downregulated in
naive state and upregulated in induced state. Thus, our study
concludes that quercetin may prevent prostate cancer metas-
tasis by regulating the components of Wnt pathway.
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Introduction

Prostate cancer (PCa) remains one of the major medical bur-
dens in males. The estimated number of new cases and deaths
from PCa in USA in 2015 are 220,800 and 27,540, respec-
tively [1]. The mortality rate of metastatic prostate cancer is
even higher despite the chemotherapies. Thus, there is an ur-
gent need for therapies for the malignant forms of cancer.

Cancer cells undergo dynamic changes to acquire invasive
phenotype, and epithelial-mesenchymal transition (EMT)
plays an important role in the metastasis of tumors of epithelial
origin [2]. It is a developmental program where there is down-
regulation of epithelial characteristics and upregulation of
mesenchymal phenotypes. Loss of E-cadherin is associated
with PCa progression and Gleason grade [3], indicating
EMT to be a potent player of PCametastasis. EMT is involved
in the formation of many tissues and organs during develop-
ment [4]. Transforming growth factor-β (TGF-β) is an induc-
er of EMT in epithelial cells and is obligatory for acquiring
invasive phenotype in carcinoma [5, 6]. TGF-β acts as a po-
tent inhibitor of epithelial cell proliferation, whereas in con-
texts with cancer progression, TGF-β promotes tumor cell
survival through autocrine/paracrine interactions within tumor
microenvironment. TGF-β also enhances tumor cell prolifer-
ation and simultaneously inhibits tumoricidal activity of the
immune system, thus accelerating tumor progression [7].
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Several transcriptional factors are involved in the downregu-
lation of EMT such as two members of the Snail superfamily
of zinc finger proteins namely Snail and Slug. Smad
interacting protein-1 (SIP1) is another zinc finger protein that
represses E-cadherin transcription via promoter binding.
Another transcriptional factor that triggers EMT is Twist
which is essential for transcribing N-cadherin expression.
Twist is believed to be involved in E-cadherin to N-cadherin
transition in EMT.

Increasing evidences reveal that various other molecular
signaling pathways, such as Notch, Hedgehog, and specifical-
ly Wnt signaling pathway, induce EMT. Differential expres-
sion of Wnt is often correlated with the aggressiveness asso-
ciated with prostate cancer [8], and the high rates of Wnt
signaling pathway mutations in many different cancers and
their association with initiation and progression of various
kinds of tumors reveal their importance to carcinogenesis
[9]. Thus, studying the molecular mechanisms underlying
the association of Wnt activation and prostate cancer aggres-
siveness may prove to be an important step toward the cure for
prostate cancer metastasis [10] .

Cancer chemoprevention, by use of natural or dietary
agents, has become an appealing strategy to combat increasing
cases of cancers. Several epidemiological and preclinical stud-
ies have emphasized on the potential benefits on flavonoids
for cancer prevention and one such flavonoid widely reported
is quercetin [11–13]. Quercetin shows a variety of anticancer
effects, such as cell growth, kinase activity inhibition, apopto-
sis induction, differentiation, and suppression of the secretion
of matrix metalloproteinases (MMPs). It has also been report-
ed to show a reduction in tumor cell adhesion, invasive be-
havior, metastasis, and angiogenesis [14, 15]. Thus, it inspired
us to evaluate the impact of quercetin on events such as tumor
progression and invasion.

In the present study, we used PC-3 cells and EMT was
induced by TGF-β. Subsequently, the effect of quercetin on
the Wnt signaling molecules and EMT markers were studied
at the molecular as well as at the protein level. To further
validate our results at the molecular level, we have also stud-
ied the effect of quercetin on transcriptional repressors that
regulate EMT. It has been reported that quercetin is a known
inhibitor of Wnt in colon cancer [16]. Thus, in our present
study, we have investigated the effect of quercetin on the pro-
cess of EMT in PC-3 cells.

Materials and methods

Cell culture

PC-3 cell line was obtained from National Center for Cell
Science (NCCS), Pune, India. The cells were of epithelial
prostate grade IV, adenocarcinoma origin, and are adherent

in nature. The cells were maintained in Rosewell Park
Memorial Institute medium (RPMI 1640) with 10 % fetal
bovine serum, 2 mM L-glutamine, and 100 U/ml penicillin–
streptomycin solution (Invitrogen) under 5%CO2 and humid-
ified condition at 37 °C. When the cells were confluent, they
were trypsinized and passaged. Cells were exposed to
10ng/mL of Human recombinant TGF-β to induce EMT.

3-4,5-Dimethylthiazol-2-yl-2,5-diphenyltetrazolium
bromide (MTT) assay

To determine the proliferative activity, the PC-3 cells were
seeded in three 96-well plates at a density (1 × 104 cells/well)
based on the doubling time, with 200 μl of growth media
(10 % fetal bovine serum (FBS)) and incubated for 24 h in
an incubator with 5 % CO2 concentrated at 37 °C. The flavo-
noid, quercetin, was diluted into 14 different concentrations in
the growth media. Simultaneously, the cells were treated with
the solvent control (DMSO) to see its effect on cells. After
24 h, the old media was replaced with fresh growth media
containing different concentrations of quercetin and was incu-
bated for 24 and 48 h at 37 °C. To detect the cell viability,
MTT working solution was prepared from the stock solution
(stock 1 mg/ml PBS, pH 7.2) in growth medium with FBS.
After 24 h of quercetin treatment, 50 μl of MTT working
solution was added to each well and incubated for 4 h in a
CO2 incubator. After incubation, the formazan precipitate ob-
tained was dissolved in 150 μl of extraction fluid (0.1 N HCl
and isopropanol). The colorimetric estimation of the formazan
product was done at 570 nm using a microplate reader. The
data was plotted against quercetin concentration and percent
proliferation was calculated using the following formula: %
proliferation = absorbance of treated cells / absorbance of
control cells × 100.

Cell migration assay (scratch assay)

PC-3 cells were seeded (2 × 104 cells/well) in 24-well plates
and incubated to form a confluent monolayer at 37 °C. After
incubation for 24 h, the old media was removed and the mono-
layer of the cell was scraped with a sterile 200-μL tip to form a
Bscratch.^ All the wells were washed with plain media to re-
move the debris. The cells were washed with 1 ml of growth
media and then replaced with media containing additives (such
as TGF-β and quercetin + TGF-β). Pictures were taken using
an inverted microscope at different time points (0, 24, 48 h).

Colony forming assay (soft agar assay)

Cancer stem cells (CSCs) and normal stem cells have an im-
portant property of forming spheres and forming colonies in
serum-free medium or in soft agar medium. To detect the
transformation of cells, cells were harvested and suspended
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(5 × 10 cells/well) in serum-free medium supplemented with
different concentrations of quercetin. One percent of base agar
layer and 0.7 % top agar solution were used.

Cell cycle analysis

Propidium iodide (PI) staining was done to perform cell cycle
analysis by FACS [17]. PC-3 cells were serum starved for 4 h
followed by treatment with 20 and 25 μM concentration of
quercetin. Cells were harvested and florescence-activated cell
sorting analysis was performed using FACS Calibur (BD
Science), and the percentage of cells in the G0-G1 and G2-M
phases were observed.

Apoptosis detection

Caspase 3 assay kit (Sigma Aldrich) was used to analyze the
activity of caspase 3. Cells were trypsinized and harvested in
the concentration of 2 × 106 cells/ml. The cell lysate was
prepared using the 1× lysis buffer provided with the kit. The
lysates were transferred to 96-well plate. A peptide with a
caspase 3 target motif DEVD bound to the chromophore p-
nitroaniline (pNA) was added and incubated for 2 h at 37 °C.
The absorbance was measured at 405 nm using a microplate
reader.

Annexin V staining

Annexin V staining assay kit (Invitrogen) was used to differ-
entiate between apoptotic and necrotic cells. Cells were treat-
ed with 20 and 25 μM quercetin for 24 and 48 h followed by
harvesting in the concentration of 1 × 106 cells/ml. The treated
and non-treated cells were stained with FITC-conjugated
Annexin V and PI, according to the manufacturer’s instruc-
tions. Stained cells were analyzed by flow cytometry and data
were analyzed by use of CellQuestPro (Becton-Dickinson,
Sunnyvale, Calif).

Isolation of total cellular RNA and real-time PCR

Total cellular RNA was extracted from PC-3 cells using TRI
reagent (Sigma) following the manufacturer’s instructions.
Final preparation of RNA was estimated using a NanoDrop
UV spectrophotometer. The isolated RNAwas found to be pure
andwithout any proteins and oligopeptide contamination. cDNA
was synthesized from 2 μg of total cellular RNA by reverse
transcription (High-Capacity cDNA Reverse Transcription kit )
(Himedia). Real-time PCR was carried out in Applied
Biosystems Stepone Plus. RT-PCR was performed using
SYBR green dye and the endogenous control used was β-actin.
The data were normalized by comparing the threshold cycle
ratios between the target genes and housekeeping gene β-actin.
The datawere analyzed by the comparative CTmethod [18]. The

primers used were as follows: E-Cadherin, N-cadherin, cyclin
D1, Twist, Snail, Slug, vimentin, Zeb1, MMP-9, β-catenin,
survivin, and HIF-1α (Supplementary Table 1).

Western blot analysis

The cells were harvested after treatment with TGF-β (10 ng/
ml), quercetin (20 μM), and quercetin (20 μM) + TGF-β
(10 ng/ml) for 24 and 48 h followed by washing of the cell
lysate with PBS. Radioimmunoprecipitation assay (RIPA)
buffer and 1× protease inhibitor cocktail was added three
times the dry weight of the cell pellet and was subsequently
centrifuged at 10,000 rpm for 15min to remove the cell debris,
and supernatant was stored at −80 °C. The protein samples
were estimated using Bradford assay. The membranes were
then incubated with primary antibodies against cyclin D1
(1:500 dilution) and β-catenin (1:200 dilution) in PBS at
4 °C overnight. The membranes were then washed and incu-
bated with horseradish peroxidase (HRP)-conjugated sec-
ondary anti-mouse IgG antibody (1:5000 dilution) or
HRP-conjugated secondary anti-rabbit IgG antibody
(1:5000 dilution) for 1 h at room temperature. The blots
were visualized by enhanced chemiluminescence by using
gel doc (Diversity 4 by syngene).

Statistical analysis

Data were expressed as mean ± S.E.M. Statistical analysis
were performed using Student’s t test for comparing treatment
values and control values using GraphPad Prism.P < 0.05was
considered to be statistically significant. The significance lev-
el was defined as *P < 0.05, **P < 0.01, and *** P < 0.001.

Results

Cell viability assay

Cell viability assay was performed to optimize the concentra-
tion of MTT and the cell number for the PC-3 cell line
(Fig. 1a). The MTT stock concentration of 1 mg/ml and cell
count of 1 × 104 were found to be optimum values.

IC50 value

The inhibitory effect of quercetin on the proliferation of the
PC-3 cells was determined as described earlier in the
BMaterials and methods^ section. The results showed that cell
proliferation was inhibited both in a dose- and time-dependent
manner. The IC50 was found to be 20 μ M (Fig. 1b).
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Effect of quercetin on cell cycle

The effect of quercetin on cell cycle was analyzed by flow
cytometry, and it was seen that in comparison to untreated
cells, treatment with quercetin showed increase in the G2-M
and S phase population and decrease in the G0-G1 phase.
Also, the percentage of apoptotic cells increased remarkably
upon quercetin treatment. Thus, quercetin affects all the stages
of cell cycle, arresting cell progression and proliferation and
ultimately increasing the rate of apoptosis in the cell popula-
tion (Fig. 2a).

Induction of apoptosis by quercetin

Caspase-3 activity, the biomarker of apoptosis, was deter-
mined in PC-3 cells, [19] posttreatment with 20 and 25 μM
of quercetin at 24 and 48 h. Quercetin at both 20 and 25 μM
concentrations significantly increased caspase 3 activity after

24 h of treatment, indicating apoptosis induction by quercetin
(Fig. 2b); however, the increase was statistically significant at
20 μM.

Annexin V staining

The exposure of phosphatidylserine to the surface was studied
by using fluorescein isothiocyanate-conjugated Annexin V
(FITC-conjugated Annexin V) followed by flow cytometry
analysis [20]. To differentiate between apoptotic and necrotic
cells, cells were simultaneously stained with propidium iodide
(PI). After 24 h, control cells showed negligible levels of
Annexin Vand PI staining (1.16 %) and the major percentage
of cells was viable (Fig. 2c). Cells treated with 20 μM quer-
cetin for 24 h showed an elevated level of apoptotic cells with
5.50 % of cells in the lower right quadrant (FITC+/PI−)
(Fig. 2c). After treatment with 25 μM quercetin for 24 h, a
slightly lower percentage of cells were in the lower right

0 20 40 60 80
0.00

0.05

0.10

0.15

0.20

0.25

Time in hours

O
pt

ic
al

 D
en

si
ty

 a
t 5

70
nm

a b

***
**

*

*

0

50

100

150
24 hours
48 hours

Quercetin Concentrations

%
 P

ro
lif

er
at

io
n

Fig. 1 The effect of quercetin on the viability and proliferation of PC-3 cells. a Proliferation curve: the effect of quercetin on the cell viability of PC-3
cells by MTT assay at 24-, 48-, and 72-h duration. b Inhibitory effect of quercetin on the proliferation of PC-3 cells after 24 and 48 h of treatment

Fig. 2 In vitro assessments of
apoptosis in PC-3 cells by flow
cytometry. a Analysis of the
subpopulation of PC-3 cells in
cell cycle phases G1, S, and G2/
M and apoptotic cells. b
Quantitation of cleaved caspase 3
in PC-3 cells treated with 20 and
25 μM quercetin for 24 and 48 h.
c Flow cytometry plots of
Annexin V-FITC and PI. Annexin
V-FITC staining on the x-axis and
PI on the y-axis. Cells in the lower
right quadrant indicate Annexin-
positive, early-apoptotic cells.
Cells in the upper right quadrant
indicate Annexin-positive/PI-
positive, necrotic cells
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quadrant (4.88 %) (Fig. 2c). Similarly, after 48 h of treatment
with 20μMquercetin, 7.04% of the cell population was in the
upper right quadrant (FITC+/PI+) and 8.67 % of the cell pop-
ulation was FITC+/PI− (Fig. 2c). After treatment with 25 μM
quercetin for 48 h, 8.16 % of the cell population was in the
upper right quadrant (FITC+/PI+) and 7.04 % of the cell pop-
ulation was FITC+/PI+ (Fig. 2c). Among control cells after
48 h, 4.67 % of the cell population was FITC+/PI+ and a very
negligible level (0.77 %) of the cell population was FITC+/PI
− (Fig. 2c). This result indicates that there is a significant
increase in the relative number of apoptotic cells (FITC+/PI
−), but not of necrotic cells (FITC+/PI+) with increase in time
and dose of quercetin (Fig. 2c).

Effect of quercetin on TGF-β-induced cell migration

Migration of PC-3 cells was studied by wound healing
(scratch assay) assay, which showed that cancer cell migration
induced by TGF-β was significantly decreased upon querce-
tin treatment. It was observed that the gap was completely
sealed after 48 h of TGF-β treatment. However, treatment of
quercetin prevented the migration of cells and thus sealing of
gap was not observed (Fig. 3a).

Effect of quercetin on the colony-forming ability of PC-3
cells

Quercetin at concentration of 20 μM significantly inhibited
the colony-forming ability of PC-3 cells compared to the un-
treated control cultures (Fig. 3b). Lower concentrations of
quercetin (<20 μM) did not have any significant effect on
the colony-forming ability of PC-3 cells.

Effect of TGF-β and quercetin on transcriptional
repressors

To understand the underlying mechanism by which quercetin
regulates EMT, the effect of quercetin and TGF-β on tran-
scriptional repressors Twist, Snail, and Slug were studied by
real-time PCR (Fig. 4a). Treatment with TGF-β significantly
increased Twist, Snail, and Slug expressions in PC-3 cells,
whereas quercetin significantly decreased the expression of
all these markers.

Effect of quercetin on TGF-β-induced EMT

To determine the regulatory potential of quercetin on TGF-β-
induced EMT, the expression levels of the characteristic
markers of EMT viz. N-cadherin, E-cadherin, and vimentin
were studied by real-time PCR. The expression of E-cadherin
showed significant decrease post-TGF-β treatment, whereas
treatment with quercetin reestablished its expression. On the
contrary to E-cadherin expression level, the mesenchymal
phenotype markers viz. N-cadherin and vimentin revealed
significant increase post-TGF-β treatment, whereas quercetin
treatment reduced N-cadherin and vimentin expression
(Fig. 4b).

Effect of TGF-β and quercetin on Wnt signaling
components

β-catenin and cyclin D1 are two components ofWnt signaling
pathway that increases significantly and accumulates in the
nucleus with activation of the Wnt signaling pathway. To de-
termine the effect of TGF-β and quercetin on Wnt signaling
components, real-time PCR was performed to analyze the

Fig. 3 The effect of quercetin on the TGF-β-induced migration and colony-forming ability of PC-3 cells. aMigration of the PC-3 cells in scratch assay
after 24, 48, and 72 h of treatment with TGF-β and quercetin. b Colony-forming assay of the PC-3 cells
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expression of β-catenin and cyclin D1. The expression of β-
catenin and cyclin D1 increased significantly upon TGF-β
treatment, while quercetin impaired the expression level of
both these genes (Fig. 5a). The protein expression of Wnt
signaling pathways viz., β-catenin and cyclin D1 were down-
regulated upon quercetin treatment, which further validates
real-time PCR results (Fig. 5b).

Effect of TGF-β and quercetin on ECM proteins

EMT in adult tissues is regulated by the composition and
structure of the extra cellular matrix (ECM) components and
ECM-remodeling matrix metalloproteinases (MMPs) [21,
22]. To determine the effect of TGF-β and quercetin onmatrix
metalloproteinases such as MMP-9, real-time PCR was per-
formed. The expression of MMP-9 significantly increased
with TGF-β treatment, whereas exposure to quercetin de-
creased the expression of MMP-9 (Fig. 5c).

Effect of TGF-β and quercetin on the IAP family

Survivin, encoded by the BIRC5 gene in humans, functions as
inhibitor of apoptosis and regulates transformed cells by in-
creasing their resistance to apoptosis [23]. To determine the
effect of TGF-β and quercetin on survivin, real-time PCR
was performed. It was observed that the expression of survivin
significantly increased with TGF-β treatment, whereas expo-
sure to quercetin decreased the expression of survivin (Fig. 6a).

Effect of quercetin on HIF-1α

Hypoxia-inducible factor 1-alpha (HIF-1α), encoded by the
HIF1A gene, is the subunit of a heterodimeric transcription fac-
tor HIF-1. The overexpression of HIF-1α is associated with
various kinds of tumors including prostate cancer, and it corre-
lates with abnormal accumulation of the p53 gene and prolife-
ration of cells. [24]. Also, to correlate the tumor-forming ability
of PC-3 cells with HIF-1α expression, mediating hypoxic
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adaptation of PC-3 cells, we screened the expression of HIF-1α
both in control and quercetin-treated samples. The effect of
quercetin on the expression of HIF-1α was studied using real-
time PCR (Fig. 6b). Treatment with quercetin significantly de-
creased the expression of HIF-1α in a dose- and time-dependent
manner.

Discussion

EMT is one of the important fundamental processes involved
in embryogenesis [2] and has a potent role in the developmen-
tal stages [4]. EMT reorganizes cellular as well as ECM archi-
tecture that overall compromises the integrity of cell–cell and

cell–matrix environment and, consequently, the physiological
integrity of the tissue and thereby mediates mesenchymal phe-
notypes to cancerous cells leading to metastasis [25–27].

TGF-β is a potent inducer of EMT through Smad signaling
[28, 29]. TGF-β induces expressions of Snail and Slug via
activating Smad signaling or via PI3K and ERK pathways,
thereby inhibiting the expression of E-cadherin and regulating
EMT during development and migration of both normal and
cancerous cells [30, 31]. In addition TGF-β induces expres-
sion of Zeb1 and SIP1. SIP1 forms complex with pSmads and
represses E-cadherin expression [32]. Smad complexes also
induce expressions of mesenchymal markers viz., N-cadherin
and vimentin and a SMA [25]. TGF-β is considered to be the
prototypical cytokine for the induction of EMT because
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different isoforms mediate various aspects of EMT in many
diverse cellular contexts, whereas the effects of other EMT
inducers are often context dependent and variable [33].

Various plant flavonoids have been reported to have roles
in inhibiting EMTand impairing metastasis in cancer [34, 35].
Quercetin, a plant flavonoid, acts both as an antioxidant and
prooxidant. Flavonoid antioxidants limit the negative effects
of free radicals through the quick transfer of hydrogen atoms
to the radicals [36]. The anticancer activity of quercetin on
prostate cancer cells (PC-3) was studied by performing MTT
assay and flow cytometry. The inhibitory concentration 50
(IC50 ) value of quercetin was found to be 20 μM for PC-3
cells. Analysis of the effect of quercetin revealed that cells
treated with quercetin showed increase in the G2-M phase
and S phase population and decline in the G0-G1 phase as well
as increase in apoptotic cells as compared to control untreated
cells. Thus, quercetin affects all the stages of cell cycle, arrest-
ing cell progression, and proliferation and ultimately increas-
ing the rate of apoptosis in the cell population. In addition, the
effect of quercetin on the caspase 3 activity of PC-3 cells was
quantified to determine its effect on apoptosis. Quercetin sig-
nificantly increased caspase 3 activity in PC-3 cells at 20 μM
concentration after 24 h of treatment. Further, to differentiate
between viable, apoptotic, and necrotic cell population,
Annexin V-FITC/PI double-staining was performed. After
24 h of treatment with 20 and 25μMquercetin, the percentage
of apoptotic cells increased from 0.13 to 5.50 % and 4.88 %,
respectively. Similarly, after 48 h of treatment with 20 and
25 μM quercetin, the percentage of apoptotic cells increased
from 0.77 to 8.67 % and 7.04 %, respectively. Thus, the above
results show that quercetin at 20 μM induced the highest per-
centage of apoptosis in PC-3 cells after 48 h of treatment.

Moreover, to identify the effect of quercetin on the mor-
phological transformation of PC-3 cell colonies, soft agar col-
ony forming assay was performed for 192 h and the colonies

were photographed. The results showed that quercetin has the
potential to affect certain phenotypic properties of PC-3 cells
such as loss of contact inhibition and anchorage independence
in the 20 μM concentration. Also, to correlate the tumor-
forming ability of PC-3 cells with HIF-1α expression, medi-
ating hypoxic adaptation of PC-3 cells, we screened the ex-
pression of HIF-1α both in control and quercetin-treated sam-
ples. To understand the affect of quercetin on mRNA expres-
sion of HIF-1α, real-time PCR was performed. HIF-1α me-
diates hypoxic responses and regulates genes responsible for
tumor angiogenesis. Treatment with quercetin significantly
downregulated the mRNA expression of HIF-1α in a time-
and dose-dependent manner, which further strengthens our
results.

The overexpression of Slug is associated with tumor me-
tastasis in prostate cancer cells [37]. In our study, we found
that increased expression of Slug correlated with the migration
of PC-3 cells. In contrast, reduced expression of Slug impaired
migration in PC-3 cells. Thus, it can be concluded that quer-
cetin affects migration in PC-3 cells by regulation of Slug. In
addition, in pancreatic cancer cells, a higher expression of
Slug correlates with a higher expression of MMP-9 [38]. In
our study, we also found that Slug promotes migration in PC-3
cells with the upregulation of MMP-9 and downregulation of
E-cadherin.

Further, to understand the molecular basis of how quercetin
reverses TGF-β-induced EMT, the effect of quercetin on tran-
scriptional repressors viz., Snail, Twist, and Slug, was studied
by RT-PCR. Recent data suggested that Snail and Slug plays a
potent role in the process of invasiveness and tumorigenicity,
by regulating the expression of E-cadherin [39]. Twist sup-
presses the transcription of E-cadherin by binding to E-boxes
on the E-cadherin promoter and also induces the expression of
mesenchymal markers, such as fibronectin and N-cadherin,
during EMT [40]. RT-PCR data suggested that there is decline
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in the expression of Snail, Twist, and Slug upon quercetin
treatment which indicated that quercetin has the potential to
reverse TGF-β-induced EMTand restrain the expression of E-
cadherin, thereby inducing MET.

The key EMT markers viz., E-cadherin, N-cadherin, and
vimentin, were studied by RT-PCR. The mechanism of EMT
is associatedwith the common feature of decreased expression
of E-cadherin with increased expression of N-cadherin and
vimentin. N-cadherin promotes motility and vimentin is an
important regulator of cell motility. Thus, the downregulation
of E-cadherin with the upregulation of N-cadherin and
vimentin is a prerequisite for EMT induction. In our work,
quercetin upregulated E-cadherin and downregulated N-
cadherin and vimentin thereby working as a preventer of
TGF-β-induced EMT in PC-3 cells.

The functional loss of E-cadherin: the hallmark of EMT is
associated with β-catenin, a transcriptional signaling pathway
regulating EMT. The loss of E-cadherin from the adherens
junction is followed by accumulation of β-catenin in the cy-
tosol, and finally, it transfers to the nucleus where it tran-
scribes Slug and Twist, mediated by the activation of LEF/
TCF, and thereby inducing EMT [2]. Two components of the
Wnt signaling pathway, cyclin D1 and β-catenin, were found
to be upregulated with TGF-β treatment, whereas quercetin
treatment restored the same. Also, the protein expression of
these two components revealed significant decrease in level
by treatment with quercetin.

Our findings of quercetin as an inducer of MET were fur-
ther supported and strengthened by the observed upregulated
expression of ECM proteins such as MMP-9 and the inhibitor
of apoptosis (IAP) family such as survivin.

In a similar study, the authors have shown the poten-
tial of quercetin to inhibit epidermal growth factor
(EGF)-induced EMT in PC-3 cells by regulating the
EGFR/PI3K/Akt pathway [41]. Also, quercetin is a po-
tent inhibitor of Wnt signaling components in breast
cancer, B-cell lymphomas [42, 43], and leukemia [44];
however, the role of quercetin in regulating Wnt signal-
ing components in prostate cancer has not been ad-
dressed to the best of our knowledge.

To conclude, the present study illustrates the potency of
quercetin in preventing TGF-β-induced EMT process by sup-
pressing the expression of mesenchymal markers viz., N-
cadherin and vimentin, and increasing expression of epithelial
marker E-cadherin in PC-3 cells. These findings are supported
by the downregulation of expression of ECM proteins such as
MMP-9 and Twist: a known master regulator of EMT.
Reduced E-cadherin expression has been found in high-
grade prostate cancers and is associated with poor prognosis,
reflecting its critical role in tumor progression [45]. Our study
has revealed that quercetin enhances E-cadherin expression;
thus, quercetin appears to be a potential agent which can be
used to target and prevent EMT in prostate cancer.
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