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Combined treatment with quercetin and TRAIL induced cytotoxicity and enhanced annexin
V staining and poly (ADP-ribose) polymerase (PARP) cleavage in human prostate cancer cell
lines DU-145 and PC-3. These indicators of apoptosis resulted from the activation of
caspase-8, -9, and -3. Although the expression levels of FLIPs, cIAP1, cIAP2, and the Bcl-2
family were not changed in quercetin-treated cells, significant downregulation of survivin

Keywords: occurred. Knockdown survivin by siRNA significantly increased TRAIL-induced apoptosis.
Quercetin We hypothesized that quercetin-induced activation of MAPK (ERK, p38, JNK) is responsible
TRAIL for downregulation of survivin gene expression. To test this hypothesis, we selectively
Apoptosis inhibited MAPK during treatment with quercetin. Our data demonstrated that inhibitor of
Survivin ERK (PD98059), but not p38 MAPK (SB203580) or JNK (SP600125), significantly maintained the

ERK intracellular level of survivin during treatment with quercetin. Interestingly, PD98059 also
prevented quercetin-induced deacetylation of histone H3. Data from survivin promoter
activity assay suggest that the Sp1 transcription factor binds to the survivin promoter region
and quercetin inhibits its binding activity through deacetylation of histone H3. Quercetin-
induced activation of the ERK-MSK1 signal transduction pathway may be responsible for
deacetylation of histone H3. Taken together, our findings suggest that quercetin enhances
TRAIL induced apoptosis by inhibition of survivin expression, through ERK-MSK1-mediated
deacetylation of H3.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction death receptors DR4 and/or DR5, which are widely expressed

in most human cells. TRAIL can also interact with two non-

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), a member of the tumor necrosis factor (TNF) super-
family, triggers apoptosis in a variety of malignant cells
without marked toxicity to normal cells [1]. Apoptosis is
initiated by binding of TRAIL to the death domains (DD) of

functional decoy receptors, DcR1 and DcR2, without eliciting
cell death [1]. Upon TRAIL-mediated activation of the death
receptor, its intracellular death domain attracts the Fas-
associated death domain adaptor molecule [2], which further
recruits the initiators caspase-8 and caspase-10 to the death
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receptor to form the death-inducing signaling complex. This
process ultimately results in the activation of the terminal
executioners caspase-3, caspase-6, and caspase-7, thereby
leading to cell death [3].

Epidemiological studies have shown that the consumption
of vegetables, fruits and tea, of which quercetin is a
constituent, lowers the risk of cancer [4]. Quercetin has been
shown to inhibit the enzymes involved in cell proliferation and
in the cell signal transduction pathway including protein
kinase C [5], tyrosine kinase [6], cdc25 phosphatase [7], PI-3
kinase [8], P-Akt [9], DNA topoisomerase II [10], and c-Jun N-
terminal kinase (JNK) [11]. Quercetin has a wide range of
biological activities including inhibition of mutant p53
expression [12], and androgen receptor expression and
function in LNCaP cells [13]. Quercetin-mediated apoptosis
may result from the induction of stress proteins including the
heat shock proteins, disruption of microtubules and mito-
chondrial release of cytochrome c, and activation of caspases
[14-17]. These activities of quercetin make it a promising
candidate for treatment and prevention of various cancers.

In this study, we investigated whether quercetin can
promote TRAIL-induced apoptotic death. We observed that
downregulation of survivin is responsible for quercetin-
promoted TRAIL-induced apoptosis in human prostate cancer
cells. ERK-mediated deacetylation of histone H-3 results in
downregulation of survivin through inhibiting Sp1 binding
activity and subsequently enhances TRAIL cytotoxicity.

2. Materials and methods
2.1. Cell culture and survival assay

Human prostate cancer cell lines DU-145 and PC-3 were
obtained from the American Type Culture Collection (Mana-
ssas, VA, USA). DU-145 cells were cultured in DMEM medium
(Gibco BRL, Gaithersburg, MD, USA) containing 10% fetal
bovine serum (HyClone, Logan, UT, USA) and 26 pM sodium
bicarbonate for monolayer cell culture. The dishes containing
cells were kept in a 37 °C humidified incubator with a mixture
of 95% air and 5% CO,. At 1 day prior to the experiment, cells
were plated into 60-mm dishes. For trypan blue exclusion
assay [18], trypsinized cells were pelleted and resuspended in
0.2 ml of medium, 0.5ml of 0.4% trypan blue solution, and
0.3ml of phosphate-buffered saline solution (PBS). The
samples were mixed thoroughly, incubated at room tempera-
ture for 15 min and examined under a light microscope. At
least 300 cells were counted for each survival determination.

2.2 Drug treatment

Quercetin and H-89 were obtained from Sigma Chemical Co.
(St Louis, MO, USA). SP600125, SB203580, and PD98059 were
purchased from Calbiochem (San Diego, CA, USA). A stock
solution was prepared in DMSO.

2.3. Antibodies

Polyclonal anti-Bc1-X;, anti-caspase-3, anti-caspase-9, anti-
DRS5, anti-DR4, and anti-DcR2 antibodies were purchased from

Santa Cruz (Santa Cruz, CA, USA), anti-cIAP-1, anti-cIAP-2,
anti-survivin from R&D Systems (Minneapolis, MN, USA), anti-
phospho-Akt, anti-phospho-JNK, anti-phospho-ERK, anti-Akt,
anti-JNK, anti-ERK, anti-acetyl H3, anti-acetyl H4 from Cell
Signaling, and anti-FLIP from Calbiochem. Monoclonal anti-
bodies were purchased from the following companies: anti-
caspase-8 from Upstate Biotechnology, anti-PARP from Biomol
Research Laboratory (Plymouth Meeting, PA, USA), anti-Bcl-2
from Santa Cruz (Santa Cruz, CA, USA), and anti-actin from
ICN (Costa Mesa, CA, USA).

2.4. Production of recombinant TRAIL

A human TRAIL cDNA fragment (amino acids114-281)
obtained by RT-PCR was cloned into a pET-23d (Novagen,
Madison, WI, USA) plasmid, and His-tagged TRAIL protein was
purified using the Qiagen express protein purification system
(Qiagen, Valencia, CA, USA).

2.5. Protein extracts and PAGE

Cells were lysed with 1 x Laemmli lysis buffer (2.4 M glycerol,
0.14 M Tris, pH 6.8, 0.21 M SDS, 0.3 mM bromophenol blue) and
boiled for 10 min. Protein content was measured with BCA
Protein Assay Reagent (Pierce, Rockford, IL, USA). The samples
were diluted with 1 x lysis buffer containing 1.28 M 8-
mercaptoethanol, and equal amounts of protein were loaded
on 12% SDS-polyacrylamide gels. SDS-PAGE analysis was
performed according to Laemmli [19] using a Hoefer gel
apparatus.

2.6.  Immunoblot analysis

Proteins were separated by SDS-PAGE and electrophoretically
transferred to nitrocellulose membrane. The nitrocellulose
membrane was blocked with 5% nonfat dry milk in PBS-
Tween-20 (0.1%, v/w) at 4 °C overnight. The membrane was
incubated with primary antibody (diluted according to the
manufacturer’s instructions) for 2h. Horseradish peroxi-
dase-conjugated anti-rabbit or anti-mouse IgG was used as
the secondary antibody. Immunoreactive protein was visua-
lized by the chemiluminescence protocol (ECL, Amersham,
Arlington Heights, IL, USA). Quantitation of X-ray film was
carried out by scanning densitometer (Personal Densit-
ometer, Molecular Dynamics, Sunnyvale, CA, USA) using
area integration.

2.7.  Annexin V analysis

For the analysis of apoptosis, DU-145 cells were stimulated
with quercetin and/or TRAIL. Resulting, cultures with or
without and apoptotic cell death was measured by flow
cytometry using FITC-conjugated annexin V and PI (PharMin-
gen, San Diego, CA, USA) according to the manufacturer’s
instructions.

2.8.  HDAC enzyme activity assay

HDAC activity was measured using the HDAC assay kit
(colorimetric detection) according to the instructions from
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the manufacturer (Upstate, Lake Placid, NY, USA). Briefly,
15 pL nuclear fraction was diluted to 25 pL with the assay
buffer. Following the addition of colorimetric HDAC substrate,
the reaction mixture was incubated for 30 min at 37 °C, and
stopped by 60 min with HDAC activator solution. An activator
solution was then added to release the coloriphore from the
deacetylated substrates, and colorimetric of the reaction
mixture was monitored at absorbance read at 405 nm using
a Plate reader.

2.9.  Transfections of Sp1 and luciferase assays

Aplasmid encoding human Sp1, pCAGGS, was kindly provided
by Dr. Ferruccio Galbiati (University of Pittsburgh, PA, USA).
Transfections were performed using LipofectAmine Plus
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Briefly, 1 x 10° DU-145 cells were
cultured in 6-well culture plates in 2 ml of DMEM supple-
mented with 10% FBS, and incubated for 24 h. After washing
the cells with OPTI-MEM medium (Invitrogen) two times,
800 pl of OPTI-MEM medium and 200 pl of LipofectAmine
reagent containing 0.1 to 1 pg of Sp1 were added. After 4 h of
incubation, medium was changed to 2 ml of DMEM supple-
mented with 10% FBS, and cells were incubated for an
additional 24 h. For the transfection of Sp1 expression vector,
PCAGGS-Sp1 was transfected into DU-145 cells. We purchased
survivin promoter vectors (pLUC-1430, -649, -230, -123, -108, -
89, -42) from Health Research Inc. (Buffalo, NY, USA). In brief,
cells were plated onto 6-well plates at a density of 1 x 10° cells/
well and grown overnight. Cells were cotransfected with 1 pg
of various plasmid constructs and 1pg of the pCMV-3-
galactosidase plasmid for 4 h by the LipofectAmine method.
After transfection, cells were cultured in 10% FBS medium
with a vehicle (DMSO) or quercetin for 24 h. Luciferase and B-
galactosidase activities were assayed according to the man-
ufacturer’s protocol (Promega, Madison, W1, USA). Luciferase
activity was normalized for B-galactosidase activity in the cell
lysate and expressed as an average of three independent
experiments.

2.10.  Chromatin immunoprecipitation assays

DU-145 cells were left untreated or treated with quercetin
(100 uM) for 24 h. Chromatin immunoprecipitation assay was
done 48 h after drug stress with the chromatin immunopre-
cipitation assay kit from Upstate Cell Signaling Solutions
(Temecula, CA, USA). Briefly, cells were cross-linked with 1%
formaldehyde for 10 min at 37 °C. The cross-linked chromatin
was then extracted, diluted with lysis buffer, and sheared by
sonication. After preclearing with a 1:2 mix of protein A/
protein G-agarose bead (Upstate), the chromatin was divided
into equal samples for immunoprecipitation with anti-Sp1,
anti-immunoglobulin G (negative control) polyclonal antibody
(Santa Cruz Biotechnology). The immunoprecipitates were
pelleted by centrifugation and incubated at 65 °C to reverse the
protein-DNA cross-linking. The DNA was extracted from the
elute by the phenol/chloroform method and then precipitated
by ethanol. Purified DNA was subjected to PCR with primers
specific for a region (—264 to —31) in the survivin promoter
spanning seven putative Sp1 binding sites. The sequences of

the PCR primers used are as follows: F1 5'-TTCTTTGAAAAG-
CAGTCGAGGGG-3/, R1 5-CGCGATTCAAATCTGGCGGTTA-3'.

3. Results

3.1.  Combined treatment with quercetin and TRAIL
induces synergistic apoptosis in prostate cancer cells

In search of novel strategies to target tumor cell resistance, we
investigated the anti-tumor effect of the chemopreventive,
natural compound quercetin on the induction of apoptosis in
human prostate cancer DU-145 cells. As shown in Fig. 1A, little
cytotoxicity was observed with quercetin (10-200 uM) alone.
Unlike quercetin, TRAIL alone induced cell death in a
concentration-dependent manner; 97, 88, and 80% of the cells
survived after exposure to 10, 50, and 100 ng/ml of TRAIL,
respectively, for 24h (Fig. 1B). Given the relatively low
cytotoxic activity of quercetin as a single agent, we then
tested quercetin in combination treatments. Surprisingly, we
found that quercetin strongly cooperated with the death
ligand TRAIL to induce apoptosis in DU-145 cells in a dose-
dependent manner; 90, 55 and 35% of the cells survived after
exposure to 10, 50, and 100 ng/ml of TRAIL in combination
with 100 uM quercetin, respectively, for 24 h (Fig. 1B). Similar
results were observed by Annexin V and PI staining assay.
Data from FACS analysis show that apoptotic death occurred
during combined treatment with TRAIL and quercetin (Fig. 1C).
Combined treatment of quercetin with TRAIL produced a
synergistic cytotoxicity in cells in another prostate cancer cell
line, PC-3. Typical morphological changes of apoptotic cell
death were observed under phase-contrast microscopy
(Fig. 1D) and viability decreased in a dose-dependent manner;
72,47, 2, and 1% of the cells survived after exposure to 0, 10, 30,
and 100 pM of quercetin in combination with 50 ng/ml TRAIL,
respectively, for 24 h (Fig. 1E). We observed that the synergy of
quercetin with TRAIL in PC-3 cells was greater than thatin DU-
145 cells. Since both cell lines are tumorigenic and lack wild-
type p53, this difference is probably due to an intrinsic
difference in TRAIL sensitivity. Nonetheless, all these results
clearly indicate that quercetin sensitizes TRAIL-induced
apoptosis in prostate cells.

3.2.  Sensitization to TRAIL-induced apoptosis through
quercetin-mediated caspase activation

To confirm the activation of apoptotic signals by combined
treatment with quercetin and TRAIL, we performed western
blot analysis of PARP and caspase-8, -9, -3 in DU-145 cells
treated with quercetin and/or TRAIL (Fig. 2). After treatment
of DU-145 cells with TRAIL (50, 100 ng/ml) for different dose of
quercetin (10-200 pM), immunoblot analysis of cell lysates
demonstrated processed polypeptides for pro-caspase-8, an
initiator caspase, a decrease in the major form of pro-
caspase-3, an effector caspase, and finally, PARP cleavage.
Taken together, TRAIL plus quercetin further enhanced
activation of caspases-8, -9, -3 and the associated cleavage
of PARP, showing that TRAIL-induced sensitization to
quercetin is associated with an increase in the activation of
caspases -8, -9, and -3.



BIOCHEMICAL PHARMACOLOGY 75 (2008) 1946-1958 1949

(A) (B)
T DU-145 DU-145
100 1 o o T 100 A
g 60 = 80 -
£ £ 60 |
a 60 —
© £
S s
= = 40
o 40 %
o o
20 201
0 0
¢ 10 50 100 200 - 10 50 100 10 50 100 TRAIL (ng/ml)
Quercetin (uM) - - - - + + + Quercetin 100 uM
(€) DU-145
~ Con T50
e FL1 LOG (3) va FL3 LOG (5) E FL1 ANMEXN (3) vs FL3 PI (4)
10 10* 10 0
Q100 . T50+
3 FL1 AMMEXNIN (3) ve FL3 PI(4) =) FL1 LOG (3) vs FL3LOG (3)

10%

Pl

Annexin V

Fig. 1 - Effect of quercetin on TRAIL-induced cytotoxicity in human prostate DU-145 and PC-3 cells. (A) DU-145 cells were
treated for 24 h with quercetin (10-200 xM). (B) DU-145 cells were treated for 24 h with various concentrations of TRAIL (10—
100 ng/ml) in the presence or absence of 100 pM quercetin. Cell survival was determined by the trypan blue exclusion
assay. Error bars represent standard error from the mean (S.E.M.) for three separate experiments. (C) Cells were treated for
4 h with TRAIL (50 ng/ml) in the presence or absence of 100 pM quercetin. After treatment, apoptosis was detected by the
FACS analysis. Con: control, T50: TRAIL 50 ng/ml, Q100: Quercetin 100 pM, T50 + Q: TRAIL 50 ng/ml plus Quercetin 100 pM.
PC-3 cells were treated with various concentrations of quercetin (10-100 M) for 24 h in the presence or absence of 50 ng/ml
of TRAIL. The morphological features were analyzed with a phase-contrast microscope (200x) (D) and cell survival was
determined by the trypan blue exclusion assay (E). Error bars represent standard error from the mean (S.E.M.) for three
separate experiments.
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3.3. Modulation of apoptosis regulatory molecules by
quercetin

To gain insight into the molecular mechanism linking
apoptosis sensitivity to treatment with quercetin, we inves-

10 50100 200 10 50 100 Quercetin (uM)
C 50100 - 50 50 50 TRAIL (ng/ml)

- evesauesesererepes - |1

- am ——
- i““‘ == <+~ 5755 Caspase 8
- - —www "~ 9
. . S —————— e w—— 4 46

- +— 34

PARP

Caspase 9

D e R L el — - 32 Caspase 3

D e <3 s e Do qms + 43

Actin

Fig. 2 - Effect of quercetin on TRAIL-induced proteolytic
cleavage of PARP and activation of caspases in DU-145
cells. Cells were treated for 24 h with various
concentrations of quercetin in the presence or absence of
50 ng/ml TRAIL and then harvested. Cell lysates
containing equal amounts of protein (20 pg) were
separated by SDS-PAGE and immunoblotted with anti-
caspase-8, anti-capase-9, anti-caspase-3, or anti-PARP
antibody. Actin was used to confirm the amount of
proteins loaded in each lane.

tigated key molecules of the death receptor or mitochondrial
pathway. We examined whether changes in the amounts of
antiapoptotic proteins are associated with the promotion of
apoptosis by TRAIL in combination with quercetin. DU-145
cells were treated with 50 ng/ml TRAIL in the presence of 0-
100 pM quercetin. Data from Western blot analysis reveal that
the combined treatment did not significantly alter the levels of
FLIP/L, FLIP/s, and Bcl-2 family protein expression (Fig. 3A). As
antiapoptotic proteins such as cIAP-1, cIAP-2, XIAP, and
survivin have also been implicated in the regulation of
TRAIL-induced apoptosis, expression of these proteins was
next assessed in the presence of quercetin (10-100 wM).
Quercetin Treatment resulted in significant down-regulation
of survivin protein expression in a dose-dependent manner
(Fig. 3B). But neither cIAP-1, cIAP-2, nor XIAP cellular protein
levels were altered by quercetin treatment of DU-145 cells.
This quercetin-mediated down-regulation of survivin was also
confirmed in another prostate cancer line, PC-3 (Fig. 3C). Taken
together, down-regulation of survivin gene expression may be
an important fact for sensitization to TRAIL-induced apoptosis
by quercetin.

3.4.  Effect of TRAIL on silenced survivin gene expression
Next, we further analyzed the involvement of survivin in the
sensitization effect of quercetin. Fig. 3 shows that quercetin
and TRAIL induced apoptosis corresponded with down-
regulation of survivin. To confirm the functional significance
of survivin down-regulation in TRAIL-induced apoptosis, we
employed the siRNA duplex against survivin. DU-145 cells
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Fig. 3 - Intracellular levels of FLIPs, Bcl-2 family, and IAP
family proteins during treatment with quercetin in the
presence or absence of TRAIL. DU-145 cells were treated
for 24 h with various concentrations of quercetin (10-

100 pM) in the presence or absence of 50 ng/ml TRAIL.
Equal amounts of protein (20 ng) were separated by SDS-
PAGE and immunoblotted as described in materials and
methods. Protein levels of FLIPs and Bcl-2 family (A) or IAP
family (B) were analyzed during treatment with quercetin
in the presence or absence of TRAIL. (C) PC-3 cells were
treated for 24 h with indicated amount of quercetin (10-
100 pM) and survivin level was measured by western blot
analysis.

transfected with the control siRNA or survivin siRNA were
treated with or without TRAIL for 4h and subjected to
immunoblot analysis. As shown in Fig. 4A, transfection of
siRNA against survivin resulted in enhancement of TRAIL-
induced apoptosis in DU-145 cells, compared to the cells
tranfected with control siRNA. The results from cell viability
assay were consistent with that from PARP cleavage assay.
TRAIL-induced cytotoxicity was promoted in survivin knock-
down DU-145 cells (Fig. 4B). Taken together, these results
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Fig. 4 - Effect of silenced survivin expression on TRAIL-
induced apoptosis in DU-145 cells. Cells were transfected
with a control vector or silenced survivin oligonucleotide
DNA for 24 h. Transfected cells were treated for 4 h with
various concentrations of TRAIL (10-200 ng/ml). (A) Cell
lysates were subjected to immunoblotting for anti-PARP or
anti-survivin. Actin was shown as an internal standard.
(B) Cell survival was determined by the trypan blue
exclusion assay. Error bars represent standard error from
the mean (S.E.M.) for three separate experiments.

suggest that survivin down-regulation is critical for the TRAIL
induced apoptosis signal pathway.

3.5.  Quercetin inhibits transcription from the survivin
gene promoter by blocking DNA binding of the Sp1 promoter

Next, we attempted to further clarify the underlying mechan-
isms of quercetin-induced survivin down-regulation, employ-
ing reverse transcription-PCR and the luciferase gene
expression system. First, to further elucidate the mechanism
responsible for the changes in amount of survivin protein, we
determined levels of survivin mRNA by RT-PCR. Treatment
with quercetin resulted in marked decreases of survivin
mRNA levels in a dose-dependent manner (Fig. 5A). Second, to
define the regulatory region of the survivin promoter, we
constructed a series of chimeric plasmids to contain progres-
sive 5’ end deletion of the survivin 5’ flanking sequence spliced
to the firefly luciferase coding sequence in the promoterless
plasmid vector pGL3-basic (Fig. 5B) and transiently transfected
these plasmids into DU-145 cells. We measured luciferase
levels to reflect promoter activity at 24 h after transfection in
DU-145 cells treated or untreated with quercetin (Fig. 5C). The
construct pLUC-1430 showed a ~2 fold increase in promoter
activity compared with pLUC-42. These results show that
potential positive regulatory elements are located between
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Fig. 5 - Effect of quercetin on the mRNA levels and the
promoter activity of Survivin in DU-145 cells. (A) DU-145
cells were treated with the indicated concentration of
quercetin. Total RNA was isolated and RT-PCR analysis
was performed. A representative study is shown; two
additional experiments yielded similar results. (B)
Schematic structure of survivin promoter constructs used
for testing luciferase activity. (C) Various promoter
plasmids were transfected, and treated with quercetin.
The cells were lysed and luciferase activity measured.

—230 and —123 nucleotide and might be enough to regulate
survivin promoter activity. As shown in Fig. 5C quercetin
inhibited survivin promoter activity, suggesting that survivin
promoter was down-regulated by quercetin. Spl protein
expression was also decreased during the quercetin treatment
(Fig. 8A). Inhibition of Sp1 has been postulated as a mechanism
of action of quercetin [20]. Taken together, our results and
previous literature suggest that multiple Sp1 binding sites in
the proximal promoter region are critical not only for basal
transcription of survivin but also for quercetin-mediated
inhibition of transactivation of survivin promoter.

3.6. Effect of quercetin on survivin protein expression by
MAPK pathways

As the next step in the present study, the activation of MAPK
subfamilies by quercetin was examined by using specific
antibodies against the phosphorylated (activated) forms of the
kinases. The results reveal that all three MAPK families

examined are rapidly and strongly activated by the treatment
with 100 pM of quercetin, following a time-dependent pattern
(Fig. 6A). In particular, JNK MAPK activation displayed a rapid
onset within 30 min of treatment, followed by a progressive
decline, returning to basal levels after 1 h. Activation of p38 by
quercetin was intense, reaching maximum values within
30min of treatment, decreasing thereafter and reaching
control levels at 16 h. Activation of ERKs was also observed
at 30 min of quercetin treatment, followed by a consistently
strongly activated form within 24 h. The above results indicate
that quercetin induces a differential activation of the three
well-established MAPK subfamilies, in relation to time of
exposure. These MAPKs were activated by quercetin in a dose-
dependent manner (10-100 pM) (Fig. 6B). Although phosphor-
ylation of JNK and p38 occurred at 100 pM of quercetin
treatment, treatment with 10 pM of quercetin for 1h was
enough to activate ERK. Although MAPK activation during
quercetin treatment has been studied in detail in a variety of
cell types, the signaling pathways leading to their phosphor-
ylation under such conditions are not yet clarified. To date,
there is no evidence how quercetin stress-induced MAPK
activation affects survivin gene expression in prostate cancer
cells. In order to study these pathways, pharmacological
inhibitors of various kinases were used. The results of these
experiments show that PD98059 (a specific inhibitor of MEK
kinases) abolishes the activation of ERKs (Fig. 6C) producing
recovery of survivin down-regulation in dose dependent
manner. But SB203580 (a specific inhibitor of p38 kinases)
and SP600125 (a specific inhibitor of JNK kinases) have no
significant effect on survivin expression level (Fig. 6D and E).
The inhibitor of MEK, and consequently of ERKs, PD98059
prevented quercetin-mediated down-regulation of survivin
(Fig. 6C). The above results demonstrate that quercetin’s
activation of ERKs regulates survivin gene expression. On the
contrary, activation of p38 and JNK-MAPK seems to not affect
survivin gene expression. Cell viability assay confirmed the
role of ERK in the regulation of survivin gene expression. The
inhibition of ERK by PD98059 reduced the cytotoxic effect of
combined treatment with quercetin and TRAIL (Fig. 6F).

3.7.  Epigenetic regulation of histones by treatment with
quercetin

Previous studies have shown that one of the main mechanisms
involved in regulation of gene expression is the creation of an
open (acetylated) or closed (deacetylated) chromatin structure
which makes the promoter accessible or inaccessible to
transcription factors, respectively [21]. To investigate the
mechanism by which survivin expression is down-regulated
by treatment with quercetin in prostate cancer cell, a possible
epigenetic effect of quercetin on histone acetylation was
analyzed. In DU-145 cells, histone H3, but not histone H4,
was significantly deacetylated by treatment with 100 pM
quercetin for 24 h (Fig. 7A). Quercetin induced H3 deacetylation
in a dose dependent manner in DU-145 (Fig. 7B) and PC-3 cells
(Fig. 7C). H3 deacetylation also occurred in a time-dependent
manner and it was quite evident after 8 h treatment with
100 uM of quercetin in DU-145 cells (Fig. 7D). But H2A and H2B
deacetylation was not observed (data not shown), and H4
deacetylation occurred only slightly in both cell lines. We used
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Fig. 6 - Effect of various MAP kinase or inhibitors on quercetin mediated down-regulation of survivin expression. Quercetin
affects the levels of phosphorylated mitogen-activated protein kinase. DU-145 cells were incubated with 100 pM of
quercetin for indicated time (A) or with indicated amount of quercetin for 1 h (B) and the levels of phospho-ERK, -JNK, and -
p38 were determined by western blotting with phosphor-specific antibodies. DU-145 cells were stimulated with quercetin
(100 nM) in the presence or absence of several inhibitors: (C) PD98059 (a specific ERK inhibitor), (D) SB203580 (a specific p38
inhibitor), and (E) SP600125 (a specific JNK inhibitor) as indicated for 24 h and the levels of survivin were determined by
western blotting. Protein expression levels of actin in cell lysates were used to confirm the amount of proteins loaded in
each lane. (F) DU-145 cells were treated with quercetin (100 M) and TRAIL (50 ng/ml) in the presence of indicated amount of
PD98059 for 24 h. Cell survival was determined by the trypan blue exclusion assay. Error bars represent standard error from

the mean (S.E.M.) for three separate experiments.

MAPK chemical inhibitors to investigate whether these inhibi-
tors affect quercetin-induced survivin down-regulation and H3
deacetylation in DU-145 cells (Fig. 7E). Quercetin induced H3
deacetylation, which was suppressed by MEK inhibitor
(PD98059). Other inhibitors (SB203580, SP600125) did not affect
H3 deacetylation induced by quercetin. Our results indicated
that quercetin induced H3 deacetylation was significantly
prevented in the presence of the MEK inhibitor in DU-145 cells.

We next analyzed the activity of HDAC enzymes during
treatment with quercetin to determine how quercetin induces
H3 deacetylation. We measured HDAC enzyme activity by
absorbance at 405nm (Fig. 7F). These results show that
quercetin increased HDAC enzyme activity. Our data also
indicate that 30% increase in HDAC activity significantly
decreases acetylation of H3 during long-term incubation (8-
24 h), but not short-term incubation (0.5-4h) with 100 pM
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control, Con: control.

quercetin. Taken together, these data suggest that quercetin
induces down-regulation of survivin expression through H3
deacetylation by enhancement of HDAC enzyme activity.

3.8.  Involvement of Sp1 in quercetin-induced survivin
down-regulation

Survivin contains a zinc finger motif that shares a DNA-
binding site with Sp1l [22]. To determine whether quercetin-
reduced Spl expression plays a role in reduced survivin
expression, we assessed the survivin expression levels in cells
treated with quercetin. DU-145 cells were treated with 100 M
quercetin at the indicated times, and expression levels of

survivin and Sp1 were determined by western blot analysis. As
shown in Fig. 8A, after treatment with quercetin for 16 h, the
intracellular level of Sp1 was gradually decreased. To examine
the role of Sp1 in survivin expression, cells were transfected
with the Sp1 expression vectors and treated with quercetin for
24h. As expected, overexpression of Spl increased the
expression of endogeneous survivin protein (Fig. 8B), indicat-
ing that Spl expression positively recovered quercetin-
mediated inhibition of survivin expression. To examine the
functional influence of Spl on the survivin promoter, ChIP
assays were performed with Spl specific antibody and PCR
primers encompassing the seven putative Spl-binding
sequences present in the survivin promoter region (Fig. 8C).
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Fig. 8 - Sp1 is associated with quercetin-mediated down-
regulation of survivin. (A) DU-145 cells were incubated for
the periods indicated in the presence or absence of
quercetin. The intracellular levels of Sp1 were determined
by western blot analysis. (B) Effect of ectopic expression of
Sp1 on survivin expression. DU-145 cells were transfected
with various concentrations of Sp1 ¢cDNA plasmid (0.1-

1 pg). The expression levels of Sp1 and survivin protein in
transfected cells were determined by western blot
analysis. (C) Chromatin immunoprecipitation analyses
were performed with anti-Sp1 antibody, as described in
material and methods. The chromatins were extracted
from sonicated cells (Input), protein A without antibody
(—), protein A with antibody (anti-Sp1) with/without
quercetin treatment, or with pre-immune serum (anti-
IgG). Specific promoter regions of the survivin gene were
amplified by PCR, separated on 1.2% agarose gels, and
stained with ethidium bromide. Also indicated is the
relative position of the PCR product generated in ChIP
assay.

As shown in Fig. 8C, Sp1 directly bound to survivin promoter
region in the chromatin. Quercetin inhibited Spl binding
activity. Taken together, these data suggest that transcription
factor Sp1 plays an important role in survivin gene expression
and quercetin down-regulates survivin gene expression by
inhibiting Sp1 binding activity.

3.9.  ERK mediates the phosphorylation of MSK1 by
quercetin

We previously demonstrated that endogeneous survivin
protein levels reduced by quercetin are severely affected in
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Fig. 9 - Effect of quercetin on ERK-MSK1 signal pathway. (A)
DU-145 cells were incubated for the periods indicated in
the presence or absence of quercetin. Intracellular levels of
phospho-MSK1 were determined by western blot analysis.
Cells were treated for 1 h (B) and 24 h (C) with 100 pM of
quercetin in the absence or presence of the following
inhibitors: PD98059 (50 n.M), H-89 (20 pM).
Immunoblotting was performed using an

antibody against phospho-MSK1, phospho-ERK,

survivin, or ERK.

the presence of inhibitors of the ERK MAPK pathway. Itis well
known that mitogen-and stress-activated kinase 1 (MSK1), a
kinase downstream of ERK, plays an important role in
modification of histone H3 [23,24]. We examined whether
MSK1 is phosphorylated during treatment with quercetin. As
shown in Fig. 9A, the kinase was phosphorylated rapidly,
within 30 min, reaching maximal phosphorylation levels
after 30 min of treatment. This phosphorylation declined
thereafter, but remained considerably above basal levels
during treatment with quercetin. Treatment with PD98059
resulted in significant decrease in quercetin-mediated phos-
phorylation of MSK1 (Fig. 9B). An inhibitor of MSK1, H-89,
affected only the activity of the kinase but not phosphoryla-
tion levels of MSK1 and ERK (22; Fig. 9B and C). Nonetheless,
both inhibitors of ERK and MSK1 significantly prevented
quercetin-induced down-regulation of survivin (Fig. 9C).
These results suggest that quercetin suppresses survivin
expression by activating the ERK-MSK1 signal transduction
pathway.
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4, Discussion

In search for strategies to overcome resistance of tumor cells,
we tested the antitumor activity of quercetin on human tumor
cell lines. Here, we report that quercetin is a potent sensitizer
for TRAIL-induced apoptosis in human prostate adenocarci-
noma DU-145 and PC-3 cell line through reduction of survivin
expression in the ERK-MSK1 signal pathway. Similar enhance-
ment of TRAIL-induced apoptosis by down regulation of
survivin has been reported for resveratrol, another naturally
occurring chemotherapeutic agent [25]. It is possible that the
cell cycle-specific regulation of survivin in tumor cells
contributes to the regulation of apoptosis during cell pro-
liferation. However, our data ruled out this possibility.
Survivin, a member of the inhibitor of apoptosis gene family,
is expressed in a cell cycle-dependent manner, increasing in
the G2/M phase of the cell cycle followed by a rapid decline in
the G1 phase [26,27]. Recent studies have revealed that
quercetin inhibits cell proliferation by causing cell cycle arrest
in G2/M phase [28,29]. Although quercetin causes cells to
arrestin G2/M phase, expression of survivin is down-regulated
by treatment with quercetin (Fig. 3B). These results suggest
that quercetin-enhanced TRAIL cytotoxicity is not related to
quercetin-induced cell cycle arrest.

Although there are reports on the interaction between
survivin and caspases 3, 7, and 9, others have failed to
demonstrate a direct effect on these proteases [30,31]. One of
the important features for TRAIL treatment to be effective is
that the cancer cells must be sensitive to the effects of TRAIL to
prevent emerging TRAIL resistance. This may be accom-
plished by the administration of quercetin. The molecular
mechanism of sensitization for TRAIL induced apoptosis by
quercetin is based on decreased survivin expression.

We observed that quercetin-enhanced TRAIL cytotoxicity is
mediated through down-regulating survivin expression.
Interestingly, quercetin treatment did not affect the levels
of other IAPs (XIAP, cIAP1, cIAP2), emphasizing the specific
effect of quercetin on survivin expression. Although the role of
survivin in apoptosis inhibition has been well established in
various systems [32], the question as to whether survivin
functions in cytoprotection or in the regulation of cell death
has been controversially discussed and may vary between
various cell types.

Spl is known to play a role in the regulation of genes
lacking a functional TATA box. The presence of numerous
Spl binding sites in the promoter region of survivin
suggested that Spl might be involved in the regulation of
survivin activity. To test whether these Sp1 sites have any
functional role in regulating survivin gene expression, Spl
sites were simultaneously deleted (Fig. 5B); the results
suggested that Sp1l binding sites (at position —230 to —123)
are important for the survivin promoter to attain promoter
activity (Fig. 5C).

Moreover, quercetin induced phosphorylation of ERK,
p38, and JNK MAP kinase in DU-145 cells. The specific ERK
inhibitor, PD98059, was effective in protecting DU-145 cells
from quercetin-mediated down-regulation of survivin
expression and deacetylation of histone H3, but p38 and
JNK inhibitors did not prevent these events. These results
also show that quercetin regulated down-regulation of

survivin by ERK activation through the deacetylation of
histone H3. The acetylation of core histone tails is a
dynamic process maintained by histone acetyltransferases
(HAT) and histone deacetylases (HDAC). HDACs form
complexes with transcriptional corepressors and are
believed to repress transcription by removing the acetyl
groups from the N-terminal tails of the core histones of
chromatin [33]. Our data show that quercetin activated
histone deacetylase enzyme activity, which reduced acet-
ylation of histone H3.

MSKs (mitogen- and stress- activated kinase 1 and 2) are
direct substrates of the MAPK family members ERK and p38,
and the phosphorylation of MSKs by these kinases is required
for MSK activity [34]. MSKs are constitutively localized to the
nucleus suggesting that they may play a role in nuclear
function [34]. It has been reported that MSKs are required for
the mitogen or stress induced phosphorylation of the
transcription factors CREB and ATF1, and the chromatin
proteins histone H3 [35-37]. Our studies demonstrate that PD
98059, an inhibitor of MEK and consequently of ERK, largely
suppresses the activation of endogeneous p-MSK1 by quer-
cetin, while H-89, an inhibitor of MSK, does not suppresses this
activation (Fig. 9B). It has been shown that the inhibitor of
MSK1, H-89, affects only the activity of the kinase but not its
phosphorylation levels [30]. Consistent with these findings,
MSK1 can be activated by ERK in vitro (Fig. 9). Our data clearly
demonstrate that MSK1 is activated by signals that trigger
activation of the ERK cascade pathway. These results imply
that MSK1 plays a role in integrating the effects of extracelluar
signals.

The ability of quercetin plus TRAIL as a combined agent
to induce apoptosis was relatively low compared to its
strong antiproliferative effect at low concentrations of
TRAIL, indicating that the cytostatic activity of quercetin
plus TRAIL is stronger than its cytotoxic activity. Impor-
tantly, the combination of quercetin as ‘‘sensitizer”
together with TRAIL as “inducer” combined to trigger
apoptosis. Thus, the potential of TRAIL for anticancer
therapy may largely reside in its ability to sensitize tumor
cells to death induction by its antiproliferative effect, thatis,
to render tumor cells more susceptible for death induction
or even to overcome resistance. Clinically, resistance to
apoptosis is a major cause of primary or acquired non-
responsiveness of cancer cells, leading to treatment failure.
Thus, our results may have therapeutic implications in this
aspect, which identifying the chemopreventive compound
quercetin, previously considered to act predominantly as an
antioxidant, to be a novel therapeutic to target survivin
expression in cancer. This possibility supported by several
studies that survivin targeting is a viable anticancer
approach to potently trigger apoptosis in vitro and also in
vivo [31].

The present study demonstrates that simultaneous admin-
istration of TRAIL and subtoxic doses of quercetin strongly
potentiates the triggering of an apoptotic cascade in DU-145
and PC-3 cells. The detailed analysis of the mechanisms
reveals that the increase in cell death is mediated by enhanced
activation of the caspase cascade concomitant with down-
regulation of the anti-apoptotic protein survivin in an ERK-
MSK1 dependent pathway.
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