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Quercetin Sensitizes Human Leukemic Cells to TRAIL-induced Apoptosis:
Involvement of DNA-PK/Akt Signal Transduction Pathway
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Despite the fact that many cancer cells are sensitive to TNF-related apoptosis-inducing ligand
(TRAIL)-induced apoptosis, some cancer cells show either partial or complete resistance to TRAIL.
Human leukemic K562 and CEM cells also show resistance to TRAIL-induced apoptosis. Novel molec-
ular target and treatment strategies are required to overcome TRAIL resistance of human leukemia
cells. Therefore, the purpose of this study was to target key anti-apoptotic molecules deciding TRAIL
resistance for sensitization of TRAIL-resistant K562 and CEM cells, and to evaluate the effect of quer-
cetin as a TRAIL sensitizer on these TRAIL-resistant cells. We found that quercetin acted in synergy
with TRAIL to enhance TRAIL-induced apoptosis in K562 cells by inhibition of the DNA-PK/Akt sig-
naling pathway, which leads to enhancement of TRAIL-mediated activation of caspases and con-
current cleavage of PARP and up-regulation of Bax. The findings suggest that the DNA-PK/Akt sig-
naling pathway plays an essential role in regulating cells to escape from TRAIL-induced apoptosis,
and quercetin could act in synergy with TRAIL to increase apoptosis by inhibition of the
DNA-PK/Akt signaling pathway, which overcomes TRAIL-resistance of K562 and CEM cells. This
study suggests that DNA-PK might interfere with TRAIL-induced apoptosis in human leukemic cells
through activation of the Akt signaling pathway.
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Introduction

TNF-related apoptosis-inducing ligand (TRAIL) is a

promising cancer therapy that preferentially induces apopto-

sis in cancer cells [3,21,27,40]. TRAIL is a transmenbrane pro-

tein that functions by binding to two closely related re-

ceptors, DR4 and DR5. TRAIL is capable of inducing apopto-

sis in a wide variety of cancer cells but some cancer cell

lines show either partial or complete resistance to the

pro-apoptotic effects of TRAIL [9,22,28,32,34]. The reason for

the TRAIL resistance is not regulated solely by the differ-

ential expression of the receptors. Instead, it appears to be

more likely that intracellular inhibitors acting downstream

of TRAIL receptors render some cells insensitive to TRAIL

since the resistance of many types of cancer cells to TRAIL

can be reversed by treatment with chemotherapeutic agents

or protein synthesis inhibitors [3,4,10,13,14,17,29,38]. It has

been reported that human leukemic cells showed resistant

to TRAIL-induced apoptosis [6,25,31]. The study of the intra-

cellular mechanisms that control TRAIL resistance of these

leukemic cells might enhance our knowledge of death re-

ceptor-mediated signaling and help to develop TRAIL-based

approaches for treatment of human leukemia.

There are many factors contributing to the resistance to

TRAIL-induced apoptosis. Among the cellular signaling

pathways that promote cell survival, Akt, a serine/threonine

protein kinase, is one of the important survival factors that

contribute resistance to TRAIL [7,23,24,30]. Previous studies

have shown that Akt is implicated in mediating a variety

of biological responses and plays an important role in sur-

vival when cells are exposed to various kinds of apoptotic

stimuli [2,26,36]. In fact, Akt has been demonstrated to in-

hibit apoptosis and cytochrome c release induced by several

pro-apoptotic Bcl-2 family members [18]. A recent report

suggests that phosphorylation of Akt at Ser473 may be medi-

ated by DNA-dependent protein kinase (DNA-PK) [11].

DNA-PK, a member of the PI3K-related kinase subfamily

of protein kinases, is a three-protein complex consisting of
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a 470-kDa catalytic subunit (DNA-PKcs) and the regulatory

DNA binding subunits, Ku heterodimer (Ku70 and Ku80)

and DNA-PK plays an important role in DNA repair and

protects cells from apoptosis induced by DNA damaging

agents [39]. DNA-PKcs colocalized with Akt and enhanced

Akt phosphorylation. Although Akt plays a critical role in

cell survival, the involvement of DNA-PK in the anti-

apoptotic function of Akt has not been investigated.

Resistance to TRAIL is an important therapeutic problem

that may be circumvented by combination treatments that

act by various mechanisms including a decrease in c-FLIP

levels or restoration of caspase 8 expression [15,33]. As most

agents used in such combinations are inherently toxic, it is

imperative to find nontoxic agents. It has been shown that

quercetin, a ubiquitous bioactive plant flavonoid, promotes

TRAIL-induced apoptotic death by dephosphorylation of

Akt in Human prostate adenocarcinoma cells [20]. Quercetin

has a wide range of biological activities including induction

of apoptosis and inhibition of various enzymes involved in

proliferation and in the signal transduction pathway [12].

Here, we suggest a new resistance mechanism of TRAIL

that the DNA-PK pathway plays an essential role in regulat-

ing cells to escape from TRAIL-induced apoptosis. We found

that quercetin could act in synergy with TRAIL to increase

apoptosis by down-regulation of DNA-PK and thus over-

come TRAIL-resistance of human leukemic K562 or CEM

cells. This study is the first to show that the DNA-PK path-

way could interfere with TRAIL-induced apoptotic signaling

in human leukemic cells through activation of Akt signaling

pathway.

Materials and Methods

Cell culture

Human chronic myelogenous leukemia (CML) K562 cells

and human leukemic lymphoid CCRF-CEM (CEM) cells

were maintained in culture in RPMI medium containing 10%

fetal bovine serum and antibiotics.

Proliferation assays

Cell proliferation was measured either by counting viable

cells by using the 3-(4, 5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT; Sigma Chemical

Company, St. Louis, MO) colorimetric dye-reduction

method. Following the removal of conditioned medium after

5 days of TRAIL and/or quercetin exposure, cells in 96-well

plates were incubated with 5 mg/ml MTT for 4 h. After cen-

trifugation, the medium was aspirated and MTT-formazan

crystals solubilized in 100 μl DMSO. The optical density of

each sample at 570 nm was measured using ELISA reader.

The optical density of the media was proportional to the

number of viable cells. The level of inhibition was measured

as a percentage of control growth (no drug in the sample).

All experiments were repeated at least two experiments in

triplicate.

Western blot analysis

Protein samples were separated by SDS-PAGE and blotted

to nitrocellulose membrane (Hybond-ECL, GE Healthcare).

The membrane was incubated with antibody as specified,

followed by secondary antibody conjugated with horse-

radish peroxidase. Specific antigen-antibody complexes were

detected by enhanced chemiluminescence (PerkinElmer, Life

science). Western blot analysis was performed with the fol-

lowing antibodies: anti-Ku70/Ku80, p-Bad, Caspase 3,

PARP, Bcl-2, p53 and Bax antibodies (Santa Cruz

Biotechnology, CA), anti-Akt, phospho-Akt (Ser 473),

Caspase 8 and Caspase 9 antibodies (Cell Signaling

Technology, MA), anti-Hsp70 and β-actin antibodies (Sigma-

Aldrich), anti-DNA-PKcs antibody (Thermo Fisher Scientific,

CA), anti-DR5 (Calbiochem, Germany) and anti-DR4 anti-

body (R&D Systems, MN). Secondary antibodies were ob-

tained from GE Healthcare.

Cell extract preparation and electrophoretic mobility

shift assay (EMSA)

Nuclear extracts were prepared from TRAIL and/or quer-

cetin cells as described previously [37]. In brief, 3×10
6

cells

were washed with cold phosphate buffered saline and har-

vested quickly and resuspended in 300 μl of lysis buffer [10

mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM

dithiothreitol (DTT), 0.5 mM phenyl methyl sulphonyl fluo-

ride (PMSF)]. The cells were allowed swelling in ice for 10

min. After 0.05% Nonidet P40 was added, the tube was vigo-

rously mixed 3 times for 3 sec on a vortex, and centrifuged

at 250× g for 10 min to pallet the nuclei. The nuclear pellet

was resuspended in 30 μl of ice-cold nuclear extraction buf-

fer (5 mM HEPES, pH 7.9, and 26% glycerol (v/v), 1.5 mM

MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF), and

then incubated on ice for 30 min with intermittent mixing,

and centrifuged at 24,000× g for 20 min at 4
o
C. The nuclear

extract was either used immediately or stored at -70oC for
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later use. 10 μg of nuclear extract was incubated with 32P-la-

beled double-stranded oligonucleotide, 5'-AGTTGAGGGGA

CTTTCCCAGGC-3' for Ku binding in binding buffer [10 mM

Tris-HCl, pH 7.9, 50 mM NaCl, 1 mM MgCl2, 0.5 mM EDTA,

4% glycerol containing 50 μg/ml of poly (dI-dC)]. The

DNA-protein complex was separated from free oligonucleo-

tide on 4% nondenaturing polyacrylamide gel using 0.5×

TBE buffer (44.4 mM Tris-HCl, pH 8.0, 44.5 mM boric acid,

1 mM EDTA) for 3 hr at 120 V. The gels were dried and

autoradiographed.

DNA-dependent protein kinase assay

The kinase activity of DNA-PK was determined using the

Signa TECT
TM

DNA-dependent Protein Kinase Assay System

(Promega Corp., Madison, WI). In brief, 10 μg of nuclear

extract was incubated with activator DNA, a biotinylated

p53-derived peptide substrate, and [γ-32
P] ATP at 30

o
C for

5 min. The sample was terminated by adding termination

buffer. Each termination reaction sample was spotted onto

SAM
2TM

Biotin Capture Membrane and washed with 2 M

NaCl and 2 M NaCl in 1% H3PO4. The SAM
2TM

Membrane

squares were analyzed using Molecular Imager System

(Bio-Rad Laboratories, Inc., Model GS 525, Hercules, CA).

Apoptosis assessment by Annexin V staining

K562 and CEM cells (2×10
5

cells/ml) were treated with

or without TRAIL and/or quercetin for 24 hr. After this, the

cells were centrifuged and resuspended in 500 μl of the stain-

ing solution containing Annexin V fluorescein (FITC

Apoptosis detection kit; BD ParMingen San Diego, CA) and

propidium iodide in PBS. After incubation at room temper-

ature for 15 min, cells were analyzed by flow cytometry.

Annexin V binds to those cells that express phosphatidyl

serine on the outer layer of the cell membrane, and propi-

dium iodide stains the cellular DNA of those cells that have

a compromised cell membrane. This allows for the discrim-

ination of live cells (unstained with either fluorochrome)

from apoptotic cells (stained only with Annexin V) and ne-

crotic cells (stained with both Annexin V and propidium io-

dide).

Results

Quercetin induced sensitization of TRAIL- resistant

K562 cells to TRAIL

Primary or cultured leukemia cells are resistant to TRAIL

(TNF-related apoptosis-inducing ligand)-induced apoptosis

[16]. The molecular factors regulating the sensitivity to

TRAIL are still incompletely understood in the TRAIL-re-

sistant cells. Therefore, to investigate the potential mecha-

nism of leukemic cells resistant to TRAIL, we determined

the susceptibility to TRAIL-induced apoptosis of K562 cells.

When K562 cells were treated with TRAIL (10- and 50

ng/ml) for 24 hr, TRAIL-induced apoptosis in K562 cells was

not observed with TRAIL alone (Fig. 1A).

In search of novel strategy to target TRAIL-resistant K562

cells, the effect of chemopreventive, natural compound quer-

cetin on sensitivity of TRAIL in K562 cells was determined

since it is known that quercetin possesses the activity of Akt

dephosphorylation, one of critical modulator of TRAIL

sensitivity. We therefore examined whether quercetin could

promote and sensitize to TRAIL-induced apoptosis in

TRAIL-resistant K562 cells by combined treatment of querce-

tin and TRAIL (Fig. 1B). When K562 cells were treated with

TRAIL (10- and 50 ng/ml) in the presence or absence of

quercetin (20 μM) for 24 hr, TRAIL-induced apoptosis in

K562 cells was not observed with TRAIL alone but combined

(A)

(B)

Fig. 1. Synergistic effect of quercetin on TRAIL-induced apopto-

sis in K562 cells. Cells were treated with TRAIL (10 or

50 ng/ml) (A) in the presence or absence quercetin (20

μM) of for 48 hr (B). Thereafter, the percentage of apop-

totic cells in each cell population was determined by

Annexin V staining and flow cytometry. Each point is

the average of triplicate determinants (P<0.05).
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treatment of TRAIL and quercetin resulted in an increase

of apoptosis in K562 cells. This result indicated that querce-

tin and TRAIL acted synergistically to induce apoptosis.

Down-regulation of DNA-PK is associated with an

increase in susceptibility to TRAIL-induced apoptosis

It has been reported that constitutively active Akt is an

important regulator of TRAIL sensitivity and elevated Akt

activity inhibited TRAIL-induced apoptosis [5]. Since

DNA-PKcs phosphorylates Akt at Ser473 [29] and the high

level of phosphorylated Akt (p-Akt) is closely correlated

with TRAIL resistance, we investigated whether DNA-PK

could be involved in modulation of TRAIL sensitivity. To

determine the effect of quercetin on DNA-PK signaling path-

way against K562 cells, the cells were treated with various

doses of quercetin (20～200 μM), and the changed levels of

DNA-PKcs, p-Akt and total Akt (t-Akt) were determined

(Fig. 2). The levels of DNA-PKcs and p-Akt were sig-

nificantly reduced by quercetin at high concentrations (100-

and 200 μM) but the level of t-Akt was not changed under

same condition. We further determined whether cleavage of

PARP and modulation of Ku, the other components of the

DNA-PK, by quercetin treatment. K562 cells treated with

quercetin showed cleavage of PARP and reduction of Ku70/

Ku80 and its DNA-binding activity, dose-dependently.

Fig. 2. Effect of quercetin on DNA-PK/Akt signaling pathway

in K562 cells. Cells were exposed to indicated doses of

quercetin for 24 hr, and subjected to western blot analy-

sis to monitor levels of DNA-PKcs, Ku70/80, p-Akt, total

Akt, and PARP. EMSA was carried out to measure level

of Ku DNA-binding activity in quercetin-treated cells.

These results suggest that down-regulation of DNA-PK might

be associated with an increase in susceptibility to TRAIL-in-

duced apoptosis via reduction of Akt phosphorylation.

We next determined whether inhibition of DNA-PK/Akt

pathway and subsequently activation of apoptosis machi-

nery occurred in K562 cells by combined treatment of quer-

cetin (20 μM) and TRAIL (10- or 50 ng/ml) (Fig. 3A). As

(A)

(B)

(C)

Fig. 3. Effect of quercetin on TRAIL-induced modulation of

DNA-PK/Akt signaling- and apotosis-related molecules

and its effect on modulation of caspases in K562 cells.

Cells were treated with quercetin (20 μM) in the pres-

ence or absence of TRAIL (10 or 50 ng/ml) for 24 hr.

Thereafter, western blot analysis was performed to

monitor levels of DNA-PKcs, p-Akt, total Akt, pBad,

Bcl-2 and Bax (A), DR4, DR5, and c-FLIPL (B). PARP,

EMSA was carried out to measure level of Ku

DNA-binding activity in the cells. DNA-PK activity was

measured by kinase activity assay of whole DNA-PK

complex. The activation of caspases 3,-8 and -9 and

PARP cleavage were determined by western blot analy-

sis (C). CF: cleavage fragment.
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expected, the levels of both DNA-PKcs and p-Akt synergisti-

cally reduced but total Akt did not affect level by co-treat-

ment of K562 with TRAIL and quercetin. Also, synergistic

reduction of DNA-PK kinase activitity and subsequently ac-

tivation of apoptosis machinery was observed in K562 cells

treated with quercetin and TRAIL. The cleavage of PARP

and concurrent down-regulation of Bcl-2 and up-regulation

of Bax were occurred in K562 cells co-treated with TRAIL

and quercetin, whereas the cells treated with TRAIL alone

showed neither cleavage of PARP nor changed level of Bcl-2

and Bax. Because the antiapoptotic protein Bad, a down-

stream target of Akt, which is phosphorylated by Akt, we

also investigated the level of phosphorylation of Bad (pBad).

In K562 cells co-treated with TRAIL and quercetin, the level

of p-Bad as well as p-Akt was decreased. Our results re-

vealed that inhibition DNA-PK and subsequent Akt signal-

ing pathway is required for TRAIL-induced apoptosis and

therefore quercetin might be enhanced TRAIL sensitivity in

K562 cells through inhibition of DNA-PK/Akt signaling

pathway.

Effect of quercetin on TRAIL-induced apoptosis

of K562 cells by caspase activation

Since it has been known that TRAIL-induced apoptosis

can be increase by increasing TRAIL receptor expression and

down-regulation of c-FLIP, we also determined whether

quercetin promotes TRAIL-induced apoptotic death by mod-

ulating the level of DR4/DR5 or c-FLIPL. Data from Western

blot analysis revealed that the combined treatment of TRAIL

(10- or 50 ng/ml) and quercetin (20 μM) did not significantly

alter the level of DR4/DR5 or c-FLIPL protein expression.

From these results, inactivation of DNA-PK/Akt signaling

pathway but not receptor-dependent death signals by quer-

cetin could be required for sensitization of K562 cells to

TRAIL (Fig. 3B).

On the other hand, TRAIL-induced apoptosis requires the

activation of caspases and PARP cleavage is a hallmark of

caspase activation. TRAIL-induced activation of caspase 8

leads to activation of downstream caspases including cas-

pase 9 and -3. To determine whether quercetin enhances

TRAIL-induced apoptosis by increasing the activation of cas-

pases, K562 cells were treated quercetin (20 μM) in the pres-

ence or absence of TRAIL (10- or 50 ng/ml), and then

changed activity of caspase was determined (Fig. 3C).

Combined treatment of quercetin and TRAIL gradually and

synergistically induced the proteolytic processing of procas-

pase 8, quercetin dose-dependently but quercetin or TRAIL

alone did not induce significant level of proteolytic process-

ing of procaspase 8. Similar results were observed for cas-

pase 9 and caspase 3 activation by combined quercetin and

TRAIL treatment. K562 cells co-treated with quercetin and

TRAIL showed activation of both caspase 9 and caspase 3,

whereas quercetin or TRAIL alone did not in and degrada-

tion of PARP duce the activation of these caspases.

Moreover, the combined treatment of quercetin and TRAIL

causes severe cleavage of PARP, a well known endogenous

substrate of caspase 3, whereas quercetin or TRAIL alone

failed to induce cleavage of PARP. These results showed that

quercetin enhanced TRAIL-induced activation of the cas-

pases 8, -9, -3 and the associated cleavage of PARP, and thus

sensitization of TRAIL-induced apoptosis by treatment with

quercetin is associated with an increase in the activation of

caspases 8, -9, and -3.

We conversely confirmed whether TRAIL also affects

quercetin-mediated modulation of DNA-PK/Akt signaling-

and apotosis-related molecule (Fig. 4A). Data from western

blot analysis clearly showed that high dose of quercetin or

TRAIL alone could not cleave DNA-PKcs but degradation

of DNA-PKcs that cleaved by caspase 3 was observed in

K562 cells co-treated with quercetin and TRAIL in a querce-

tin-dose dependent manner, which parallels that p-Akt and

subsequent Hsp70 levels as well as Ku DNA-binding activity

were severely reduced when the cells co-treated with quer-

cetin and TRAIL but the combined treatment did not alter

the level of total Akt. Consequently, up-regulation of Bax

and concurrent down-regulation of Bcl-2 were occurred in

K562 cells co-treated with TRAIL and quercetin.

In addition, K562 cells were treated with various concen-

trations of quercetin (20-, 100- and 200 μM) in the presence

or absence of TRAIL (50 ng/ml) for 4 hr, and then changed

activity of caspase was determined (Fig. 4B). TRAIL gradu-

ally and synergistically induced the proteolytic processing

of procaspase 8, quercetin dose-dependently by quercetin

but quercetin or TRAIL alone did not induce significant level

of proteolytic processing of procaspase 8. Similar results

were observed for caspase 9 and caspase 3 activation by

combined quercetin and TRAIL treatment. K562 cells

co-treated with quercetin and TRAIL showed activation of

both caspase 9 and caspase 3, whereas quercetin or TRAIL

alone did not in and degradation of PARP duce the activa-

tion of these caspases. Moreover, the combined treatment

of quercetin and TRAIL causes severe cleavage of PARP,
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(A)

(B)

Fig. 4. The effect of TRAIL molecule on quercetin-induced modu-

lation of DNA-PK/Akt and apotosis-related molecules

and its effect on modulation of caspases in K562 cells. Cells

were treated with graded doses of quercetin (20-, 100- and

200 μM) in the presence or absence of TRAIL (50 ng/ml)

for 4 hr, and then harvested. Western blot analysis was

performed to monitor levels of DNA-PKcs, total Akt,

p-Akt, Hsp70, Bax and Bcl-2 (A). The activation of cas-

pases 3,-8 and -9 and PARP cleavage were determined by

western blot analysis (B). CF: cleavage fragment.

whereas quercetin or TRAIL alone failed to induce cleavage

of PARP. These results showed that TRAIL enhanced quer-

cetin-induced activation of the caspases 8, -9, -3 and the asso-

ciated cleavage of PARP.

Sensitization of CEM cells to TRAIL by quercetin

Since we found that quercetin enhanced TRAIL response

of K562 cells by inhibition of DNA-PK signaling pathway,

we also examined whether quercetin promotes TRAIL-in-

duced apoptosis in other human leukemic cells (Fig. 5).

When human leukemic lymphoid CEM cells were treated

Fig. 5. Effect of quercetin on TRAIL-induced apoptosis in CEM

cells. Cells were treated with quercetin (20 μM) in the

presence or absence of TRAIL (2 or 10 ng/ml) for 48

hr. Thereafter, the percent of apoptotic cells in each cell

population was determined by Annexin V staining and

flow cytometry. Each point is the average of triplicate

determinants (P<0.05).

with TRAIL (2- and 10 ng/ml) for 24 hr, TRAIL-induced

apoptosis in CEM cells was not observed with TRAIL alone.

However, CEM cells, like K562 cells, clearly showed that

TRAIL-mediated apoptosis was synergistically enhanced by

quercetin. We observed that quercetin acted in synergy with

TRAIL to increase apoptosis in CEM cells in a dose-depend-

ent manner. To check the effect of quercetin on DNA-PK

signaling pathway against CEM cells, the cells were treated

with various doses of quercetin (20～200 μM), and the

changed levels of DNA-PKcs, p-Akt, total Akt and were de-

termined (Fig. 6A). CEM cells showed that the levels of

DNA-PKcs and p-Akt were significantly reduced but the lev-

el of total Akt was not changed by treatment of quercetin

at high concentrations (100- and 200 μM), which is almost

the same results in K562 cells. We next determined whether

quercetin enhances TRAIL-induced apoptosis by increasing

the inhibition of DNA-PK/Akt signaling cascade and PARP

cleavage (Fig. 6B). The levels of both DNA-PKcs and p-Akt

in CEM cells were synergistically decreased but total Akt

did not affect level by co-treatment of TRAIL and quercetin.

The kinase activity of whole DNA-PK complex was also de-

creased in CEM cells by combined treatment of quercetin

and TRAIL. PARP cleavage was remarkably accelerated in

the cells co-treated with TRAIL and quercetin than TRAIL

or quercetin alone.

Therefore, our results suggest that activation of DNA-PK

pathway limits TRAIL-induced apoptosis via Akt activation

and thus quercetin acts in synergy with TRAIL to enhance
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(A)

(B)

Fig. 6. Effect of quercetin on expression of DNA-PKcs/Akt and

synergistic effect of quercetin and TRAIL on DNA-PK/

Akt signaling-related molecules in CEM cells. Cells were

indicated doses of quercetin for 24 hr, and subjected to

western blot analysis to monitor levels of DNA-PKcs,

p-Akt, and t-Akt (A). Cells were treated with quercetin

(20 μM) in the presence or absence of TRAIL (2 or 10

ng/ml) for 24 hr, and then harvested. Western blot analysis

was performed to monitor levels of DNA-PKcs, total Akt,

p-Akt, and cleavage of PARP. DNA-PK activity was meas-

ured by kinase activity assay of whole DNA-PK complex.

TRAIL-induced apoptosis in human leukemia cells such as

K562 and CEM cells by inhibition of DNA-PK as well as

Akt signaling pathway, which leads to TRAIL-mediated acti-

vation of caspase, and PARP cleavage. This model provides

a framework for overcoming of TRAIL resistance of other

cancer cells by combined treatment of TRAIL and agent that

targeted inhibition of DNA-PK activity.

Discussion

Induction of apoptosis in cancer cells by TRAIL is a prom-

ising therapeutic principle in oncology, although toxicity

and resistance against TRAIL are limiting factors. Indeed,

many tumors remain resistant towards treatment with

TRAIL, which has been related to the dominance of an-

ti-apoptotic signals. Therefore, the purpose of this study was

to target key anti-apoptotic molecules deciding TRAIL resist-

ance for sensitization of TRAIL-resistant human leukemic

cells such as K562 and CEM cells. We found that DNA-PK

could interfere with TRAIL-induced apoptosis in human leu-

kemic cells through activation of Akt signaling pathway and

DNA-PK/Akt signaling pathway plays an essential role in

regulating cells to escape from TRAIL-induced apoptosis.

A variety of reports has suggested the role of Akt in che-

motherapeutic resistance to apoptosis and indicated its pro-

survival function [7,23,24,26,30]. Indeed, it has been reported

that activated Akt subsequently phosphorylates and in-

activates several proapoptotic molecules including TRAIL

and thus down-regulation of Akt activity promotes TRAIL

cytotoxicity [2,36].

In addition to having a role in DSB repair of DNA-PK,

the DNA-PK catalytic subunit, a member of PI3K family,

performs an essential phosphorylation on Akt Ser-473 [8].

Since DNA-PKcs physiologically interacts with and activates

Akt, it is very possible that both DNA-PK and Akt activities

contribute to cancerous cell survival.

In this study, we suggest that the susceptibility to

TRAIL-induced cytotoxicity is associated with inhibition of

DNA-PK/Akt signaling cascade in human leukemic cells.

K562 cells expressing constitutive high level of p-Akt and

DNA-PKcs exhibited resistant to TRAIL, whereas K562/R3

variant isolated from K562 cells displaying loss of DNA-

PKcs/p-Akt level and their kinase activities through in-

activation of DNA-PK/Akt signaling cascade exhibited rath-

er hypersensitivity to TRAIL (data not shown). Therefore,

our data indicated the possibility that K562 cells protect

against TRAIL-induced apoptosis by activation of DNA-PK/

Akt signaling pathway, and target them to induce growth

inhibition and apoptosis in response to TRAIL. It indicated

that targeting of DNA-PK as a key modulator of TRAIL re-

sponsiveness could help to design TRAIL-based combina-

tions for treatment of human leukemia cells.

DNA-PK acts upstream to Akt and is important for both

phosphorylation and activation of Akt. Indeed, it has been

reported that tumor cells resistant to anticancer drugs show

increases in both DNA-PK expression and its kinase activity

[35], and the use of inhibitor that possesses inhibitory action

of DNA-PK activity improved the effectiveness of anticancer

drug [19,41], suggesting that DNA-PK may play an im-

portant role in the development of drug resistance.

Therefore, TRAIL in combination with agents that down-reg-

ulate DNA-PK can have clinical applicability in treating

TRAIL-insensitive human leukemic cells.
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Quercetin is known to inhibit Akt phosphorylation as well

as expert multiple effects on cellular growth and apoptosis

[34]. We found that quercetin possesses inhibitory action of

expression and activity of both DNA-PK and Akt at high

concentration, suggesting possibility that quercetin could

potentiate TRAIL-induced apoptosis by inhibition of

DNA-PK and p-Akt signaling cascade.

Our data showed that quercetin potentiated TRAIL-medi-

ated cytotoxicity and synergistically enhanced apoptosis

when K562 cells were co-treated with TRAIL and quercetin,

suggesting the possibility that TRAIL-resistance of leukemic

cells could be overcome and restored TRAIL sensitivity by

quercetin. We revealed the molecular mechanism that quer-

cetin acted in synergy with the TRAIL to increase apoptosis

in leukemic cells. By combination of these agents, inhibition

of Akt phosphorylation via down-regulation of DNA-PK

was occurred in the cells, which consequently led to

TRAIL-mediated activation of caspase such as caspase 3, -8

-9 and cleavage of PARP. Concurrently, up-regulation of Bax

and down-regulation of Bcl-2 were observed in the cells

treated with these agents but treatment with quercetin or

TRAIL alone did not significantly modulate this signaling

cascade. From these results, inhibition of DNA-PK/Akt sig-

naling pathway but not receptor-dependent death signals by

quercetin could be required for sensitization of K562 cells

to TRAIL. A similar mechanism is operative in other human

leukemic CEM cells. Quercetin sensitizes TRAIL-resistant

CEM cells expressing constitutive high level of DNA-PK and

p-Akt to TRAIL-induced apoptosis by inhibition of DNA-

PK/Akt signaling pathway.

Therefore, quercetin is a potent promoter of TRAIL-in-

duced apoptosis and thus might be candidate to overcome

resistance of TRAIL-insensitive other cancer cells expressing

constitutive high level of DNA-PK. Therefore, selective in-

hibition of DNA-PK/Akt signaling pathway may be benefi-

cial for anticancer therapy of TRAIL.

Overall, our study provides important insights into how

quercetin promotes TRAIL-induced apoptotosis against

TRAIL-resistant human leukemic cells and this model pro-

vides a framework for overcoming of TRAIL resistance of

other cancer cells including prostate, lung, ovarian and

breast cancer cells.
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초록：Quercetin 에 의한 사람백혈병 세포의 TRAIL에 대한 감수성 증가: DNA-PK/Akt 신호전달경

로의 관여
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1
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2
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(부산대학교 의학전문대학원 생화학교실, 1국립보건원 만성질환연구부, 2창원대학교자연과학대학 미생물학과)

TNF-related apoptosis-inducing ligand (TRAIL) 는 암세포에만 작용하고 정상세포에는 영향을 주지 않는 항암제

로서 알려져 있지만, TRAIL에 내성을 나타내는 암세포의 출현이 문제점으로 지적되고 있다. 사람 백혈병세포인

K562 및 CEM 세포는 TRAIL에 내성을 나타낸다. 본 연구에서는 이러한 백혈병 세포의 TRAIL 내성에 대한 새로운

표적 분자의 발굴과 이를 토대로 한 새로운 내성극복 방법을 연구하였다. 새로운 TRAIL sensitizer로서 quercetin을

발굴하고, 이를 K562 세포에 TRAIL과 병용 투여하므로서 TRAIL의 효과 증강에 의한 내성극복을 시도하였다.

Quercetin은 DNA-PK/Akt 신호전달경로를 억제하므로서, caspases 활성 증강과 PARP cleavage, 이에 따른 Bax의

발현을 증강시키는 기전으로 K562 세포의 TRAIL에 의한 apoptosis를 증대시키는 활성이 있음을 밝혔다. 이러한

quercetin 병용 처리에 의한 TRAIL 의 활성 증강으로 TRAIL 내성이 극복됨을 CEM 세포에서도 확인하였다. 이러한

연구 결과는 DNA-PK 발현 증강에 의한 Akt의 활성화가 TRAIL 내성을 유발하는 기전을 토대로 함을 밝힘으로써,

DNA-PK 활성 억제제를 TRAIL과 병용하므로서 TRAIL 내성을 나타내는 암세포에 내성 극복 효과를 얻을 수

있는 새로운 약제 병용 방법을 제시하였다.


