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Quercetin has potentially beneficial effects on disease prevention, including cancer. An intriguing issue regarding the mechanisms of action
of quercetin is the ability of this drug to modulate estrogen receptor (ER) activities. In a previous study, we demonstrated that quercetin
elicited apoptosis through an ERa-dependent mechanism. However, the contribution of ER( in quercetin-induced apoptosis remains
elusive. Here, we report that quercetin, at nutritionally relevant concentrations, mimicked the | 73-estradiol (E2)-induced apoptotic effect
in both ERB | -transfected Hela and in ER3 | -containing DLD-1 colon cancer cell lines by inducing the activation of p38. p38 activation is
responsible for pro-apoptotic activation of caspase-3 and the cleavage of poly(ADP-ribose) polymerase. Notably, no inactivation or
downregulation of the survival kinases (i.e., AKT and ERK |/2) or the antiapoptotic protein Bcl-2 was observed after quercetin stimulation.
On the contrary, quercetin acted similarly to E2 by increasing the levels of the oncosuppressor protein PTEN and by impeding
ERB-dependent cyclin DI promoter activity, which subsequently resulted in the transcription of the estrogen-responsive element
remaining unchanged. As a whole, these data indicate that quercetin mimics the E2 effects in the presence of ERB 1, thus maintaining its
anti-carcinogenic potential. In addition, the quercetin pro-apoptotic action in the presence of ERa may render it as a dual-sided protective
agent against E2-related cancer in the reduction of tumour growth in organs that express ERa and/or ER.

J. Cell. Physiol. 227: 1891-1898, 2012. © 201 | Wiley Periodicals, Inc.

Cancers of the breast (Bai and Gust, 2009), prostate
(Fitzpatrick et al., 2009), and colon (Janakiram et al., 2009) are
well known to involve female steroid hormone signalling. In
particular, there are major sex differences in colorectal cancer;
it is more common in men than in women, where the difference
is more striking between pre-menopausal women and age-
matched men (Wong et al., 2005). These differences suggest
that the sex steroid hormone, |73-estradiol (E2), could elicit
protective effects against this disease. Estrogen receptors (ERa
and ERP) are differentially expressed in the colon. ERa is
minimally expressed in normal colon mucosa and colon cancer
cells (Campbell-Thompson et al., 2001), whereas ERB is the
predominant subtype expressed in the human colon (Foley et
al., 2000; Campbell-Thompson et al., 2001; Konstantinopoulos
et al.,, 2003). Thus, the E2 protective effect on colon cancer
should be mediated by specific signal transduction pathways
activated by ERB (Acconcia et al., 2005; Galluzzo et al., 2007).
ERB is significantly decreased in colonic tumours compared
with normal mucosa (Konstantinopoulos et al., 2003). The loss
of ERPB leads to hyperproliferation, loss of differentiation,
and decreased apoptosis in the epithelium of the colon,
suggesting a pivotal role for ER( in the organisation and
architectural maintenance of the colon and its potential role in
the regulation of colon tumour growth (Foley et al., 2000;
Campbell-Thompson et al.,, 2001; Wada-Hiraike et al., 2006;
Warner and Gustafsson, 2010). These data establish the
rationale for the potential use of ER3-specific agonists as a new
type of pharmacotherapy against colon cancer (Warner and
Gustafsson, 2010; Nilsson and Gustafsson, 201 1).

Flavonoids are a large diverse group of phytochemicals with a
concentration in the gut (especially in colorectal mucosa) that
could be higher than in tissues (e.g., liver, brain, veins)
depending on flavonoid bioavailability (Halliwell et al., 2000).
Research into the anti-carcinogenic potential of flavonoids with
animal and cellular model systems supports a protective role
against the progression of colorectal cancer (Williams et al.,
2004; Daskiewicz etal., 2005; Surh et al., 2005; Kyle et al., 2010).
Besides other flavonoids, quercetin [IUPAC name: 2-(3,4-
dihydroxyphenyl)-3,5,7-trihydroxy-4H- | -benzopyran-4-one],
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present in apples, onions, and other vegetables, has been
reported to protect against important diseases, including lung
and colon cancers (De Stefani et al., 1999; van Erk et al., 2005;
Dihal et al., 2006). In contrast, a dualistic influence of quercetin
on cell proliferation has also been found (van der Woude etal.,
2003, 2005). The contrasting data from these studies could be a
result of the high quercetin concentrations used in (i.e.,

>25 wM), which could trigger different signal transduction
pathways in the target cells (e.g., antioxidative, anti-mutagenic,
receptor-mediated signals; Murakami et al., 2008). However,
we recently demonstrated that besides antioxidant properties,
quercetin, at nutritionally relevant concentrations, induces
cancer cell death through an ERa-dependent mechanism, which
involves p38 kinase and caspase-3 activation (Galluzzo et al.,
2009). Currently, the efficacy and the mechanisms of
nutritionally relevant concentrations of the aglycone, quercetin,
in activating apoptosis in ER3 | -positive cancer cells are still
unknown. Recently, it has been demonstrated that in
combination with other flavonoids (final concentration of
mixture = 25 M) quercetin-modulated ER( activities and
reduced prostate cancer cell proliferation (Kumar et al., 2010).
In the colon cancer cells, Caco-2, which contain low levels of
ERPB, 5 or 50 uM of quercetin downregulated cell cycle gene
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expression and cell proliferation resulting in cell cycle arrest
(van Erk et al., 2005). However, upon ingestion, the amount of
quercetin in the human plasma is in the high nanomolar (0.1—
0.2 wM) or low micromolar range (0.5—-1.5 wM; Boots et al,,
2008) due to its rapid metabolism (Manach et al., 2005; Murota
and Terao, 2005). As a consequence, the reported anti-
proliferative effect of quercetin could depend on its metabolites
(Shirai et al., 2006). The first description of a direct effect of
nutritionally relevant quercetin concentrations (i.e., from
0.1 nM to | wM) in the presence of ERB has been reported on
human colonic smooth muscle contraction (Hogan etal., 2010),
but no correlation with cell proliferation has been observed.
In this study, we evaluated the effects of quercetin on growth
and apoptosis in a colon cancer cell line, DLD-I, which only
expresses the ERB | subtype (Galluzzo et al., 2007). In addition,
Hela cells that are devoid of ERs, but were transiently
transfected with an empty vector or the ERB | expression
vector, were used to discriminate between ER[3-dependent and
ERB-independent effects of quercetin. ER3-dependent extra-
nuclear (i.e., membrane-initiated and cytosolic) and nuclear
signalling pathways involved in quercetin effects have also been
investigated.

Materials and Methods
Reagents

| 7B-estradiol, quercetin, L-glutamine, gentamicin, trypsin,
penicillin, DMEM (with and without phenol red), charcoal-stripped
fetal calf serum, and GenElute plasmid maxiprep kit were
purchased from Sigma—Aldrich (St. Louis, MO). The p38 inhibitor,
SB 203580, was purchased from Calbiochem (San Diego, CA), and
the ER inhibitor, fulvestrant, (ICl 182,780, ICI) was obtained from
Tocris (Ballwin, MO). Lipofectamine reagent was obtained from
GIBCO-BRL Life-technology (Gaithersburg, MD). A luciferase kit
was obtained from Promega (Madison, WI). A Bradford Protein
Assay was obtained from BIO-RAD Laboratories (Hercules, CA).
Polyclonal anti-phospho-AKT, anti-p38, and anti-phospho-p38
antibodies were obtained from Cell Signaling Technology
(Danvers, MA); polyclonal anti-ERK and monoclonal anti-phospho-
ERK, anti-AKT, anti-caspase-3, anti-poly(ADP-ribose) polymerase
(PARP), anti-Bcl-2, anti-phosphatase and tensin homolog deleted
on chromosome 10 (-PTEN), anti-a-actin, and all secondary
antibodies were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). ECL chemiluminescence reagent for Western blotting
was obtained from Amersham Bioscience (Uppsala, Sweden).

All other products were obtained from Sigma—Aldrich.
Analytical or reagent grade products, without further purification,
were used.

Plasmids, transfection, and luciferase assay

Gene reporter plasmids pC3-luciferase (pC3) and pXP2-D 1-2966-
luciferase (pD1), expression vectors for pCR3.1-3-galactosidase,
human pCNX2-ERB |, and an empty vector, pCMV5, were used.
Plasmids were purified for transfection using a plasmid preparation
kitaccording to the manufacturer’s instructions. A luciferase dose—
response curve showed that the maximum luciferase activity was
attained when | pg of plasmid was transfected together with | pg
of pCR3.1-3-galactosidase to normalise for transfection efficiency
(~55-65%). Hela cells were grown to ~70% confluence and then
transfected with different expression vectors using Lipofectamine
Reagent according to the manufacturer’s instructions. Six hours
after transfection, the medium was changed, and 24 h thereafter
cells were stimulated with E2 or quercetin for 6 h. The cell lysis
procedure, as well as the subsequent measurement of luciferase
gene expression, was performed using a luciferase kit according to
the manufacturer’s instructions with an EC & G Berthold
luminometer (Bad Wildbad, Germany).
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Cell culture and cell cycle analysis

Hela and DLD-I cells were routinely grown in air containing
5% CO, in modified, phenol red-free, DMEM and RPMI medium,
respectively, containing 10% (v/v) charcoal-stripped fetal calf
serum, L-glutamine (2 mmol/L), gentamicin (10 mg/ml), and
penicillin (100 U/ml). Cells were passaged every 2 days using 0.5 ml
trypsin (0.05% v/v), and the media was exchanged every 2 days.
Thirty hours after treatment, cells were harvested with trypsin,
centrifuged, stained with trypan blue solution, and counted in a
haemocytometer (improved Neubauer chamber) in quadruplicate.
Hela cells were transfected with human pCNX2-ER(3 | or pCMV5
expression vectors and 24 h later were stimulated with different
concentrations of E2 or quercetin. After stimulation, cells were
fixed with | ml of ice-cold 70% ethanol and subsequently stained
with 2 mg/ml DAPI/PBS solution. The fluorescence of the DNA was
measured with a DAKO Galaxyflow cytometer equipped with an
HBO mercury lamp, and the percentage of cells present in sub-Gl
phase was calculated using FloMax© Software.

Electrophoresis and immunoblotting

Sub-confluent cells (~80%) were stimulated with either vehicle
(DMSO:PBS, I:1, viv), E2 (I078M in DMSO:PBS, I:1, v:v) or
quercetin (10~°Min DMSO:PBS, I:1, v:v). When indicated, 107*M
of ER inhibitor, ICI 182,780, dissolved in vehicle, or 5 x 1074 M of
p38 inhibitor, SB 203580, dissolved in vehicle, were added 30 or
15 min before treatment with quercetin. Hela cells (transfected
with pPCNX2-ERB 1 or pCMV5 expression vectors) and DLD-|
cells were lysed and solubilised in 0.125 M Tris—HCI (pH 6.8)
containing 10% SDS (w/v), | mM phenylmethylsulfonyl fluoride and
5 pg/ml leupeptin and boiled for 2 min. Proteins were quantified
using the Bradford Protein Assay. A total of 20 g of solubilised
proteins were resolved using SDS-PAGE (from 7% to 10%) at
100V for | h. The proteins were then electrophoretically
transferred to nitrocellulose overnight at 30V at 4°C. The
nitrocellulose was treated with 3% BSA (v/v) in 138 mM NaCl,
26.8 mM KCI, 25 mM Tris—HCI (pH 8.0), 0.05% Tween-20 (v/v),
0.1% BSA (w/v), and then probed at 4 °C overnight with one of the
following antibodies: anti-phospho-ERK, anti-phospho-AKT, anti-
phospho-p38, anti-caspase-3, anti-Bcl-2, anti-PTEN, or anti-PARP
antibodies (I pg/ml). The nitrocellulose was treated with specific
secondary antibodies at room temperature for | h. The
nitrocellulose was stripped by Restore Western Blot Stripping
Buffer (Pierce Chemical Company, Rockford, IL) for 10 min at
room temperature and then probed with either anti-ERK, anti-
AKT, or anti-p38 (| pg/ml) antibodies. Probing the membrane with
anti-a-actin antibody (I pg/ml) was used to normalise the sample
loading. Antibody reaction was visualised with the
chemiluminescence reagent for Western blotting. Densitometric
analyses were performed using Image] software for Windows.

Statistical analysis

A statistical analysis was performed with Student’s t-test with the
GraphPad INSTAT3 software system for Windows. In all cases,
probability (P) values below 0.05 were considered significant.

Results
Nutritionally relevant quercetin concentrations affect
cancer cell growth in presence of ER[3

High concentrations of quercetin (10~ *and 103 M) decreased
the number of ERB I-devoid (ERB—) Hela cells (Fig. IA). On
the contrary, in ERB I-transfected (ERB+) Hela cells, the
quercetin effect was dose-dependent because nutritionally
relevant quercetin concentrations significantly decreased the
cell number by about 25% up to 10~" M and by about 30%
at 107¢ M (Fig. IB). As observed with quercetin, high E2
concentration (103 M) reduced cell number in both ERB— and
in ERB+ Hela cells (Fig. 1 A,B), and as expected (Galluzzo etal,,
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Fig. . Quercetin effect on cancer cell growth. HelLa cells
transfected with empty vector (ERB—) (panel A) or with ERp
expression vector (ERB+) (panel B) and DLD-I cells (panel C) were
grown for 30 hin the presence of different concentrations of quercetin
(Q) or 17p-estradiol (E2). Cells were harvested and counted as
described in the Materials and Methods section. The data represent
the mean = SD of six independent experiments carried out in
duplicate. *P<0.001, calculated with the Student’s t-test, compared
with non- stlmulated control values (0).

2007), E2 decreased ERB-transfected (ERB+) Hela cell
number also at 10~8 M. Notably, similar results were obtained
in DLD-1I colon cancer cells (Fig. | C) which express only ERB |
(Galluzzo etal., 2007; Caiazza etal. 2007) Thus, inthe foIIowmg
experiments, concentrations of 1078 M for E2 and 107® M for
quercetin were used. These concentrations correspond to
saturating conditions reported both for quercetin and for E2
binding to ERB (Kuiper et al., 1997; Bolli et al., 2010).

Flow cytometry analyses of ERB— and ERB+ Hela cells
showed (Flg 2) that 30 h of quercetin treatment (10~ M), like
E2 (1078 M), increased the number of cells in the sub-G | region
of the cell cycle only in the presence of ER[3, thus strongly
suggesting the presence of DNA fragmentation.

Quercetin:ER} complex activates a pro-apoptotic
cascade

To link the effect of quercetin reported in Figure 2 to the
induction of an apoptotic cascade, the presence of the active
subunit of caspase-3 (i.e., the caspase-3 17-kDa band) and the
cleavage of caspase-3 substrate (i.e., PARP) were analysed. The
caspase-3 | 7-kDa band was detected only in ERB+ Helaand in
DLD-1 cells treated for 24 h with either E2 or quercetin
(Fig. 3A,B). To confirm that the quercetin-induced appearance
of the caspase-3 |7-kDa band was associated with anincrease in
caspase-3 activity, the cleavage of the caspase-3 substrate, the
DNA repair enzyme PARP was analysed. Quercetin treatment,
like E2, induced the cleavage of | 16-kDa PARP into its inactive
85-kDa fragment (Fig. 3A,B) in both ERB+ Hela and DLD- I
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cells, whereas no effects were observed in ERB— Hela cells. In
addition, the cell pre-treatment with the pure ER inhibitor, ICI
182,780, completely prevented the quercetin-induced caspase-
3 activation and PARP cleavage (Fig. 3A,B), strongly suggesting
the ERB3-dependence of this quercetin effect. As previously
reported, the E2-induced caspase-3-dependent apoptotic
cascade in DLD-| cells requires the activation of the p38 kinase
(Galluzzo et al.,, 2007; Caiazza et al., 2007). To evaluate the
possible involvement of p38 in quercetin-induced apoptosis,
ERB+ Hela cells were pre-treated with the specific p38
inhibitor, SB 203580, which completely prevented both E2- and
quercetin-induced caspase-3 activation as well as PARP
cleavage (Fig. 3C,D).

Action mechanism of quercetin:ERf3 complex

These results prompted us to verify the quercetin ability to
directly activate p38 kinase in ER3-expressing cells. Quercetin,
as well as E2, induced p38 phosphorylation after |5 min of
stimulation in ERB+ Hela (Fig. 4A) and DLD-1 cells (Fig. 4B).
This effect required ER3 because itis absentin ERB— Hela cells
and it was prevented by DLD-| cell treatment with ICI 182,780
(Fig. 4A-C).

We next determined the putative impact of quercetin on two
other signal transduction effector kinases that are important for
cell survival: the serine/threonine protein kinase AKT and the
extracellular regulated kinase (ERK). Quercetin did not induce
AKT or ERK phosphorylation in both ERB+ Hela and DLD-1
cell lines at any of the stimulation times tested (data not shown
and Fig. 4D,E). Notably, | wM quercetin did not decrease the
basal, constitutive, phosphorylation status of both kinases or
the expression level of total ERK and AKT (phosphorylated and
non-phosphorylated) in either in ERB+ (Fig. 4D,E) or in ERB—
Hela cells (data not shown). Finally, AKT phosphorylation is
negatively regulated by the phosphatase and tensin homolog
deleted on chromosome 10 (PTEN), a phosphatase that
dephosphorylates the 3'-position to reverse the reactions
catalysed by phosphatidylinositol 3-kinase (PI3K; Marino etal.,
2003). As shown in Figure 4D—F, 24 h of stimulation with
quercetin or E2 induced the accumulation of protein PTEN in
the cell lines. Parallel to the inability to activate AKT and
increase the level of PTEN, no accumulation of the anti-
apoptotic protein Bcl-2 occurred when ER3+ Helaand DLD-|
cells were treated for 24 h with quercetin (Fig. 4D,E).

ERp, like other members of the nuclear receptor
superfamily, is a ligand-activated transcription factor. Gene
transcription can be activated by E2 via direct binding of the
receptor to the estrogen-responsive element (ERE) present in
the promoter of responsive genes or indirectly via receptor
association with other transcription factors (Ascenzi et al.,
2006; Paech et al., 1997; Saville et al., 2000). Thus, the effect of
quercetin on the activation of an ERE containing complement 3
(pC3) as well as that of an ERE-devoid gene promoter (cyclin
DI, pDI) were evaluated. Quercetin increased the activity of
the ERE containing the pC3 promoter up to the activity levels
seen in E2-treated ERB+ Hela cells (Fig. 5), whereas no
promoter activity was detected when these cells were co-
transfected with the ERE-devoid of the pD | promoter (Fig. 5).

Discussion

Quercetin treatment causes cell cycle arrest and apoptosis in
different cell types including prostate, glioblastoma, breast, and
colon cancer cell lines (Kuo, 1996; Kuo et al., 2004; Lee et al.,
2006; Vijayababu etal., 2006; Kim etal., 2008; Mense etal., 2008;
Murakami et al., 2008; Galluzzo et al., 2009; Kumar etal., 2010).
Several mechanisms have been described for these quercetin
effects, including DNA strand breakage, inhibition of enzymes
and kinases associated with survival signal transduction

pathways (e.g., PI3 kinase, protein kinase C, ERK), and anti- or
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Fig. 2. QuercetineffectonHelLacelldistributioninthe cell cycle. HeLa cells transfected with empty vector (ERB —), or with ERB expression vector
(ERB+) were grown for 30 h in the presence of quercetin (Q, 10~° M), 1 7B-estradiol (E2, 10~2 M), or vehicle (DMSO:PBS, I:1, v:v). The cell cycle
distribution was evaluated by cytofluorimetric analysis. Thenumbersreportedinleft panesindicate the percentage of cells presentinsub-G | phase
of the cell cycle. Graphs are examples of four indpendent experiments carried out in duplicate.

pro-oxidant activity (Matter et al., 1992; Kim et al., 2004;
Vijayababu et al., 2006; Stevenson and Hurst, 2007).
Unfortunately, due to the high quercetin concentrations used in
these studies (i.e., either >25 wM or > 100 wM), the useful
chemo-preventive effect of quercetin on cancer cells is
uncertain. Although it is possible that quercetin metabolites
release the bioactive aglycone via (3-glucuronidase, which has
high activity in the tumour micro-environment (Yue etal., 2002;
O’Leary etal., 2003), quercetin aglycone is present in plasma at
very low concentrations (Manach et al., 2005). However, in a
population-based case-control study, an inverse association
between colorectal cancer risk and non-tea flavonol (principally
quercetin) intake has been recently reported strongly pointing
to quercetin as a potential candidate for both cancer prevention
and treatment (Kyle et al., 2010). These results prompt further
investigation to ascertain the contribution of the mechanism(s)
of action of quercetin in cancer cells.

We previously demonstrated that in addition to its strong
antioxidant properties, quercetin induced cancer cell death
through an ERa-dependent mechanism involving p38 kinase and
caspase-3 activation (Galluzzo et al., 2009). The present study
was undertaken to examine the involvement of the other ER
isotype (i.e., ERB 1) in the well-known growth inhibition and cell
death effects of quercetin at nutritional relevant
concentrations.

At least five splice variant isoforms of the ER(3 gene product
(ERBI-ERB5) have been described (Moore et al., 1998; Wong
et al.,, 2005): the 530-amino acid human ERp isoform is
currently regarded as the wild-type ER(3; ERB2 (also called
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ERBcx; Ogawa et al., 1998) is identical to the ERB long form,
except that 26 unique amino acid residues replace the C-
terminal of ligand binding domain (LBD). Additionally, two
truncated isoforms have been identified and named ER[34 and
ERBS5. Several additional ER( isoforms have been reported,
although the full-length sequences have not been determined
(Ascenzi et al., 2006; Heldring et al., 2007). ERB 1, ERB2, and
ERPB5 have been demonstrated in normal colorectal mucosa to
be expressed at higher levels than ERa (Foley et al., 2000;
Campbell-Thompson et al., 2001). ERB 1 is essential for ER3-
induced transcription initiation of the ERE, whereas the other
ERP isoforms have no innate transcriptional activity, but they
play an enhancing role when dimerised with ERB 1. ERB I is the
only fully functional ER3, which preferentially hetero-dimerises
with other ER( isoforms, particularly ERB4 and ERB5, forming
“variable dimer partners” under the stimulation of estrogens
(Leung etal., 2006). Furthermore, ER32, which is unable to bind
ligands or coactivators and has no transcriptional activity in
reporter assays, shows preferential hetero-dimerisation with
ERa rather than with ERB. ER(32 inhibits ERoc DNA binding and
has a dominant-negative effect on ligand-dependent ER(3
reporter gene activity (Ogawa et al., 1998). These data suggest
that the ERB isoforms could differentially modulate E2 action
(Ascenzi etal., 2006) and make elucidating the physiological role
of this receptor more difficult. To examine the quercetin effects
in the presence of ERf3, we have selected two experimental
models. The first model is the colon cancer cell line, DLD-I
cells, which expresses only the ERBI isoform (Caiazza et al.,
2007; Galluzzo et al., 2007), and the second model is the
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Fig. 3.

Quercetin effect on the activation of the pro-apoptotic cascade. A representative example of three mdependent Western blot analsyses of

caspase-3 activation and PARP cleavage after 24 h of vehicle (V, DMSO:PBS, I:1, v:v), | 7B-estradiol (E2, 10~2 M), and quercetin (Q, 10
stimulationin HeLa cells transfected with empty vector (ER —) or with ERP expression vector (ERB3+) and DLD-I cellsis shownin panel A.In panel
B, the densitometric analyses are reported. Data are mean * SD of three different experlments P <0.001 was calculated with the Student’s t-test
compared with (*) vehicle- or (°) Q-treated samples. The p38 inhibitor SB 203580 (SB, 5 X 10~ M) or anti-estrogen ICI 182,780 (ICI, 10 M) were
added 15 min before E2 or quercetin in ERB+ HelLa and DLD-I cells (panel C). In panel D, the densitometric analyses are reported. Data are
mean = SD of three different experiments. P<0.001 was calculated with the Student’s t-test compared with (*) vehicle- or (°) E2- and Q treated

samples.

ERB-devoid Hela cells that can be rendered E2-responsive
after the transient transfection of the ER3 | expression vector.

Quercetin, even at 0.1 or | wM concentrations, decreased
the cell number triggering a pro-apoptotic cascade that
culminates in caspase-3 activation and protein PARP cleavage, a
caspase-3 substrate. These effects, obtained at low quercetin
concentrations, were comparable to those obtained at
physiological E2 concentrations (i.e., |0 nM), which requires the
presence ERP. In contrast, quercetin at a higher concentration
than one of nutritional relevance (i.e., |00 wM) triggered ERB3-
independent effects. Notably, | mM quercetin, like E2, reduced
cell proliferation both in ERB- and ERB3+ cell lines, suggesting
that a cytotoxic effect occurred.

One of the main aims of this article was to understand the
signalling events leading to the potential chemotherapeutic
activity of quercetin in cancer cell lines. Like 10nM E2, | h of
| wM quercetin induced p38 phosphorylation only in DLD-1
and in ERB+ Hela cells. Moreover, pre-treatment with the
pure anti-estrogen, ICl 182,780, completely prevented
quercetin effects in the DLD-I colon cancer cell line.
Intriguingly, at the same concentration (I wM), quercetin did
not affect either the phosphorylation status or the levels of the
survival kinase AKT, while it increased PTEN levels, as seen in

JOURNAL OF CELLULAR PHYSIOLOGY

E2 treatment. It is well known that the tumour suppressor
PTEN dephosphorylates PI3K, preventing AKT recruitment to
the plasma membrane for activation through phosphorylation.
In several cell lines, p38 is one of the main kinases involved in
PTEN upregulation via activating transcription factor-2 (ATF-
2), which binds to ATF sites in the PTEN promoter (Shen etal,,
2006). In addition, Bcl-2 transcription is downregulated by
PTEN in the prostate cancer cell line (Huang et al., 2001).
Similarly in DLD-1 cells, the rapid (15 min) quercetin:ERB-
induced p38 activation, like E2, seems to control PTEN levels
which in turn could impede AKT activation and Bcl-2
accumulation, thus driving cells into apoptosis (Chiacchiera and
Simone, 2008; Wagner and Nebreda, 2009; Kim and Choi,
2010). The parallel absence of ERK phosphorylation upon
quercetin stimulation further guarantees that cell survival
pathways are not operative in these cells. Finally, the quercetin
inability (like E2) to modify AKT and ERK phosphorylation
status impedes the indirect transcription from the cyclin DI
promoter, which is strongly dependent on these kinases for
activity and is important for cell cycle progression (Marino etal.,
2002, 2003).

However, the activity of the ERE-containing promoter pC3 is
enhanced by | wM quercetin stimulation, independent of ERf3,
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of phosphorylated and total p38 levels after 15 min of vehicle (V, DMSO:PBS I:1, v: v), 17B-estradiol (E2, 10 2 M), and quercetin (Q, 10 M)
stimulation in HeLa cells transfected with empty vector (ERf3—) or with ER expression vector (ERB+) and DLD-1 cellsis shown in panels Aand B
respectively. Inpanel C, the densitometricanalysesare reported. Dataare mean * SD of three different experiments. P <0.00 | was calculated with
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above the level that can be maximally induced by E2. This
phenomenon of super-induction has been observed in a cell-
context specific fashion for several dietary polyphenols,
including resveratrol, genistein, diphenyl esters, daidzein and
others (Gehmetal,, 1997; Kuiper etal., 1998; Legler etal., 1999;
Totta etal., 2005). The underlying mechanism remains obscure.
Resveratrol and some flavonoids have been recently
characterised as antagonist of the aromatic-hydrocarbon
receptor that subsequently can interfere with oestrogenic
signalling at the DNA level (Lee and Safe, 2000; Singh et al.,
2000). Additionally, the binding of quercetin to ERf3 might
induce conformational changes in the receptor structure that
result in a greater recruitment of transcriptional co-activators
to the C3 promoter than E2. As a whole, these results further
prove that extra-nuclear and genomic signals synergise with
each other to guarantee the pro-apoptotic ER(3-dependent
effects of E2 and quercetin.

Finally, it has been reported that quercetin (from 8.5 to
25 M) decreases human colon smooth muscle contractility via
ERB-dependent p38 activation (Hogan et al., 2010). This effect
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could be related to an alteration in gut transit time similar to
that underling the protective role of fibre against the
development of colon cancer (Burkitt et al., 1972). This result
along with the population-based case-control study before
mentioned (Kyle etal.,2010) and others reported here strongly
suggest that nutritionally relevant quercetin concentrations
positively impact colon functions by modulating ER3-
dependent signals. In particular, the rapid actions of the
quercetin:ER complex in the colon (i.e., activation of p38
kinase; Hogan et al., 2010 and present results) indicate not only
that quercetin could mimic the protective effect of E2 but also
suggest that these mechanisms could also be operative in males.
Taking into the account that quercetin binds to ERa as an E2
antagonist and induces apoptosis even in the presence of this
receptor isotype (Galluzzo et al.,, 2009); quercetin could be
considered as a dual-sided agent against E2-related cancer by
reducing tumour growth in organs that express both ERa and
ERB. Thus, present findings provide impetus to investigate
further what ER-based effects may be exerted by quercetinona
variety of tissues.
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