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ABSTRACT

Her-2/neu (ErbB2) is a transmembrane tyrosine kinase and acts as a co-receptor for the other EGFR family members. It is well known that high
expression of Her-2/neu is associated with a poor prognosis in breast cancer. Quercetin, a flavonoid present in many vegetables and fruits, has
been studied extensively as a chemoprevention agent in several cancer models. In this study, we observed that quercetin decreased the level of
Her-2/neu protein in time- and dose-dependent manners and also inhibited the downstream survival PI3K-Akt signaling pathway in Her-2/
neu-overexpressing breast cancer SK-Br3 cells. We also observed that quercetin induced polyubiquitination of Her-2/neu. When the
proteasome pathway was blocked by MG-132 during quercetin treatment, accumulation of the NP-40 insoluble form of Her-2/neu occurred.
Interestingly, data from immunocomplex studies revealed that quercetin promoted interaction between Her-2/neu and Hsp90 which is a
molecular chaperone involved in stabilization of Her-2/neu. In this condition, inhibition of Hsp90 activity by a specific inhibitor,
geldanamycin (GA), or intracellular ATP depletion caused dissociation of Hsp90 from Her-2/neu and promoted ubiquitination and
down-regulation of Her-2/neu protein. In addition, the carboxyl terminus of Hsc70-interacting protein (CHIP), a chaperone-dependent
E3 ubiquitin ligase, played a crucial role in the quercetin-induced ubiquitination of Her-2/neu. Inhibition of tyrosine kinase activity of
Her-2/neu by quercetin could indicate an lateration in the Her-2/neu structure which promotes CHIP recruitments and down-regulation of
Her-2/neu. We believe that by using quercetin, new therapeutic strategies can be developed to treat Her-2/neu overexpressing cancers. J. Cell.
Biochem. 105: 585-595, 2008. © 2008 Wiley-Liss, Inc.
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B reast cancer has become the most frequently diagnosed
cancer among women in the United States and the second
most frequent cause of cancer death [Jemal et al., 2006]. Even
though early diagnosis of breast cancer with mammography has
improved over the last 10 years, the optimal management of this
disease remains undefined. Her-2/neu overexpression is observed in
around 30% of all breast cancer patients and is directly linked to
deregulated activation of intracellular mitogenic signaling, leading
to aggressive tumor behavior and resistance to cancer chemotherapy
[Slamon et al., 1987, 1989]. An increase in Her-2/neu expression

also has been found to enhance malignant phenotypes of cancer
cells, including those with metastatic potential [Niehans et al.,
1993]. The association of Her-2/neu overexpression in cancer cells
with chemoresistance and metastasis provides a plausible inter-
pretation for the poor clinical outcome of patients with Her-2/neu-
overexpressing cancers; it suggests that the enhanced tyrosine
kinase activity of Her-2/neu might play a critical role in the
initiation, progression, and outcome of human tumors. So Her-2/
neu has become an important therapeutic target in breast cancer
[Nahta and Esteva, 2003].
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Her-2/neu is a member of the subclass I of the receptor tyrosine
kinase (RTK) superfamily, which comprises four members: Her-1/
epidermal growth factor receptor (EGFR)/ErbB1, Her-2/neu/ErbB2,
Her-3/ErbB3, and Her-4/ErbB4. These four receptors have an
extracellular ligand-binding region, a single membrane-spanning
region and a cytoplasmic tyrosine kinase-containing domain [Hynes
and Lane, 2005]. They are essential mediators of cell proliferation
and differentiation. Their aberrant activation is associated with the
development and severity of many cancers. Ligand binding to these
receptors induces the formation of receptor homo- and hetero-
dimers and activation of the intrinsic kinase domain, resulting in
phosphorylation on specific tyrosine residues within the cytoplas-
mic tail. These phosphorylated residues serve as docking sites for a
range of proteins and the recruitment of proteins leads to the
activation of intracellular signaling pathways. Homo- and hetero-
dimerization of these receptors result in signal amplification and
diversification to extracellular ligands [Olayioye et al., 2000].
For example, Her-2/neu heterodimerization with EGFR antagonizes
EGFR/c-Cbl association and promotes receptor longevity and
recycling to the cell surface. Dimerization of Her-2/neu and
Her-3 occurs frequently and is a preferred heterodimer. Although
Her-3 is a kinase-defective protein, heterodimerization with Her-2/
neu enables Her-3 response to extracellular ligand and the ability
to directly couple to the phosphatidylinositol 3-kinase (PI3K)-Akt
cell survival pathway.

Studies performed in animal model have shown that down-
regulation of Her-2/neu can suppress tumor growth and dissemina-
tion [Drebin et al., 1986; Katsumata et al., 1995]. Treatment with
trastuzumab (Herceptin), the first approved monoclonal antibody
treatment for breast cancer, results in significant improvement in
patient survival when used in combination with chemotherapy
in patients with metastatic Her-2/neu positive tumors [Baselga
et al., 1996; Slamon et al., 2001]. Trastuzumab inhibits signaling of
MAPK and PI3K pathways, promotes cell cycle arrest, and induces
apoptosis, possibly by mediating the internalization and degrada-
tion of the Her-2/neu receptor and consequently diminishing its
intracellular signaling [Sliwkowski et al., 1999; Baselga et al., 2001].
Although trastuzumab proved to be an effective therapeutic agent,
patients treated with trastuzumab were found to be at an increased
risk for cardiac dysfunction, characterized by symptoms of
congestive heart failure (CHF). Recent reports that Her-2/neu plays
an essential role in cardiac development during embryogenesis and
as a survival factor in adult myocardium suggest an explanation of
the cytotoxic side effect of trastuzumab [Lee et al., 1995; Meyer and
Birchmeier, 1995; Crone et al., 2002; Ozcelik et al., 2002].

An alternative therapeutic agent may be the natural product
quercetin (3,5,7,3,4’-pentahydroxyflavone), which is orally bioa-
vailable, and is a flavonoid found in many fruits and vegetables.
Epidemiological studies have shown that the consumption of
vegetables, fruits, and tea is associated with a low risk of cancer
[Block et al., 1992]. Quercetin and its metabolites are potent
antioxidants which have oxygen radical scavenging properties and
inhibit xanthine oxidase and lipid peroxidation in vitro [Bors et al.,
1994; da Silva et al., 1998; Vulcain et al., 2005]. Previous research
has also shown that quercetin has anti-tumor, anti-inflammatory,
anti-allergic, and anti-viral activities [Middleton and Kandaswami,

1992; Kandaswami and Middleton, 1994; Wang, 2000]. Quercetin
has been shown to be protective against breast cancer in animal
model [Verma et al., 1988].

In this report we further explored the anti-tumor activity of
quercetin by investigating its effect on the ubiquitinylation and
down-regulation of Her-2/neu in SK-Br3 breast cancer cells. In spite
of the previous reports that quercetin decreased the expression of
Her-2/neu proteins in HT-29 and PC-3 cell lines [Huynh et al., 2003;
Kim et al., 2005], detailed mechanisms of quercetin induced-down-
regulation of Her-2/neu protein are largely unknown. Interestingly,
although molecular chaperone Hsp90 is recruited to Her-2/neu
during this process, quercetin treatment eventually leads to the
down-regulation of Her-2/neu protein. This effect makes quercetin a
promising candidate for treatment and prevention of breast cancer.

CELLS, ANTIBODIES, AND PLASMIDS

Human breast adenocarcinoma SK-Br3 and MCF-7, human ovarian
adenocarcinoma SK-Ov3, and COS7 (African Green Monkey SV40-
transfected kidney fibroblast cell line) cells were obtained from
American Type Culture Collection (Manassas, VA). Anti-Her-2/neu,
anti-EGFR, anti-phospho-PI3K, anti-ubiquitin antibodies and
normal mouse IgG were from Santa Cruz Biotechnology (Santa
Cruz, CA). Mouse Her-2/neu monoclonal antibody and rabbit anti-
CHIP polyclonal antibody were from Calbiochem (San Diego, CA).
Rat anti-Hsp90 monoclonal antibody (SPA-840) was from Stressgen
Biotech Corp. (Victoria, BC, Canada). Mouse anti-HIS monoclonal
antibody was from Invitrogen (Carlsbad, CA). Mouse anti-actin
monoclonal antibody was from ICN (Costa Mesa, CA). Mouse
phospho-tyrosine monoclonal antibody was from Upstate (Lake
Placid, NY). pCMV-Her-2/neu expressing plasmid was a kind gift
of Dr. M.C. Hung (M.D. Anderson Cancer Center, Houston, TX).
pcDNA3.1/myc-HIS-CHIP expressing plasmid was a kind gift of
Dr. C. Patterson (University of North Carolina, Chapel Hill, NC).

REAGENTS
Quercetin  (2-(3,4-Dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-ben-
zopyran-4-one dehydrate), ammonium chloride, geldanamycin,
and 2-deoxyglucose were purchased from Sigma Chemical Co.
(St. Louis, MO). Adriamycin and MG-132 was purchased from

Calbiochem (San Diego, CA).

CELL CULTURE AND TRANSFECTION

SK-Br3 and COS7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (HyClone, Logan, UT)
and 100 units of penicillin and streptomycin (Invitrogen). The cells
were maintained in a humidified atmosphere containing 5% CO, and
air at 37°C. One day prior to the experiment, cells were plated. For
transient transfections, each plasmid was premixed with Lipofecta-
mine (Invitrogen) and added to COS7 cells at 50-70% confluency.
Cells were continually cultured in the same medium for 24 h before
the appropriate treatment.
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PROTEIN ANALYSIS

Cells were washed once with cold phosphate-buffered saline (pH 7.0)
and collected by scraping. Harvested cells were lysed by
resuspending in lysis buffer (50 mM Tris-HCl (pH 7.5), 0.5 mM
EDTA, 150 mM NaCl, and 0.5% Nonidet P-40 (NP-40)) supplemented
with protease inhibitors and phosphatase inhibitors (Calbiochem).
Cell lysates were clarified by centrifugation at 13,000 rpm (4°C) for
15 min, and protein concentration was determined by the Bradford
method (Bio-Rad). NP-40-insoluble fractions were lysed in 1x SDS
sample buffer (50 mM Tris-HCI (pH 6.8), 2% SDS, 10% glycerol, and
0.01% bromophenol blue containing 1.28 M B-mercaptoethanol),
and boiled for 15 min. For immunoprecipitation, 0.5-1 mg of lysate
was incubated with 1.5 pg of mouse monoclonal antibodies at 4°C
for 2 h, followed by the addition of protein A-agarose beads (Santa
Cruz Biotechnology, Santa Cruz, CA) and rotation at 4°C overnight.
The beads were washed three times with lysis buffer, resuspended
in SDS sample buffer and boiled for 5 min. Immunoprecipitated
proteins or equal amounts of cell lysate were separated by 10-15%
SDS-polyacrylamide gels, transferred to nitrocellulose, immuno-
blotted, and detected by chemiluminescence using ECL detection
reagents (Amersham Biosciences).

FLOW CYTOMETRY

Cell surface expression of Her-2/neu protein in SK-Br3 cells was
determined by flow cytometry using a mouse anti-Her-2/neu
antibody directed against the extracellular domain (clone Ab-5;
Oncogene Research Products, San Diego, CA). In brief, after
quercetin (200 wM) or control treatment for 24 h, cells were
washed, harvested, and resuspended in phosphate-buffered saline
(PBS) containing 1% FBS, and then incubated with 5 pg/ml Ab-5
antibody for 1 h at 4°C. The cells were washed again and then
incubated with a fluorescein isothiocyanate (FITC)-conjugated anti-
mouse IgG secondary antibody diluted 1:200 in cold PBS containing
1% FBS for 45 min at 4°C. The cells were washed once more in cold
PBS, and flow cytometric analysis was performed with an EPICS XL
flow cytometer (Beckman-Coulter, Fullerton, CA).

NORTHERN BLOT ANALYSIS

For Northern blot hybridization, total RNAs (10 pg) isolated from
cells were fractionated by electrophoresis in 1.20% formaldehyde
agarose gels, blotted onto Nytran Plus (Schleicher & Schuell), and
hybridized with the *’P-labeled Her-2/neu or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) cDNA probe.

REAL-TIME RT-PCR

Total RNA was prepared using RNeasy-mini kit (Qiagen) including
on-column DNase digestion to eliminate genomic DNA contamina-
tion. cDNA was generated from 2 g of RNA using SuperScript IITI™
reverse transcriptase (Invitrogen). Real-time RT-PCR was carried
out using Platinum™SYBR™ Green (Invitrogen) with ABI 7300
Real time PCR system. All samples were duplicated (or triplicated).
Primer sequences are as follows: Her-2/neu forward, 5'-GGGAA-
GAATGGGGTCGTCAAA-3’; Her-2/neu reverse, 5-CTCCTCCCTG-
GGGTGTCAAGT-3'(RTPrimerDB database, http://medgen.ugent.be/

rtprimerdb/); 18S-rRNA forward, 5'-GTAACCCGTTGAACCCCATT-3';
18S-1RNA reverse, 5'-CCATCCAATCGGTAGTAGCG-3’ [Yogev-
Falach et al., 2006].

RNA INTERFERENCE

siRNA targeting human CHIP gene was purchased from Santa Cruz
Biotechnology. Control siRNA or CHIP siRNA was premixed with
Her-2/neu overexpressing plasmid and then transfected with
Lipofectamine (Invitrogen) to COS7 cells according to manufac-
turer’'s recommendations. After 24 h, 100 uM of quercetin was
applied for 2 h and then cells were collected for immunoprecipita-
tion and Western blot analysis.

IN VITRO Her-2/neu TYROSINE KINASE ASSAY

Immunocomplex was precipitated from lysate of SK-Br3 cells as
described above and then washed three times with lysis buffer and
once in kinase assay buffer (25 mM Tris-HCl (pH 7.5), 5 mM beta-
glycerophosphate, 2 mM dithiothreitol (DTT), 0.1 mM Na;V0,, 10 mM
MgCl,, and 10 mM MnCl,). For autophosphorylation assay, radio-
labeled ATP (10 p.Ci of [y->*P]ATP, ICN, Irvine, CA) and 100 pM of
cold ATP were added to the beads, followed by incubation for 30 min
at 30°C. The reaction product was separated by SDS-PAGE and then
transferred to nitrocellulose membrane. The autophosphorylation of
Her-2/neu was visualized by autoradiography and the Her-2/neu
protein in reaction mixture was shown by Western-blot analysis.
Trans-tyrosine kinase activity of Her-2/neu was measured using
non-radioactive Tyrosine Kinase Activity Assay Kit (CHEMICON
International) according to manufacturers’ instructions. Quercetin
was preincubated with the reaction mixture including immuno-
precipitated Her-2/neu protein and synthetic biotinylated peptide
substrate at room temperature for 10 min and then reaction was
started by adding ATP, followed by incubation for 1 h at 30°C. After
quenching the enzyme reaction with EDTA, the peptide substrates
were immobilized by binding to the streptavidin-coated plate.
The fraction of phosphorylated substrate was visualized using a
phosphotyrosine monoclonal antibody conjugated to HRP and an
ensuing chromagenic substrate reaction.

QUERCETIN DOWN-REGULATES Her-2/neu AND
DEPHOSPHORYLATES Akt

To investigate the chemopreventive and therapeutic effects of
quercetin on Her-2/neu overexpressing cells, human breast
carcinoma SK-Br3 cells were treated with quercetin and examined
for Her-2/neu protein level. As shown in Figure 1A-C, Her-2/neu
protein level was decreased with quercetin treatment in time- and
dose-dependent manners. The level of Her-2/neu protein began to
decrease after 8 h of quercetin treatment (Fig. 1B). Quercetin
treatment also dephosphorylated PI3K and Akt (Fig. 1A,C). Our
previous studies from in vitro kinase assay demonstrated that
dephosphorylation of Akt corresponds to the loss of its kinase
activity [Kim and Lee, 2007]. Since the PI3K and Akt signal
transduction pathway is one of the important survival signaling
mechanisms activated in Her-2/neu-overexpressed cells [Hynes and
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Quercetin down-regulates Her-2/neu in SK-Br3. A: SK-Br3 cells were treated with 100 or 200 .M of quercetin for the indicated days. B: SK-Br3 cells were treated with

100 or 200 wM of quercetin for the indicated h. C: SK-Br3 cells were treated with indicated amount of quercetin for 24 h. Cellular levels of Her-2/neu protein and

phosphorylation of the downstream kinases, phosphoinositide-3 kinase (PI3K) and Akt, were compared from whole cell lysate. D: Cell surface expression of Her-2/neu protein in
SK-Br3 cells was determined by flow cytometry using a mouse anti-Her-2/neu antibody directed against the extracellular domain of Her-2/neu. SK-Br3 cells were incubated
in the absence or presence of 200 M of quercetin for 24 h. E: SK-Ov3 cells were treated with 100 or 200 M of quercetin for the indicated days. F: MCF-7 cells were treated
with indicated amount of quercetin for 24 h. Cellular levels of Her-2/neu protein was compared from whole cell lysate.

Lane, 2005], it is likely that inhibition of PI3K and Akt activity by
treatment with quercetin contributes to enhancement of apoptotic
death [Kim and Lee, 2007]. In accordance with the decrease of
total Her-2/neu level, membrane bound Her-2/neu protein was
also significantly decreased during treatment with quercetin. Flow
cytometry analysis using a mouse anti-Her-2/neu antibody directed
against the extracellular domain of Her-2/neu showed that quercetin
treatment significantly reduced the cell surface Her-2/neu (Fig. 1D).
Quercetin down-regulated Her-2/neu protein level in Her-2/neu
overexpressing ovarian cancer cell line SK-Ov3 (Fig. 1E) and in
another breast cancer cell line MCF-7 (Fig. 1F). These results
confirmed that down-regulation of Her-2/neu by quercetin is not a
cell line specific effect.

QUERCETIN-INDUCED Her-2/neu DOWN-REGULATION IS NOT

DUE TO TRANSCRIPTION INHIBITION

To examine whether Her-2/neu gene expression is affected by
quercetin treatment, Northern blot analysis was performed (Fig. 2A).
SK-Br3 cells were treated with 100 uM quercetin for the indicated
time period and then the mRNA level of Her-2/neu was determined.
Unlike the level of Her-2/neu protein, there was no remarkable
reduction of Her-2/neu mRNA during treatment with quercetin.
Quantitative analysis using real-time RT-PCR of Her-2/neu tran-
scription also supported the Northern blot analysis result (Fig. 2B).
These results suggest that quercetin affects the translational
machinery or protein stability of Her-2/neu protein rather than
transcription.
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Fig. 2. Her-2/neu down-regulation by quercetin is not regulated at tran-
scription level. A: SK-Br3 cells were treated with 100 wM of quercetin for
the indicated times and then total RNA was extracted. Her-2/neu mRNA levels
were compared by Northern blot analysis. Ethidium bromide stained rRNA
bands are shown as a loading control. B: Her-2/neu mRNA levels were
compared by real-time RT-PCR analysis using 18S rRNA as an internal control.
Error bars represent standard error from the mean (SEM) for three independent
experiments.

QUERCETIN NOT ONLY INDUCES UBIQUITINATION OF Her-2/neu

BUT ALSO ENHANCES THE RECRUITMENT OF Hsp90 TO Her-2/neu
To investigate the molecular mechanism of quercetin-induced
Her-2/neu down-regulation, a representative proteasome inhibitor
(MG-132) or lysosomal inhibitor (NH,Cl) was simultaneously
applied with quercetin. Co-treatment with the proteasome inhibitor
MG-132 resulted in accumulation of insoluble (aggregated) forms of
Her-2/neu protein in cell lysates (Fig. 3A). Unlike MG-132, the
lysosomal inhibitor NH,Cl did not prevent the down-regulation
of Her-2/neu protein during treatment with quercetin. Since
Figure 3A indicates that quercetin probably induces proteasome-
dependent degradation of Her-2/neu protein, we examined the
ubiquitination of Her-2/neu proteins during quercetin treatment.
Figure 3B,C shows that quercetin induced ubiquitination of Her-2/
neu protein in time- and dose-dependent manners. These results
suggest that quercetin induces down-regulation of Her-2/neu
protein through the ubiquitin-dependent proteasome degradation
pathway. It is well known that chaperone protein Hsp90 plays an
essential role in maturation, stabilization and activation of Her-2/
neu protein [Neckers et al., 1999]. It has also been shown that a
specific Hsp90 inhibitor geldanamycin (GA) dissociates Hsp90
from the Her-2/neu protein complex and destabilizes Her-2/neu
protein via ubiquitination and subsequent proteasomal degradation
[Mimnaugh et al., 1996; Xu et al., 2001]. To investigate whether
quercetin functions in a similar way to GA, the association between
Her-2/neu and Hsp90 was examined after quercetin treatment.
Unlike treatment with GA, treatment with quercetin increased the

association of Hsp90 to Her-2/meu protein (Fig. 3B,C). Thus,
unexpectedly, ubiquitination and Hsp90 recruitment to Her-2/neu
occurred at the same time during quercetin treatment. However,
quercetin treatment neither caused polyubiquitination of EGFR
nor increased its association to Hsp90 (Fig. 3D), suggesting that
regulatory machinery which is specific to Her-2/neu turnover is
involved in quercetin-mediated Her-2/neu down-regulation.

THE IRON CHELATOR FUNCTION OF QUERCETIN IS NOT INVOLVED
IN THE DOWN-REGULATION OF Her-2/neu PROTEIN

Recently, several researchers reported that quercetin acts as an iron
chelator [Morel et al., 1994] and its iron chelating effect causes
the accumulation of HIF-1a in normoxia [Jeon et al., 2007;
Triantafyllou et al., 2007]. To examine whether the iron chelating
effect of quercetin leads to Her-2/neu down-regulation, cells were
pretreated with an excess amount of iron prior to quercetin treat-
ment. Figure 4A showed that pretreatment with an excess amount of
iron prevented quercetin-induced Her-2/neu down-regulation. In
order to verify the importance of the iron chelator function,
desferrioxamine (DFX), a well-known iron-specific chelator, was
applied. Unlike quercetin, DFX induced HIF-1a accumulation in
normoxia, but did not cause Her-2/neu down-regulation (Fig. 4B).
These data suggest that quercetin-induced Her-2/neu down-
regulation is not simply due to iron chelation. We further examined
the effect of iron on ubiquitination and interaction with Hsp90 of
Her-2/neu protein induced by querecetin. Cells were treated with
quercetin for 4 h and iron was added 30 min before or 30 min after
quercetin treatment. In both cases, addition of exogenous iron
prevented the ubiquitination of Her-2/neu and the interaction
between Her-2/neu and Hsp90 (Fig. 4C). In contrast, treatment with
the iron chelator DFX did not show any effect on ubiquitination of
Her-2/neu and Hsp90 recruitment (Fig. 4D). From these results,
although quercetin’s iron chelating effect is not the main cause of
Her-2/neu down-regulation, we can speculate that the moiety of
quercetin which interacts with iron might be essential for Her-2/neu
down-regulation.

ROLE OF Hsp90 IN Her-2/neu UBIQUITINATION AND
DOWN-REGULATION BY QUERCETIN

Hsp90 inhibitor GA is known to exert its destabilizing effects by
dissociating Her-2/neu from Hsp90-containing multiprotein com-
plexes, thereby targeting Her-2/neu for proteolytic degradation [Xu
et al., 2001]. To examine the biological meaning of the increased
association of Hsp90 to Her-2/neu protein in quercetin-mediated
down-regulation, different amounts of GA was treated in combi-
nation with quercetin. As shown in Figure 5A, pretreatment with
quercetin facilitated the effect of GA on Her-2/neu down-regulation.
GA after pretreatment with quercetin still caused Hsp90 dissociat-
ion and also increased ubiquitination of Her-2/neu, resulting in
enhanced degradation of Her-2/neu protein (Fig. 5B). It is also
known that the chaperone activity of Hsp90 requires ATP and that
lowering ATP concentration triggers dissociation of Hsp90 from
Her-2/neu and promotes degradation of Her-2/neu protein [Peng
et al., 2005]. In combination with Quercetin, when the chaperone
function of Hsp90 was perturbed by removing glucose from the
medium (Fig. 5C) or by the addition of 2-deoxyglucose (2-DG), a
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desferrioxamine (DFX) for the indicated time. Cellular Her-2/neu protein level was compared by Western blot analysis. Accumulation of HIF-1a is shown as confirmation of the
biological effect of DFX. C: SK-Br3 cells were treated with 200 M of quercetin or 200 wM of FeSO, for 4 h. For the samples with combined treatment, FeSO, was applied 30 min
before (Fe + Q) or after (Q + Fe) the treatment with quercetin. D: SK-Br3 cells were treated with quercetin (200 M), DFX (200 M), or both for 4 h. After Her-2/neu protein
was immunoprecipitated, ubiquitination level and interacting amount of Hsp90 was compared by Western blot analysis.
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Effect of Hsp90 inhibition on Her-2/neu protein level and ubiquitination during treatment with quercetin. A: SK-Br3 cells were pretreated with 200 M of quercetin

for 30 min, and then indicated amount of specific Hsp90 inhibitor, GA, was added for additional 4 h. Cellular levels of Her-2/neu protein were compared from whole cell lysate.
B: GA was applied in combination with 200 M of quercetin for 1.5 h. After Her-2/neu proteins were immunoprecipitated, ubiquitination and Hsp90 level was compared by
Western blot analysis. In order to inhibit Hsp90 activity, intracellular ATP level was reduced by glucose deprivation for 4 h (C) or by addition of non-metabolizable glucose
analog, 2-deoxyglucose (5 mM), in the culture medium for an h in advance (D). After treatment of quercetin (200 pwM) for additional 4 h, Her-2/neu protein was

immunoprecipitated and then ubiquitination and Hsp90 level was compared by Western blot analysis.

non-metabolizable glucose analog (Fig. 5D), Hsp90 dissociated from
Her-2/neu protein complex and rapid induction of ubiquitination
of Her-2/neu was observed. These results were coinciding with the
effect of the pharmacological Hsp90 inhibitor GA. The dual function
of quercetin in the regulation of Her-2/neu protein discussed later.

CHIP PARTICIPATES IN QUERCETIN-INDUCED UBIQUITINATION

OF Her-2/neu

CHIP, the carboxyl terminus of Hsc70-interacting protein, a
chaperone-dependent E3 ubiquitin ligase, plays a role in both
GA-enhanced and steady-state ubiquitination of Her-2/neu protein
[Xu et al., 2002]. We hypothesized that CHIP serves as a ubiquitin
ligase during quercetin-induced ubiquitination of Her-2/neu
protein. To test the hypothesis, we first investigated whether
quercetin treatment induces association between Her-2/neu and
CHIP. COS7 cells were cotransfected with pCMV-Her-2/neu and
pcDNA3.1-HIS-CHIP. Cells were treated with quercetin for 4 h and
cell lysates were immunoprecipitated with anti-Her-2/neu antibody,
and then the coimmunoprecipitated CHIP amount was determined
by Western blot. As shown in Figure 6A, quercetin treatment
markedly increased the interaction between Her-2/neu and CHIP.
We next examined the effect of knock-down of CHIP expression on

the quercetin-induced ubiquitination of Her-2/neu. COS7 cells were
cotransfected with pCMV-Her-2/neu plasmid and siRNA targeting
CHIP and then ubiquitination of Her-2/neu was analyzed after
immunoprecipitation. Knock-down of CHIP inhibited quercetin-
induced ubiquitination of Her-2/neu as well as the basal level of
ubiquitination (Fig. 6B). These results suggest that quercetin-
enhanced ubiquitination of Her-2/neu is mediated through an
increase in binding activity of CHIP.

QUERCETIN INHIBITED Her-2/neu TYROSINE KINASE ACTIVITY

We hypothesized that quercetin might interact with Her-2/neu
protein and cause inhibition of receptor function and/or structural
destabilization, which eventually lead to deagradation of Her-2/neu.
To verify this possibility, we first examined the tyrosine phos-
phorylation level of Her-2/neu during quercetin treatment. As
shown in Figure 7A, quercetin treatment decreased the tyrosine
phosphorylation level of endogeneous Her-2/neu, which might be
caused by inhibition of Her-2/neu tyrosine kinase activity. To check
this possibility, in vitro assays were performed using immunopre-
cipitated Her-2/neu protein. As shown in Figure 7B, in vitro
IP-kinase assay results showed that 2 uM of quercetin was enough
to inhibit autophosphorylation activity of Her-2/neu completely.
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CHIP is involved in quercetin-induced ubiquitination of Her-2/neu. A: COS7 cells were cotransfected with pCMV-Her-2/neu and pcDNA-HIS-CHIP. After 24 h, cells

were either untreated or treated with quercetin for 4 h. Her-2/neu protein was immunoprecipitated and then ubiquitination of Her-2/neu and the level of interaction between
Her-2/neu and CHIP were compared. B: COS7 cells were cotransfected with pCMV-Her-2/neu and CHIP siRNA. After 24 h, cells were either untreated or treated with quercetin
for 4 h. Her-2/neu protein was immunoprecipitated and then ubiquitination level was compared.

Trans-tyrosine kinase activity of Her-2/neu was also measured using
a synthetic peptide as a tyrosine kinase substrate (Fig. 7C). In the
presence of quercetin, trans-tyrosine kinase activity was reduced to
20% compared to the control. These results suggest that quercetin
can bind to Her-2/neu protein and inhibit the tyrosine kinase
function, which might cause an alteration of Her-2/neu protein
structure and eventually lead to degradation.

QUERCETIN ENHANCED ADRIAMYCIN-INDUCED CELL DEATH
Adriamycin is a DNA-interacting drug widely used in chemotherapy
of breast cancer patient. In order to examine the biological effect of
down regulation of Her-2/neu protein mediated by quercetin,
adriamycin was applied to SK-Br3 cells in combination with 100 uM
of quercetin. After 2 days of incubation, cell viability was deter-
mined by the trypan blue exclusion assay. As shown in Figure 8,
combined treatment of adriamycin with quercetin enhanced SK-Br3
cell death synergistically. Adriamycin alone induced cell death
in a concentration-dependent manner; 79% and 63% of the cells
survived after exposure to 10 and 15 pM of adriamycin,
respectively. When adriamycin were applied in combination with
quercetin, the viability of cells was decreased to 63% and 42%,
respectively. This result suggested that quercetin could enhance
the chemotherapeutic efficacy of adriamycin by down-regulating
Her-2/neu.

The major observation reported here is that the natural product
quercetin effectively down-regulates Her-2/neu protein in Her-2/
neu overexpressing human breast cancer SK-Br3 cells. Quercetin
inhibits tyrosine kinase activity of Her-2/neu and induces poly-
ubiquitination by recruiting the E3-ubiquitin ligase CHIP. The
ubiquitinated Her-2/neu protein is then degraded by the protea-
some; this is shown when the inhibition of protein degradation

by MG-132 leads to accumulation of the NP-40 insoluble form
of Her-2/neu (Fig. 3A). Other kinases such as Akt and Raf-1 are
reported to show a similar accumulation of their insoluble form
when their proteasome degradation pathway is blocked [Schulte
et al., 1997; Basso et al.,, 2002]. Unlike proteasome inhibitors,
lysosomal inhibitors such as NH,Cl and chloroquine, which
alkalinizes the lysosome, fail to prevent quercetin-induced Her-2/
neu down-regulation (Fig. 3A, data not shown). Although Her-2/neu
is known as a target of caspases [Tikhomirov and Carpenter, 2001],
pan-caspase inhibitor z-VAD-FMK cannot prevent Her-2/neu
protein down-regulation during treatment with quercetin (Data
not shown).

Several researchers reported that the Hsp90 inhibitor GA
promotes Her-2/neu ubiquitination concomitant with dissociation
of Hsp90 from client proteins [Xu et al., 2001]. Unlike GA, quercetin
induces ubiquitination of Her-2/neu as well as an increase in
interaction between Hsp90 and Her-2/neu. We speculate that this
increase in interaction between Hsp90 and Her-2/neu may result in
preventing immediate proteolytic degradation of the ubiquitinated
form of Her-2/neu. This perspective is supported by the observations
that the combined treatment of specific Hsp90 inhibitor GA and
quercetin synergistically enhances the ubiquitination (Fig. 5B) and
down-regulation (Fig. 5A) of Her-2/neu. Alternatively, lowering the
intracellular ATP level prevents Hsp90 recruitment and rapidly
enhances ubiquitination of Her-2/neu protein during treatment with
quercetin (Fig. 5C,D). Quercetin may directly bind to Her-2/neu,
probably at an ATP-binding site in the kinase domain, and induce a
structural modification of Her-2/neu. This postulation is supported
by the observations that quercetin treatment inhibits Her-2/neu
tyrosine kinase activity (Fig. 7A-C). As this quercetin-bound form
of Her-2/neu is unstable, it can be speculated that this form is
maintained either by recruiting more chaperone Hsp90 or
preventing release from Hsp90. Another possibility is that quercetin
may act on Hsp90 chaperone activity by affecting interaction with
co-chaperones. We are currently in the process of investigating
these possibilities.
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Fig. 7. Quercetin inhibited Her-2/neu tyrosine kinase activity. A: SK-Br3
cells were treated with 200 wM of quercetin for the indicated time. Her-2/neu
protein was immunoprecipitated and then tyrosine phosphorylation was
detected with anti-phospho-tyrosine monoclonal antibody. B: Her-2/neu
protein was isolated by immunoprecipitation and then autophosphorylation
activity was compared by incubating with [y->2p]ATP in the presence of
different amounts of quercetin. C: Her-2/neu protein was isolated by immu-
noprecipitation and then tyrosine kinase activity was measured in the presence
of DMSO or 200 M of quercetin using a synthetic peptide as a substrate.

Recently it was reported that the chaperone-dependent E3
ubiquitin ligase CHIP is involved in GA-induced Her-2/neu
degradation [Peng et al., 2005]. GA promotes CHIP association
with Her-2/neu and subsequently induces ubiquitination and
degradation via the proteasome. These observations suggest that
pharmacological enhancement of the CHIP-Her-2/neu interaction
may be therapeutically useful for down-regulating Her-2/neu
activity. Quercetin also enhances the interaction between Her-2/neu
and CHIP (Fig. 6A) and plays a major role in ubiquitination of Her-2/
neu both in normal status and quercetin-treated conditions (Fig. 6B).
Nonetheless, previous studies have shown that CHIP is not the only
E3 ubiquitin ligase capable of mediating GA-induced down-
regulation of Her-2/neu [Peng et al., 2005]. Thus, involvement of
other E3 ligases in the degradation of Her-2/neu needs to be further
studied.

Besides quercetin, several other natural products are known to
have the effect of down-regulating Her-2/neu protein. Among plant
flavonoids, apigenin has a potent growth-inhibitory effect and
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Fig. 8. Quercetin enhanced adriamycin-induced cell death. SK-Br3 cells were
treated with 100 M of quercetin in combination with indicated amount of
adriamycin for 2 days. Cell viability was determined by the trypan blue
exclusion assay. Error bars represent standard error from the mean (SEM)
for three separate experiments.

induces apoptosis in Her-2/neu overexpressing breast cancer cells.
Apigenin dissociates Her-2/neu from GRP94 and produces reduction
of the intracellular level of Her-2/neu through the ubiquitin-
proteasome dependent protein degradation pathway [Way et al.,
2004]. Curcumin, a major pigment extracted from the plant
Curcuma longa Lin, covalently modifies Her-2/neu and induces
CHIP-dependent ubiquitination, but curcumin induces Her-2/neu
depletion other than by the proteasomal degradation pathway [Jung
et al., 2007]. Oleic acid (OA; 18:1n-9), the main monounsaturated
fatty acid of olive oil, is known to suppress the overexpression
of Her-2/neu. In contrast to quercetin, OA exposure specifically
represses the transcriptional activity of the Her-2/neu gene
promoter; this is due to the up-regulation of the Ets protein
PEA3 (a transcriptional repressor of the Her-2/neu gene promoter)
by OA [Menendez et al., 2005]. Compared to these other natural
compounds, quercetin induces Her-2/neu down-regulation in a
unique manner.

In the treatment of Her-2/neu overexpressing breast cancers,
there are two major approaches to targeting Her-2/neu: down-
regulation of Her-2/neu protein level using ectodomain-binding
antibodies (mAbs) and inhibition of tyrosine kinase activity by small
molecule inhibitors that compete with ATP in the tyrosine kinase
domain [Imai and Takaoka, 2006]. In this report, we revealed that
quercetin inhibits Her-2/neu tyrosine kinase activity (Fig. 7A-C) and
down-regulates Her-2/neu protein level (Fig. 1). It is interesting that
the manner in which quercetin down-regulates Her-2/neu protein is
very similar to that of the CI-1033 tyrosine kinase inhibitor [Citri
et al., 2002]. Along with inhibition of tyrosine phosphorylation, CI-
1033 enhances ubiquitylation and accelerates endocytosis and
subsequent intracellular degradation of Her-2/neu protein. The
degradative pathway stimulated by tyrosine kinase inhibitors
appears to be chaperone mediated. Similar to quercetin and GA,
CI-1033 and GA additively inhibit tumor cell growth [Citri et al.,
2002]. We believe that, as shown in the study of CI-1033, an
understanding of the dual inhibitory function of quercetin advances
clinical application, allowing effective therapeutic and preventive
studies to be initiated.
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