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pigalocatechin-3-gallate (EGCG) downregulates PEA15 and thereby augments
RAIL-mediated apoptosis in malignant glioma
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a b s t r a c t

EGCG is a flavonoid that exhibited therapeutic activity in cancer. In this study three glioblastoma cell
lines (U87, A172 and U251) were treated with EGCG, tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) or the combination of both. Treatment with subtoxic doses of EGCG in combination with
TRAIL induces rapid apoptosis in TRAIL-resistant glioma cells, suggesting that this combined treatment
may offer an attractive strategy for treating gliomas. EGCG treatment down-regulated phosphoprotein-
eywords:
lioma
RAIL/Apo2L
EA15
KT

enriched in astrocytes (PEA15) through an Akt (PKB)-dependent mechanism. In addition, over-expression
of PEA15 attenuated cytotoxicity induced by the combination of EGCG and TRAIL. In summary, PEA15 is a
key regulator in TRAIL–EGCG-mediated cell death in malignant glioma.

© 2008 Elsevier Ireland Ltd. All rights reserved.
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alignant gliomas are the most commonly diagnosed malignant
dult primary brain tumors. Median survival for glioblastoma is
12 to 15 months. Surgical resection or diagnostic biopsy is usu-
lly the first step in therapy, followed by adjuvant radiation and
hemotherapy [17]. Thus developing of new treatment strategies is
ecessary.

The use of flavonoids as anticancer agents has gained consid-
rable importance in recent years. Several studies suggested that
reen tea, especially its constituent polyphenols possess chemo-
reventive and therapeutic potential against tumor cells [14].
uch of the anticancer and/or cancer chemopreventive effects of

reen tea are attributed to be mediated by its major polyphenol,
pigallocatechin-3-gallate (EGCG) [14].

Targeting death receptors to trigger apoptosis in tumor cells is an
ttractive concept for cancer therapy. To this end, TRAIL appears to

e a relatively safe and promising death ligand for clinical applica-
ion since TRAIL induces almost selectively apoptosis in cancer cells.
owever, many tumors remain resistant to treatment with TRAIL,
nd this resistance may be caused by deregulated expression of

Abbreviations: TRAIL, tumor necrosis factor-related apoptosis-inducing ligand;
APs, inhibitor of apoptosis proteins; PEA15, phosphoprotein-enriched in astrocytes;
GCG, epigallocatechin-3-gallate; DISC, death-inducing signalling complex; ph-Akt,
hosphorylated Akt; PKB, protein kinase B.
∗ Corresponding author.

E-mail address: markus.siegelin@med.uni-heidelberg.de (M.D. Siegelin).
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nti-apoptotic molecules [14]. Inhibitor of apoptosis proteins (IAPs)
ncluding survivin are also capable of inhibiting TRAIL-mediated
poptosis in malignant glioma cells [14,2].

One of the causes of cell-death resistance could reside in altered
xpression of apoptosis inhibitory molecules belonging to the
eath-effector-domain (DED)-containing protein family, e.g. c-FLIP
nd phosphoprotein enriched in astrocytes (PEA15). c-FLIP and
EA15 are recruited to the DISC and inhibit the activation of caspase
[5]. The expression of both proteins is increased in several human
lioma cell lines and the expression of PEA15 correlates with TRAIL
esistance in a human glioma-derived cell line [5].

In the present study we investigated the effects of EGCG on
he expression of several anti-apoptotic proteins in three human
lioma cell lines, U87, U251 and A172 and demonstrated that the
own-regulation of PEA15 and survivin is regulated by the AKT-
athway. In addition we provided evidence that the suppression of
EA15 by EGCG enhanced TRAIL-mediated apoptosis.

Human glioblastoma cell line U87 (p53-wild type), U251 and
172 (p53 mutant) were purchased from the American Type Culture
ollection (ATCC, Manassas, VA, USA). Cells were cultured in DMEM
lutamax-I 4500 g/l glucose (Invitrogen, Karlsruhe, Germany) with
0% FBS and 1% penicillin/streptomycin (Invitrogen, Karlsruhe, Ger-

any) and was incubated at 37 ◦C in a humidified atmosphere

ontaining 10% carbon dioxide.
EGCG, LY294002 and wortmannin were obtained from Axxora

Loerrach, Germany) and malignant glioma cell lines were treated
ith the indicated amounts of EGCG as individually indicated.

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:markus.siegelin@med.uni-heidelberg.de
dx.doi.org/10.1016/j.neulet.2008.10.036
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Fig. 1. Crystal-violet viability assay and flow cytometry after treatment with TRAIL, EGCG or the combination of both after 24 h of treatment. (A) Crystal-violet-assay in U87,
A172 and U251 cells upon treatment with TRAIL. (B) Crystal-violet-assay in U87, A172 and U251 cells upon treatment with EGCG. (C) Crystal-violet-assay in U87, A172 and
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251 cells upon combined treatment with TRAIL and 17 AAG. For determination of t
nd U251 cells analysed by flow cytometry. Control, not treated, EGCG 10/20/40–EG
east three times. Asterisk (*) outline values which are different from the respective

ecombinant human TRAIL/Apo2L was purchased from Peprotech
Rocky Hill, New York, USA). Transient transfection of U87 cells
as achieved by Fugene Transfection reagent (Roche Deutsch-

and Holding GmbH, Mannheim, Germany) or by electroporation,
sing Nucleofector I, programme U29 (Amaxa AG, Cologne, Ger-
any). Using electroporation up to 80% transfection efficiency was

chieved. The survivin-wild-type plasmid pcDNA3-survivin was
gift from Dario Altieri (University of Massachusetts, Worcester,
SA). Empty pcDNA3 was used as a negative control in our exper-

ments. The plasmid, pcDNA-HA-PEA15 was provided by Michael
insberg (University of California, San Diego, USA).

Cells were seeded into 96-well plates at a density of
× 104 cells/well in 100-�l tissue culture medium in triplicate.
fter 24 h incubation to allow cells to adhere U87, A172 and U251
lioma cells were treated for 24 h either with EGCG and TRAIL
eparately or in different combinations, as described in individ-
al experiments. Cell death was determined as described [5]. The
ractional product method was used to evaluate synergy. The effect

f two independently acting agents is defined as the product of
he unaffected fractions after treatment with either drug alone:
x(1,2) = fx(1) × fx(2) reviewed in [22]. This formula allows the pre-
icted effect of cotreatment to be calculated on the basis of the
ssumption that the two agents do not interact or cooperate in

t
w
(
p
w

ig. 2. Immunoblot demonstrating the effect of EGCG on TRAIL-induced proteolytic cle
ith EGCG (20 �M) in the presence or absence of TRAIL (50 ng/ml). (B) A172 cells were t

GCG–EGCG 5 �M, TR50–TRAIL 50 ng/ml. Immunoblots are representative of at least thre
culated additive effect. (D) Effect of EGCG on TRAIL-induced apoptosis in U87, A172
/20/40 �M, TR25/50/100–TRAIL 25/50/100 ng/ml. Experiments were performed at
ol (t-test, *p < 0.05).

nducing their effects. If the relative percentage of surviving cells
fter cotreatment with the two drugs is below the calculated prod-
ct, then the two drugs show synergy. Apoptotic cells were assessed
y flow cytometry with PI-method. For detection of apoptotic
ells a FACS Calibur flow cytometer equipped with a 488 nm air
ooled argon laser (Becton & Dickinson, Cytometry Systems, San
ose, CA) was used with filter combinations for propidium iodide.
or analyses and calculations the Cellquest program (Becton &
ickinson, Cytometry Systems, San Jose, CA) was used. For each
easurement 10,000 cells were analysed. After cell preparation

ccording to Nicoletti with modifications [3,4,11] measurements
ere acquired in Fl-3 in logarithmic mode and calculated by set-

ing gates (M-1) over the first three decades to detect apoptotic
ells.

Twenty micrograms of protein diluted in NuPAGE-sample buffer
nd reducing reagent (Invitrogen, Carlsbad, Germany) were dena-
ured at 95 ◦C for 5 min and electrophoretically separated on ready-
o-use 4–12% sodium dodecyl sulfate-polyacrylamide gel elec-

rophoresis (SDS-PAGE) (Invitrogen, Carlsbad, Germany). Proteins
ere blotted onto nitrocellulose membranes at 1.5 mA/cm2 for 1.5 h

Invitrogen, Carlsbad, Germany). After blocking in 0.5 M Tris–base,
H 7.4, 5% milkpowder, 1.5 M NaCl, 0.05% Tween, the membranes
ere incubated with rabbit anti-human survivin antibody diluted

avage of PARP and caspase-7 in U87 and A172. (A) U87 cells were treated for 6 h
reated for 6 h with EGCG (20 �M) in the presence or absence of TRAIL (50 ng/ml).
e independent experiments.
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Fig. 3. Immunoblot showing expression of phosphorylated Akt, PEA15 and sur-
vivin after treatment with different concentrations of EGCG for 24 h. U87 (A) and
A172 (B) cells were treated with increasing concentrations of EGCG for 24 h and
harvested. Immunoblots show expression of phosphorylated Akt, PEA15 and sur-
vivin. U87 (C) and A172 cells (D) were treated for 24 h with EGCG (20 �M) in the
presence or absence of TRAIL (50 ng/ml). Immunoblots show expression of phos-
phorylated Akt, PEA15 and survivin. (E and F) Western-blot showing DR4 and DR5
e
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:1000 (R&D Systems, Minneapolis, USA), rabbit anti-human PEA15
CST Inc., Danvers, MA, USA) anti-human phosphorylated Akt (Ser
73) antibody diluted 1:100 (CST Inc., Danvers, MA, USA), rab-
it anti-human cleaved PARP (CST Inc., Danvers, MA, USA), rabbit
nti-human DR4/DR5 (R&D Systems, Minneapolis, USA) and rab-
it anti-human caspase-7 (CST Inc., Danvers, MA, USA) overnight
t 4 ◦C. Staining with secondary horseradish peroxidise conju-
ated anti-rabbit or anti-mouse antibodies at dilutions of 1:10,000
r 1:2000, respectively (Amersham Biosciences, Buckinghamshire,
K) was followed by immunodetection with Western Blotting
etection System ECL (Amersham Biosciences, Buckinghamshire,
K). Protein signals were analyzed semiquantitatively, using a
omputer-assisted image analysis system and the NIH gel analysis
oftware (http://www.rsb.info.nih.gov/nihimage/download.html).

The data were expressed as mean ± standard error of mean
S.E.M.) of separate experiments (n > 3) and compared by the
wo-tailed paired Student’s t-test. Differences between two
reatments was considered significant at p < 0.05 and 0.01, respec-
ively.

U87 (p53-wildtype), A172 (p53-mutant) and U251 glioma (p53-
utant) cells were resistant to low-dose TRAIL treatment (Fig. 1A).

reatment with TRAIL (i) 25 ng/ml, (ii) 50 ng/ml and (iii) 100 ng/ml
or 24 h alone did not have a significant effect on cell death in U87
(i) 2 ± 6%; (ii) 5 ± 4%; (iii) 11 ± 3%), A172 ((i) 2 ± 5%; (ii) 5 ± 4%; (iii)
2 ± 6%) and U251 ((i) 2 ± 5%; (ii) 4 ± 3%; (iii) 14 ± 5%) (Fig. 1A).

After 24 h treatment with low dose EGCG (i) 10 �M and (ii)
0 �M cell viability was not altered significantly in U87 ((i) 10 ± 3%;
ii) 6 ± 7%), A172 ((i) 14 ± 3% and (ii) 15 ± 6%) and U251 ((i) 7 ± 5%;
ii) 12 ± 6%) (Fig. 1B). However, treatment with (i) 40 �M increased
ell death in U87 ((i) 25 ± 5%, p < 0.05), in A172 ((i) 23 ± 3%, p < 0.05)
nd in U251 ((i) 25 ± 3%, p < 0.05) (Fig. 1B).

Combining 20 �M EGCG with 100 ng/ml of TRAIL increased cell
eath in U87 (57 ± 7%, p < 0.05), A172 (60 ± 4%, p < 0.05) and U251
66 ± 4%, p < 0.05) (Fig. 1C). The calculated additional effect was
etermined and yielded in U87 (17 ± 3%, p < 0.05), A172 (16 ± 4%,
< 0.05) and U251 (19 ± 6%, p < 0.05), suggesting that EGCG and
RAIL act in synergy. It has been reported that various cancer cells
re resistant to the cytotoxic effects of TRAIL [7,8]. These include
arious glioma cells, although they express the TRAIL receptor DR5
7]. Cell sensitivity to TRAIL can be affected by TRAIL-receptor
xpression at the cell membrane, DR4/DR5 ratio and functional-
ty of TRAIL-receptors. Additional intracellular factors leading to
RAIL-resistance affect the caspase 8/c-FLIP ratio, such as loss of
aspase-8 and caspase-10 due to mutations or gene methylation,
egradation of active caspase-8 and changes in caspase 8 or c-FLIP
xpression levels. Further downstream in the TRAIL apoptotic path-
ay increased expression of IAP family members, in particular XIAP

nd survivin, also cause resistance [8].
To elucidate that TRAIL–EGCG-mediated cell death occurs by

poptosis we employed flow cytometry and determined the per-
entage of specific apoptotic cells (Fig. 1D). U87, A172 and U251 cells
reated either with 100 ng/ml TRAIL or 20 �M EGCG alone for 24 h
id not reveal a significant increase in apoptosis compared with that
f untreated controls. Combined treatment with 100 ng/ml TRAIL
nd 20 �M EGCG augmented apoptotis in U87 (36 ± 4%; p < 0.05),
n A172 (37 ± 5%; p < 0.05) and in U251 (34 ± 4%; p < 0.05) (Fig. 1D).
P53 mutations are a common feature of malignant glioma [12].
nactivation of p53 which has been reported to be involved in the
ntrinsic and extrinsic apoptotic pathways [21] seems not to be
f major importance to TRAIL–EGCG-mediated apoptosis. Notably,

oth A172 and U251 cell lines harbour TP53 mutations and both
ell lines were efficiently sensitized to TRAIL-mediated apoptosis
y EGCG.

We employed Western blotting to elucidate the proteolytic
echanism in TRAIL and TRAIL–EGCG-induced apoptosis (Fig. 2).

n
c
t
a
s

xpression in U87 and A172 cells treated with increasing concentrations of EGCG. (G
nd H) Western-blot showing expression of ph-AKT, PEA15 and survivin in U87 and
172 cells treated with 50 �M of LY294002. EGCG 0/10/20/40–EGCG 0/10/20/40 �M,
Y0/50–LY294002 0/50 �M.

87 and A172 cells were treated with EGCG, TRAIL or the com-
ination of both for 6 h (Fig. 2A and B). Since EGCG augments
RAIL-induced apoptosis, we examined the activation/cleavage of
aspase-7 and poly-ADP-ribose-polymerase (PARP). Treatment of
87 and A172 cells with 20 �M EGCG alone did not induce cleav-
ge of PARP or effector-caspase-7 (Fig. 2A and B). Exposure of
ells to 50 ng/ml TRAIL alone yielded an undetectable signal of
leaved fragment of PARP sized 89 kDa and active cleaved caspase-7
ized 20 kDa in U87. Combining TRAIL with EGCG led to a sig-

ificant increase in cleaved fragment of PARP and active cleaved
aspase-7 in both U87 and A172 (Fig. 2A and B). Taken together,
hese data support that combined EGCG–TRAIL treatment induces
poptosis and EGCG efficiently augments TRAIL-mediated apopto-
is.

http://www.rsb.info.nih.gov/nihimage/download.html
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24 h after treatment with EGCG we detected a significant down-
egulation of PEA15 and survivin in U87 and A172 (Fig. 3A and B). In
ddition the protein levels of phosphorylated Akt (ph-Ak) were also
uppressed (Fig. 3A and B). Single treatment with 50 ng/ml TRAIL
or 24 h did not change the protein levels of PEA-15, ph-Akt and
urvivin significantly in U87 and A172 glioma cells (Fig. 3C and D).
he combination of 50 ng/ml TRAIL and 20 �M EGCG resulted in a
ignificant down-regulation of PEA15 in U87 and A172 cells and sur-
ivin in A172 cells compared to single treatment with EGCG (Fig. 3C
nd D). The protein levels of phosphorylated Akt in U87 glioma cells
ere also suppressed by the combined treatment with TRAIL and

GCG compared to single treatment with EGCG (Fig. 3C and D).
urthermore we analysed the protein levels of TRAIL-R1 (death-
eceptor 4; DR4) and TRAIL-R2 (death-receptor 5; DR5). After 24 h
reatment with different concentrations of EGCG the protein levels
f DR4 and DR5 did not change significantly in U87 and A172 glioma
ells, respectively (Fig. 3C and D). This contrasts to the results of
iddiqui et al. who reported that in a prostate cancer cell line EGCG
egulated DR4. They claimed that the up-regulation of DR4 was due
o demethylation activity of EGCG. As a strategy of survival many
ancers epigenetically repress the expression of death-receptors
ence bypassing apoptosis [6] and EGCG has also been reported to
odulate DNA methylation [16].
Since EGCG is a potent inhibitor of the AKT-pathway, we were

nterested in the importance of the AKT-pathway in the regulation
f both protein levels of PEA15 and survivin. For that reason, U87

nd A172 glioma cells were treated with the specific AKT-inhibitor,
Y294002 (Fig. 3E and F). Treatment with 50 �M of LY294002 for
4 h resulted in a significant reduction of phosphorylated-Akt in
oth U87 and A172 cells, respectively. Importantly, the protein

evels of PEA15 and survivin were also significantly reduced, sug-

t
E
e
U
E

ig. 4. Over-expression of PEA15 and survivin attenuate TRAIL–EGCG-mediated cytoto
ransfection with pcDNA3-HA-PEA15 or pcDNA3-empty. pcDNA3-HA-PEA15 contains a
A-PEA15 or pcDNA3-empty and 24 h after treatment with 100 ng/ml TRAIL and 20 �M

ransfection with pcDNA3-survivin or pcDNA3-empty. (D) Crystal-violet-assay in U87 ce
reatment with 100 ng/ml TRAIL and 20 �M EGCG. Cont.: Control, not treated, EGCG 20–EG
rom the respective control (t-test, *p < 0.05).
Letters 448 (2008) 161–165

esting that the AKT-pathway is involved in the regulation of both
EA15 and survivin protein levels. In addition we performed these
xperiments with an additional AKT-inhibitor, wortmannin, and
he results were almost identical (data not shown). Our results are
n line with previous reports since it has been demonstrated that
EA15 protein levels in breast cancer cells are dependent on the
KT-pathway [15]. PEA15 interacts in vitro and in intact cells with

he serine-threonine kinase AKT [19]. AKT is also able to phosphory-
ate PEA15 at Ser116 [19]. AKT-mediated phosphorylation of PEA15
ncreases its stability, thus determining an increase in the content
f this protein within the cell [19].

Regulation of survivin by the AKT-pathway has already been
eported by other research groups [10,13]. Survivin is a highly
volutionarily conserved protein and has been reported to inhibit
oth caspase-dependent apoptosis and caspase-independent cell
eath [1]. Furthermore, it has been demonstrated that survivin also
ntagonizes mitochondrial and death receptor-mediated (TRAIL)
poptosis [1]. Survivin is one of the most tumor-specific molecules
20]. It also promotes tumor-associated angiogenesis [18] and acts
s a resistance factor to various anticancer therapies [9].

Given that PEA15 is significantly suppressed by EGCG we were
nterested in the functional role of PEA15 in TRAIL–EGCG-mediated
ytotoxicity. That is why we determined if ectopic over-expression
f PEA15 is capable of rescuing glioma cells from TRAIL–EGCG-
ediated cytotoxicity. Transfection efficiency was 90% and PEA15

rotein levels were confirmed by Western-blot (Fig. 4A). 24 h after

reatment with the combination of 100 ng/ml TRAIL and 20 �M
GCG cell death was reduced from 57 ± 7% in U87 cells without
ctopic over-expression of PEA15 to 15 ± 3% in PEA15-transfected
87 cells (p < 0.05; Fig. 4B). After treatment with either 20 �M
GCG or 100 ng/ml TRAIL there was no significant difference

xicity. (A) Western-blot demonstrating PEA15 expression in U87 cells 48 h after
HA-tag. (B) Crystal-violet-assay in U87 cells 72 h after transfection with pcDNA3-
EGCG. (C) Western-blot demonstrating survivin expression in U87 cells 48 h after
lls 72 h after transfection with pcDNA3-survivin or pcDNA3-empty and 24 h after
CG 20 �M, TR100–TRAIL 100 ng/ml. Asterisk (*) indicates values which are different
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etween cellular viability of vector transfected U87 cells and
EA15-transfected U87 cells (Fig. 4B).

Next it was determined if ectopic over-expression of survivin
s also capable of inhibiting TRAIL–EGCG-mediated cytotoxicity.
ransfection efficiency was 90% and survivin protein levels were
onfirmed by Western-blot (Fig. 4C). 24 h after treatment with the
ombination of 100 ng/ml TRAIL and 20 �M EGCG cell death was
educed from 57 ± 4% in U87 cells without ectopic over-expression
f survivin to 28 ± 3% in survivin-transfected U87 cells (p < 0.05;
ig. 4D). After treatment with either 20 �M EGCG or 100 ng/ml
RAIL there was no significant difference between cellular viability
f vector transfected U87 cells and survivin-transfected U87 cells
Fig. 4B). Importantly, over-expression of survivin led to a weaker
ttenuation of TRAIL–EGCG-mediated cytotoxicity than PEA15.

Taken together, we demonstrated that EGCG suppressed both
EA15 and survivin levels by inhibition of the Akt-pathway and
hereby contributed to enhanced TRAIL-mediated cytotoxicity in
lioma cells.
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