
Introduction

Heat shock proteins (HSPs) are highly conserved and functionally
interactive chaperone proteins that maintain protein homeostasis
in all living organisms [1]. Heat shock cognate (HSC) proteins are
constitutively synthesized, whereas others are expressed follow-
ing stress. A variety of environmental or physiological stresses,
such as heat shock, hypoxia, reactive oxygen species and virus
transformation, can induce HSPs expression [2, 3]. HSPs act in
many fundamental cellular processes, including the catalysation of
substrate refolding, the prevention of irreversible aggregation of

unfolded proteins, the maturation of nuclear hormone  receptors
and other signalling molecules, vesicle formation and protein
 trafficking [4–6]. A number of functionally important HSPs have
been identified. Based on the molecular mass, HSPs can be gen-
erally classified into large and small HSPs. Small HSPs include
HSP27, HSP 26, HSP22 and HSP30 [7]. According to sequence
homology, HSPs can be classified into different subfamilies. Two
well-characterized subgroups of HSPs are the HSP70 family and
HSP90 family. The HSP70 family includes at least 11 distinct pro-
teins in human beings, such as HSP70, HSP70A, HSP70B, GRP78,
GRP75 and HSP75 [8]. The HSP90 family consists of at least nine
proteins in human, such as HSP90, HSP90�, HSP90�, HSP86,
HSP84 and HSP83 [9]. In addition, another two large HSP fami-
lies, HSP100 and HSP60, are relatively less characterized.

Previous studies have established a strong connection of HSPs
to cancer. In normal cells under unstressed conditions, the inducible
members of HSP family are poorly expressed. In contrast, HSP70
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and HSP90 are elevated in various kinds of malignant tumours,
such as breast, uterine cervix and renal cell cancinoma [10–12].
High levels of HSP70 and HSP90 expression confer enhanced sur-
vival and drug resistance [13, 14]. Many client proteins of HSP70
and HSP90 are critical components of diverse signalling pathways.
For example, the direct interaction among HSP70, HSP90 and glu-
cocorticoid receptor is critical for efficient hormone binding and
subsequent transcriptional activation [15]. Recent studies from in
vivo yeast system and in vitro mammalian cell-free system also indi-
cate that progesterone receptor requires the molecular chaperone
HSP90 for efficient ligand binding [16]. In addition to hormone
receptors, another important set of client proteins of both HSP70
and HSP90 is protein kinases, such as c-raf, c-src and the receptor
tyrosine kinase ErbB2 [17, 18]. GRP78 shares 60% amino acid
homology with HSP70, but it is distinct from HSP70 in that it is gen-
erally non-inducible or only weakly inducible by heat [19, 20]. As an
endoplasmic reticulum chaperone, GRP78 can facilitate the folding
of newly synthesized proteins, target terminally misfolded proteins
for proteasomal degradation, regulate calcium homeostasis and
control the activation of ER stress sensors [21]. Elevated expression
of GRP78 has been observed in a variety of human cancer, includ-
ing breast cancer, lung cancer, gastric cancer and malignant
gliomas [21–23]. During tumour onset and progression, GRP78 is
capable of enhancing tumour cell proliferation, protecting tumour
cells against apoptosis and promoting tumour angiogenesis [24].

Down-regulation of HSP70 and HSP90 results in apoptosis in
cancer cells but not in untransformed cells, which makes HSP70
and HSP90 attractive targets for molecular cancer therapeutics
and chemoprevention [25, 26]. Preclinical studies have demon-
strated that the HSP90 inhibitor 17-allylamino-17-demethoxygel-
danamycin possesses potent anti-tumour activity [27]. In 
addition, the bioflavonoid quercetin could inhibit HSP70 expres-
sion by blocking heat shock transcrition factor (HSF) 1 and HSF2.
Treatment of cancer cells with quercetin leads to cell death [28],
which indicates that quercetin may be a potential anti-tumour
compound. One of the major problems in cancer chemotherapy or
molecular cancer therapeutics is drug resistance. Compensatory
pathways are frequently activated in response to the inhibition 
of one target molecule, which may lead to poor response to the
targeted therapy. Like the response to other agents, cancer cells
may respond to HSP70 down-regulation or quercetin to a different
extent. Also, resistance to these treatments may be an obstacle to
their use in clinical setting. So far, little is known about the mech-
anisms that are involved in quercetin sensitivity or resistance. In
the present study, we have studied whether the unfolded protein
response (UPR) is involved in HSP70 down-regulation- or
quercetin-induced breast cancer cells apoptosis. Our approach is
to assess GRP78 and CHOP expression, XBP-1 splicing, eIF2�

and JNK phosphorylation induced by quercetin. We demonstrate
that both HSP70 knockdown and quercetin can induce multiple
arms of the UPR, including the pro-survival GRP78 induction, 
the pro-apoptotic JNK activation and caspase cleavage. Because
GRP78 can confer resistance to some chemotherapeutic agents
[29–31], we speculate that GRP78 induction may be a drawback for
the anti-tumour activity of quercetin. Here, we show that abrogation

of GRP78 induction by small interfering RNA or inhibition of GRP78
by the green tea (-)-epigallocatechin gallate (EGCG) synergistically
promotes quercetin-induced cancer cells death. These findings
identify a novel connection between HSP70 and ER homeostasis
and reveal a critical role of GRP78 in the resistance to quercetin.

Materials and methods

Reagents

Quercetin and EGCG were purchased from Sigma-Aldrich, Inc (St. Louis,
MO, USA). The PI3K inhibitors LY294002 and wortmanin, JNK inhibitor
SP600125, caspase-3 and �7 inhibitor z-DEVD-fmk were provided by
Beyotime Institute of Biotechnology (Jiangsu, China). GRP78, CHOP,
XBP1, HSP70 and phosphorylated eIF2� antibodies were purchased from
Santa Cruz Biotech (Santa Cruz, CA, USA). The anti-JNK, caspase-4, -3, -7
and PARP antibody was provided by Cell Signaling Technology (Beverly,
MA, USA).

Cell culture

Cancer cells were grown in tissue culture flasks at 37�C in a humidified
atmosphere of 5% CO2 and were maintained as monolayer cultures in
Dulbecco’s modified Eagle’s medium (DMEM) or RPMI 1640 supplemented
with 5% foetal bovine serum (FBS) and 1% penicillin-streptomycin.

Transfection of siRNA

The target sequence used for knockdown of GRP78 and HSP70 were 5�-
GGAGCGCAUUGAUACUAGA-3� and 5�-GGACAUCAGCCAGAACAAG-3�,
respectively. The negative control siRNA was purchased from Ribobio Co.,
Ltd. (Guangzhou, China). The double-stranded siRNA duplex was dis-
solved in DEPC-treated water. For transfection, 1 � 105 cells were plated
into 24-well plates and incubated overnight. Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA) was diluted in 250 �l of Opti-MEM I
Reduced Serum Medium and incubated at room temperature for 5 min. In
addition, siRNA duplex was diluted in 250 �l of Opti-MEM I Reduced
Serum Medium and mixed with the pre-diluted Lipofectamine 2000. The
mixture was incubated at RT for 20 min. 50 nmol/l of siRNA was added into
each well and incubated at 37�C.

Western blot

Cells were washed twice with phosphate buffered saline and harvested with
cold RIPA lysis buffer containing protease inhibitors (PMSF 1 mmol/l, and
leupeptin 0.1 g/l). Cell lysates were collected from culture plates using a rub-
ber policeman, and protein collected by centrifugation. Protein concentrations
were determined by BCA protein assay (Pierce Biotechnology, Rockford, IL,
USA). Forty micrograms of total protein were boiled in 2� loading buffer 
(0.1 M Tris-Cl, pH 6.8, 4% SDS, 0.2% bromophenyl blue, 20% glycerol) 
for 10 min., then loaded into Tris-HCl-Polyacrylamide gels and transferred
electrophoretically to Immobilon-P membrane (Millipore Corporation,
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Billerica, MA, USA). Membranes were incubated with primary antibodies and
appropriate HRP-secondary antibodies. Membranes were additionally probed
with an antibody against �-actin (Santa Cruz Biotechnology) to normalize
loading of protein among samples. The secondary antibodies were detected
by chemiluminescent agents (Pierce Biotechnology).

Quantitative real-time PCR

Growing MCF-7 cells were harvested after treatment with 100 �mol/l of
quercetin for 12 hrs in triplicate, and total RNA was isolated with TRIZOL
reagent (Invitrogen). cDNA was generated from 1 �g total RNA using AMV
reverse-transcription kit according to the manufacturer’s instructions
(Promega Biotechnology, Madison, WI, USA). GRP78 and HSP70 were
amplified by real-time PCR using the SybrGreen PCR amplification mix
(total volume 25 �l) and 320 nmol/l of primers. �-actin was also amplified
as a reference gene. The primer sequences for human GRP78 are as fol-
lows: 5�-CTGGGTACATTTGATCTGACT-3� (forward) and 5�-GCATCTTGGTG-
GCTTTCCAGC-3� (reverse). The primers for human HSP70 are as follows:
5�-CTCCAGCATCCGACAAGAAGC-3� (forward) and 5�-ACGGTGTTGTGGGG -
GTTCA-3� (reverse). Relative quantification with the comparative threshold
cycle (C t) was done using the 		C t method. The amount of GRP78 or
HSP70 gene normalized to the endogenous reference gene (�-actin) is
given by 2�	C t, where 	C t is C t (GRP78 or HSP70) – C t (�-actin).

Flow cytometry

Apoptotic cells were determined by the propidium iodide staining and flow
cytometry. Briefly, replicate cultures of 1 � 106 cells were plated in cell
 culture wells. The cells were transfected with siRNA and/or treated with
quercetin. Forty-eight hours after the transfection, cells were harvested,
washed with PBS and fixed in 70% ethanol for 30 min. at 4�C. The fixed cells
were treated with 50 �g/ml RNase A (Sigma Chemical Company, St Louis,
MO, USA), stained with 50 �g/ml propidium iodide for 20 min. at 4�C in the
dark before flow cytometric analyses. The propidium iodide fluorescence of
individual nuclei was measured in the red fluorescence using a flow cytome-
ter (Beckman Coulter Elite, Miami Lakes, FL, USA). Quantification of apop-
totic cells was carried out by measurement of sub-G1 DNA content.

Hoechst 33342 staining

Replicate cultures of 1 � 106 cells per well were plated in 24-well plate.
The cells were transfected with siRNA and/or treated with quercetin. After
a change of fresh medium 24 hrs later, the cells were incubated with 5 �l
of Hoechst 33342 solution per well at 37�C for 10 min., followed by obser-
vation under a fluorescence microscope. Strong fluorescence can be
observed in the nuclei of apoptotic cells, while weak fluorescence was
observed in non-apoptotic cells. Quantification of apoptotic cells was per-
formed by taking the images in random fields and counting at least 200
cells in four random fields in each well.

WST1 assay

MCF-7 or T47D cells were plated in 96-well plates at 5000 or 6000 cells 
per well, respectively. The next day, cells were treated with or without 
10 �mol/l EGCG, 50 �mol/l quercetin or both with five to six replicates.

After 24 hrs, the cytotoxity was assessed by incubating cells with WST1
reagent (Roche, Indianapolis, IN, USA) for 2 hrs and measuring the
absorbance at 450 nm, and at 630 nm as reference, with a microplate
reader (Bio-Rad, Hercules, CA, USA).

Colony formation assay

The cells were seeded in six-well plates at 5000 cells per well. The next day,
the medium was changed to include quercetin or EGCG. Six or 24 hrs later,
the cells were grown in the absence of drug and allowed to form colonies
for 14 days. The colonies were stained with 1% methylene blue and then
counted. The experiments were done in triplicates and each experiment
was reproduced.

Statistical analysis

One-way ANOVA with least significant difference post hoc test was used to
test for the differences in the means of apoptosis rate or colony survival
rate. The quantitative real-time PCR data were analysed with REST-XL ©
version-2, a calculating software for the relative expression in real-time
PCR using pair-wise fixed reallocation randomization test [32]. All statisti-
cal tests were two-sided, and difference to be considered to be statistically
significant when P 
 0.05.

Results

Quercetin and HSP70 knockdown induce the UPR

HSP70 is a molecular chaperone for cytosolic protein refolding,
renaturation and trafficking. The bioflavonoid quercetin can tran-
scriptionaly repress HSP70 expression. To investigate whether
HSP70 down-regulation would trigger the UPR, the effect of
quercetin on the unfolded protein responsive protein GRP78 was
examined. MCF-7 cells were treated with different doses of
quercetin for 24 hrs, and then subjected to Western blot analysis
of HSP70 and GRP78. Whereas HSP70 expression was inhibited
by quercetin, treatment of MCF-7 cells with quercetin stimulated
GRP78 expression in a dose-dependent manner. Similar effects
were observed in T47D, a breast cancer cell line, and MDA-MB-
435, a cell line that has been used as a representative of breast
cancer cells for decades but is shown to be from a melanoma 
(Fig. 1A). In addition, T47D cells were treated with 100 nM
quercetin for 4, 8, 12 and 24 hrs, then subjected to Western blot
analysis of HSP70 and GRP78. GRP78 expression was up-
 regulated after T47D cells were treated with quercetin for 12 hrs,
while HSP70 down-regulation was detectable 8 hrs after quercetin
treatment (Fig. 1B). Moreover, we used quantitative real-time PCR
to determine whether quercetin increased GRP78 expression and
down-regulated HSP70 expression at transcription levels. As
shown in Fig. 1C, quercetin caused an increase in GRP78 tran-
scription and a decrease in HSP70 transcription.
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Next, we investigated the effects of quercetin on other unfolded
protein responsive proteins including CHOP, spliced XBP-1 and
phosphorylated eIF2�. Treatment of T47D cells with quercetin 
for 6 hrs resulted in XBP-1 splicing in a dose-dependent manner
(Fig. 2A). In addition, quercetin induced CHOP/GADD153 expres-
sion (Fig. 2B). During the UPR, a transient translation arrest is
induced upon phosphorylation of the eukaryotic initiating factor 2�

(eIF2�) by PERK. The phosphorylation of eIF2� was observed after
treatment of breast cancer cells with quercetin for 1 hr (Fig. 2C).
Thus, quercetin is identified as a novel inducer of the UPR.

Since HSP70 is not the only target of quercetin, we then con-
firmed that HSP70 down-regulation led to the UPR by suppress-
ing HSP70 expression with siRNA against HSP70. The suppres-
sion of HSP70 with siRNA resulted in a substantial decrease in
HSP70 levels and significant increase in GRP78 and CHOP levels.
In addition, HSP70 knockdown induced XBP-1 splicing (Fig. 2D).
Thus, HSP70 down-regulation triggers the UPR. In addition to
suppressing HSP70 expression, quercetin can inhibit phospho-
inositide 3 kinase (PI3K) signalling. To investigate whether inhibi-
tion of PI3K is involved in the induction of UPR by quercetin, we
treated T47D cells with quercetin or two PI3K inhibitors,
LY294002 and wortmanin, and detected the expression of repre-

sentative UPR markers, including GRP78, CHOP and spliced XBP-
1. Treatment of cells with LY294002 and wortmanin did not stim-
ulate GRP78 and CHOP expression and XBP-1 splicing (Fig. 2E),
indicating that quercetin does not induce the UPR by suppressing
PI3K/Akt.

HSP70 down-regulation by siRNA or quercetin
induces JNK and caspase activation

To investigate whether HSP70 down-regulation by siRNA or
quercetin activates pro-apoptotic components of the UPR, the
effects of HSP70 down-regulation on the activation of JNK, 
caspase-4, caspase-7 and caspase-3 were examined. The sup-
pression of HSP70 expression with the use of either siRNA or
quercetin resulted in an increase in JNK phosphorylation. In addi-
tion, we observed caspase-7, caspase-3, caspase-4 and PARP
cleavage in quercetin-treated T47D cells (Fig. 3A). Similar effects
were observed in siHsp70-transfected cells (Fig. 3B).

Caspase-3 and caspase-7 are two key executor caspases that
mediate ER stress-induced apoptosis. To determine whether the
activation of JNK and caspases contribute to quercetin-induced

Fig. 1 Induction of GRP78 expression and
suppression of HSP70 expression by
bioflavonoid quercetin. (A) Western blot
analysis of GRP78 and HSP70 expression
in response to quercetin treatment. MCF-7,
T47D and MDA-MB-435 cells were treated
with indicated doses of quercetin for 24
hrs. Cell lysates were subjected to SDS-
PAGE, and then blotted with anti-GRP78
and anti-HSP70 antibodies. (B) T47D cells
were treated with 100 �M quercetin for 4,
8, 12 and 24 hrs. Cell lysates were sub-
jected to SDS-PAGE, and then blotted with
anti-GRP78 and anti-HSP70 antibodies.
(C) Quantitative real-time PCR analysis of
HSP70 and GRP78 expression in response
to quercetin treatment of T47D cells.
Columns, mean of replicates; bars, SE. 
*, P � 0.013. **, P � 0.001.
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Fig. 2 Induction of the unfolded protein response by bioflavonoid quercetin and HSP70 knockdown in T47D cells. (A) Western blot analysis of the
expression of spliced XBP-1 (XBP-1s) in response to quercetin treatment. Cells were treated with indicated doses of quercetin for 6 hrs. Cell lysates
were subjected to SDS-PAGE, and then blotted with anti-XBP-1 antibody. (B) Western blot analysis of CHOP expression in response to quercetin treat-
ment. Cells were treated with indicated doses of quercetin for 24 hrs. Cell lysates were subjected to SDS-PAGE, and then blotted with anti-CHOP anti-
body. (C) Western blot analysis of eIF2� phosphorylation in response to quercetin treatment. Cells were treated with quercetin for 1 hr and 2 hrs. Cell
lysates were subjected to SDS-PAGE, and then blotted with anti-phosphorylated eIF2� antibody. (D) Cells were transfected with control siRNA (siCtrl)
or the siRNA targeting Hsp70 (siHsp70). Cell lysates were subjected to SDS-PAGE, and then blotted with anti-GRP78, anti-CHOP, anti-XBP-1 and anti-
HSP70 antibodies. (E) Cells were treated with or without 10 �M LY294002, 200 nM wortmanin and 100 �M quercetin for 24 hrs. Cell lysates were sub-
jected to SDS-PAGE, and then blotted with anti-GRP78, anti-CHOP and anti-XBP-1 antibodies.

Fig. 3 Effects of quercetin and HSP70 knockdown on pro-apoptotic
components of the UPR. (A) T47D cells were treated with or without 
100 �M quercetin for 24 hrs. Cell lysates were subjected to SDS-PAGE,
and then blotted with anti-cleaved caspase-3, -4, -7 and PARP antibod-
ies, and anti-phospho-JNK antibody. (B) T47D cells were transfected
with control siRNA (siCtrl) or the siRNA targeting Hsp70 (siHsp70). Cell
lysates were subjected to SDS-PAGE, and then blotted with anti-cleaved
caspase-3, -4, -7 antibodies and anti-phospho-JNK antibody. (C) T47D
cells were treated with or without 100 �M quercetin, 10 �M SP600125
and 50 �M z-DEVD-fmk for 24 hrs. Cells were harvested, fixed with
ethanol, stained with propidium iodide and subjected to flow cytometry
analysis. Columns, mean of three individual experiments; bars, SE.
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apoptosis, the effect of JNK inhibitor, caspase-3 and caspase-7
inhibitor on quercetin-induced apoptosis was examined by flow
cytometry. Treatment of T47D cells with JNK inhibitor SP600125
partially blocked quercetin-induced apoptosis. More importantly,
treatment of the cells with caspase-3 and caspase-7 inhibitor z-
DEVD-fmk inhibited quercetin-induced apoptosis to more dra-
matic extent (Fig. 3C). These results imply that the activation of
pro-apoptotic arms of the UPR may contribute to quercetin-
induced apoptosis.

Abrogation of GRP78 induction sensitizes breast
cancer cells to quercetin

Since GRP78 represents a pro-survival arm of the UPR, the induc-
tion of GRP78 by quercetin may contribute to increased resistance
to quercetin-induced tumour cells death. To test whether breast
cancer cells depend on GRP78 for protection against quercetin-
mediated cell death, breast cancer cells were transfected with
siRNA against GRP78 (siGRP78) or the negative control siRNA
(siCtrl), followed by treatment with or without quercetin. Hoechst
33342 staining was done to evaluate the drug sensitivity of the
siGRP78-transfected cells. The results demonstrated that abroga-
tion of GRP78 induction caused a significant increase in quercetin-
induced apoptosis in both T47D and MCF-7 cell lines (Fig. 4A and
B). An in parallel Western blot analysis of protein lysates from
untreated cells transfected with siCtrl and siGRP78 confirmed that
GRP78 expression was significantly inhibited by siGRP78 
(Fig. 4B). Moreover, colony survival assays were done to evaluate
the quercetin sensitivity in siRNA-transfected MCF-7 cells. The
results showed that knockdown of GRP78 caused a statistically
significant decrease in colony survival in quercetin-treated cells,
while it did not cause significant decrease in colony survival in
DMSO-treated cells (Fig. 4C). These data indicate that suppression
of GRP78 expression may lead to increased sensitivity of breast
cancer cells to quercetin.

In addition, we examined the effect of GRP78 knockdown on
quercetin-induced activation of caspase-3, caspase-7 and JNK.
Whereas GRP78 knockdown did not induce the activation of cas-
pase-3, caspase-7 and JNK in non-treated cells, it caused a signif-
icant increase in quercetin-induced activation of caspase-3, cas-
pase-7 and JNK (Fig. 4D). These data imply that suppression of
the pro-survival molecule GRP78 may lead to an increase in the
activation of pro-apoptosis molecules by quercetin.

Synergistic promotion of breast cancer cells
death by EGCG and quercetin

The above-mentioned results imply that down-regulation of
GRP78 by compounds directed against GRP78 expression or
activity could lead to increased sensitivity of breast cancer cells to
quercetin. Previous studies have identified the major component
of green tea, EGCG, as a natural compound that directly interacts

with the ATP-binding domain of GRP78, blocks its interaction with
procaspase-7 and suppresses the protective function of GRP78
[29]. To determine whether the combination of EGCG and
quercetin, two natural compounds, can synergistically promote
breast cancer cells apoptosis, the effect of EGCG, quercetin alone
and combination on apoptosis was examined by Hoechst 33342
staining in MCF-7 and T47D cells. Whereas EGCG alone did not
induce cell death, the combination of EGCG and quercetin resulted
in significantly more cell death than quercetin alone in both cell
lines (Fig. 5). Similar results were obtained when we used WST1
assays to measure the cytotoxity induced by treatment with EGCG,
quercetin or both (Fig. 6).

In addition, we used colony formation assay to test the ben-
efit of concomitant administration of EGCG and quercetin in
inhibiting breast cancer cells survival in a relatively longer term.
After transfection with siRNA, the cells were treated with or with-
out 10 or 30 �mol/l quercetin. After a change of fresh medium
24 hrs later, the cells were allowed to form colonies for 14 days
in the absence of drug. EGCG at the tested concentration did not
affect the colony survival of MCF-7 cells by itself. However, the
combination of EGCG and quercetin resulted in significantly less
colonies than quercetin alone (Fig. 7). Whereas quercetin at 10
�mol/l concentration did not cause cell death by itself, the com-
bination of 10 �mol/l quercetin and 10 �mol/l EGCG led to sig-
nificant less colonies. The combination of 10 �mol/l EGCG and
30 �mol/l quercetin achieved much stronger inhibition in colony
survival. No colonies survived after MCF-7 cells were treated
with 20 �mol/l EGCG and 30 �mol/l quercetin simultaneously
(data not shown). These results indicate that combination of
drugs capable of GRP78 suppression could sensitize breast can-
cer cells to quercetin.

Discussion

HSP70 belongs to a family of proteins that play diverse roles in
many different cellular processes, including protein folding, traf-
ficking and the assembly/disassembly of multi-proteins com-
plexes [4]. Previous studies have established a role for HSP70 in
potentiating signal transduction and in protecting cells from
stresses-induced death [15, 33]. HSP70 up-regulation is observed
in a variety of aggressive tumours. The connection between
HSP70 and the oncogenic potential of tumour cells suggests that
HSP70 may be a potential molecular target for cancer therapy or
chemoprevention [25]. The bioflavonoid quercetin could suppress
HSP70 expression. Quercetin displays anti-tumour activities in
several types of cancer [28, 34], but the exact mechanisms under-
lying these activities remains incompletely understood. This study
has shown that HSP70 down-regulation with both quercetin and
siRNA resulted in the activation of UPR, with both the pro-survival
arm and the pro-apoptotic arm being involved.

The UPR is generally triggered by disruption in ER homeosta-
sis. ER resides in the secretory pathway and is responsible for



4546 © 2008 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 4 Effects of GRP78 knockdown on quercetin-induced cell death and the activation of caspase-3, -7 and JNK. (A) T47D cells were transfected with
siCtrl or siGRP78. Twenty-four hours later, the cells were treated with or without 50 �M quercetin for another 24 hrs and stained with Hoechst 33342.
The apoptotic cells with strong fluorescence were observed under fluorescent microscopy. (B) The apoptotic cells in four randomized fields were
counted. The percentage of apoptotic T47D cells was plotted. In addition, the effects of GRP78 knockdown on quercetin-treated MCF-7 cells death were
shown. The columns represent the mean of triplicate wells, and the bars represent the SE. *, P 
 0.001. In parallel, untreated T47D and MCF-7 cells
transfected with siGRP78 and siCtrl were harvested and the protein lysates were analysed by Western blot with antibodies against GRP78 and actin. A
representative of three experiments is shown. (C) 5000 MCF-7 cells per well were seeded in six-well plates. Twenty-four hours later, the cells were trans-
fected with siCtrl or siGRP78, followed by treatment with 30 �M quercetin for 6 hrs. The cells were allowed to form colonies for 14 days. The columns
represent the mean of triplicate tests, and the bars represent the SE. *, P 
 0.001. (D) T47D cells were transfected with siCtrl or siGRP78. Twenty-four
hours later, the cells were treated with or without 50 �M quercetin for another 24 hrs. Cells were harvested and the protein lysates were subjected to
SDS-PAGE, and then blotted with anti-cleaved caspase-3, -7, anti-phospho-JNK and anti-GRP78 antibodies.
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transferring secreted and transmembrane proteins to the golgi or
other cellular compartments. Also, a primary function of the ER
is to assist newly synthesized proteins refold into native confor-
mation. To achieve correct folding and maturation, secreted 
proteins must translocate into the ER to undergo several post-
translational modifications, including glycosylation and disulfide

Fig. 5 Treatment with EGCG sensitizes breast cancer cells to quercetin.
(A) MCF-7 cells were treated with or without 10 �M EGCG and 50 �M
quercetin for 24 hrs and stained with Hoechst 33342. The apoptotic cells
with strong fluorescence were observed under fluorescent microscopy.
(B) The apoptotic cells in four randomized fields were counted. The per-
centage of apoptotic MCF-7 cells was plotted. The columns represent the
mean of triplicate wells, and the bars represent the SE. (C) T47D cells
were treated with or without 10 �M EGCG and 50 �M quercetin for 24
hrs and stained with Hoechst 33342. The percentage of apoptotic cells
was plotted. Columns, mean of triplicate wells. Bars, SE. *, P 
 0.001. A
representative of three experiments is shown.

Fig. 6 Cytotoxity assay of breast cancer cells treated with EGCG,
quercetin, or both. (A) MCF-7 cells were plated in 96-well plates at 5000
cells per well. The next day, the cells were treated with 10 �M EGCG, 
50 �M quercetin or both. Control cells were treated with the vehicle, DMSO.
Twenty-four hours later, the cytotoxity was assessed by incubating cells
with WST1 reagent for 2 hrs and measuring the absorbance at 450 nm,
and at 630 nm as reference, with a microplate reader. These experiments
were carried out with five to six replicates. Columns, mean expressed as
the percentage of absorbance relative to values from vehicle-treated con-
trols. Bars, SE. Co-treatment with EGCG and quercetin resulted in a dras-
tic reduction in the number of viable cells, compared with treatment with
EGCG or quercetin alone for which minimal effect was observed. *, P 


0.05; **, P 
 0.001, compared with control. (B) T47D cells were plated
in 96-well plates at 6000 cells per well. The next day, the cells were
treated with 10 �M EGCG, 50 �M quercetin or both. Control cells were
treated with the vehicle, DMSO. After 24 hrs, the cytotoxity was assessed
by WST1 assays. Columns, mean expressed as the percentage of
absorbance relative to values from vehicle-treated controls. Bars, SE. 
*, P 
 0.05; **, P 
 0.001, compared with control.
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binding [35]. The quality of proteins in the ER is tightly controlled
by resident ER chaperone and folding enzymes [36, 37]. Proteins
that do not mature properly are retrotranslocated to the cytosol
for degradation by the 26S proteasome [38]. HSP70 and HSP90
are cytosolic chaperones that associate with denatured or par-
tially unfolded proteins to prevent them from further denatura-
tion. In this study, we have shown that depletion of HSP70 in
breast cancer cells induces the UPR. These results are consistent
with the recent observations that inhibition of HSP90 leads to the
UPR in multiple myeloma [39]. Thus, both HSP70 and HSP90 are
essential for ER homeostasis.

Previous studies have demonstrated that depletion of HSP70
could activate a tumour-specific death program. Many and often
controversial mechanisms underlying the antiapoptotic effect of
HSP70 were proposed. It has been reported that the recruitment

of procaspase-9 to the Apaf-1 apoptosome can be inhibited by
HSP70 [40]. However, another report indicated that HSP70 may
inhibit apoptosis upstream of mitochondria and not through
interaction with Apaf-1 [41]. In addition, it has been shown that
HSP70 may function upstream of the caspase cascade by inhibit-
ing the release of cytochrome c from the mitochondria [42].
Therefore, it seems that the mechanisms underlying the anti-
apoptotic effect of HSP70 are cell-type specific or context-
dependent. In this study, we have shown that HSP70 down-
 regulation resulted in the activation of several key pro-apoptotic 
molecules in the UPR pathways, suggesting that HSP70 may be
required to maintain ER homeostasis in cancer cells. However,
HSP70 down-regulation also results in the up-regulation of
molecular chaperone GRP78, which represents a pro-survival
arm of the UPR.

Fig. 7 Effects of EGCG and quercetin on
colony survival. (A) 5000 MCF-7 cells per
well were seeded in six-well plates.
Twenty-four hours later, the cells were
treated with quercetin in the absence or
presence of indicated concentration of
EGCG for 24 hrs. The cells were allowed to
form colonies for 14 days. The percentage
of colony survival was plotted against the
quercetin and EGCG dosage. Columns,
mean value of triplicate tests; bars, SE. 
(B) Pictures of the colonies from all treat-
ment groups. A representative of two inde-
pendent experiments is shown.
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Based on the above-mentioned findings, abrogation of GRP78
induction may be a strategy to sensitize cancer cells to
bioflavonoid quercetin. Indeed, this study clearly demonstrates
that down-regulation of GRP78 by siRNA synergistically promotes
quercetin-induced breast cancer cells death. Although down-reg-
ulation of HSP70 leads to up-regulation of GRP78, down-regula-
tion of GRP78 does not result in up-regulation of HSP70 (data not
shown). Further, we demonstrate that the abrogation of GRP78
induction results in increased activation of caspase-3, caspase-7
and JNK by quercetin. Hence when the pro-survival GRP78 is
compromised, the balance between pro-survival arms and pro-
apoptosis branches will shift in favour of cell death. Thus, the syn-
ergistic promotion of cancer cells death can be achieved by com-
bining quercetin with GRP78 knockdown. Although depletion of
GRP78 alone could not induce cancer cells apoptosis, it may be an
important adjunct in chemotherapy or biotherapy. Thus, the devel-
opment of small molecule inhibitors that specifically suppress
GRP78 induction or its activity is justified. Recently, EGCG, a
major component of green tea, has been identified as a natural
GRP78 inhibitor [29]. Treatment with EGCG sensitizes malignant
glioma cells to temozolomide [29]. In this study, we showed that
treatment with EGCG had similar effects as GRP78 knockdown.
Breast cancer cells treated with the combination of EGCG and
quercetin exhibited much less survival than cells treated with
quercetin alone. Thus, in our study, we present an approach for
increasing breast cancer cell sensitivity to quercetin.

Quercetin can exert antagonistic effects on oestrogen receptor
function and thus act as a pure anti-oestrogen [43]. GRP78, on the
other hand, can protect breast cancer cells against oestrogen star-
vation-induced apoptosis by inhibiting endoplasmic reticulum BIK
[44]. In view of these findings, combination of quercetin with
GRP78 inhibitor such as EGCG might become an important
adjunct in hormonal treatment of breast cancer. In addition, the
combined use of quercetin and EGCG may increase the effective-
ness of chemoprevention. It is well recognized that resistance to
apoptosis is a major cause of poor responsiveness to cancer ther-
apy. An exciting outcome from our study is the observation that
sub-optimal doses of both quercetin and EGCG can synergize to
induce cell death and increase the effectiveness of treatment.
Moreover, co-administration with low doses may be advantageous
since quercetin has poor solubility and high concentration found
to be active in vitro may often not be achieved in vivo [45].
Altogether, our studies indicate that combinational administration
of compounds that inhibit GRP78 and HSP70 may present a novel
approach to the prevention and treatment of cancer.
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