
Introduction

Microtubules are highly dynamic polymers composed of ��-tubu-
lin dimmers. As an important part of the cytoskeletal framework,
microtubules have essential roles in cellular processes, including
organelles positioning and transport [1, 2], vesicle trafficking [3]
and mitosis [4]. Microtubule-associated proteins (MAPs) and
MAPs kinase are essential for the formation of cytoskeletal archi-
tecture [5, 6]. Temporal and spatial control of microtubule dynam-
ics is crucial in mitotic spindle assembly, the mitotic checkpoint

and chromosome movement [7, 8]. When cell cycle progresses
from interphase into mitosis, the cytoskeleton microtubules form
properly organized and functional bipolar spindles that attach to
chromosomes at the kinetochore, and facilitate the chromosomes
segregation at anaphase [7]. It has been postulated that a spindle
assembly checkpoint controls the metaphase/anaphase transition
to ensure a functional bipolar spindle is formed and the chromo-
somes are properly aligned before anaphase is initiated [9]. Cell
cycle progression of cells that have failed to complete steps dur-
ing mitosis may be transiently prevented by the spindle checkpoint
complex consisting of Bub1, Bub3, BubR1, cdc20 and mad2,
which co-operate in transducing the anaphase-delaying signal by
inhibiting the ubiquitin ligase activity of anaphase promoting com-
plex [10–13]. Any errors in microtubule attachment to the sister
kinetochores can induce aneuploidy. Failure to pass the mitotic
checkpoint will lead to cell cycle arrest and apoptotic cell death.
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Abstract

Taxane and vinblastine represent two classes of microtubules-targeted agents for cancer chemotherapy. Although taxol and vinblastine
are widely used for cancer treatment, resistance to these agents is frequently encountered in the clinic. An ongoing question has been
what mechanisms are involved in the resistance of tumour cells to microtubules-targeted agents or how the clinical effectiveness can
be improved. There is increasing evidence that microtubules interact with the endoplasmic reticulum (ER). Here, we have shown that
taxol and vinblastine induce multiple arms of the ER stress response, including up-regulation of glucose-regulated protein 78 (GRP78)
expression, X-box binding protein 1 splicing and eukaryotic initiation factor 2� phosphorylation. Abrogation of GRP78 induction sensi-
tizes breast cancer cells to taxol and vinblastine. Treatment with (-)-epigallocatechin gallate (EGCG), a known GRP78 inhibitor, synergis-
tically promotes taxol- and vinblastine-induced cell death. GRP78 knockdown or EGCG potentiates taxol- and vinblastine-induced acti-
vation of pro-apoptosis arms of the ER stress response, such as JNK phosphorylation, caspase-7 and PARP cleavage. Inhibition of JNK
and caspase-7 abrogates EGCG sensitization of breast cancer cells to taxol and vinblastine. We conclude that induction of the unfolded
protein response represents a novel mechanism underlying the efficacy and resistance to microtubules-targeted agents. Combination of
compounds capable of suppressing GRP78 might be a novel approach for improving the effectiveness of microtubules-targeted
chemotherapy.
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Microtubules-targeted agents such as taxol and vinblastine are
widely used for treatment of many types of cancer, including car-
cinoma of the breast, ovary, lung, head and neck, prostate, blad-
der, stomach and oesophagus [14]. The most potent chemother-
apeutic mechanism of paclitaxel is kinetic stabilization of spindle
microtubule dynamics, which results in mitotic G2/M arrest and
apoptosis [15]. In contrast, Vinca alkaloids such as vinblastine
and vincristine introduce a wedge between two tubulin molecules
thereby interfering with microtubule assembly [16]. Just like other
classes of small tubulin-binding molecules, tubulin-targeted Vinca
alkaloids have achieved chemotherapeutic success in selective
subsets of patients with cancer. Disruption of microtubule dynam-
ics is responsible for the ability of taxol and vinblastine to inhibit
mitotic progression and induce apoptosis.

Resistance to microtubule-targeted therapy is frequently
encountered in the clinic. Previous studies have demonstrated
that a variety of mechanisms may mediate intrinsic or acquired
resistance to taxol-based chemotherapy, including �-tubulin iso-
types, PI3K/Akt activation, stathmin and tau overexpression
[17–19]. Selective mutations within �-tubulin may interfere with
the binding of taxol to its target or alter the microtubule stability.
In addition, the spindle assembly checkpoint proteins and dys-
functional regulation of apoptotic signalling pathways contribute
to variation in sensitivity to microtubules-targeted drugs [20].
Paclitaxel sensitivity is dependent on a functional spindle assem-
bly checkpoint [21]. The tumour suppressor BRCA1 is linked to
mitotic checkpoint through up-regulation of BubR1. BRCA1
down-regulation leads to premature inactivation of spindle
checkpoint and confers paclitaxel resistance [22]. Moreover,
aurora-A overexpression can override the checkpoint mecha-
nism that monitors mitotic spindle assembly and induce resist-
ance to paclitaxel [23].

The unfolded protein response (UPR) consists of multifac-
eted signal transduction cascades that are triggered by perturba-
tions in the endoplasmic reticulum (ER) homeostasis. The UPR
is not only critical for the development and normal function of
secretory cell types, but also important for numerous human
diseases such as neurodegenerative diseases, virus infection,
diabetes and cancer [24]. Although the UPR is basically a cyto-
protective response to ER stress, persistent or unalleviated ER
stress will cause cell death. A major UPR regulator is the ER
chaperone glucose-regulated protein 78 (GRP78). As a multi-
functional protein, GRP78 can interact with transmembrane ER
stress sensors such as IRE1, PERK and ATF6 and control their
activation; maintain Ca2� homeostasis and target misfolded pro-
teins for proteasomal degradation [25]. Moreover, GRP78 can
protect cells from ER-stress-induced apoptosis by preventing
the activation of several pro-apoptosis molecules such as cas-
pase-4, caspase-7 and Bik [26–28]. GRP78 is required for ER
integrity and ER stress-induced autophagy [29]. Previous 
studies demonstrate that GRP78 confers resistance to
chemotherapeutic drugs such as adriamycin, etoposide, 5-FU
and temozolomide [27, 28, 30, 31]. More recently, it has been
found that GRP78 confers chemoresistance to tumour-associated
endothelial cells [32]. Here, we provide evidence that micro-

tubules-interfering agents induce the UPR in human breast can-
cer cells. Our results reveal that GRP78 knockdown potentiates
the activation of caspase-7 and JNK by taxol and vinblastine
thereby sensitizing cancer cells to taxol- and vinblastine-induced
cytotoxicity. Furthermore, treatment of breast cancer cells with
(�)-epigallocatechin gallate (EGCG), a natural inhibitor of
GRP78, sensitizes breast cancer cells to taxol and vinblastine.
We have thus identified a novel mechanism of action of micro-
tubules-interfering agents. These results have implications for
the understanding of resistance mechanisms as well as the
unique efficiency of these drugs.

Materials and methods

Reagents

Paclitaxel (Taxol) and vinblastine were purchased from Sigma-Aldrich, Inc.
(St. Louis, MO, USA). EGCG was purchased from MUST Biotech. (Chengdu,
China). GRP78 and XBP-1 antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). The phosphorylated JNK and eIF2�,
caspase-7 and PARP antibodies were provided by Cell Signaling Technology
(Beverly, MA, USA).

Cell culture

Breast cancer cells were grown in tissue culture flasks at 37�C in a humid-
ified atmosphere of 5% CO2 and were maintained as monolayer cultures in
DMEM or RPMI 1640 medium supplemented with 5% foetal bovine serum
and 1% penicillin-streptomycin.

Transfection of siRNA

The target sequence used for knockdown of GRP78 was 5�-GGAGCG-
CAUUGAUACUAGA-3�. The negative control siRNA was purchased from
Ribobio Co., Ltd. (Guangzhou, China). The double-stranded siRNA
duplex was dissolved in DEPC-treated water. For transfection, 1 �

105 cells were plated into 6-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 room
temperature for 20 min. and 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 rubber policeman, and protein collected by centrifugation.
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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, Billerica, MA, USA). Membranes were
incubated with primary antibodies and appropriate HRP-secondary anti-
bodies. 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).

Colony formation assay

For GRP78 knockdown experiments, the cells were seeded in 6-well plates
at 5000 cells per well. The next day, siCtrl or siGRP78 were transfected.
Forty-eight hours later, the cells were treated with or without 0.5 	M taxol
and 0.1 	M vinblastine for 6 hrs, and were allowed to form colonies for
14 days. For EGCG experiments, the cells were seeded in 6-well plates at
5000 cells per well. The next day, the cells were treated with or without 
10 	M EGCG, 0.5 	M taxol or 0.1 	M vinblastine. Twenty-four hours
later, the cells were grown in the absence of drug and were allowed to
form colonies for 14 days. The colonies were stained with 1% methylene
blue and then counted.

Cell apoptosis assay

Cell apoptosis was assessed by Hoechst 33342 (Sigma-Aldrich, Inc.) 
staining. Briefly, replicate cultures of 1 � 106 cells per well were plated in
24-well plate. The cells were treated with or without 10 	M EGCG, 0.5 	M
taxol or 0.1 	M vinblastine. 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 examination under a fluorescence micro-
scope. Strong fluorescence or fragmented nuclei can be observed in the
nuclei of apoptotic cells, whereas weak fluorescence was observed in live
cells. Quantification of apoptotic cells was performed by taking the images
in random fields and counting at least 200 cells in four random fields in
each well.

WST1 assay

MCF-7 cells were plated in 96-well plates at 5000 cells per well. The next
day, cells were treated with or without EGCG, taxol, vinblastine,
SP600125 and Ac-DEVD-CHO in four replicates. After 48 hrs, the cyto-
toxity 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).

Statistical analysis

One-way ANOVA with least significant difference post hoc test was used to
test for the differences in cell viability and colony survival rate. All statisti-

cal tests were two-tailed, and difference to be considered to be statistically
significant when P 
 0.05.

Results

Taxol and vinblastine induce the unfolded 
protein response

Both taxol and vinblastine are widely used as broad cytotoxic
drugs. To determine whether taxol and vinblastine would
impinge on ER stress or the UPR, the effect of taxol and vinblas-
tine on GRP78 expression in cancer cells were examined. First,
ZR75–30 cells were treated with different dose of taxol and vin-
blastine for 24 hrs, and then subjected to Western blot analysis.
The results revealed that GRP78 expression was stimulated by
both taxol and vinblastine (Fig. 1A). Similar effects were
observed in another two breast cancer cell lines, T47D and MCF-7
(Fig. 1B and C). The up-regulation of GRP78 could be detected
after treatment of MCF-7 cells with 0.5 	M taxol and 0.1 	M vin-
blastine for 8 hrs (Fig. 1D).

Next, we investigated the effects of taxol and vinblastine on
other ER stress responsive proteins including spliced XBP-1 and
phosphorylated eIF2�. Treatment of MCF-7 cells with taxol or vin-
blastine for 6 hrs promoted XBP-1 splicing (Fig. 2A). During the
UPR, a transient translation arrest is induced upon phosphoryla-
tion of eIF2� by PERK. The phosphorylation of eIF2� was
observed after treatment of breast cancer cells with taxol or vin-
blastine for 4 hrs (Fig. 2B). Thus, taxol and vinblastine are identi-
fied as novel inducers of the UPR.

To determine whether taxol and vinblastine induce the pro-
apoptotic components of the UPR, MCF-7 cells were treated with
different doses of taxol and vinblastine for 24 hrs, followed by
Western blot analysis of JNK phosphorylation, caspase-7 and
PARP cleavage. Both taxol and vinblastine induced JNK phospho-
rylation, caspase-7 and PARP cleavage in a dose-dependent 
manner, while treatment of MCF-7 cells with 0.5 	M taxol and 
0.1 	M vinbastine had little effect on JNK phosphorylation, cas-
pase-7 and PARP cleavage (Fig. 2C).

To determine whether the activation of JNK and caspase-7 con-
tributes to taxol- and vinblastine-induced cell death, the effect of
JNK inhibitor and caspase-7 inhibitor on taxol- and vinblastine-
induced cytotoxity was determined by WST1 assays. MCF-7 cells
were treated with or without 5 	M taxol, 1 	M vinblastine, 10 	M
SP600125 or 50 	M Ac-DEVD-CHO. Ac-DEVD-CHO is a caspase-
3/7 inhibitor. Because caspase-3 is absent in MCF-7 cells, Ac-
DEVD-CHO acts as caspase-7 inhibitor in MCF-7 cells. Treatment
of MCF-7 cells with JNK inhibitor partially blocked taxol- and vin-
blastine-induced cell death (Fig. 3). Also, treatment with caspase-7
inhibitor partially compromised taxol- and vinblastine-induced cell
death (Fig. 3). These data imply that the activation of pro-apoptotic
arms of the UPR may contribute to taxol- and vinblastine-induced
cell death.
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Suppression of GRP78 potentiates the activation
of JNK and caspase-7 by taxol and vinblastine

Because GRP78 represents a pro-survival arm in the UPR,
down-regulation of GRP78 may break the balance of pro-survival

signals and pro-apoptosis molecules. To investigate whether
GRP78 down-regulation by siRNA potentiates the activation of
pro-apoptotic components by microtubules-targeted agents, the
effects of GRP78 knockdown on JNK phosphorylation, caspase-7
activation and PARP cleavage were examined. EGCG alone did
not induce JNK phosphorylation and caspase-7 cleavage.
Treatment with 0.5 	M taxol or 0.1 	M vinblastine alone signif-
icantly up-regulated GRP78 expression, weakly induced JNK
phosphorylation, but had little effects on caspase-7 and PARP
cleavage. In contrast, GRP78 knockdown resulted in dramatic
increase in taxol- and vinblastine-induced JNK phosphorylation,
caspase-7 and PARP cleavage (Fig. 4A). These data indicate that
blockade of GRP78 induction can potentiate the activation of
pro-apoptosis molecules by both taxol and vinblastine.

Previous studies have identified EGCG, the major component
of green tea, as a natural compound that directly interacts with the
ATP-binding domain of GRP78, blocks its interaction with procas-
pase-7 and suppresses the protective function of GRP78 [33]. To
investigate whether EGCG can enhance taxol- and vinblastine-
induced JNK phosphorylation, caspase-7 activation and PARP
cleavage, cells were treated with EGCG, taxol or both. Treatment
with EGCG alone did not induce JNK phosphorylation, caspase-7
and PARP cleavage. However, combination of EGCG and taxol
resulted in much higher levels of phosphorylated JNK, cleaved
caspase-7 and PARP than that in cells treated with taxol alone 
(Fig. 4B). Similar effects were observed in cells treated with EGCG
and vinblastine (Fig. 4B). These results demonstrated that EGCG
could potentiate the pro-apoptotic signals induced by micro-
tubules-interfering agents.

Abrogation of GRP78 induction sensitizes breast
cancer cells to taxol and vinblastine

To test whether breast cancer cells depend on GRP78 for protec-
tion against microtubules-interfering agents-mediated cell death,

sis of GRP78 expression in response to taxol and vinblastine treatments in MCF-7 cells. (D) MCF-7 cells were treated with 0.5 	M taxol and 0.1 	M
vinblastine for indicated hours. Cell lysates were harvested and subjected to Western blot analysis with anti-GRP78 antibody.

Fig. 1 Taxol and vinblastine
induce GRP78 expression in
breast cancer cells. (A) ZR-
75–30 cells were treated with
taxol and vinblastine for 
24 hrs. Cell lysates were
 harvested and subjected to
Western blot analysis with
anti-GRP78 antibody. �-actin
was probed as a loading con-
trol. (B) Western blot analy-
sis of GRP78 expression in
response to taxol and vin-
blastine treatments in T47D
cells. (C) Western blot analy-

Fig. 2 Taxol and vinblastine induce XBP-1 splicing, eIF2� phosphoryla-
tion, JNK phosphorylation and caspase-7 cleavage in breast cancer cells.
(A) MCF-7 cells were treated with 0.5 	M taxol, 0.1 	M vinblastine and
300 nM TG for 6 hrs. Total proteins were harvested and subjected to
Western blot analysis of the spliced XBP-1 (XBP1s). (B) MCF-7 cells were
treated with 0.5 	M taxol and 0.1 	M vinblastine for indicated periods.
Total proteins were harvested and subjected to Western blot analysis of
the phosphorylated eIF2�. (C) MCF-7 cells were treated with indicated
doses of taxol and vinblastine for 24 hrs. Total proteins were harvested
and subjected to Western blot analysis of the phosphorylated JNK,
cleaved caspase-7 and PARP.
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breast cancer cells were transfected with siRNA against GRP78
(siGRP78) or the negative control siRNA (siCtrl), followed by
treatment with or without taxol and vinblastine. Colony survival
assay was done to evaluate the drug sensitivity of the siGRP78-
transfected cells. Western blot analysis verified that siGRP78 was
highly effective in suppressing GRP78 expression (Fig. 5). The
results demonstrated that abrogation of GRP78 induction led to a
significant decrease in colony survival for taxol- or vinblastine-
treated cells (Fig. 5). These data indicate that suppression of
GRP78 expression may lead to increased sensitivity of breast can-
cer cells to taxol and vinblastine.

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
microtubules-targeted agents. To determine whether the combina-
tion of EGCG and taxol or vinblastine can synergistically promote
breast cancer cells death, the effect of EGCG, taxol or vinblastine
alone and combination on cell survival was examined by colony
formation assay. The results demonstrated that treatment of cells
with EGCG in combination with taxol or vinblastine led to a dra-
matic decrease in cell survival compared to treatment with taxol or
vinblastine alone (Fig. 6).

To determine whether apoptosis is responsible for the
decreased viability in cells that are treated with EGCG and micro-
tubules-targeted agents, the effect of EGCG, taxol or vinblastine
alone and combination on cell apoptosis was examined by
Hoechst 33342 staining. The results demonstrated that combina-
tion of EGCG and taxol or vinblastine led to significant increase 
in apoptosis compared to treatment with taxol or vinblastine 
alone (Fig. 7).

microplate reader. These experiments were carried out with four replicates. Bars, S.E. *, P 
 0.001, compared with control. A representative of three
experiments is shown.

Fig. 4 GRP78 knockdown and EGCG potentiate JNK phosphorylation,
caspase-7 and PARP cleavage after taxol and vinblastine treatments. (A)
MCF-7 cells were transfected with negative control siRNA (siCtrl) or
siRNA against GRP78 (siGRP78). Forty-eight hours later, the cells were
treated with 0.5 	M taxol or 0.1 	M vinblastine for further 24 hrs. Total
proteins were harvested and subjected to Western blot analysis of phos-
phorylated JNK, cleaved caspase-7 and PARP. (B) MCF-7 cells were
treated with 10 	M EGCG, 0.5 	M taxol or 0.1 	M vinblastine for 24 hrs.
Total proteins were harvested and subjected to Western blot analysis of
phosphorylated JNK, cleaved caspase-7 and PARP.

Fig. 3 Inhibition of JNK and
caspase-7 protects breast
cancer cells from taxol and
vinblastine. MCF-7 cells were
plated in 96-well plates at
5000 cells per well. The next
day, the cells were treated
with 5 	M taxol, 1 	M vin-
blastine, 10 	M SP600125 
or 50 	M Ac-DEVD-CHO.
Control cells were treated
with the vehicle. Forty-eight
hours later, the cytotoxicity
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
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Inhibition of JNK and caspase-7 abrogates 
the sensitization of breast cancer cells to 
microtubules-targeted agents by EGCG

To determine whether the potentiation of JNK phosphorylation and
caspase-7 cleavage by EGCG is responsible for EGCG sensitization
of breast cancer cells to taxol and vinblastine, the effect of JNK

inhibitor and caspase-7 inhibitor on EGCG-, taxol- and vinblastine-
induced cytotoxity was determined by WST1 assays. MCF-7 cells
were treated with or without 10 	M EGCG, 0.5 	M taxol, 0.25 	M
vinblastine, 10 	M SP600125 or 50 	M Ac-DEVD-CHO for 48 hrs.
Treatment of MCF-7 cells with EGCG alone had little effect on cell
survival, whereas treatment with 0.5 	M taxol or 0.25 	M vinblas-
tine had modest but significant cytotoxic effect (Fig. 8). Treatment
with JNK inhibitor partially blocked taxol- and vinblastine-induced
cell death, whereas caspase-7 inhibitor had little effect on taxol-
and vinblastine-induced cell death (Fig. 8). These data suggest
that JNK, but not caspase-7, contributes to cell death induced by
relatively low dose of taxol and vinblastine. Treatment with EGCG
sensitized breast cancer cells to both taxol and vinblastine.
Strikingly, both JNK inhibitor and caspase-7 inhibitor blocked
EGCG sensitization of MCF-7 cells to taxol- and vinblastine-
induced cytotoxity (Fig. 8). These data suggest that the potentia-
tion of taxol- and vinblastine-induced JNK and caspase-7 activa-
tion by EGCG is involved in its sensitization of cancer cells to taxol
and vinblastine.

Fig. 5 GRP78 knockdown sensitizes breast cancer cells to taxol and vin-
blastine. (A) MCF-7 cells were seeded in a 6-well plate at 5000 cells per
well. The next day, cells were transfected with siRNA against GRP78
(siGRP78) or negative control siRNA (siCtrl). Forty-eight hours after
transfection, the cells were treated with 0.5 	M taxol or 0.1 	M vinblas-
tine for 6 hrs, and were allowed to form colonies for 14 days. The per-
centage of colony survival was plotted. Standard error represents three
experiments. (B) In parallel, cells transfected with siRNA and treated with
or without taxol and vinblastine were harvested. The protein lysates were
analyzed by Western blot with antibodies against GRP78 and actin. (C)
Representative pictures of the colonies from all treatment groups.

Fig. 6 EGCG sensitizes breast cancer cells to taxol and vinblastine. 
(A) MCF-7 cells were seeded in a 6-well plate at 5000 cells per well. The
next day, the cells were treated with 0.5 	M taxol or 0.1 	M vinblastine
for 6 hrs and with EGCG for 24 hrs. The cells were allowed to form
colonies for 14 days in the absence of drugs. The percentage of colony
survival was plotted. Standard error represents three experiments. 
(B) Representative pictures of the colonies from all treatment groups.
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Discussion

Microtubules-interfering agents are attractive in cancer
chemotherapy. Natural products such as taxol, a compound from
pacific yew and vinblastine, a Vinka alkoloids, have been success-
fully used in the clinic for decades. In this study, we have made
several new observations, which may have important implication
in understanding the mechanisms of action and resistance. Our
results showed that both taxol and vinblastine can induce ER
stress response, including the up-regulation of ER chaperone
GRP78, induction of XBP-1 splicing and phosphorylation of eIF2�.

An important question arises as to how taxol and vinblastine
induce ER stress response. Both taxol and vinblastine can inter-
fere with microtubules dynamics in different ways. The mecha-
nism of ER stress response to microtubules-targeted agents is not
clear and is likely to be complex. A connection of microtubules to
ER remodelling is just emerging. ER tubules were often aligned
with microtubules [2, 34]. Both ER and microtubules retract in
taxol-treated cells [2]. Moreover, it has been revealed that ER
extension occurs through a process whereby an ER tubule
attaches to and elongates together with a growing microtubule.
Polymerization of individual microtubules and extension of individual

Fig. 7 Treatment with EGCG
potentiates taxol- and vin-
blastine-induced apoptosis.
(A) MCF-7 cells were treated
with or without 10 	M EGCG,
0.5 	M taxol or 0.1 	M vin-
blastine for 24 hrs, stained
with Hoechst 33342, and
examined under fluorescent
microscopy. Live cells show
pale nuclear staining pattern.
The apoptotic cells show
strong Hoechst 33342�

staining or fragmented
nuclei. (B) The apoptotic cells
in four randomized fields
were counted. The percent of
apoptotic MCF-7 cells was
plotted. The columns repre-
sent the mean of triplicate
wells, and the bars represent
the S.E.
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ER tubules occur together. The intact microtubule system is
required to maintain the extended state of the entire ER network
[34]. Previous studies have suggested that the absence of micro-
tubules may lead to the failure in ER extensions in nocodazole-
treated cells, and ER extensions may be hampered in taxol-treated
cells because taxol-stabilized microtubules move retrogradely and
there is no polymerization of new microtubule tracks for ER elon-
gation [2]. The integral membrane proteins such as P63 may
mediate the interaction between microtubules and the ER [35].
These evidence may help to understand how microtubules-inter-
fering agents can disrupt ER remodelling or homeostasis and
induce the UPR.

The UPR is associated with a variety of physiological and
developmental processes as well as diseases. Although the UPR is

regarded as a cytoprotective process, prolonged or unalleviated
ER stress may activate multiple pro-apoptosis signalling path-
ways. However, tumour cells are generally more resistant to ER
stress-induced apoptosis compared with un-transformed cells. It
is known that some of the pro-apoptotic components in the UPR
are suppressed in cancer cells. The protective elements of the
UPR, on the other hand, are enhanced in stress-resistant cancer
cells. Some aspects of tumour biology may be altered by UPR
activation. Notably, alteration in the environment of the ER and
UPR activation may affect the chemosensitivity of tumours. For
example, treatment of cancer cells with drugs that induce ER
stress renders these cells resistant to topoisomerase II inhibitors
but sensitive to TRAIL and cisplatin [36, 37]. Therefore, it appears
that activation of the UPR can either synergize with or attenuate

Fig. 8 Inhibition of JNK and cas-
pase-7 abrogates EGCG sensitiza-
tion of breast cancer cells to taxol
and vinblastine. (A) MCF-7 cells
were plated in 96-well plates at
5000 cells per well. The next day,
the cells were treated with 0.5 	M
taxol, 10 	M SP600125 or 50 	M
Ac-DEVD-CHO. Control cells were
treated with the vehicle. Forty-
eight hours later, the cytotoxicity
was assessed by incubating cells
with WST1 reagent for 2 hrs and
measuring the absorbance at 
450 nm, and at 630 nm as refer-
ence, with a microplate reader.
These experiments were carried
out with four replicates. Bars, S.E.
�, P � 0.05; *, P 
 0.02, com-
pared with taxol-treated cells. (B)
MCF-7 cells were plated in 
96-well plates at 5000 cells per
well. The next day, the cells were
treated with 0.25 	M vinblastine,
10 	M SP600125 or 50 	M  
Ac-DEVD-CHO. Control cells were
treated with the vehicle. Forty-
eight 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 refer-
ence, with a microplate reader.
These experiments were carried
out with four replicates. Bars, 
S.E. *, P 
 0.01, compared with
 vinblastine-treated cells. A repre-
sentative of three experiments is
shown.
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the efficacy of various anticancer drugs, depending on the mech-
anisms of action of the agents.

The mechanism of resistance to microtubules-interfering
agents may be complex. Previous studies reveal that key pro-sur-
vival molecules such as Akt, MAPs, mitotic checkpoint proteins
and regulators of ceramide metabolism are involved in taxol
resistance [19, 38]. Our studies suggest that the protective arms
in the UPR are involved in resistance to taxane-based therapy.
Overexpression of GRP78 in cancer cells may confer resistance
to both taxol and vinblastine. As a major ER chaperone, GRP78
can suppress ER stress-induced apoptosis by interacting with
caspase-4, caspase-7 and Bik and inhibiting their activation
[26–28]. Our studies reveal that taxol or vinblastine treatment
leads to activation of caspase-7, which can be potentiated by
knockdown of GRP78. In addition, previous studies have demon-
strated that JNK pathway is required for efficient apoptosis
induced by taxol and vinblastine [39]. Activation of JNK is also
involved in ER stress-induced apoptosis. In this study, we
demonstrated that GRP78 knockdown resulted in more signifi-
cant phosphorylation of JNK by both taxol and vinblastine.
Although microtubules-interfering agent as a single reagent has a
pro-apoptotic effect, this effect may be antagonized by compen-
satory cellular mechanisms such as the UPR. Further, colony sur-
vival assay revealed that down-regulation of GRP78 sensitized
breast cancer cells to both taxol and vinblastine. Taken together,
it is obvious from our research that taxol- and vinblastine-
induced up-regulation of GRP78 protects cancer cells against cell
death induced by these drugs. This is in agreement with a previ-
ous finding that GRP78 levels were increased in a taxol resistant
MCF-7 subline [40]. Our study demonstrates that the overex-
pressed GRP78 is not a by-stander, but a contributor to taxol and
vinblastine resistance. While this manuscript was in preparation,
an independent study demonstrated that ER stress was involved
in docetaxel-induced apoptosis in melanoma cells [41]. Because
GRP78 overexpression is also linked to the development of
resistance to topoisomerase-targeted drugs, it is possible that
taxol- and vinblastine-induced GRP78 overexpression would lead
to resistance to multiple drugs.

Because GRP78 represents a pro-survival arm in the UPR
that is induced by selective chemotherapeutic drugs, abrogation
of GRP78 induction may be a strategy to sensitize cancer cells to
taxol and vinblastine. Indeed, this study clearly demonstrated
that down-regulation of GRP78 by siRNA synergistically pro-
motes taxol- or vinblastine-induced breast cancer cells death.
Previous studies have shown that inhibition of GRP78 can sen-
sitize cancer cells to therapeutic agents including VP-16 [27,
42], temozolomide [30], adriamycin–cisplatin [31] and quercetin
[43]. Therefore, depletion of GRP78 may be an important
adjunct in cancer therapy. Because GRP78 is also expressed at
cancer cells surface, it may serve as a target for delivery of
chemotherapeutic agents to tumours. A cyclic peptide-taxol con-
jugate has been shown to target GRP78-expressing cancer cells
and selectively kill cancer cells [44]. In addition to regulate cell
survival under ER stress, GRP78 have critical roles in tumour
proliferation and angiogenesis [45]. Moreover, it has been
demonstrated that GRP78 is involved in Akt phosphorylation
[46]. Thus, the developments of small molecule inhibitors that
specifically suppress GRP78 induction or its activity are justified.
Recently, EGCG, a major component of green tea, has been iden-
tified as a natural GRP78 inhibitor [33]. Treatment with EGCG
sensitizes malignant glioma cells to temozolomide [30]. In this
study, we showed that treatment with EGCG had similar effects
as GRP78 knockdown. Breast cancer cells treated with the com-
bination of EGCG and taxol or vinblastine exhibited much less
survival than cells treated with taxol or vinblastine alone.
Altogether, these studies indicate that combination of GRP78
inhibitors may be a novel approach for improving the effective-
ness of microtubules-targeted agents.
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