Quercetin promotes degradation of survivin
and thereby enhances death-receptor-
mediated apoptosis in glioma cells
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The flavonoid quercetin has been reported to inhibit
the proliferation of cancer cells, whereas it has no
effect on nonneoplastic cells. U87-MG, U251, A172,
LN229, and U373 malignant glioma cells were treated
with quercetin (50-200 pM). Quercetin did not cause
cytotoxicity 24 h after treatment. Combining quercetin
with tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) strongly augmented TRAIL-mediated
apoptosis in U87-MG, U251, A172, and LN229 glioma
cells; U373 cells could not be sensitized by quercetin
to TRAIL-mediated apoptosis. TRAIL-induced apop-
tosis was enhanced by quercetin-induced reduction of
survivin protein levels. Upon treatment with quercetin,
the protein level of survivin was strongly suppressed in
U87-MG, U251, and A172 but not in U373 glioma cells.
Quercetin exposure resulted in proteasomal degrada-
tion of survivin. TRAIL-quercetin—induced apoptosis
was markedly reduced by overexpression of survivin. In
addition, upon treatment with quercetin, downregula-
tion of survivin was also regulated by the Akt pathway.
Taken together, the results of the present study suggest
that quercetin sensitizes glioma cells to death-receptor—
mediated apoptosis by suppression of inhibitor of the
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TRAIL

r I Yumor necrosis factor « (TNF-a)-related apopto-
sis-inducing ligand (TRAIL, or Apo2L) belongs to
the TNF cytokine family and is capable of induc-

ing apoptosis in a variety of cancer cells, while producing

negligible effects on normal cells.! TRAIL binds to the
death receptors DR4/DR S, which subsequently interact
with the adaptor protein FADD (Fas-associated death
domain) and procaspase-8, forming the death-inducing
signaling complex (DISC). Procaspase-8 activation in

DISC leads to cleavage of procaspase-3 and engagement

of the cellular machinery associated with the type I

extrinsic apoptotic pathway.?3 Activation of the intrinsic,

mitochondrial-associated type II apoptotic pathway is
another hallmark of TRAIL-induced cell death because

TRAIL, through caspase-8, activates Bid, a proapop-

totic bel-2 family member, and synergizes with agents

that induce apoptosis exclusively through a type II

mechanism.* In type I cells, stimulation of the extrinsic

pathway is sufficient for commitment of apoptotic cell
death. In type II cells, this commitment requires further
signal amplification through the intrinsic pathway.’ The
intrinsic apoptotic pathway is regulated by the proteins
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of the bcl-2 family.®” Studies have shown that intra-
cranial delivery of native human TRAIL suppresses the
growth of human glioma xenografts in mice without
host toxicity.® Clinical phase 1 and phase 2 studies with
compounds directed at TRAIL receptors are ongoing
with recombinant human TRAIL (Genentech, South
San Francisco, CA, USA), with an agonistic TRAIL-
DR4 antibody, and with two agonistic TRAIL-DRS
antibodies.” Data from the studies with recombinant
human TRAIL have not yet been published.

Previous reports have shown that most glioma cell
lines are more or less resistant to the apoptotic effects of
TRAIL.'%!" However, glioma cell lines can be sensitized
to TRAIL-induced apoptosis with different chemothera-
peutic substances. Thus, identification of novel drugs to
sensitize glioma cells toward TR AIL-mediated apoptosis
has gained much attention in experimental cancer ther-
apy. Overexpression of inhibitors of apoptosis proteins
(IAPs), including survivin and the chromosome X-linked
IAP (XTAP), has been reported to confer resistance to
TRAIL-mediated apoptosis in several cancer cells.'?!3
[APs contain one or more conserved regions termed
baculoviral IAP-repeat (BIR) N-terminal domains and a
C-terminal RING (really interesting gene) domain.'*13
The BIR domains block caspase-3 and caspase-9,
whereas the RING domain acts as an ubiquitin ligase to
facilitate proteasomal degradation of caspases, survivin,
and XIAP.'>'® To date, three identified proteins (Smac/
DIABLO, Omi/HtrA2, and XAF1) antagonize the anti-
apoptotic function of XIAP.!” Both survivin and XIAP
are upregulated in gliomas, and their expression posi-
tively correlates with poor patient survival, unfavorable
prognosis, resistance to therapy, and accelerated rates of
recurrence.'®

Epidemiological studies in humans have shown that
regular consumption of fruits and vegetables is asso-
ciated with reduced risk of cancer.'”2! One possible
explanation is the content of flavonoids, which exert
anticarcinogenic activities.?'~23 Quercetin is an abun-
dant flavonoid in many fruits and vegetables. To date,
several biological activities of flavonoids have been iden-
tified. Quercetin induces cell death by apoptosis in leu-
kemia and lung, hepatoma, oral, and colon cancer cell
lines.?*-2¢ In addition, quercetin modulates proliferation
by affecting mitogen-activated protein kinases and Akt.

In this study, we investigated the effects of querce-
tin on the expression level of survivin and XIAP. We
hypothesized that treatment with quercetin enhances
death-receptor-mediated apoptosis induced by TRAIL.

Materials and Methods

Cell Culture and Reagents

Human glioblastoma cell lines U87-MG, A172, and
LN229 were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cell lines U251
and U373 were obtained from ATCC and propagated in
our laboratory. Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium Glutamax-I (4,500 g/l glucose;
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Invitrogen, Karlsruhe, Germany) with 10% fetal bovine
serum and 1% penicillin/streptomycin (Invitrogen) and
incubated at 37°C in a humidified atmosphere contain-
ing 10% carbon dioxide. Quercetin was obtained from
Sigma, and malignant glioma cell lines were treated with
the indicated amounts of quercetin for 24 h or shorter
times. Recombinant human TRAIL/Apo2L was pur-
chased from Peprotech (Rocky Hill, NY, USA). MG132
was purchased from Sigma (Schnelldorf, Germany).

Measurement of Cell Viability

Cells were seeded into 24-well plates at a density of
5 x 10* cells/well in 500 pl tissue culture medium, in
triplicate. After 24 h of incubation to allow cells to
adhere, cells were treated for 24 h with quercetin and
TRAIL either separately or in different combinations, as
described in individual experiments. Cell viability was
determined by trypan blue exclusion assay.

Flow Cytometry

For cell cycle analysis, the glioma cells were cultured for
the indicated times, washed, incubated with trypsin for
3 min at 37°C, harvested, washed, and fixed with 75%
ice-cold ethanol. Cells (10° per condition) were stained
with propidium iodide (50 pg/ml) in phosphate-buffered
saline, washed, and subjected to flow cytometric analysis
of DNA content using a Becton Dickinson FACSCalibur
cytometer (Becton Dickinson, Heidelberg, Germany).
The percentage of dead cells was also assessed by flow
cytometry.

Transfections

Cells were transfected by electroporation either with
control vector or with different plasmids using the
Nucleofector device (protocol U29; Amaxa Biosystems,
Gaithersburg, MD, USA). Transfection efficiency using
nucleofection was between 70% and 90%. Transient
transfection of U87 cells was achieved by Fugene Trans-
fection reagent (Roche Deutschland Holding GmbH,
Mannheim, Germany) or by electroporation, using
Nucleofector I (program U29; Amaxa AG, Cologne,
Germany). With electroporation, up to 80% transfec-
tion efficiency was achieved. The surviving wild-type
plasmid pcDNA3-survivin has been described previ-
ously.?” Empty pcDNA3 was used as a negative control
in our experiments. The plasmid pUSE-amp-active Akt
(Millipore GmbH, Schwalbach, Germany) containing
Myc-tagged active Akt and the empty control (pUSE-
amp) were transfected into U87-MG.

Western Blot

Twenty micrograms of protein diluted in NuPAGE sam-
ple buffer and reducing reagent (Invitrogen) were dena-
tured at 95°C for 5 min and electrophoretically sepa-
rated on ready-to-use 4%-12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gels
(Invitrogen). Proteins were blotted onto nitrocellulose

NEURO-ONCOLOGY - APRIL 2009 123



Siegelin et al.: Quercetin enhances apoptosis in glioma cells

membranes at 1.5 mA/cm? for 1.5 h (Invitrogen). After
blocking in 0.5 M Tris base (pH 7.4), 5% milk powder,
1.5 M NaCl, and 0.05% Tween, the membranes were
incubated with rabbit antihuman XIAP antibody diluted
1:1,000 (R&D Systems, Minneapolis, USA), rabbit anti-
human survivin antibody diluted 1:100 (CST, Inc., Dan-
vers, MA, USA), rabbit antihuman cleaved poly(ADP-
ribose) polymerase (PARP; CST, Inc.), rabbit antihuman
caspase-7/-8/-9 (CST, Inc.), and rabbit antihuman Bid
(CST, Inc.) overnight at 4°C. Staining with secondary
horseradish peroxidase-conjugated antirabbit or anti-
mouse antibodies at dilutions of 1:10,000 or 1:1,400,
respectively (Amersham Biosciences, Buckinghamshire,
UK), was followed by immunodetection with the Western
blotting detection system ECL Plus (Amersham Biosci-
ences). Protein signals were analyzed semiquantitatively,
using a computer-assisted image analysis system and the
NIH Image gel analysis software (http://rsb.info.nih
.gov/nihimage/download.html). The sum of gray values
of all pixels and the sum of densities were determined
for each individual band.?® To normalize the means
of sum-of-densities values from different experiments,
each value was given as the percentage of the control
value. Data are reported as means = SD of # experi-
ments. Significant differences were assessed by paired
Student’s #-test, and p < 0.05 was considered statistically
significant.

Statistical Analysis

The data are expressed as mean =SEM of separate exper-
iments (7 > 3) and compared by the two-tailed paired
Student’s #-test. Differences between two treatments were
considered significant at p < 0.05 and p < 0.01.

Results

Quercetin Augments TRAIL-Induced Apoptosis
in US87-MG, U251, A172, and LN229
but Not in U373 Cells

We measured the effects of quercetin with or without
addition of TRAIL on cell death by trypan blue exclu-
sion assay. Quercetin alone in various concentrations did
not inhibit cell viability 24 h after administration (Fig.
1A). Treatment with 100 ng/ml TRAIL alone had no
significant effect on cell death in U87-MG (9% =5%),
U251 (5% =5%), A172 (4% +6%), and LN229 (2%
+2%) cells (Fig. 1B, C), whereas addition of 500 ng/
ml TRAIL alone increased cell death in U87-MG (24%
=5%, p < 0.05) and A172 (30%=5%, p < 0.05) cells
(Fig. 1D). U251, LN229, and U373 cells were resistant
to TRAIL treatment (Fig. 1B-D).

Combinations of i) 100 pM quercetin and 100 ng/ml
TRAIL, ii) 200 pM quercetin and 100 ng/ml TRAIL,
and iii) 200 pM quercetin and 500 ng/ml TRAIL
increased cell death in U87-MG (i, 25% +5%; ii, 36%
+2%:; iii, 70% =4%), U251(i, 32% +4%; ii, 44% =2%;
iii, 52% +5%), A172 (i, 14% +5%; ii, 52% +4%: iii,
65% +6%), and LN229 (i, 14% +5%; ii, 22% +5%; iii,
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45% *=5%) but not in U373 (i, 4% =4%; ii, 1% *+2%;
iii, 1% =5%) cells (Fig. 1B=D). To confirm that TRAIL-
quercetin—mediated cell death occurs by apoptosis, we
employed flow cytometry and determined the percent-
age of apoptotic cells with a subdiploid DNA content.
U87-MG and U251 cells treated with either 100 ng/ml
TRAIL or 200 pM quercetin alone did not exhibit a
significant increase in apoptosis compared with that of
untreated controls. Combined treatment with 100 ng/
ml TRAIL and 200 pM quercetin resulted in 30%=6%
apoptotic cells in U251 and 32%+5% in U87-MG
(Fig. 1E).

Quercetin Enhances TRAIL-Induced Apoptosis
through Activation of Both the Extrinisic
and Intrinsic Apoptotic Pathway

We employed Western blotting to elucidate the proteolytic
mechanism in TRAIL-induced and TRAIL-quercetin—
induced apoptosis. Because quercetin augments TRAIL-
induced apoptosis, we examined the activation/cleavage
of caspase-8, -7, and -9, Bid, and PARP.

Treatment of U87-MG, U251, A172, LN229, and
U373 cells with 200 pM quercetin alone did not induce
cleavage of PARP or effector caspase-7. Exposure of cells
to 100 ng/ml TRAIL alone yielded significant signals for
the 89-kDa cleaved fragment of PARP and active 20-kDa
cleaved caspase-7 in U251 and U87-MG but not A172,
LN229, or U373 cells. Combining TRAIL with querce-
tin led to a significant increase in cleaved fragment of
PARP and active cleaved caspase-7 in U87-MG, U251,
A172, and LN229 but not U373 cells (Fig. 2A-E).

Upon treatment with TRAIL (100 ng/ml) alone
we detected 43-kDa and 18-kDa cleavage products of
caspase-8 in U87-MG, A172, and U251 cells (Fig.
2A-C). These cleavage products significantly increased
after combined treatment with 100 ng/ml TRAIL and
200 pM quercetin (Fig. 2A-C), indicating involve-
ment of the extrinsic apoptotic pathway. To determine
whether quercetin enhances the activation of the intrin-
sic, mitochondrial-associated type II apoptotic pathway
by TRAIL-mediated apoptosis, we analyzed the expres-
sion of Bid, which is a substrate of active caspase-8.
Cleaved Bid participated in the cascade, eventually lead-
ing to active cleaved caspase-9, which is a hallmark of
mitochondrion-mediated apoptosis (Fig. 2A-C).

The combination of TRAIL with quercetin resulted
in a significant decrease of 22-kDa Bid in U87-MG
and A172 cells, whereas the reduction of Bid in U251
cells was significant but less pronounced. This treat-
ment resulted in a significant increase in active cleaved
39-kDa and 37-kDa caspase-9 in U87-MG, U251, and
A172 cells (Fig. 2A-C). Taken together, these data indi-
cate that combined quercetin-TRAIL treatment induces
apoptosis through the extrinsic and intrinsic pathways.

Quercetin Suppresses the Protein Levels
of Survivin and XIAP

Because quercetin augments TRAIL-induced apoptosis
by activation of caspases, we examined the effects of
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Fig. 1. Trypan blue exclusion assay and flow cytometry 24 h after treatment with tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), quercetin, or the combination of both. (A) Cell death in U87-MG, A172, U251, LN229, and U373 cells upon treatment with
quercetin. (B-D) Effect of quercetin on TRAIL-induced cytotoxicity in U87-MG, A172, U251, LN229, and U373 cells. (E) Effect of quer-
cetin on TRAIL-induced apoptosis in U87-MG and U251 cells analyzed by flow cytometry. Control, not treated; Q50/100/200, quercetin
50/100/200 wM; TR100/500, TRAIL 100/500 ng/ml. *Significantly different from the respective control (¢-test, *p < 0.05).

quercetin on the expression of [APs XIAP and survivin
in U87-MG, U251, A172, and U373 cells (Fig. 3A-D).
Expression of IAPs was analyzed by Western blot anal-
ysis after treatment with quercetin for 24 h. Survivin
levels were suppressed significantly in a concentration-
dependent manner by quercetin in U87-MG, U251, and
A172 cells, whereas the levels of XIAP were significantly
reduced only in U87-MG and not in A172 and U251 cells

(Fig. 3A-D). Survivin and XIAP levels were unaltered
in U373 glioma cells (Fig. 3D). These data suggest that
inhibition/cleavage of IAPs by quercetin may be one of
the mechanisms regulating apoptosis and that this effect
of quercetin is stronger for survivin than for XIAP.
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Fig. 2. Immunoblot demonstrating the effect of quercetin on tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced
proteolytic cleavage of poly(ADP-ribose) polymerase (PARP), caspase-7/-8/-9, and Bid in U87-MG, A172, U251, LN229, and U373 cells.
(A) U87-MG, (B) A172, (C) U251, (D) LN229, and (E) U373 cells were treated for 8 h with quercetin (200 pM) in the presence or absence
of TRAIL (100 ng/ml). TR100, TRAIL 100 ng/ml; Q200, quercetin 200 uM; CF, cleaved fragment. Immunoblots are representative of at

least three independent experiments.

126 NEURO-ONCOLOGY - APRIL 2009



A
Us7-MG
Q0 Q50 Q100 Q200
XIAP s 57 kDa
Survivin | —— — 16 kDa
B-Actin EE_EC—— — 5 kDa
c

U251

Q0 Q50 Q100 Q200

xiap RS o7 -

SUMVIVin e —— = S 16 kDa
B-Actin e — wa— w— 45 kDa

Siegelin et al.: Quercetin enhances apoptosis in glioma cells

B
A172
Q0 Q50 Q100 Q200
e R =+
Survivin IR 16 kDa
B_Actm ---- 45 kDa
D

U373

Q0 Q50 Q100 Q200
XIAP S S S ¥ 57 kDa
SUIVIVIDn ——— - 1C kDa

B-ACtin = we— —— 45 kDa

Fig. 3. Immunoblot showing expression of chromosome X-linked inhibitor of apoptosis proteins (XIAP) and survivin after treatment with
quercetin. (A) U87-MG, (B) A172, (C) U251, and (D) U373 cells were treated for 24 h. Q0/50/100/200, quercetin 0/50/100/200 M.

Overexpression of Survivin Suppresses TRAIL-
Quercetin-Mediated Cytotoxicity

Survivin is significantly downregulated by quercetin
in three of four glioma cells. We therefore investigated
whether ectopic overexpression of survivin rescues sen-
sitive U87-MG cells from TRAIL-quercetin—induced
apoptosis. Transfection efficiency was 85%, and survivin
expression was confirmed by Western blotting (Fig. 4A).
Overexpression of survivin in U87-MG cells and treat-
ment with 100 ng/ml TRAIL and 200 pM quercetin for
24 h decreased cell death, from 35% down to 8%, in
cells without ectopic survivin expression (p < 0.01; Fig.
4B). As expected, overexpression of survivin after treat-
ment with TRAIL-quercetin resulted in reduced cleav-
age of PARP and caspase-7 compared with cells without
ectopic survivin expression (Fig. 4A).

Quercetin Mediates Degradation of Survivin
through the Proteasome

Survivin possesses a short half-life of about 30 min
and is readily ubiquitinized, followed by degradation
through the proteasome.?’ We hypothesized that quer-
cetin affects the prevalence of survivin by activating pro-
teasomal degradation. We treated U251 and U87-MG
with combinations of proteasome inhibitor MG132 and
200 pM quercetin for 24 h. Suppression of survivin by
quercetin in U251 and U87-MG cells was almost com-
pletely abolished by MG132 (Fig. SA, B; Sigma).

Survivin Expression Is Regulated by Phosphoinositide
3-Kinase/Akt after Quercetin Treatment

We postulated that quercetin inhibits Akt activity and
consecutively enhances TRAIL-induced cytotoxic-
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Fig. 4. Overexpression of survivin attenuates tumor necrosis factor—
related apoptosis-inducing ligand (TRAIL)-quercetin-induced
apoptosis in U87-MG cells. (A) Immunoblots demonstrating
survivin expression and cleavage products of poly(ADP-ribose)
polymerase (PARP) and caspase-7 72 h after transfection with
pcDNAS3-survivin or empty pcDNA3 and 24 h after combined treat-
ment with TRAIL and quercetin. (B) Trypan blue exclusion assay
in U87-MG cells 72 h after transfection and 24 h after treatment
with TRAIL and quercetin. Control, not treated; TR100, TRAIL 100
ng/ml; Q200, quercetin 200 wM. *Significantly different from the
respective control (t-test, *p < 0.05).
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Fig. 5. Proteasomal degradation of survivin is enhanced in glioma
cells upon treatment with quercetin. Immunoblots show inhibition
of quercetin-mediated downregulation of survivin by MG132 in
U251 (A) and U87-MG (B) cells. Q0/200, quercetin 0/200 pM;
MGO0/5, MG132 0/5 pM.

ity through suppression of survivin. We analyzed the
expression of Akt phosphorylated at Ser-473 (ph-Akt) in
U87-MG and U251 cells after treatment with quercetin
for 8 h (Fig. 6A, B). We observed a strong suppression
of ph-Akt in U87-MG cells and moderate suppression in
U251 cells. Suppression of survivin was also significant
in both cell lines (Fig. 6A, B). To confirm the regula-
tion of survivin by Akt upon treatment with quercetin
in glioma cells, we ectopically overexpressed ph-Akt
(Fig. 6C). After 48 h, the transfected cells were treated
with 200 pM quercetin or left untreated for 24 h. Both
endogenous Akt and myc-tagged Akt were detected in
these cells. The lower band representing endogenous
Akt is markedly suppressed by 200 pM quercetin
(Fig. 6C). Notably, overexpression of ph-Akt increased
survivin levels in quercetin-treated U87-MG glioma cells
compared with quercetin-treated cells without ectopic
ph-Akt expression (Fig. 6C).

Discussion

In this study, we analyzed effects of the flavonoid quer-
cetin on TRAIL-mediated apoptosis in human glioma
cells. Both TRAIL and quercetin are in clinical testing
and have been shown to be of minimal toxicity.>3° Many
cancer cells are resistant to TRAIL therapy.!3!»32 We
therefore aimed at sensitizing TRAIL-resistant glioma
cells with quercetin. In this study, we demonstrated that
combined application of TRAIL and quercetin strongly
reduced viability of U251, LN229, U87-MG, and A172
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glioma cells but failed to do so in U373 cells. All our
experiments on cell cultures were conducted with con-
centrations of quercetin that have been reached in clini-
cal trials up to 400 pM plasma concentration of querce-
tin was achieved.3°

First, we demonstrated that viability of glioma cells
was not affected 24 h after a single dose of quercetin.
This finding is similar to results in various carcinoma
cell lines.?3-3* We then determined viability of our set
of glioma cells after TRAIL treatment and detected an
effect only at a high TRAIL concentration of 500 ng/ml.
Our results match those of previously published data that
demonstrated moderate TRAIL sensitivity of U87-MG
and A172 cells but high resistance to this treatment in
U251, 1LN229, and U373 cells.!®!! Upon combined treat-
ment with quercetin and TRAIL, U87-MG, U251, A172,
and LN2209 cells exhibited strongly enhanced apoptosis,
whereas U373 cells proved completely resistant. Our
data parallel those achieved by sensitizing glioma cells
to TRAIL with the protein synthesis inhibitor cyclohex-

A UB7-MG

Q0 Q50 Q100 Q200

e = i
ph-Akt R 60 Da

SUNVIVIN S — — 15 kDa

B-Actin | ——] 1 kD2

B U251

Q0 Q50 Q100 Q200

Survivin S s s s 1G kDa

B-Actin S —— 45 0

C UB7-MG

pUSE-empty + + - =
pUSE-active Akt - - + +

Q200 - + = +

«—myc ph-Akt
ph-Akt <+—endogenous ph-Akt 60 kDa

SUMVIVIN S — -1 kDa
BrActin | S ——— 45 kDa

Fig. 6. Quercetin-mediated suppression of survivin is regulated by
Akt. (A and B) Immunoblots show reduced phosphorylated Akt (ph-
Akt) and survivin levels in U87-MG (A) and U251 (B) cells following
treatment with quercetin for 8 h. (C) Immunoblot shows that over-
expression of constitutively active Akt inhibits quercetin-mediated
suppression of survivin in U87-MG cells 72 h after transfection and
24 h after treatment with quercetin. Immunoblots are representa-
tive of at least three independent experiments. Q0/50/100/200,
quercetin 0/50/100/200 wM.



imide, to which U373 cells were also insensitive.!"»3> The
strong effect of simultaneous application of TRAIL and
quercetin demonstrates a synergistic action of combined
treatment. Our results are in line with previous reports
because combined treatment with TRAIL and quercetin
has been successfully tested in other cell lines.?3-*4 The
resistance of U373 cells is not fully understood. It has
been reported that U373 cells express only low levels of
the initiator caspase-8, thereby leading to an insufficient
activation of DISC, resulting in inhibition of the extrin-
sic apoptotic pathway.'? Inactivation of p53, which is
involved in the intrinsic apoptotic pathway, seems not to
be of major importance to quercetin-TRAIL-mediated
apoptosis. This is supported by TP53 mutations in both
the sensitive U251 and the completely resistant U373 cell
lines.3®

The IAPs are an important family of apoptosis regu-
lating proteins, with survivin and XIAP as prominent
members. Because survivin and XIAP block apoptosis at
the level of effector caspases, a point where multiple sig-
naling pathways converge, strategies targeting survivin
to remove its inhibitory effect seem to be useful to over-
come the resistance of cancer cells. Suppression of sur-
vivin has been demonstrated upon quercetin treatment in
H460 lung cancer cells.?* We analyzed the effect of quer-
cetin in four glioma cell lines on expression of survivin
and XIAP. Survivin expression was strongly reduced
in three of four glioma cell lines, whereas XIAP was
reduced only in U87-MG. Notably, the U373 glioma cell
line, which could not be sensitized to TRAIL-mediated
apoptosis, showed suppression neither of survivin nor of
XIAP upon treatment with quercetin. The role of sur-
vivin in quercetin-TR AIL-mediated apoptosis was dem-
onstrated by ectopic expression. Cells with vector-driven
overexpression of survivin had a strongly reduced rate of
apoptosis after combined TRAIL-quercetin treatment.
These findings indicate that suppression of survivin is
a key mechanism through which quercetin enhances
TRAIL-mediated apoptosis. The previous demonstra-
tion of augmentation of TRAIL-induced apoptosis by
cycloheximide may also directly connect to survivin
prevalence,'®!! because survivin has a short half-life of
30 min, making this protein very susceptible to inhibi-
tion of protein synthesis. In contrast, XIAP expression
was reduced in only one of four cell lines upon quercetin
treatment. With the exception of U87-MG, the other cell
lines did not show XITAP reduction, paralleling the lack-
ing response of such treatment in non-small-cell lung
cancer cells.?* Low prevalence of both IAPs, survivin
and XIAP, may explain the high rate of apoptosis of
U87-MG upon quercetin-TRAIL treatment (Fig. 1E).
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We identified two potential mechanisms leading to
quercetin-induced changes of expression in survivin.
Pretreatment with MG132 significantly inhibited quer-
cetin-induced downregulation of survivin in U251 and
U87-MG glioma cells, suggesting that quercetin may
promote proteasome-mediated degradation of survivin.
Proteasome-mediated degradation of survivin as a
mechanism of regulation has already been reported.’*3”
It has been demonstrated that survivin protein was
unstable (half-life ~ 30 min) and easily ubiquitinized,
followed by degradation through the proteasome.?’
Akt, also referred to as Rac or protein kinase B, pro-
motes cell survival and blocks apoptosis.?® Activation
of phosphoinositide 3-kinase/Akt pathway generates
phosphatidylinositol-3,4,5-triphosphate, which in turn
binds to a domain of serine/threonine kinase Akt, result-
ing in recruitment of Akt to the cell membrane. A con-
formational change of Akt results in phosphorylation of
residues Thr-308 and Ser-473 by the upstream kinases
3-phosphoinositide dependent protein kinase-1 (PDK-1)
and PDK-2. Akt regulates apoptosis via the direct phos-
phorylation and inactivation of Bid, caspase 9, the Fork-
head transcription factors, and nuclear factor-xB.3%*0
The Akt-survivin pathway has been implicated in the
resistance of cancer cells to therapeutics and TRATL.*!#?
Quercetin has been shown to inhibit the Akt-1 pathway
in HepG2 cancer cells.*® In line with previous reports,
in the present study we demonstrated that the inhibi-
tory effect of quercetin on survivin expression appears
to result from suppression of Akt activity by quercetin,
because overexpression of phosphorylated Akt inhibited
quercetin-mediated survivin suppression in U87-MG
cells (Fig. 6C). Other research groups have also reported
that elevated Akt activity protects cells from TRAIL-
induced apoptosis,*’** which is in line with our results
because Akt regulates survivin expression.

In conclusion, we demonstrated that quercetin effec-
tively enhances TRAIL-mediated cytotoxicity by sup-
pressing survivin via increased proteasomal degrada-
tion and via repressing phosphorylated Akt known to
coregulate survivin protein levels.
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