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a b s t r a c t

The alkylating agent temozolomide, in combination with surgery and radiation, is the cur-
rent standard of care for patients with glioblastoma. However, despite this extensive ther-
apeutic effort, the inclusion of temozolomide extends survival only by a few short months.
Among the factors contributing to chemoresistance is elevated expression of the endoplas-
mic reticulum (ER) chaperone GRP78 (glucose-regulated protein 78; BiP), a key pro-
survival component of the ER stress response system. Because the green tea component
EGCG (epigallocatechin 3-gallate) had been shown to inhibit GRP78 function, we investi-
gated whether this polyphenolic agent would be able to increase the therapeutic efficacy
of temozolomide in preclinical models of glioblastoma. Mice with intracranially implanted
human U87 (p53 wild type) or U251 (p53 mutant) glioblastoma cells were treated with
temozolomide and EGCG, alone and in combination. We found that EGCG alone did not
provide survival benefit, but significantly improved the existing therapeutic effect of tem-
ozolomide, i.e., life extension was substantially greater under combination therapy as com-
pared to temozolomide therapy alone. Immunohistochemical analysis of tumor tissue
revealed increased expression levels of GRP78 in temozolomide-treated animals, which
was diminished when temozolomide was combined with EGCG. Parallel in vitro experi-
ments with siRNA targeting GRP78 or its major pro-apoptotic antagonist CHOP (CCAAT/
enhancer binding protein homologous protein/GADD153) further established a critical role
of the ER stress response system, where si-GRP78 sensitized cells to treatment with tem-
ozolomide, and si-CHOP provided protection from drug-induced toxicity. Thus, ER stress-
regulatory components affect the chemotherapeutic response of glioblastoma cells to
treatment with temozolomide, and inclusion of EGCG is able to increase the therapeutic
efficacy of this DNA-damaging agent.

� 2010 Elsevier Ireland Ltd. All rights reserved.
and Ltd. All rights reserved.
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1. Introduction

Despite some improvements in the treatment of pa-
tients with malignant gliomas, the overall prognosis has
remained frustratingly poor. Temozolomide (TMZ; Temo-
dar�), an alkylating agent, is indicated for the treatment
of adult patients with newly diagnosed glioblastoma
multiforme concomitantly with radiotherapy and then as
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maintenance treatment. A randomized, multicenter, phase
3 trial with 573 patients presenting with glioblastoma had
established a median survival benefit of 2.5 months when
TMZ plus radiation (median survival: 14.6 months) was
compared to radiotherapy alone (median survival:
12.1 months) [1]. However, despite this favorable improve-
ment in treatment outcome, it is obvious that TMZ pro-
vides only for an overall small extension of survival, and
therefore more efficient treatment modalities are urgently
needed.

We have been studying approaches to increase the sen-
sitivity of tumor cells towards chemotherapeutic treat-
ments. In this context, we have recently reported [2] that
treatment of malignant glioma cell lines with TMZ
in vitro triggered the endoplasmic reticulum (ER) stress re-
sponse, as indicated by elevated expression of the ER stress
markers GRP78 (glucose-regulated protein 78; also called
BiP) and CHOP (CCAAT/enhancer binding protein homolo-
gous transcription factor; also called GADD153). In general,
ER stress is a cellular stress-response mode that pursues
one of two objectives: (1) In case of moderate stress, such
as hypoxia or hypoglycemia or accumulating misfolded
proteins, the defensive module of this system serves to
adapt the cell to the insult and restores proper homeosta-
sis, with chaperone protein GRP78 playing a major protec-
tive role during these processes. One of the consequences
of increased GRP78 activity is the suppression of caspase-
mediated cell death pathways, which as a consequence
leads to increased chemoresistance [3]. (2) On the other
hand, if stress is too severe or extensively prolonged, the
ER stress system switches to its pro-apoptotic function
and initiates apoptosis. Here, elevated levels of the tran-
scription factor CHOP play a key role by altering the tran-
scriptional profile of cells to trigger a pro-apoptotic cell
death program [4]. Altogether, the increased activity of
GRP78 on one side, and the duration of elevated CHOP lev-
els on the other, decisively contribute to the phenotypic
outcome, i.e., they determine the balance between subse-
quent cell survival and cell death [5–7].

The major polyphenolic green tea component epigallo-
catechin 3-gallate (EGCG) is being intensively investigated
for its potential chemopreventive and chemotherapeutic
activity. Among its many biological effects [8,9] is the abil-
ity to bind to GRP78 and inactivate its anti-apoptotic func-
tion [10]. This interaction is thought to increase the
chemosensitivity of tumor cells, and evidence in support
of this view has been published. For example, EGCG has
been shown to sensitize different types of tumor cells to
a variety of pro-apoptotic agents, such as 5-fluorouracil,
taxol, vinblastine, gemcitabine, or tumor necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL) in vitro
[11–15] and to doxorubicin, paclitaxel, or interferon in
mouse tumor models in vivo [13,16,17]. However, because
of EGCG’s recognized multifaceted biological activity pro-
file, it has been difficult to determine whether inhibition
of GRP78—or the ER stress response in general—
contributed to these EGCG-enhanced cancer therapeutic
outcomes, as several other known activities of this green
tea component may have supported chemosensitization
as well [8]. Moreover, it is unknown whether EGCG might
be able to achieve chemosensitization across the blood–
brain-barrier, as would be required for the treatment of
malignant gliomas.

In the present study, we demonstrate that EGCG is able
to enhance therapeutic efficacy of TMZ in orthotopic
mouse models of malignant gliomas. In addition, the
knockdown of GRP78 and CHOP levels in cell lines
in vitro reveals that these ER stress components play an
important role in mediating the antitumor effects of this
combination treatment.
2. Materials and methods

2.1. Materials

Temozolomide (TMZ) was obtained from the pharmacy
at the University of Southern California (USC) and dis-
solved in phosphate-buffered saline (PBS) to a concentra-
tion of 20 mg/mL. Immediately before use, this stock
solution was diluted with 0.9% sodium chloride to 2 mg/
mL. EGCG was purchased from Sigma–Aldrich (St. Louis,
MO) and was dissolved in ddH2O to 10 mg/mL immedi-
ately before use. We also used TEAVIGO-EGCG, which are
capsules with caffeine-free, highly concentrated green tea
extract (P94% EGCG) that are widely available at health
food stores [18], the capsule contents were dissolved in
ultra-pure water and used fresh (or stored at �80 �C).

2.2. Cell lines

The human glioblastoma cell lines U87, U251, and
LN229 were propagated in DMEM (provided by the Cell
Culture Core Lab of the USC/Norris Comprehensive Cancer
Center and prepared with raw materials from Cellgro/
MediaTech, Manassas, VA) supplemented with 10% fetal
bovine serum, 2 mmol/L glutamine, 100 U/mL penicillin,
and 0.1 mg/mL streptomycin in a humidified incubator at
37 �C and a 5% CO2 atmosphere.

2.3. MTT assay

Cells were seeded into 96-well plates in a volume of
50 lL per well at 2.0–5.0 � 105 cells/mL. The next day, an
additional 50 lL of medium containing various concentra-
tions of drug was added and the cells were incubated for
48 h. This was followed by the addition of 10 lL thiazolyl
blue tetrazolium bromide (=methylthiazoletetrazolium,
MTT; Sigma–Aldrich, St. Louis, MO) for 4 h (stock solution
of MTT is 5 mg/mL in PBS). The reaction was stopped and
the cell cultures lysed by the addition of 100 lL solubiliza-
tion solution (10% sodium dodecyl sulfate, SDS, in 0.01 M
hydrochloric acid, HCl). The 96-well plate was left in the
cell culture incubator over night for complete solubiliza-
tion of the MTT crystals, and the optical density (OD) of
each well was determined in an ELISA reader at 560 nm.
The background value (=OD of control well containing
medium without cells + MTT + solubilization solution)
was subtracted from all measured values. In individual
experiments, each treatment condition was set up in qua-
druplicate, and each experiment was repeated several
times independently.
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2.4. Colony-formation assay

Two hundred cells were seeded into each well of a
6-well plate. After cells had fully attached to the surface
of the culture plate, they were exposed to drug treatment
for 48 h. Thereafter, the drugs were removed, fresh growth
medium was added, and the cells were kept in culture
undisturbed for 12–14 days, during which time the surviv-
ing cells spawned a colony of proliferating cells. Colonies
were visualized by staining for 4 h with 1% methylene blue
(in methanol), and then were counted.

2.5. Transfections

The different siRNAs were synthesized at the micro-
chemical core laboratory of the USC/Norris Comprehensive
Cancer Center. Cells were transfected in 6-well plates with
the use of Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to manufacturer’s instructions. To verify siRNA
efficacy, cells were harvested for Western blot analysis
48 h after transfection; in parallel, cells were seeded for
colony-formation assays.

2.6. Immunoblots and immunohistochemical staining

Total cell lysates were analyzed by Western blot analy-
sis as described earlier [19]. Immunohistochemical analy-
sis of protein expression in tumor tissues was performed
with the use of the Vectastain avidin–biotin complex
method kit (Vector Laboratories, Burlingame, CA) accord-
ing to manufacturer’s instructions. This procedure used
biotinylated secondary antibodies and a preformed avi-
din/biotinylated enzyme complex. The primary antibodies
were purchased from Cell Signaling Technology (Beverly,
MA) or Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)
and used according to the manufacturers’ recommenda-
tions. All immunoblots and immunohistochemical staining
were repeated at least once to confirm the results.

2.7. TUNEL staining

Apoptosis in cultured glioma cells and tumor sections
was measured and quantified with the use of the terminal
deoxynucleotidyl transferase–mediated dUTP nick end
labeling (TUNEL) assay by using the ApopTag in Situ Apop-
tosis Detection kit (Chemicon, Temecula, CA) according to
the manufacturer’s instructions. The percentage of TUN-
EL-positive cells was determined from 10 random photo-
micrographs taken at 200� magnification.

2.8. Intracranial mouse model

All animal protocols were approved by the IACUC of
USC, and all rules and regulations were followed during
experimentation on animals. Athymic mice (Harlan, Inc.,
Indianapolis, IN) were anesthetized and fixed into a stereo-
tactic head frame. A paramedian incision was made and a
1.5-mm burr hole was drilled 1 mm anterior to the coronal
suture on the right hemisphere and 2 mm lateral from the
midline. Two times 105 cells in a volume of 10 lL were in-
jected into the right frontal lobe of the brain, and thereafter
the skin incision was sutured with silk thread. Seven days
after tumor cell implantation, drug treatment was initiated
by gavage according to the following regimen: TMZ (5 mg/
kg) was administered daily for seven consecutive days,
which was followed by 7 days without TMZ; EGCG
(50 mg/kg) was given daily in parallel to TMZ for the same
7 days on, 7 days off cycle. The entire 14-day cycle was re-
peated until the animals were sacrificed or had died.
2.9. Statistical analysis

All nonparametric data were analyzed using the Stu-
dent t-test to calculate the significance values; a probabil-
ity value (p) < 0.05 was considered statistically significant.
3. Results

3.1. EGCG enhances cytotoxic effects of TMZ

We performed our experiments in three different human glioma cell
lines: U251, LN229 and U87. In order to investigate whether EGCG would
be able to enhance cell killing by TMZ, we first determined the IC50 of
these agents in two well-established in vitro cytotoxicity assays, namely
the MTT assay (which measures short-term survival and metabolic activ-
ity of the entire cell culture) and the colony-formation assay (CFA; which
establishes long-term survival of individual cells and their ability to
spawn a colony of surviving cells). In both cases, cells were exposed to
drug treatment for 48 h. As shown in Fig. 1A, EGCG at concentrations
ranging from 1 to 100 lM did not substantially reduce cell survival in
MTT assays. In contrast, when the effects of EGCG were studied in CFAs,
we found that 100 lM completely prevented colony formation, and the
IC50 was slightly below 50 lM (Fig. 1B). Similarly, TMZ concentrations
up to 160 lM barely reduced cell survival in MTT assays (Fig. 1C),
whereas this drug displayed much greater cytotoxic potency in CFAs,
where 160 lM killed nearly all the cells and the IC50 was approximately
45 lM (Fig. 1D). Overall similar results were obtained with all three gli-
oma cell lines (not shown) and indicated that CFAs were substantially
more sensitive to reveal cytotoxic drug effects than MTT assays, which
was similar to findings in a recently published study on EGCG in breast
and prostate cancer cells in vitro [20]. Of note, very low concentrations
of EGCG slightly increased colony survival above the 100% level of un-
treated controls (Fig. 1B); this effect was consistently observed in a vari-
ety of tumor cell lines, although the underlying mechanism is unclear. In
any case, because CFAs are known to be more reliable predictors of in vivo
drug activity [21], we continued our subsequent set of experiments pri-
marily with this type of assay.

We next studied the effects of EGCG and TMZ when given in combi-
nation. As shown in Fig. 2A, EGCG at 10 or 20 lM, which by itself had
no obvious effect on cell viability, significantly enhanced the cytotoxic
efficacy of TMZ in CFAs; for example, 40 lM TMZ reduced colony forma-
tion to 50%, and inclusion of 10 or 20 lM EGCG further decreased survival
to 30% and 25%, respectively. While Fig. 2A displays the average results
from several measurements, Fig. 2B shows one representative cell culture
plate with colonies grown after drug treatment. Calculation of the combi-
nation index (CI) established values of 0.89 and 0.85 for the combination
of TMZ with 20 or 40 lM EGCG, respectively, and therefore indicated
slight synergy of these effects.

Fig. 2C presents the results from two different measurements of cell
death, where we used TUNEL and propidium iodide (PI) incorporation to
determine the extent of apoptosis after combination drug treatment of
cell cultures in vitro. Because low dosages of TMZ had revealed very
little toxicity during the first 48 h of treatment, we increased this drug’s
concentration to 100 lM during these short-term experiments. Both
types of assays demonstrated that the addition of 20 lM EGCG
enhanced cell killing by TMZ, even though EGCG by itself did not exert
noticeable toxicity under these conditions (Fig. 2C), similar to what was
seen in the CFAs. Additionally, microscopic inspection of cell cultures re-
vealed the presence of numerous apoptotic bodies after combination
treatment, which were much less prominent after treatment with TMZ
alone (Fig. 2D and E). Altogether, these results demonstrate the ability



Fig. 1. Differential short-term and long-term drug toxicities. U251 glioblastoma cells were treated with the indicated concentrations of EGCG or TMZ for
48 h. Thereafter, cell viability and survival was determined by (A) short-term MTT assay and (B) long-term colony-formation assay (CFA), as described in
Section 2. Shown is the mean from several repetitions (±SD). Note that x-axis is log-scale. Similar results were also obtained with other glioblastoma cell
lines, including LN229 and U87.
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of EGCG to enhance glioma cell killing by TMZ in vitro, and the green tea
component was able to achieve this outcome at concentrations that had
no obvious cytotoxic effect when administered individually by
themselves.
3.2. GRP78 and CHOP participate in drug-induced cytotoxicity

We next investigated whether components of the ER stress response
system played a role in the observed combination drug effects. In partic-
ular, we used siRNA to knockdown the expression of GRP78 (a critical
protector of stressed tumor cells) or CHOP (a key pro-apoptotic trigger
of ER stress-induced cell death). Thereafter, cells were treated with EGCG
and TMZ, alone or in combination, and long-term survival was deter-
mined by CFA. As shown in Fig. 3A, si-GRP78 did not affect colony forma-
tion after treatment with EGCG alone or after combination treatment
with EGCG plus TMZ; however, it did reduce the number of colonies after
treatment with TMZ alone. Transfection of si-CHOP resulted in increased
numbers of colonies under all treatment conditions, i.e., the knockdown
of this protein significantly improved cell survival after drug treatment,
in particular after combination drug exposure (Fig. 3A). This outcome
indicated that ER stress played a critical role in mediating drug toxicity,
with CHOP contributing substantial pro-apoptotic activity to EGCG-
enhanced TMZ toxicity.

The efficiency of siRNA-mediated knockdown of GRP78 and CHOP
was confirmed by Western blot analysis. Because non-stressed cells do
not express detectable levels of CHOP protein, the cells were treated with
chloroquine in order to stimulate CHOP expression; these conditions al-
lowed us to visualize that si-CHOP was effective in repressing the increase
in stress-induced CHOP levels (Fig. 3B). As well, si-GRP78 was effective at
reducing the chronically elevated GRP78 levels in these cells, and at the
same time produced increased expression of CHOP (Fig. 3B), which was
consistent with the known role of GRP78 as a suppressor of CHOP expres-
sion [22].
3.3. EGCG enhances antitumor effects of TMZ in vivo

To determine whether EGCG would also enhance the antitumor ef-
fects of TMZ under in vivo conditions, we applied this treatment to an
intracranial mouse tumor model. For this purpose, we used two glioma
cell lines differing in their p53 tumor suppressor status: U87, which har-
bor wild type p53, and U251, which contain mutant p53. Both cell lines
were implanted into the brains of nude mice, and seven days later the
animals were treated with EGCG and TMZ, alone and in combination. In
both experiments, all untreated mice quickly succumbed to disease with-
in 27 days (in the case of U87 tumors) or within 33 days (in the case of
U251 tumors) (Fig. 4). Similarly, animals receiving EGCG alone did not
show improved survival and died within the same time frame. In contrast,
and as expected, animals treated with TMZ alone displayed significantly
prolonged survival times, where TMZ-treated mice died between 41
and 58 days (U87 tumors) and between 69 and 87 days (U251 tumors).
Strikingly, animals receiving combination treatment survived signifi-
cantly longer than TMZ-only treated animals, with mice succumbing to
disease between 55 and 78 days (U87 tumors) and 70 and 140 days
(U251 tumors) (Fig. 4). Thus, EGCG alone did not show therapeutic effi-
cacy in this experiment, but when added to TMZ it was able to signifi-
cantly (p < 0.01) prolong the survival of animals carrying malignant
gliomas with either wild type p53 or mutant p53.

In order to investigate whether in vivo drug treatment would activate
the ER stress response, we collected tumor tissues from animals and per-
formed immunohistochemical analysis of GRP78 and CHOP expression.
As shown in Fig. 5, CHOP expression was absent in tumor tissue from un-
treated animals, was slightly elevated in tumors from animals treated
with EGCG alone, and was highest in tumors from animals treated with
TMZ or with TMZ plus EGCG in combination. Basal level expression of
GRP78 could be detected in tumors from untreated mice, and these levels
were substantially increased by treatment with TMZ alone. In compari-
son, EGCG alone did not substantially increase GRP78 expression when
given by itself, and when added to TMZ it appeared to prevent the



Fig. 2. Cell killing by combination treatment. U251 glioblastoma cells were treated with the indicated concentrations of EGCG and TMZ, either alone or in
combination, for 48 h. (A) Long-term survival of individual cells was determined by CFA. Statistically significant differences are indicated by asterisks; one
asterisk (�): p < 0.05; two asterisks: (��): p < 0.01. (B) Shown is a highly representative example of colony formation in a 6-well plate. (C) Cell death was
determined by propidium iodide (PI) staining or by TUNEL. Shown is the percentage of PI-positive or TUNEL-positive cells (mean ± SD). The difference
between TMZ-only and TMZ + EGCG treated cells was statistically significant (p < 0.01). (D) Photomicrographs of representative sections of monolayer cells
during drug treatment. They show that in combination drug treatment there are not only fewer cells, but also numerous apoptotic bodies. (E) Shown are
enlarged sections of D, revealing apoptotic bodies only under combination drug treatment (encircled). Overall similar results were also obtained with other
glioblastoma cell lines.
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TMZ-induced increase in GRP78 levels (Fig. 5). Taken together, these data
established that TMZ treatment triggered the ER stress response in vivo;
however, the addition of EGCG blocked the increase of TMZ-induced
GRP78, thus eliminating a key pro-survival feature of the ER stress re-
sponse and favoring its pro-apoptotic module CHOP.
4. Discussion

The use of temozolomide (TMZ) in combination with
radiotherapy has become the gold standard treatment for
patients with glioblastoma multiforme. However, although
well tolerated, the drug has limited clinical efficacy [1], and
therefore further improved therapeutic regimes are ur-
gently needed. Among the factors contributing to increased
chemoresistance of malignant glioma cells is the chaper-
one protein GRP78, which constitutes an important pro-
survival component of the ER stress/unfolded protein re-
sponse [3]. We and others have shown that GRP78 is highly
expressed in glioblastomas, but not in oligodendrogliomas
or normal brain tissue, and its expression is inversely cor-
related with median patient survival [2,23]. Thus, inhibi-
tion of GRP78 function may increase the therapeutic
efficacy of TMZ. We now have tested this hypothesis in
an orthotopic mouse glioblastoma model by using the
green tea component EGCG, which had been reported ear-
lier to bind to the ATP-binding site of GRP78 and thereby
inactivate its pro-survival function [10].

As shown in this report, mice harboring intracranially
implanted glioblastoma cells survive significantly longer
when EGCG is added to TMZ therapy, and this outcome



Fig. 3. Involvement of GRP78 and CHOP. U251 glioblastoma cells were transfected with siRNA against GRP78 (si-GRP78) or CHOP (si-CHOP), or with a
scrambled siRNA (si-control). (A) Transfected cells were treated with TMZ and EGCG alone and in combination, and CFA was performed. Shown is the
percentage of colonies formed under the different treatment conditions (mean ± SD). Statistically significant differences are indicated by asterisks; one
asterisk (�): p < 0.05; two asterisks: (��): p < 0.01. (B) The efficiency of siRNA-mediated knockdown was established by Western blot analysis of transfected
cells. Because non-stressed cells do not express CHOP, si-CHOP transfected cells were treated with chloroquine (CQ) in order to stimulate CHOP expression.
As shown, si-CHOP was able to greatly diminish CQ-induced CHOP expression. Actin was used as a loading control.

Fig. 4. Drug activity in orthotopic mouse tumor models. Mice were intracranially implanted with (A) U87 (wild type p53 status) or with (B) U251 (mutant
p53 status) glioblastoma cells. Seven days later, the animals were separated into four groups, which received treatment with TMZ alone, EGCG alone,
TMZ + EGCG in combination, or remained untreated, respectively. The survival of all animals was documented, and is presented here in a Kaplan–Meier plot.
There was no statistical difference between the untreated groups of animals and those treated with EGCG. As expected, TMZ-treated mice lived significantly
(p < 0.01) longer than untreated mice. Survival in the groups of animals receiving combination treatment (TMZ + EGCG) was significantly (p < 0.01)
extended as compared to TMZ-only treated animals.
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could be achieved independently of whether the tumor
cells harbored p53 wild type (U87 cells) or p53 mutant
(U251 cells) genes. This finding is of interest in view of
p53’s known ability to interfere with tumor cell responses
to chemotherapy, although in the case of temozolomide
there is conflicting evidence as to whether inactivation of
p53 function makes glioblastoma more or less sensitive
to temozolomide toxicity [24–26]. Similarly, in several
other tumor cell types it has been reported that p53 may
play a role in EGCG-induced apoptosis [27–30]. Compared
to these previous studies, our results indicate that p53 sta-
tus of glioblastoma does not appear to exert significant
influence on therapeutic efficacy of the TMZ + EGCG
combination in vivo, which bodes well for future clinical
applications of this combination. However, other genes
suspected or known to impinge on glioblastoma chemo-
sensitivity, such as O-6-methylguanine DNA methyltrans-
ferase (MGMT) [31], may also play a role and will have to
be investigated in future studies.
Before obtaining our results, it was unclear whether
EGCG would be able to cross the BBB efficiently enough
to cause chemosensitization, because earlier studies in rats
had shown very low brain distribution ratio of this poly-
phenol, and it was thought that EGCG’s bipolar functional
group might have difficulty in penetrating the BBB effi-
ciently [32,33]. However, our results indicate that EGCG in-
deed is active across the BBB and therefore must have
passed through this barrier to an extent that was sufficient
for chemosensitization towards TMZ to take place.

On the other hand, it is not entirely clear why EGCG,
when given as monotherapy without TMZ, did not yield
detectable therapeutic efficacy in our tumor model, i.e.,
did not extend survival of mice with intracranially im-
planted glioblastoma. One might be tempted to speculate
that low brain distribution of systemically administered
EGCG would prevent polyphenol accumulation to levels
that are high enough to affect tumor growth in
monotherapy fashion. Alternatively, tumor type-specific



Fig. 5. Immunohistochemical analysis of tumor tissue. Intracranial tumors were collected from animals treated as described in the legend to Fig. 4 and were
analyzed for the expression levels of GRP78 and CHOP by immunohistochemical means. Photomicrographs were taken at 200� magnification and
representative sections are shown. CHOP expression was strongest in tumor tissue from animals treated with TMZ or TMZ + EGCG. GRP78 expression was
strongest in response to TMZ treatment and was noticeable less when EGCG was added to TMZ (TMZ + EGCG).
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responses may play a role, in that some tumor types ap-
pear to be sensitive to EGCG monotherapy, whereas others
are not, and such differential antitumor outcomes indeed
have been observed in subcutaneous xenograft mouse tu-
mor models, where the issue of BBB penetration is irrele-
vant. For example, studies with mice carrying implanted
melanoma, colon carcinoma, or pancreatic carcinoma cells
have demonstrated significant reduction of tumor volume
when mice were administered EGCG [13,34,35], whereas
mouse models of hepatocellular or breast carcinoma did
not respond to this polyphenol when administered in
monotherapy fashion [16,17], even though similar dosages
(30–45 mg/kg) were applied. Deduced from the results of
our in vitro studies demonstrating that 20 lM EGCG is
insufficient to affect glioblastoma cell proliferation and
survival (Figs. 1 and 2), we surmise that glioblastoma rep-
resents one of those tumor types that is little responsive to
EGCG alone.

Earlier studies had demonstrated that EGCG, despite its
oftentimes very limited anticancer activity during mono-
therapy in vivo, was able to significantly enhance the ther-
apeutic efficacy of other chemotherapeutic agents in
mouse models of different tumor types. For instance, the
polyphenol was shown to potentiate paclitaxel therapy of
breast cancer, doxorubicin therapy of hepatocellular carci-
noma, or interferon therapy of melanoma [13,16,17]. In
comparison, our demonstration that EGCG can achieve
chemosensitization towards TMZ is of particular impor-
tance, because TMZ chemotherapy of malignant glioma is
among the least impressive therapeutic regimens for can-
cer patients in general, and there is a great medical need
to improve the efficacy of TMZ-based treatments. Because
we show that this enhanced therapeutic outcome can be
achieved with an orthotopic brain tumor model, i.e., across
the BBB, we are hopeful that this regimen might be effec-
tive in patients as well. The safety of both agents, TMZ
and EGCG, has been extensively studied in humans, and
therefore it should be possible to promptly design appro-
priate clinical trials to validate our in vivo results in the
clinic.

Our molecular in vitro studies indicate that inhibition of
pro-survival GRP78 might at least in part contribute to
EGCG’s ability to chemosensitize glioblastoma cells to
TMZ, and several observations are consistent with this
assessment. For instance, knockdown of GRP78 expression
by si-RNA mimics some of the effects of EGCG; for exam-
ple, colony formation after TMZ treatment is similar when
cells were co-treated with EGCG (EGCG + TMZ) or when
they were transfected with si-GRP78 (si-GRP78 + TMZ)
(Fig. 3). Similarly, knock-down of GRP78 reduces colony
survival after TMZ treatment (si-GRP78 + TMZ), but the
addition of EGCG (si-GRP78 + TMZ + EGCG) is unable to re-
duce colony formation further, presumably because its tar-
get, GRP78, already is neutralized by si-RNA.

On the other side, knock-down of GRP78’s antagonistic
player in the ER stress response, pro-apoptotic CHOP,
yields complementary results that further support a prom-
inent role of the ER stress response system in these events.
Among the pro-survival functions of GRP78 is its suppres-
sion of apoptotic pathways, in particular the repression of
CHOP expression [6,22]. This latter effect becomes evident,
for example, by increased expression of CHOP protein in
response to si-RNA mediated knockdown of GRP78 (as dis-
played in Fig. 3B). In our experiments, we demonstrate that
gliobastoma cells transfected with si-CHOP display in-
creased chemoresistance, and are particularly well pro-
tected against EGCG’s potency to enhance cell killing by
TMZ (Fig. 3). In effect, while colony survival is decreased
to only 25% after combination treatment (TMZ + EGCG) of
control-transfected cells, the knock-down of CHOP
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expression greatly improves survival to above 80%. To-
gether, these results are consistent with a model where
EGCG achieves chemosensitization via the inhibition of
GRP78 and subsequent induction of the apoptosis trigger
CHOP.

The above molecular observations are at least in part re-
flected by the immunohistochemical analysis of tumor tis-
sue from drug-treated animals (Fig. 5). For example,
tumors from animals treated with TMZ or with
TMZ + EGCG reveal the highest levels of CHOP protein,
and GRP78 levels are lower after TMZ + EGCG treatment
than after treatment with TMZ alone. Thus, the balance
of pro-survival GRP78 vs. pro-apoptotic CHOP is tilted in
favor of CHOP in response to combination treatment, and
is consistent with a key role of ER stress components dur-
ing chemosensitization brought about by EGCG. Alto-
gether, while these results are coherent with a model
where EGCG achieves these outcomes through the inhibi-
tion of GRP78, they do not exclude the possibility that
other known (or unknown) targets of EGCG [8,36–38]
might participate in these processes as well and that the
final anticancer outcome might represent a multitarget
effect. But in any case, while some of the molecular details
of EGCG’s chemosensitizing properties may require further
investigation, our study provides clear evidence that this
polyphenol is able to enhance therapeutic efficacy of TMZ
in an orthotopic glioblastoma mouse model, and thus pro-
poses that clinical studies should be considered in the near
future.
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