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Abstract
BACKGROUND—Human and animal studies have suggested that diet-derived flavonoids, in
particular quercetin may play a beneficial role by preventing or inhibiting oncogenesis, but the
underlying mechanism remains unclear. The aim of this study is to evaluate the effect(s) of quercetin
on normal and malignant prostate cells and to identify the target(s) of quercetin’s action.

METHODOLOGY—We addressed this question using cells in culture and investigated whether
quercetin affects key biological processes responsible for tumor cell properties such as cell
proliferation and apoptosis and also studied the effect of quercetin on the proteome of prostate cancer
cells using difference gel electrophoresis (DIGE) to assess changes in the expression of relevant
proteins.

RESULTS—Our findings demonstrate that quercetin treatment of prostate cancer cells results in
decreased cell proliferation and viability. Furthermore, we demonstrate that quercetin promotes
cancer cell apoptosis by down-regulating the levels of heat shock protein (Hsp) 90. Depletion of
Hsp90 by quercetin results in decreased cell viability, levels of surrogate markers of Hsp90 inhibition
(intracellular and secreted), induced apoptosis and activation of caspases in cancer cells but not in
normal prostate epithelial cells. Knockdown of Hsp90 by short interfering RNA also resulted in
induction apoptosis similar to quercetin in cancer cells as indicated by annexin V staining.

CONCLUSION—Our results demonstrate that quercetin down-regulates the expression of Hsp90
which, in turn, induces inhibition of growth and cell death in prostate cancer cells while exerting no
quantifiable effect on normal prostate epithelial cells.
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INTRODUCTION
Prostate cancer is the most frequently diagnosed, non-cutaneous malignancy of men in the
industrialized world. Its incidence, which is increasing globally, varies among countries, with
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the US, Canada, Sweden, Australia, and France having the highest rates. The American Cancer
Society estimates that in 2007 there were roughly, 218,890 new cases of prostate cancer with
27,050 deaths in the US [1]. The incidence and mortality of prostate cancer in the US is
significantly higher in African-American men [1]. Despite intense efforts to develop
treatments, effective agents are still not available. The profound geographic and racial variation
in prostate cancer risk has stimulated investigations into how diet affects the development and
progression of prostate cancer [2,3]. Epidemiological and dietary intervention studies in
animals and humans have suggested that diet-derived phenolics, in particular the flavonoids,
may play a beneficial role in inhibiting, reversing or retarding tumorigenesis [4]. Flavonoids
are known to possess anti-inflammatory, anti-oxidant, anti-allergic, hepato-protective, anti-
thrombotic, anti-viral and anti-carcinogenic activities [5]. These activities of flavonoids are
thought to be mediated by interfering with a large number of mammalian enzymes, such as
detoxifying enzymes that are involved in cell division and proliferation pathways [6]. Among
the flavonoids, quercetin (3,3′,4′,5,7-pentahydroxyflavone) is a naturally occurring flavone
found in the plant kingdom. It is a component of most edible fruits and vegetables, with the
highest concentrations being found in onions, apples, and red wine [7,8]. Quercetin has many
biological activities, such as anti-tumor and anti-proliferative effects on a wide range of human
cancer cell lines and these effects are believed to be mediated by inhibition of glycolysis,
macromolecule synthesis, and enzyme activity [9–13]. Several studies have shown that
quercetin has a broad range of pharmacological properties that include selective anti-
proliferative effects [14] and cell death, predominantly through an apoptotic mechanism in
cancer cells but not in normal cells [15]. The anti-proliferative effect of quercetin is believed
to be exerted by producing arrest in the G1 phase of the cell cycle [16] or through interaction
with cell cycle-regulated proteins, like cyclin D1 and CDK-4 [17]. Quercetin also has been
shown to induce release of cytochrome c and activation of caspase-9 and caspase-3 in HL-60
cells to trigger apoptosis [18]. Moreover, quercetin is believed to be a potential
phosphotidylinositol-3-kinase (PI3K) inhibitor, an enzyme involved in the pivotal cell survival
pathway [19]. Therefore, the ability of quercetin to prevent and/or to retard tumor growth is
probably a multifunctional effect. Our previous study showed that quercetin induced gene
expression and production of Th-1 derived interferon (IFN)-γ, and down-regulated Th-2
derived interleukin (IL)-4 by normal peripheral blood mononuclear cells (PBMC) [20]. Further,
quercetin treatment also increased the phenotypic expression of IFN-γ positive cells and
decreased IL-4 positive cells [20]. We have shown that quercetin significantly inhibits tumor
necrosis factor (TNF)-α gene expression and production by PBMC [21]. Recently we showed
that quercetin inhibits the colony forming ability and expression of genes related to cell cycle
regulation and tumorigenesis in prostate cancer cells [13]. The present study was undertaken
to determine the mechanism underlying quercetin’s actions on prostate cancer cells in an effort
to evaluate the potential pharmacological use of this flavonoid for prostate cancer. We
measured the anti-proliferative effect of quercetin on prostate cancer cells and identified heat
shock protein 90 (Hsp90) as an important molecular target of quercetin by using difference gel
electrophoresis (DIGE) to assess changes in the expression of relevant proteins.

MATERIALS AND METHODS
Cells and Culture Conditions

Normal prostate epithelial cells (NP) were obtained from Clonetics (Walkersville, MD). The
human prostate cancer cell lines, PC-3, LNCaP, and DU-145 were obtained from the American
Type Culture Collection (Manassas, VA) and differ significantly in their aggressive phenotypes
as we already demonstrated with PC-3 > DU-145 > LNCaP [22]. DU-145 and PC-3 were
isolated from metastases in brain and lumbar vertebra respectively. DU-145 and PC-3 are
androgen independent. LNCaP cells are androgen responsive but their growth does not depend
upon androgen. Cancer cells were cultured in RPMI 1640 medium supplemented with non-
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essential amino acids, L-glutamine, a twofold vitamin solution (Invitrogen Life Technologies,
Grand Island, NY), sodium pyruvate, Earl’s balanced salt solution, 10% fetal bovine serum,
and penicillin and streptomycin (Flow Labs, Rockville, MD). Normal prostate epithelial cells
were maintained in proprietary medium as recommended by the manufacturer. Approximately
3 × 106 cells/60 mm dish were cultured at 37°C in a humidified atmosphere of 5% CO2 and
95% air for 48 hr. Cells were harvested from culture dishes after brief trypsinization. Only cell
suspensions > 90% viable was used for experiments.

Treatment of Cell Cultures With Quercetin and Dihydroquercetin
Cells (1 × 105) were cultured overnight in 6-well plate. To detect cell viability, cells were
transferred into 96-well plates at 1 × 104 cells per well. Quercetin or dihydroquercetin (an
inactive analogue of quercetin) was dissolved in DMSO and added to the medium with final
concentrations ranging from 5 to 100 µM. Cells were incubated at 37°C for 24 hr. Cells treated
with DMSO alone 0.2% served as controls. Cell viability was determined by two methods
including the standard trypan blue vital dye exclusion method and the Dojindo Cell Counting
Kit-8 (Dojindo Molecular Technologies, Gaithersburg, MD) method as described by the
manufacturer.

RNA Extraction and Real Time (RT), Quantitative (Q) Polymerase Chain Reaction (PCR)
Cytoplasmic RNA was extracted by an acid guanidinium thiocyanate–phenol–chloroform
method [23] using the TRIzol® reagent (Invitrogen, Carlsbad, CA) and the final RNA pellet
was dried and re-suspended in diethyl pyrocarbonate (DEPC) water and the concentration of
RNA was determined using a spectrophotometer at 260 nm. DNA contamination in the RNA
preparation was removed by treating the RNA preparation with DNAse (1 IU / µg of RNA,
Promega, Madison, WI) for 30 min at 37°C, followed by proteinase K digestion at 37°C for
15 min and subsequent extraction with phenol/chloroform and NH4OAc/ETOH precipitation.
The precipitated RNA was stored at −70°C until used. Relative abundance of Hsp90 mRNA
species was assessed using the SYBR green master mix from Stratagene (La Jolla, CA) to
perform Q-PCR using the ABI Prism 5700 instrument that detects and plots the increase in
fluorescence versus PCR cycle number to produce a continuous measure of PCR amplification.
To provide precise quantification of initial target in each PCR reaction, the amplification plot
was examined at a point during the early log phase of product accumulation. This was
accomplished by assigning a fluorescence threshold above background and determining the
time point at which each sample’s amplification plot reaches the threshold (defined as the
threshold cycle number or CT). Differences in threshold cycle number were used to quantify
the relative amount of PCR target contained within each tube [24]. Relative mRNA species
expression was quantitated and expressed as transcript accumulation index (TAI = 2−ΔΔ CT),
calculated using the comparative CT method [25]. All data were controlled for quantity of
RNA input by performing measurements on an endogenous reference gene, β-actin. In addition,
results on RNA from treated samples were normalized to results obtained on RNA from the
control, untreated sample.

Proteomic Analysis of the Effects of Quercetin on Prostate Cancer Cells
Proteomic studies were undertaken to analyze differential protein expression in quercetin
treated and untreated PC-3 prostate cancer cells. Samples were run on 2D–DIGE (Ettan? DIGE
system, GE Health Care, Piscataway, NJ.) available as a core facility at our institution.

DIGE—After treatment with quercetin the PC-3 cells were washed twice with 1X PBS
(Invitrogen Life Technologies). Total protein was extracted using standard cell lysis buffer (30
mM Tris–HCl; 8 M urea; 4% w / v) CHAPS, adjusted to pH 8.5 for 10 min on ice. Cell lysate
was centrifuged at 4°C for 10 min at 12,000g and was further purified by precipitation with
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chloroform/methanol as described [26]. Samples were re-suspended in standard cell lysis
buffer. Final cell lysate protein concentrations were determined using Coomassie Protein
Reagent (Bio-Rad, Hercules, CA) and used for DIGE analysis. PC-3 cells cultured identically
without quercetin served as the control. The Ettan DIGE technique was used to detect
differences in protein abundance between normal and experimental samples. The Ettan DIGE
system uses three CyDye DIGE fluors (Cy2, Cy3, Cy5), each with a unique fluorescent
wavelength and matched for mass and charge. CyDyes form a covalent bond with the free
epsilon amino group on lysine residues of the sample proteins. CyDyes label approximately
2% of the lysine residues. This system allows for two experimental samples and an internal
standard to be simultaneously separated on the same gel. The internal standard is a pool of
equal amount of all the experimental samples labeled with Cy2 dye. The use of an internal
standard facilitates accurate inter-gel matching of spots and allows for data normalization
between gels to minimize gel-to-gel experimental variability [27]. Cell lysates were labeled
with CyDye per the manufacturer. All reagents used were from GE Healthcare (Piscataway,
NJ). Briefly, 50 µg of cell lysate was labeled with 400 pmol of either Cy3 or Cy5 or Cy2 (Cy2
was used to label the internal standard) on ice for 30 min and then quenched with a 50-fold
molar excess of free lysine. Cy3, Cy5, and Cy2 labeled samples and unlabeled protein (500–
800 µg) were then pooled. An equal volume of 2X sample buffer was added incubated on ice
for 10 min. The total volume of sample was adjusted to 450 µl with re-hydration buffer [4%
(w / v) Pharmalytes 3–10 nonlinear (NL); 13 mM DTT]. Samples were applied to immobilized
nonlinear pH gradient (IPG) strips (24 cm, pH 3–10) and absorbed by active re-hydration at
30 V for 13 hr. Iso-electric focusing (IEF) was carried out using an IPGphor IEF system with
a three phase program; first phase at 500 V for 1 hr, second phase at 1,000 V for 1 hr and third
phase (linear gradient) 8,000–64,000 V for 2 hr (50 µA maximum per strip). Prior to separation
in the second dimension, strips were equilibrated for 15 min in equilibration buffer I [50 mM
Tris–HCl, 6 M urea, 30%(v / v) glycerol, 2% (w / v) SDS, 0.5% (w / v) DTT]. The strips were
again equilibrated for 15 min in the equilibration buffer II [50 mM Tris–HCl, 6 M urea 30%
(v / v) glycerol, 2% (w / v) SDS, 4.5% (w / v) iodoacetamide] and the equilibrated IPG strips
were then transferred onto 18 cm × 20 cm, 12.5% uniform polyacrylamide gels poured between
low fluorescence glass plates. Gels were bonded to inner plates using Bind-Silane solution (GE
Health Care) according to the manufacturer supplied instruction. Strips were overlaid with
0.9% agarose in 1X running buffer containing bromophenol blue and were run for 16 hr (1.8
W per gel, overnight) at 15°C, in an Ettan DALT electrophoresis system. After the run was
completed, the 2D gels were scanned three times with a Typhoon 9410 imager, each time at
different excitation wavelengths [Cy3, 580 BP 30 / green (532 nm); Cy5, 670 BP 30 / red (633
nm); Cy2, 520 BP 40 / blue (488 nm)]. Images were cropped in ImageQuant v5.2 software and
then imported into DeCyder Differential In-gel Analysis (DIA) software v 5.0 from GE
Healthcare for spot identification and normalization of spot intensities within each gel. Gels
were fixed in 30% (v / v) methanol, 7.5% (v / v) acetic acid for 3 hr and stained with SYPRO-
Ruby dye (Molecular Probes, Eugene, OR) overnight at room temperature. Gels were de-
stained in water and scanned using the Typhoon 9410 scanner. Spots of interest were excised
from the gel using the Ettan Spot Picker. DeCyder software (GE Healthcare) has been
specifically developed for use with Ettan DIGE. DeCyder software allows for automatic
detection of spots, background subtraction, quantitation, normalization, internal
standardization and integral matching. DeCyder DIA draws boundaries around spots in a
composite gel image obtained from the intra-gel overlap of the Cy2, Cy3, and Cy5 scanned
images and normalizes the data from each CyDye to account for differences in dye fluorescence
intensity, scanner sensitivity. To avoid artifacts due to gel heterogeneity at the edges of the
images, we define an area of interest within the gel. An exclusion filter using peak-slope, area,
height and volume is defined to eliminate non-protein spots from further analysis. The
abundance difference between samples run on the same gel is then analyzed. The biological
variation analysis (BVA) module of DeCyder is used to match all image comparisons from in-
gel analysis for a cross-gel statistical analysis. DeCyder BVA initially calculates normalized
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intensities (standard abundance) for all spots by comparison to the internal standard and from
this an average volume ratio and a Student’s paired t-test derived P-value are calculated for
each spot. A paired t-test derived P-value of ≤0.05 was considered statistically significant
[27].

Nano high performance liquid chromatography and tandem mass spectroscopy
(HPLC-MS/MS)—Excised spots were sent to the Proteomic Analysis Laboratory at the
University of Arizona for analysis. In-gel digestion and HPLC-MS/MS were performed as
described by Breci et al. [28]. Briefly, gel slices were de-stained [28–30] and digested with
trypsin [31]. The tryptic peptides were extracted with 5% formic acid/50% CH3CN. HPLC
was performed using a microbore system (Surveyor, Thermo Finnigan, San Jose, CA). The
HPLC column eluate was directed into a Thermo Finnigan LCQ Deca XP Plus ion trap mass
spectrometer. Automated peak recognition, dynamic exclusion and daughter ion scanning of
the two most intense ions were performed using X calibur software [32,33]. Spectra were
scanned over the range 400–1,400 mass units. MS/MS data were analyzed using SEQUEST
software and searched against the latest version of the National Center for Biotechnology’s
public non-redundant protein database [27]. Statistical significance was determined using
Student’s t-test (Sigmastat, SPSS, Inc.) P < 0.05 was considered significant.

Measurement of Hsp90 and Hsp90 Client Protein Levels by Western Blotting
Cell lysates were prepared by re-suspending cells in lysis buffer (65 mmol/L Tris–HCl (pH
7.4), 150 mmol/L NaCl, 1 mmol/L EDTA, 1% NP40, 1% sodium deoxycholate, 1 µg/ml
aprotinin, 100 µg/ml phenylmethylsulfonyl fluoride) for 30 min at 4°C and cleared by
centrifugation for 30 min at 13,000g. Supernates were collected and stored at −80°C until used.
Total protein concentration was determined using Coomassie Protein Reagent (Bio-Rad).
Other client proteins have been used as indicators of Hsp90 inhibition in clinical trials of Hsp90
inhibitors [34]. Raf-1 and cyclin-dependent kinase (cdk) 4 are destabilized by Hsp90 inhibition
and are used in this study as Hsp90 client proteins. Western blotting for Hsp90 and Hsp90
client proteins was done using the antibodies from (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA). β-actin expression was used as an internal control.

Immunolocalization of Hsp90
Prostate tumor cells and normal prostate epithelial cells were plated on chamber slides and
incubated overnight followed by fixation in an ice-cold methanol/acetone (1:1) mixture. Cells
were stained with Hsp90 primary antibody (Santa Cruz Biotechnology, Inc.) at 4°C overnight
followed by a fluorescein isothiocyanate (FITC)-labeled secondary antibody for detection by
immunofluorescent microscopy. Appropriate internal controls were used during all immuno-
staining procedures. Imaging was done using a Leica Confocal Laser Scanning Microscope
(TCS SP2 AOBS, Leica Micro-sysytems, Heidelgergh, GmbH) with an oil immersion
objective lens and an argon ion laser was applied to excite the FITC.

Transfection of Hsp90 Double-Stranded siRNA
The Hsp90 siRNA pre-designed and validated by the manufacturer, Hsp90 control siRNA and
scrambled siRNA bearing no homology with any relevant human gene which served as a
control were all from Ambion (Austin, TX). The siRNA duplex was dissolved in RNAase free
sterile water supplied by the manufacturer to a final concentration of 20 mM. For transfection,
1 × 105 cells were plated into 6-well plates and incubated overnight. Lipofectamine? 2000
(Invitrogen) reagent (10 µl) was added to 250 µl Opti-MEM medium (Invitrogen Life
Technologies) and incubated at room temperature for 5 min. Hsp90, Hsp90 control siRNA or
scrambled siRNA (40 nM) was added and incubated for another 20 min. A third set of
transfections was done without any siRNA (mock transfection). The transfection reagent/
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siRNA complex was added to the wells containing 2 ml RPMI with 10% FBS and incubated
for 4 hr at 37°C until medium was removed and replaced with fresh medium. Assays were
done at 24, 48, and 72 hr after transfection.

Determination of Apoptosis Using the Annexin V Assay
Apoptosis was quantified by detecting surface exposure of phosphatidylserine in apoptotic
cells using the Annexin V-FITC/PI (propidium iodide) apoptosis detection kit (BD
Biosciences, CA). Briefly, cells were seeded in 3.5 cm dishes in 1 ml of medium and incubated
with either quercetin or dihydroquercetin at doses of 5, 10, 25, 50, 100 µM for 24 hr
respectively. Adherent and floating cells were combined and treated according to the
manufacturer’s instructions and measured with FITC/PI staining using flow cytometry (Becton
Dickinson, San Jose, CA). Apoptotic cells (annexin V+PI−) were differentiated from necrotic
cells (annexin V+PI+, including apoptotic cells at late stage).

Terminal Deoxynucleotidyl Transferase-Mediated d UTP Nick End Labeling (TUNNEL) Assay
for Measurement of in Situ Apoptosis

Prostate tumor cells were cultured on chamber slides. Cells were fixed with 4%
paraformaldehyde in PBS (pH 7.4) for 1 hr at 25°C. Permeabilization of cells was achieved by
incubation with 0.1% Triton X-100 in 0.1% sodium citrate for 2 min on ice. The TUNEL assay
was then carried out according to the manufacturer’s instructions (Roche). Signal conversion
was achieved using an anti-fluorescein antibody conjugated with alkaline phosphatase, and
methyl green was used as a counterstain.

Caspase-3 and -9 Activity Assays
Caspase-9 and caspase-3 activities were measured by the Apo Target? assay kit (Invitrogen)
per manufacturer’s instruction. Briefly, following treatment with the appropriate concentration
of either quercetin, dihydroquercetin (0, 5, 10, 25, 50, 100 µM) or 0.2% DMSO for 24 hr, cells
were trypsinized, harvested and lyzed in 50 µl of ice-cold lysis buffer and incubated on ice for
10 min. The samples where centrifuged at 10,000g for 2 min to collect the cytosol extract. To
determine caspase 3 or 9 activity, identical amounts of cytosolic protein in 50 µl volume were
aliquoted into a 96-well plate and 50 µl of 2X reaction buffer containing 10 mM of DTT was
added to each well. The reaction was initiated by adding 5 µl of a 4 mM substrate (a synthetic
tetra peptide specific for each caspase) solution containing p-nitroanilide (pNA) and the plate
was incubated for 2 hr at 37°C. At the end of incubation the plate was read at 400 nm in a
spectrophotometer. The increase or decrease in OD was recorded and was used to calculate
the units of caspase activity per mg protein.

Insulin Like Growth Factor Binding Protein (IGFBP)-2 and Human Epidermal Growth Factor
(HER)-2 ELISA

The level of IGFBP-2 and the secreted extracellular domain of HER-2 were measured using
ELISA kits from R&D Systems (Minneapolis, MN) and Calbiochem (San Diego, CA)
respectively. The assay was done according to the manufacturer’s protocol.

Statistical Analysis
All experiments with cells were repeated at least three times. Values are expressed as the mean
± SE. The significance of the difference between the control and each experimental test
condition was analyzed by unpaired t-test, and a value of P < 0.05 was considered statistically
significant.
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RESULTS
Effect of Quercetin on the Viability of Prostate Cancer Cells

To determine if quercetin is cytotoxic to human prostate cancer cells we used the trypan blue
exclusion method to assay cell viability. Cells were treated with 0–100 µM of quercetin or
dihydroquercetin for 24 hr. Our results show that quercetin induced death in all three prostate
cancer cell lines in a dose-dependent manner after 24 hr of incubation (Fig. 1). The effect of
quercetin on viability was most impressive with the two aggressive prostate cancer cell lines.
A concentration of 100 µM of quercetin produced 88% and 66% mortality in PC-3 and DU-145
cells respectively. The dose of quercetin yielding 50% mortality (IC50) was 30.2 µM for PC-3
cells and 64.2 µM for DU-145 cells. The extent of cytotoxicity induced in LNCaP cells was
not as dramatic (Fig. 1B). Also treatment of prostate cancer cells or normal prostate epithelial
cells with dihydo-quercetin had no significant effect on viability at all concentration studied
(Fig. 1A). The above data were confirmed by incubating prostate cancer cells with different
concentrations of quercetin and assessing the residual numbers of cells by measuring the
absorbance of cultures at 450 nm. As shown in Figure 1E–G quercetin decreased the numbers
of residual prostate cancer cells, LNCaP and PC-3, in a dose-dependent manner while having
no effect on normal prostate epithelial cell numbers at equal concentration of quercetin. The
inactive analog, dihydroquercetin, had no effect on either normal or malignant prostate cells
as did a 0.2% DMSO vehicle control.

Proteomic Analysis of the Effects of Quercetin on Prostate Cancer Cells
For these experiments we used PC-3 cells because they are the most aggressive phenotype and
were most sensitive to treatment with quercetin. PC-3 cells were washed with PBS and lysates
were prepared using a standard cell lysis buffer. Proteins from lysates of untreated PC-3 cells
were labeled with Cy3 dye whereas proteins from lysates of quercetin treated cells were labeled
with Cy5 dye and were subjected to two-dimensional (2D) gel electrophoresis. The images of
the Cy3 and Cy5 stained gels were superimposed to reveal unique proteins and/or significant
differences in the intensities of protein expression. After 2D gel electrophoresis, the analysis
of the Cy2, Cy3, and Cy5 stained images was done using the BVA module of DeCyder software.
Approximately 2,500 protein spots were visualized and several differences were observed after
quercetin treatment. Of the ~2,500 protein spots selected by DeCyder software from an average
of three experiments, 67% (1,675 spots) showed no significant change, 16% (400 spots) showed
decreased abundance, and 18% (450 spots) revealed an increase in abundance. Statistically
significant (Student’s t-test P < 0.05) changes were observed in 32 different proteins, as
measured by spot volume ratios shown in the sypro-ruby stained 2D gel showing all protein
spots (Fig. 2A). Twenty-five spots were selected in the order of the significance of their
respective spot volume ratios for further analysis by LC-MS/MS. Proteins from 10 gel spots
were successfully identified. The significantly and differentially expressed, selected spots were
indicated by numbered outlines. Determination of tryptic peptide masses permitted
identification of the specific parent proteins in most cases with multiple matching in a few
instances (Table I). Coincidently the expression of all identified proteins was significantly
down-regulated by treatment of PC-3 cells with 50µM quercetin; down-regulation of spot #
191 was highest among the identified proteins (−1.75-fold, P < 0.001). Further examination
of the differentially expressed proteins showing significant changes in expression did not
suggest that they were either associated or co-regulated with the exception of the enzymes of
oxidative metabolism and, more significantly, members of the stress/chaperone family of
proteins and receptor membrane component. Spot # 191 was subsequently identified as Hsp90.
The spot intensity of spot # 191 is compared for untreated (Fig. 2B) and quercetin treated (Fig.
2C) PC-3 cells. Figure 2D, E shows the elution profiles of two representative Hsp90 peptides
from HPLC-MS/MS. Other significantly down-regulated proteins include tumor protein D52
(−1.69-fold, P = 0.032), tropomyosin 3 (−1.66-fold, P = 0.035) and progesterone receptor
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membrane component (−1.66-fold, P = 0.028). Table I is a list of identified proteins from PC-3
cells arranged on the basis of the significance (P-value) of their fold-decrease in response to
treatment with quercetin.

Hsp90 Is Elevated in Prostate Cancer Cells
Having identified Hsp90 as a protein whose expression is significantly modulated on treatment
of prostate cancer cells with quercetin we then compared Hsp90 levels in prostate cancer cells
to normal prostate epithelial cells using Western blots. Compared with non-malignant, prostate
epithelial cells, Hsp90 levels in 3 of 4 prostate cancer cell lines examined were higher (Fig.
3A first panel). Hsp90 levels correlated with the aggressive phenotype of prostate cancer cell
lines as we previously reported [22]. Q-PCR studies confirmed our Western blot findings (data
not shown). The above data were supported by the observation that gene expression of Hsp90
was significantly higher in human prostate cancer cells grown in immuno-deficient nude mice
compared with normal prostate epithelial cells as determined by Q-PCR (Fig.3A second
panel).Immuno-cytochemical staining of PC-3 and normal prostate epithelial cells revealed
higher cytosolic expression of Hsp90 in the tumor cell line (Fig. 3A third panel). Similar results
were obtained with other prostate cancer cell lines DU-145, PC-3, and PC-3M. No significant
staining was detected in healthy prostate epithelial cells or negative controls.

Treatment of Prostate Cancer Cells With Quercetin Down-Regulates the Expression of Hsp90
Client Proteins

To directly determine the effects of quercetin on Hsp90 expression prostate cancer cells were
incubated with various concentrations of quercetin. After 24 hr cells were lysed, protein
extracted and assayed for Hsp90 by Western blots. Our results (Fig. 3B) demonstrate a dose-
dependent reduction of Hsp90 expression by LNCaP and PC-3 caused by quercetin. However
quercetin treatment had no effect on normal prostate epithelial cells. The inactive analog,
dihydroquercetin, and 0.2% DMSO used as a vehicle control similarly had no effects on Hsp90
by both prostate cancer cells and normal prostate epithelial cells. These results demonstrate
that quercetin specifically inhibits Hsp90 expression by prostate cancer cells. To further
confirm that the selective cytotoxic effect of quercetin on prostate cancer cells is mediated via
down-regulation of Hsp90 protein we measured the expression of the two most commonly
used, well established client proteins for Hsp90 inhibition, Raf-1 and cdk-4, using Western
blots. Treatment of prostate cancer cell lines with quercetin for 24 hr decreased Raf-1 and cdk-4
levels in all three prostate cancer cell lines in a dose-dependent manner but had no measurable
effect on the levels of these proteins in normal prostate epithelial cells (Fig. 3C).

The expression of both insulin like growth factor binding protein (IGFBP)-2 and human
epidermal growth factor receptor (HER)-2 extracellular domains are also regulated by Hsp90.
We further tested whether quercetin down-regulates the secretion of these two additional
markers of Hsp90. Prostate cancer cells were cultured for 24 hr with quercetin or its inactive
analog, dihydroquercetin, medium was collected and assayed for IGFBP-2 and HER-2 extra
cellular domain by ELISA. As shown in Figure 3D both proteins were suppressed in a dose-
dependent manner by quercetin in all the three prostate cancer cell lines but not by the inactive
analog, dihydroquercetin. Treatment with quercetin or dihydroquercetin had no effects on
normal prostate epithelial cells. To summarize treatment of prostate cancer cells with quercetin
specifically and selectively inhibits their expression of Hsp90 and its surrogate markers in a
dose-dependent manner. Normal prostate epithelial cells were unaffected by treatment with
quercetin.

Quercetin Mediated Inhibition of Hsp90 Stimulates Apoptosis of Prostate Cancer Cells
The effect of the Hsp90 inhibitor quercetin, on the induction of apoptosis of prostate cancer
cells was determined after 24 hr of incubation using annexin V staining. A dose-dependent
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response in both LNCaP and PC-3 cells was observed (Fig. 4A). Quercetin treatment of LNCaP
cells resulted in a three- to five fold increase in annexin V–positive cells compared with the
control group treated with dihydroquercetin. However, with the more aggressive PC-3 cells
the increase ranged from 4- to 20-fold. Apoptosis also was measured in situ using the TUNEL
stain. PC-3 cells incubated with quercetin show a dose-dependent increase in TUNEL staining
compared with control cells incubated with the vehicle alone (Fig. 4B). Similar results were
obtained with LNCaP and DU-145 cells (data not shown). The effect of quercetin and
dihydroquercetin on caspase-3 (effector caspase) and caspase-9 (initiator caspase) activation
was examined. Quercetin increased caspase-3 and caspase-9 activities in both LNCaP and PC-3
cells, whereas dihydroquercetin had no effect on caspases (Fig. 4C). Treatment of LNCaP cells
with 50 µM quercetin for 24 hr led to a >7-fold increase in caspase-3 and a 4-fold increase in
caspase-9 activities. PC-3 cells incubated with 50 µM quercetin resulted in an 8.9-fold elevation
of caspase-3 and a 6.3-fold increase in caspase-9 compared with incubation with
dihydroquercetin. Elevated caspase levels were apparent with lower concentrations of
quercetin. The above data demonstrate that quercetin, which decreases Hsp90 expression, also
initiates apoptosis of prostate cancer cells.

Knockdown of Hsp90 Gene Expression by siRNA Promotes Apoptosis of Prostate Cancer
Cells

To confirm that apoptosis of prostate cancer cells is mediated via Hsp90 and to exclude any
non-Hsp90-related effects of flavonoids, we transfected prostate cancer cells with double-
stranded siRNA oligonucleotides. Cells were harvested at 24, 48, and 72 hr after transfection,
and Hsp90 expression was analyzed by Western blot (Fig. 5A). Whereas Hsp90-specific siRNA
suppressed Hsp90 synthesis almost completely, control (scrambled) siRNA had no effect on
Hsp90 expression. A set of mock transfected cells showed no decrease in Hsp90 synthesis.
Actin expression was unaffected by treatment with either Hsp90-specific or scrambled control
siRNA. Next, we assessed the effect of Hsp90-specific siRNA on cell viability. Inhibition of
Hsp90 using siRNA significantly decreased cell viability in both LNCaP (37.4 ± 2.3% decrease
compared to mock) and PC-3 (65.1 ± 3.1% decrease compared to mock) cells. We then
determined the extent of apoptosis at 24, 48, and 72 hr after incubation with siRNA using
annexin V staining. Transfection of LNCaP and PC-3 cells with Hsp90 siRNA after 48 and 72
hr significantly increased annexin V–positive cells (Fig. 5B). In contrast, only a slight
enhancement in the number of annexin V–positive cells was detected after the first 24 hr after
transfection, a time when Hsp90 expression had decreased only slightly. A 3.2-fold increase
in annexin V–positive cells occurred after 72 hr of treatment with Hsp90-specific siRNA in
both LNCaP and PC-3 cells. Transfections with scrambled siRNA serving as a control did not
show any alterations in annexin V–positive cells. Control scrambled siRNA altered neither
activity compared with mock-transfected cells. Hsp90-specific siRNA and annexin V stained
profiles showed that Hsp90-specific oligonucleotides were able to initiate apoptosis in prostate
tumor cancer cells in vitro.

In summary direct inhibition of Hsp90 expression by prostate cancer cells using siRNA specific
for Hsp90 selectively induced apoptosis of these cells confirming our hypothesis that the
mechanism underlying the specific and selective cytotoxic effects of quercetin on prostate
cancer cells is due to the induction of apoptosis by inhibiting the expression of Hsp90.

DISCUSSION
Epidemiological and statistical data indicate that about 35% of human cancer mortality is
attributable to diet [35]. It is well accepted that the consumption of food products containing
high amounts of flavonoids, a diet rich in fruits and vegetables, is associated with a reduced
risk of cancer [36,37]. The mechanisms underlying the cancer-protective effects of these
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naturally occurring polyphenolic compounds, however, remain elusive. We previously
reported that quercetin, a major plant polyphenols, inhibited the colony forming ability of
prostate cancer cells [13]. In the same study we showed that 25 µM quercetin inhibited
expression of a variety of genes involved in the cell cycle and oncogenesis in prostate cancer
cells. Therefore we undertook the present investigation to determine the mechanisms
underlying the effect of quercetin on prostate cancer cells. We observed that quercetin is
selectively cytotoxic to prostate cancer cells by inducing apoptosis while sparing normal
prostate epithelial cells. Our results concur with a report that quercetin inhibits the growth of
other tumor cell lines [38]. In our previous report [13] 25 µM quercetin inhibited colony
formation by prostate cancer cells, comparable to the concentrations of quercetin (50–100 µM)
shown in the present study to be cytotoxic to these cells. These doses of quercetin are
comparable to concentrations used by others in cell culture studies [39]. Whether these
concentrations can be achieved in vivo in humans is unknown. A recent study [17] indicates
that >50 µM of quercetin might be achieved in circulation when quercetin at 150 mg/kg body
weight was given orally to rats. Moreover, quercetin at doses of 40–1,900 mg/kg/day in rats
showed no signs of toxicity or death [40]. This suggests that quercetin at 100 µM is safe and
could be used at 100 µM for therapeutic application and is consistent with the doses used in
our study.

Previous studies suggested multiple different targets underlying the effects of quercetin on
cancer cells [16,18,19,41]. In an effort to identify the molecular targets of quercetin in prostate
cancer cells we used the proteomic approach to help us explore this aspect of our study. The
data presented here demonstrate the utility of proteomics-based analysis to identify the mode
of action of agents like quercetin. Prior to this study, quercetin was characterized as a potent
anti-proliferative agent capable of inhibiting tumor cell growth in vitro and in animal models.
Attempts to identify the molecular mechanisms underlying the anti-tumor activity of quercetin
have been unsuccessful to date. We therefore undertook a proteomic analysis to identify
changes in cellular proteins as candidate targets of quercetin treatment of prostate cancer cells.
Recently proteomics was used to identify the molecular targets of another plant natural product,
bengamides, found to be a new class of methonine aminopeptidase inhibitors [42]. Our data
on changes in the proteome of PC-3 cells treated with quercetin, demonstrate that Hsp90 is the
protein that was maximally modulated (down-regulated) among all the proteins studied. Hsp90,
a molecular chaperone, is required for the stability and function of mutated, chimeric, and
overexpressed proteins. These proteins include mutated p53, Bcr–Abl, Cdk4, mitogen-
activated protein kinase kinase (MEK1/2), Raf-1, Akt, HER2, and hypoxia-inducible factor 1
[alpha] (HIF-1[alpha]) from various signaling pathways [43]. The mechanism of action of
Hsp90 is thought to include the stepwise recruitment of co-chaperones, including Hsp70,
p50cdc37, p60hop, and p23 [44]. Hsp90 also is believed to be involved in adaptation of cancer
cells to many environmental stresses, such as hypoxia and nutrient deprivation [45], and is
commonly overexpressed in cancer cells. Consequently, cancer cells may be dependent on
Hsp90 for their growth and survival [45]. It is conceivable that the down-regulation of Hsp90
by quercetin can lead to modulation of its chaperone function, thereby accelerating degradation
of numerous oncogenic client proteins that participate in the regulation of cell proliferation,
survival, and angiogenesis [46]. In this study we showed that Hsp90 levels are elevated in
prostate cancer cells compared to normal prostate epithelial cells and treatment of prostate
cancer cells down-regulates the expression of Hsp90 and its client proteins. Suppression of the
client proteins modulated by Hsp90 likely is secondary to down-regulation of the expression
of Hsp90. Similar observations were described by Zhang et al. [34] who reported that treatment
of breast and colon cancer cells with inhibitors of Hsp90 also down-regulated the expression
of Hsp90 client proteins. We also measured the effect of quercetin on two widely accepted
biomarkers of Hsp90 inhibition, IGFBP-2 and HER-2 extracellular domain [34]. These two
secreted proteins also are indicators of tumor presence and progression. Cancer cells control
cell proliferation and tumor growth by producing IGFBPs that enhance the function of insulin
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like growth factor (IGF)-I and IGF-II [47–49]. IGFBP-2 is activated by a variety of pathways,
such as the role of IGFR in estrogen receptor signaling all of which are regulated by Hsp90
[43]. Circulating HER-2 comprises the extracellular domain of HER-2. Full-length HER-2 is
cleaved by a sheddase near the transmembrane domain to generate a 110-kDa fragment that is
detectable in serum of most individuals and in the culture medium of HER-2-overexpressing
cells [50,51]. Elevated HER-2 extracellular domain can be detected in the serum of patients
with high HER-2-overexpressing tumors and is correlated with poor prognosis and reduced
response to chemotherapy [41,52,53]. Decreased levels of HER-2 have been observed in
cultured cancer cells and in the serum of mice treated with Hsp90 inhibitors [34]. The present
study shows that treatment of prostate cancer cells with quercetin resulted in a dose-dependent
decrease in the levels of these two secreted biomarkers of Hsp90 inhibition which confirms
our conclusion that Hsp90 protein is a primary target for quercetin action.

Our data show that prostate cancer cells overexpress Hsp90 compared to normal prostate
epithelial cells, supporting our premise that Hsp90 increases the resistance of tumor cells to
apoptosis. This observation is consistent with reports by others showing increased heat shock
protein mRNA levels in human prostate carcinomas [54,55]. High levels of Hsp90 expression
also correlate with increased drug resistance in human glioma [56] and multiple myeloma
[57] cells and in other human cancers [58].We also showed that levels of Hsp90 protein in
prostate cancer cell lines is in the following order LNCaP < DU-145 < PC-3. This is particularly
interesting as this is the order of increasing aggressive phenotype of these cells lines as we
reported [22]. Thus increasing expression of Hsp90 correlates with the aggressive phenotype
of prostate cancer cells. As a control, the inactive analog, dihydroquercetin, which does not
inhibit Hsp90 [59] also did not alter cell viability of any prostate cancer cell line. Therefore,
the effect observed with quercetin can be ascribed to the reduction in Hsp90. Measurements
of lactate dehydrogenase activity in cell culture medium after 12 and 24 hr of treatment with
quercetin or dihydroquercetin did not show any significant increase, indicating that necrosis
was not the underlying mechanism decreasing cell viability with quercetin (data not shown).
In contrast, both caspase-3 and caspase-9 activities in LNCaP and PC-3 cells were significantly
increased following incubation with quercetin, strongly supporting that apoptosis was
responsible for quercetin-induced cell death. To confirm this observation, annexin V labeling
and TUNEL staining (markers of apoptosis) also were significantly increased following
quercetin induced inhibition of Hsp90 expression in prostate cancer cell lines. Our data agree
with a study by Brusselmans et al. [60] showing that quercetin increased apoptosis in LNCaP
cells. Apoptosis can occur via two major pathways. The extrinsic pathway is characterized by
activation of death receptors on the cell surface belonging to the TNF/nerve growth factor
receptor superfamily and recruitment of the initiator caspases, 8 and 10. The intrinsic or
mitochondrial pathway is independent of death receptor signaling and involves the release of
cytochrome c from the mitochondria with formation of a complex of cytochrome c, the
cytoplasmic apoptotic protease-activating factor (Apaf)-1, and procaspase-9. Both pathways
converge to the activation of downstream effector caspase-3, caspase-6, and caspase-7 [61–
63]. Hsps are highly conserved proteins that play a role in fundamental cellular processes.
Hsp90 is one of the main Hsps consisting of both constitutively expressed and stress-inducible
members, and it is a molecular chaperone that protects the organism from stress-induced cell
injury. Secondly, it has been reported to act on several steps of the apoptotic cascade. The
detailed mechanism of the anti-apoptotic effect of Hsp90 is yet to be determined. However, it
seems to be cell type specific. A study done by Cohen-Saidon et al. [64] demonstrated that the
anti-apoptotic activity of Bcl-2 in mast cells is dependent on its association with Hsp90beta.
Dissociation of these 2 proteins inhibits the anti-apoptotic activity of Bcl-2 on mast cells by
initiating the release of cytochrome c from mitochondria into the cytosol and increasing the
activity of caspase-3 and caspase-7. This effect was significantly enhanced by specifically
knocking-out Hsp90 be using RNA interference. In another study Georgakis et al. [65] report
that inhibition of Hsp90 function by the specific inhibitor, 17-allylamino-17-demethoxy-

Aalinkeel et al. Page 11

Prostate. Author manuscript; available in PMC 2010 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



geldanamycin (17-AAG), resulted in induction of apoptosis in Hodgkin’s lymphoma cell lines
that was mediated by caspase-dependent and caspase-independent mechanisms. In the present
study, we showed that quercetin-mediated inhibition of Hsp90 expression in the prostate cancer
cell lines, PC-3 and LNCaP, induced apoptosis and caused activation of caspase-3 and -9. These
results are consistent with the observations that Hsp90 inhibition can prevent caspase-9
recruitment by its ability to interfere with Apaf-1 to block apoptosome formation. From our
data, we conclude that, in prostate cancer cell lines, Hsp90 also plays a major role in caspase-
dependent apoptosis. To rule out any effects quercetin unrelated to Hsp90 inhibition, we used
RNA interference to selectively knockout of the Hsp90 gene and assessed apoptosis. We
showed that Hsp90 siRNA resulted in increased apoptosis of prostate cancer cell lines. These
results clearly support the fact that inhibition of Hsp90 expression results in apoptotic cell death
of prostate cancer cells and that quercetin-induced cell death is mediated via its effect on Hsp90.
However, because the extent of apoptosis was some-what greater with quercetin than with
Hsp90 siRNA, it is possible that in addition to promoting apoptosis, quercetin may affect
viability by other mechanisms to be determined. Nevertheless the major effect of quercetin
appears to be mediated by inhibition of Hsp90 expression based on the following effects on
all prostate cancer cell lines tested without affecting normal prostate epithelial cells: (a)
quercetin significantly decreased Hsp90 expression, (b) quercetin induced apoptosis, and (c)
the inactive analog, dihydroquercetin, did not inhibit Hsp90 and did not induce apoptosis.

In summary, the present study demonstrates that quercetin has anti-proliferative and pro-
apoptotic effects on prostate cancer cells and these effects are mediated via down-regulation
of the expression of Hsp90. Interestingly, in all three prostate cancer cell lines studied, a
remarkable dose-response correlation was observed between quercetin-induced suppression
of Hsp90 expression and inhibition of cell growth and induction of apoptosis. The effect of
quercetin is specific for malignant cells and has no apparent effects on normal prostate epithelial
cells. Moreover the effect of quercetin on the viability of prostate cancer cell lines corresponded
to the aggressive phenotype of the cells with the greatest effect on PC-3 cells and the lowest
effect on LNCaP cells; the effect on DU-145 cells was intermediate between the other two cell
lines. Our results suggest that quercetin may be a potential candidate for both the prevention
and treatment of prostate cancer without the undesirable side-effects of conventional
chemotherapy. Further in vivo investigations to determine the doses of quercetin required for
optimal cancer chemoprevention and therapy are warranted. In conclusion our findings
demonstrate that the ability of quercetin to induce apoptosis in cancer cells is directly associated
with its Hsp90 inhibitory activity, thereby providing a new mechanism by which polyphenolic
dietary plant compounds may exert their anti-cancer effects.
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Fig. 1.
Effect of quercetin on the viability of prostate cancer cells. A: Normal prostate epithelial cells,
(B) LNCaP, (C)DU-145, and (D) PC-3 prostate cancer cells were treated with increasing
concentrations of quercetin for 24 hr and viability was determined by trypan blue vital dye
exclusion. Viability was confirmed by a proprietary tetrazolium dye method using absorbance
at 450 nm as described in the text: (E) normal prostate epithelial cells, (F) LNCaP, and (G)
PC-3 cells. Values are mean ± SE of six experiments; *P < 0.05 and **P < 0.001 compared to
treatment with dihydroquercetin which did not affect the viability of any of the cells in this
study. [Color figure can be viewed in the online issue, which is available at
http://www.interscience.wiley.com.]

Aalinkeel et al. Page 17

Prostate. Author manuscript; available in PMC 2010 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.interscience.wiley.com


Fig. 2.
Proteomic analysis on the effects of quercetin on prostate cancer cells showing that Hsp90 is
maximally modulated (down-regulated) by treatment of PC-3 cells with quercetin. A:
Representative 2D-Sypro-Ruby stained proteome image of quercetin treated PC-3 cells.PC-3
cells (1 × 106) were cultured with 50µM of quercetin for 24hr. Total protein was extracted,
subjected to DIGE analysis, and stained with SYPRO Ruby protein stain as described in the
text. The pH increases from left to right and the molecular mass decreases from the top to the
bottom of the gels. Identified protein spots are outlined and numbered, three separate
experiments yielded similar results. Abundance of spot # 191 from (B) untreated and (C)
quercetin treated PC-3 cells as determined by DeCyder software. Of all proteins, spot # 191
showed the greatest change (−1.75-fold) after treatment with quercetin. D,E: MS/MS spectra
of ion fragments from two tryptic peptides, ADLINNLGTIAK and NPDDITNEEYGEFYK
respectively, obtained from spot # 191. The spectra represent the ion fragments that matched
Hsp90 in the Sequest empirical database (noted as “view ▲▲ matched” at the lower left of
each spectrum). [Color figure can be viewed in the online issue, which is available at
http://www.interscience.wiley.com.]
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Fig. 3.
Effect of quercetin on the expression of Hsp90 and Hsp90 client proteins by prostate cancer
cells. A, Panel1: a representative Western blot of prostate cancer cell lines showing increased
Hsp90 levels compared with normal prostate epithelial cells; Panel2: Hsp90 gene expression
by human prostate tumors grown sub-cutaneously in nude mice as determined by quantitative
PCR and Panel 3: Hsp90 expression in situ as shown by immunofluoresence in normal prostate
epithelial cells and prostate cancer cells. (*P < 0.05, **P < 0.001; n = 6.) Expression of Hsp90
was normalized to the housekeeping gene, β-Actin. B: Representative Western blots showing
quercetin treatment decreases Hsp90 expression in prostate cancer cells. LNCaP, PC-3, and
normal prostate epithelial cells were treated with various concentrations of quercetin or
dihydroquercetin as described in the text. Cell lysates were prepared and 10 µg aliquots of
protein were loaded per lane on 10% Tris gels and blotted with an antibody specific for Hsp90.
Membranes were stripped and re-probed for β-actin. DMSO served as a vehicle for quercetin
and dihydroquercetin. Final concentrations of DMSO never exceeded 0.2%. C: Representative
Western blots showing the degradation of intracellular Hsp90 client proteins in normal and
malignant prostate cancer cells in response to quercetin. Cells were treated with varying
concentrations of quercetin as indicated in the text. Cell lysates were prepared and 10 µg
aliquots of protein were loaded per lane on 10% Tris gels and blotted with an antibody specific
for Cdk-4 and Raf-1. D: ELISA data showing dose-dependent suppression of the levels of the
secreted client proteins IGFBP-2 and HER-2, whose expression correlate directly with the
expression of Hsp90, normalized to untreated control in normal and malignant prostate cancer
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cells. Cells were treated with varying concentrations of quercetin or dihydroquercetin as
indicated in the text, culture medium was collected at 24 hr and levels of the secreted client
proteins IGFBP-2 and HER-2, whose expression correlates directly with the expression of
Hsp90 were measured as described in the text. Values are mean ± SE of six experiments; *P
< 0.05 and **P < 0.001 compared to untreated cells. Quercetin inhibited IGFBP-2 and HER-2
secretion in a dose-dependent manner. [Color figure can be viewed in the online issue, which
is available at http://www.interscience.wiley.com.]
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Fig. 4.
Quercetin mediated inhibition of Hsp90 stimulates apoptosis of prostate cancer cells. A:
Increase in annexin V−positive cells (assayed by flow cytometry) following treatment of
LNCaP and PC-3 prostate cancer cells with varying concentrations of quercetin for 24 hr.
Incubation with dihydroquercetin or 0.2% DMSO did not induce apoptosis. B: Increased
apoptosis of PC-3 cells treated with varying doses of quercetin for 24 hr as determined by in
situ TUNEL staining as described in the text. C: Increased caspase-3 and -9 activities in prostate
cancer cells, LNCaP and PC-3. Cells were incubated with or without varying concentrations
of quercetin or dihydroquercetin for 24 hr. Caspase activities were measured by a colorimetric
assay as described in the text. DMSO (0.2%) did not have any effect on caspase activation.
Values are mean ± SE from six experiments; *P < 0.05 and **P < 0.001 compared to treatment
with dihydroquercetin. [Color figure can be viewed in the online issue, which is available at
http://www.interscience.wiley.com.]
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Fig. 5.
Knockdown of Hsp90 gene expression by siRNA promotes apoptosis of prostate cancer cells.
Cells were transfected with 40 nM Hsp90 siRNA, 40 nM scrambled control siRNA, or mock
transfection using the transfection reagent without siRNA. Annexin V−positive cells were
measured by flow cytometry after 24, 48, and 72 hr. A: Representative Western blots from
three separate experiments which yielded similar results. Hsp90 siRNA induced marked
suppression of Hsp90 expression in LNCaP and PC-3 cells, whereas β-actin expression was
unaffected. Hsp90 siRNA enhances apoptosis of (B) LNCaP and PC-3 prostate cancer cells as
measured by annexin V-positive cells. Results are mean ± SE of six experiments; *P < 0.05
and **P < 0.001, compared with control siRNA. [Color figure can be viewed in the online
issue, which is available at http://www.interscience.wiley.com.]
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