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The tumor necrosis, factor-related, apoptosis-inducing ligand (TRAIL) is regarded as a potentially use-
ful anticancer agent with excellent selectivity for cancer cells. However, a considerable number of can-
cer cells are resistant to apoptosis induction by TRAIL. Developing strategies to overcome this resist-
ance are important for the successful use of TRAIL for cancer therapy. Here, we revealed that
siRNA-mediated downregulation of SIRT1 or SIRT1 inhibitor Amurensin G upregulated DR5 and
c-Myc and downregulated c-FLIPL/S and Mcl-1, which was associated with sensitization of TRAIL-re-
sistant MCF-7 cells to TRAIL. This result was followed by the activation of caspases, PARP cleavage,
and downregulation of Bcl-2 in both TRAIL-treated MCF-7 cells transfected with SIRT1 siRNA and
cells co-treated with Amurensin G and TRAIL. Our results suggest that the induction of DR5 and
downregulation of c-FLIP via suppression of SIRT1 expression may be a useful strategy to increase
the susceptibility of TRAIL-resistant cancer cells to TRAIL-induced cell death.
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Introduction

Tumor necrosis factor–related apoptosis-inducing ligand

(TRAIL) has shown remarkable promise as an anticancer

agent [31]. TRAIL is a relatively safe and most promising

death ligand for clinical application compared with other

death ligands of the TNF-a family. It has been shown to ex-

hibit potent tumoricidal activity against a variety of human

cancer cell lines in vitro and in vivo with minimal or no tox-

icity to nonmalignant human cells [2]. TRAIL induces apop-

tosis in tumor cells by binding to death receptors

TRAIL-R1/DR4 and TRAIL-R2/DR5 [26]. These receptors

include an intracellular death domain, which triggers the ac-

tivation of the caspase signaling cascade after association of

ligand with the receptor, with or without the involvement

of mitochondria [30]. The majority of breast, prostate, ovar-

ian, lung carcinoma, multiple myeloma, and leukemia cells

are resistant to apoptosis induced by TRAIL [25]. Resistance

of tumor cells to TRAIL seems to occur through the modu-

lation of various molecular targets. These may include differ-

ential expression of death receptors, such as low expression

of DR4 andDR5, increased surface levels of decoy receptors,

overexpression of antiapoptotic molecules, mutations in

apoptotic genes, such as Bax and Bak, defects in caspase sig-

naling in resistant cells [25,35]. Several chemotherapeutic

drugs in combination with TRAIL result in reversal of resist-

ance to TRAIL-mediated apoptosis through up-regulation of

DR5 expression.

It has been reported that inhibition of histone deacetylases

(HDACs) that reverses aberrant epigenetic changes have

emerged as a potential strategy to sensitize cancer cells for

TRAIL-induced apoptosis [8]. HDAC inhibitors as single

agents have been shown to cause inhibition of proliferation,

differentiation, cell death and suppression of tumor growth

in a number of different cancers both in vitro as well as in

vivo [5]. In addition to this single agent activity, HDAC in-

hibitors have been tested in combination with a large variety

of different anticancer agents, including classical chemo-

therapeutic drugs, radiotherapy or proteasome inhibitors

[4,6,12]. Moreover, HDAC inhibitors can prime tumor cells

towards TRAIL-induced apoptosis as demonstrated in a set

of different human malignancies [8]. Multiple mechanisms

have been put forward to provide an explanation for the

HDAC inhibitor-mediated sensitization of cancer cells to-

wards TRAIL receptor-mediated apoptosis [3].
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HDAC inhibitors can also prime cancer cells for

TRAIL-triggered apoptosis by downregulation of anti-

apoptotic proteins, for example, c-FLIP. Indeed, a variety of

class I and II HDAC inhibitors, for example valproic acid,

depsipeptide, sodium butyrate, trichostatin A and LAQ824,

have been shown to decrease expression levels of c-FLIP

[1,10,20,24,33]. However, inhibitor of SIRT1 deacetylase, a

member of the class III HDAC family, has not been reported

to augment TRAIL-induced apoptosis and its mechanism.

Here, we determined whether suppression of SIRT1 or

amurensin G, a newly identified SIRT1 inhibitor, would sen-

sitize the TRAIL-resistant MCF-7 cells to TRAIL-induced

apoptosis.

Materials and Methods

Cell culture and reagents

Human breast adenocarcinoma MCF-7 cells were cultured

in DMEM medium containing 10% (v/v) fetal bovine serum

(FBS, Gibco BRL, Life Technologies Inc., USA), penicillin (100

U/ml), and streptomycin (100 mg/ml). The cells were main-

tained in 5% CO2/95% O2 at 37°C. Recombinant human solu-

ble TRAIL was obtained from R&D Systems (Minneapolis,

MN, USA), and amurensin G isolated from the stem of Vitis

amurensis [17] was provided by prof. Oh W. K. (Chosun

University, Korea).

Apoptosis assay

MCF-7 Cells (2×10
5

cells/ml) were treated with or without

TRAIL and/or amurensin G for the indicated doses. Also,

to determine whether TRAIL-induced apoptosis occurs

through the death receptors, cells were pretreated with the

TRAIL-R1 (anti-DR4) or TRAIL-R2 (anti-DR5) antibody (0.5

μg/ml, R & D Systems, Minneapolis, MN, USA) or normal

goat IgG (Sigma-Aldrich Corp., St Louis, MO, USA) for 2

h before treatment with TRAIL for 24 h. Apoptosis was the

measured by annexin V assay. The cells were centrifuged

and resuspended in 500 μl of a staining solution containing

annexin V fluorescein (FITC Apoptosis Detection Kit; BD

Pharmingen, San Diego, CA, USA) and propidium iodide

in PBS. After incubation at room temperature for 15 min,

the cells were analyzed by flow cytometry for discrimination

of live cells (unstained with either fluorochrome) from apop-

totic cells (stained only with Annexin V) and necrotic cells

(stained with Annexin V and propidium iodide).

MTT cell proliferation assay

Cell proliferation was measured by counting viable cells

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

trazolium bromide (MTT; Sigma Chemical Company, St.

Louis, MO, USA) colorimetric dye-reduction method.

Exponentially growing MCF-7 cells (2×104 cells/well) were

plated in a 96-well plate and incubated in growth medium

treated with the indicated concentration of TRAIL and/or

amurensin G at 37°C. After 96 h, the medium was aspirated

using centrifugation 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 medium was proportional to the number of viable

cells. Inhibition of proliferation was evaluated as a percent-

age of control growth (no drug in the medium). All experi-

ments were repeated in at least two experiments in triplicate.

Flow cytometric analysis of TRAIL receptors

MCF-7 cells (5×10
5

cells/well) treated with or without

TRAIL (or amurensin G) were centrifuged at 500 × g and

resuspended in 500 μl PBS. Cells were then incubated with

5 μl of mouse IgG, anti-DR4, or anti-DR5 monoclonal mouse

antibody (1:100; R&D Systems, Minneapolis, MN, USA) for

2 h. After washing with PBS, FITC-conjugated rabbit an-

ti-mouse IgG (1:200; Sigma Chemical Co., St. Louis, MO,

USA) was added to cell suspensions, incubated for 2 h on

ice, and washed with PBS. After rinsing, samples were ana-

lyzed by flow cytometry using a FACSCalibur flow cy-

tometer (Becton Dickinson, San Jose, CA, USA). The data

were analyzed using CellQuest software.

Western blot analysis

Protein samples were separated by SDS-PAGE and blot-

ted onto nitrocellulose membranes (Hybond-ECL, GE

Healthcare Life science, Piscataway, NJ, USA), which were

then incubated with specific antibodies followed by secon-

dary antibody conjugated with horseradish peroxidase.

Specific antigen-antibody complexes were detected by en-

hanced chemiluminescence (PerkinElmer, Waltham, MA,

USA). Western blot analysis was performed using the fol-

lowing antibodies: SIRT1, caspase-8, caspase-7 (Cell

Signaling Technology, Danvers, MA, USA), c-Myc, Mcl-1,

Bak and caspase-7 (Epitomics, Burlingame, CA, USA), p21,

TERT, PARP, Bcl-2 and Bax (Santa Cruz Biotechnology,

Santa Curz, CA, USA), DR5/DR4 (Calbiochem, San Diego,

CA, USA), c-FLIPL/S (Alexis, San Diego, CA, USA) and β
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-actin antibody (Sigma-Aldrich Co., St. Louis, MO, USA).

Secondary antibodies were obtained from Cell Signaling

Technology.

siRNA transfection

The siRNA used for the targeted silencing of SIRT1

(5'-AACUUCACCACCAGAUUAUUCdTdT-3‘) and scram-

bled (5‘-CUUCCCGAAAACUUGAGACdTdT-3‘) were pur-

chased from Bioneer (Daejeon, Korea). In brief, MCF-7 cells

(2×10
5

cells/ml) were seeded on 6-well plates and trans-

fected with 0.2 μM of siRNA using oligofectamine reagent,

according to the manufacturer's instructions (Invitrogen,

Carlsbad, CA, USA). Cells were then incubated at 37°C for

4 h in serum free media and FBS was added to 10%. After

48 h, cells were treated with TRAIL for an additional 24 h

and then collected for western blot analysis to determine

the levels of SIRT1 and other indicated proteins.

Statistical analysis

All results were expressed as the mean ± standard error

(SE) of at least three independent experiments performed

in triplicate. The statistical significance of difference was as-

sessed using the Student’s t-test.

Results

Suppression of SIRT1 in TRAIL-resistant MCF-7

cells enhanced susceptibility to TRAIL

Since SIRT inhibitors can be used in combinatorial treat-

ments with conventional anticancer therapeutics to enhance

the drug efficacy and for overcoming resistance [18], we first

determined whether knockdown of SIRT1 could sensitize

TRAIL-resistant cells to TRAIL-induced apoptosis using hu-

man breast adenocarcinoma MCF-7 cell line, which is well

known to be resistant to TRAIL-induced cell death [14]. To

validate apoptotic cooperation between TRAIL and knock-

down of SIRT1, MCF-7 cells were exposed to TRAIL after

transfecting the cells with either SIRT1 siRNA or control

scrambled siRNA, and apoptosis was determined 24 h later

using flow cytometric analysis. TRAIL-mediated apoptosis

in MCF-7 cells was found to be greatly enhanced by trans-

fection of SIRT1 siRNA compared with transfection of

scramble siRNA (Fig. 1). These results suggest that inhibition

of SIRT1 potentiates apoptotic activity of TRAIL in

MCF-7cells.

Fig. 1. Enhancement of TRAIL-induced apoptosis by inhibition

of SIRT1. MCF-7 cells were transfected with SIRT1

siRNA or scrambled siRNA and after 48 h treated with

various concentrations of TRAIL (10- and 50 ng/ml) for

96 h. Cell survival was determined using MTT assay.

Percentage of apoptotic cells in each cell population was

determined with flow cytometry using Annexin V

staining. Each value represents the mean±SE of triplicate

experiments.

Suppression of SIRT1 up-regulated DR5 cell

surface expression and it was associated with

up-regulation of c-Myc

Next, we determined whether down-regulation of SIRT1

could modulate the cell surface expression of TRAIL re-

ceptors since the cell surface expression of DR4/DR5 plays

an important role in TRAIL-induced apoptosis [13].

Transfection of MCF-7 cells with SIRT1 siRNA resulted in

the differential regulation of the cell surface expression of

DR4 and DR5. Cell surface expression of DR5, but not DR4,

was markedly increased by transfection of SIRT1 siRNA

(Fig. 2).

Since c-Myc can up-regulate the expression of the TRAIL

receptor DR5 at the cell surface [32], we examined whether

amurensin G, a new natural SIRT1 inhibitor could modulate

the expression of c-Myc. When MCF-7 cells were treated

with various concentration of amurensin G, SIRT1

expression was profoundly decreased and conversely

increased the expressions of DR5 and c-Myc. The expression

of TERT (telomerase reverse transcriptase) and Bak were

up-regulated but the expression of p21, Mcl-1 and c-FLIPL/S

were down-regulated by amurensin G-induced c-Myc

expression (Fig. 3). These results suggest the possibility that
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Fig. 2. Enhancement of the cell-surface expression of DR5 by

inhibition of SIRT1. A, MCF-7 cells were transfected with

SIRT1 siRNA or scrambled siRNA. After 48 h cells were

labeled with control IgG, anti-DR4 or DR5 antibody

(1:100) and subsequently stained with FITC-conjugated

secondary antibodies (1:200). Cell surface expressions of

DR4 and DR5 were quantified by flow cytometry.

Shaded and unshaded peaks corresponded to control

and specific stainings, respectively. B, the results of

cell-surface expression of DR4/DR5 after SIRT1 siRNA

transfection, shown in panel A, were quantified and nor-

malized to scrambled siRNA-transfected control cells

the up-regulation of DR5 and down-regulation of c-FLIP af-

ter suppression of SIRT1 might be due to the up-regulation

of c-Myc. To further confirm the up-regulation of DR5 by

amurensin G treatment, we determined whether treatment

of MCF-7 cells with amurensin G modulated the cell surface

expression of TRAIL receptors. Our data showed that treat-

ment of MCF-7 cells with amurensin G resulted in the differ-

ential regulation of the cell surface expression of DR4 and

DR5. Surface expression of DR5, but not DR4, was markedly

increased by amurensin G treatment as determined by FACS

analysis (Fig. 4), suggesting that inhibition of SIRT1 resulted

in enhanced susceptibility to TRAIL at least in part via the

up-regulation of DR5.

Fig. 3. Up-regulation of c-Myc, TERT, Bak and DR5, and

down-regulation of c-FLIP, Mcl-1 and p21 by inhibition

of SIRT1. MCF-7 cells were treated with amurensin G

(1-, 2.5- and 5 μg/ml) for 24 h, and changed levels of

c-Myc, TERT, Bak ,DR5, c-FLIPL/S, Mcl-1 and p21 were

determined by western blotting. Actin was used as a

loading control.

Amurensin G potentiated TRAIL-induced cytotoxicity

of MCF-7 cells through activation of caspase-8

Since above data showed that amurensin G directly in-

duced up-regulation of DR5, we evaluated the cytotoxic ef-

fect of combined amurensin G and TRAIL treatment in

MCF-7 cells. The combination effect of amurensin G with

TRAIL on MCF-7 cells was tested by MTT cell proliferation

assay. As shown in Fig. 5, TRAIL-induced cytotoxicity of

MCF-7 cells was significantly enhanced by amurensin G.

This data showed that amurensin G potentiated TRAIL-in-

duced cytotoxicity and sensitized MCF-7 cells to TRAIL.

It has been reported that the activation of TRAIL receptor

leads to the cleavage and activation of pro-caspase-8, which

leads to activation of caspase-3 via caspase 8-mediated cleav-

age of BID, amplifying caspase-3 activation through cas-

pase-9 [9]. Thus, we examined whether the increased sus-

ceptibility to TRAIL by amurensin G was accompanied by

the activations of caspase-8 and caspase-7 since MCF-7 cells

lack caspase-3 but undergo mitochondrial-dependent apop-

tosis via caspase-7 activation. The cleavage and activation

of both procaspase-8 and procaspase-7 was significantly
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Fig. 4. Modulation by amurensin G of cell surface DR4/DR5 receptors expression. After treatment of MCF-7 cells with amurensin

G (1- and 5 μg/ml) for 8 h, cells were labeled with control IgG, anti-DR4 or DR5 antibody (1:100) and subsequently stained

with FITC-conjugated secondary antibodies (1:200). Cell surface expressions of DR4 and DR5 were quantified by flow

cytometry. Shaded and unshaded peaks corresponded to control and specific stainings, respectively.

Fig. 5. Enhancement of TRAIL-induced cytotoxicity by amur-

ensin G. MCF-7 cells were treated with various concen-

trations of TRAIL (1~50 ng/ml) in the presence or ab-

sence of amurensin G (5 μg/ml) for 96 h. Cell survival

was determined using MTT assay. Each value represents

the mean±SE of triplicate experiments.

Fig. 6. Up-regulation of c-Myc and enhancement of TRAIL-in-
duced caspase activation by amurensin G. MCF-7 cells
were treated with TRAIL (5 or 25 ng/ml) in the presence
or absence of amurensin G (5 μg/ml) for 24 h and the
cleavage of pro-caspases and PARP, and Bcl-2 level were
determined by western blotting. CF, cleavage fragments.
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Fig. 7. Enhancement of TRAIL-induced activation of caspase-8

and inactivation of c-FLIP by inhibition of SIRT1. MCF-7

cells were transfected with SIRT1 siRNA or scrambled

siRNA and after 48 h treated with TRAIL (5 or 25 ng/ml)

for 8 h. Western blotting was performed to determine

levels of SIRT1, Bax and Bcl-2, and cleavage of PARP,

pro-caspase -8.

higher in MCF-7 cells co-treated with TRAIL and amurensin

G than in cells treated with TRAIL alone via up-regulation

of c-Myc and down-regulation of SIRT1. These results were

followed by the increased cleavage of PARP, a hallmark of

caspase-dependent apoptosis. We further examined whether

SIRT1 inhibition could modulate antiapoptotic Bcl-2 proteins

during TRAIL-induced apoptosis. In the MCF-7 cells

co-treated with TRAIL and amurensin G, the level of Bcl-2

was remarkably decreased as compared with the cells treat-

ed with TRAIL alone. These results suggest that the in-

hibition of SIRT1 can sensitize TRAIL-resistant MCF-7 cells

to TRAIL by caspase activation involved in TRAIL pathway.

Knockdown of SIRT1 enhanced TRAIL-induced

caspase-8-dependent apoptosis and down-regulation

of c-FLIP and Mcl-1

To further confirm that inhibition of SIRT1 could affect

TRAIL-mediated apoptotic pathways involved activation of

the caspase-8 and down-regulation of c-FLIP, we examined

whether knockdown of SIRT1 could modulate the activity

of caspase-8 and the expression of c-FLIP. When MCF-7 cells

were transfected with SIRT1 siRNA, SIRT1 expression was

profoundly suppressed and subsequently expressions of

c-Myc, the cleavage of procaspase-8 and c-FLIPL and sub-

sequent activation of caspase-8 were occurred, which was

followed by the increased cleavage of PARP, down-regu-

lation of Bcl-2 and Mcl-1. These findings suggest that knock-

down of SIRT1 enhanced TRAIL-induced caspase-8-depend-

ent apoptosis through down-regulation of c-FLIP and Mcl-1.

Discussion

In this study, we found that inhibition of SIRT1 in

TRAIL-resistant enhanced susceptibility to TRAIL. The

mechanism responsible for the potentiation effect of SIRT1

inhibition on TRAIL-induced apoptosis was found to in-

volve mainly in the up-regulation of DR5 and the down-reg-

ulation of c-FLIP through modulation of c-Myc expression.

We also revealed that amurensin G, a potent new SIRT1 in-

hibitor isolated from Vitis amurensis, would be used as a sen-

sitizer of TRAIL in TRAIL-resistant cancer cells.

HDAC inhibitors appear to lower the apoptotic threshold

by decreasing the expressions of anti-apoptotic genes, and

thus, there is a strong rationale for combining HDAC in-

hibitors with direct activators of the apoptotic process [21].

Synergistic tumor cell death has been reported in a variety

of human cancers using different HDAC inhibitors together

with TRAIL, and understanding of the molecular mecha-

nism that underlie the synergistic interaction of HDAC in-

hibitor and TRAIL can be used to design applied the design

of cancer-selective novel therapeutics [7].

Inhibitors of HDAC were recently shown to increase cell

death induced by TRAIL in weakly TRAIL-sensitive cancer

cells [28]. It has been reported that trichostatin A (TSA) or

suberoylanilide hydroxamic acid (SAHA), the class I and II

HDAC inhibititor can sensitize TRAIL-resistant cancer cells

to TRAIL-induced apoptosis [19,29]. But, the role of class

III HDAC inhibition in enhancing death receptor-mediated

apoptosis was not well documented.

In the present study, we showed that a class III HDAC

amurensin G or knockdown of SIRT1 enhanced TRAIL-in-

duced cytotoxicity in TRAIL-resistant MCF-7 cells. In addi-

tion, the cell surface expression of DR5, but not of DR4, was

found to be increased in MCF-7 cells after treatment amur-

ensin G. These results suggest that DR5 up-regulation might

be an importnat role in SIRT1 inhibition-mediated potentia-

tion of TRAIL-induced cell death. Indeed, it has been re-

ported that suberoylanilide hydroxamic acid, m-carboxycin-

namic acid bis-hydroxamide, MS-275 and TSA, the class I
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and II HDAC inhibitors, synergized with TRAIL by inducing

DR4 and/or DR5 through NF-κB activation in breast cancer

cells in vitro [28]. The expression of DR5 can be regulated

transcriptionally by various transcription factors [15,27,32].

We revealed that c-Myc was increased by knock-down

of SIRT1 or treatment with amurensin G, indicating that

up-regulation of DR5 by inhibition of SIRT1 might be asso-

ciated with the up-regulation of c-Myc. Since SIRT1 could

interact with and deacetylates c-Myc and reduced c-Myc sta-

bility [34], our data indicated the possibility that inhibition

of SIRT1 by knock-down of SIRT1 or treatment with amur-

ensin G would increase c-Myc stability, and consequently

potentiate TRAIL-induced cell death.

c-Myc also repressed expression of c-FLIP and Mcl-1 tran-

scription and thus rendered resistant human cancer cells

sensitive to TRAIL-induced death [22,23]. Since our data

showed that the inhibition of SIRT1 with amurensin G or

knockdown of SIRT1 down-regulated the expression of

c-FLIP and Mcl-1, which might be associated with up-regu-

lation of c-Myc.

The up-regulation of DR5 and c-Myc induced by

knock-down of SIRT1 or treatment with amurensin G was

followed by augmentation of the activation of caspase-8 and

Bax, PARP cleavage, during the TRAIL-induced apoptosis

in MCF-7 cells. c-Myc can prime mitochondria through a

mechanism involving the activation of Bak, enabling weak

TRAIL-induced caspase-8 signals to activate Bax [16] and

siRNA-mediated depletion of c-Myc in metastatic cancer

cells suppressed the TRAIL-induced up-regulation of DR5

and activation of caspases [11].

Taken together, our study showed that the suppression

of SIRT1 significantly increased TRAIL-induced cytotoxicity

via the DR5 surface expression and the down-regulations

of c-FLIP and Mcl-1, and up-regulation of c-Myc by SIRT1

inhibition was involved in sensitization of resistant MCF-7

cell to TRAIL.
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초록：SIRT1 억제에 의한 DR5 발현증강과 c-FLIP 발현저해 작용으로 사람유방암세포 MCF-7의

TRAIL 감수성 증강

이수훈1․김학봉1․김미주1․이재원1․배재호1․김동완2․강치덕1․김선희1*

(
1
부산대학교 의학전문대학원 생화학교실,

2
창원대학교 자연과학대 미생물학과)

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)은 암세포 선택적으로 작용하므로서 유용한

항암제로 주목 받고 있다. 그러나, TRAIL 에 내성을 나타내는 암세포도 많이 존재한다. 그러므로 TRAIL 내성을

극복할 수 있는 방법을 고안하는 연구는 암 치료 요법에 매우 중요하다. 본 연구에서는 SIRT1 siRNA 또는 SIRT1

inhibitor인 amurensin G를 사람 유방암세포에 처리하면 DR5및 c-Myc의 발현 증강과 c-FLIPL/S 및 Mcl-1 발현

억제를 유도하므로서, TRAIL 에 내성을 나타내는 사람유방암세포 MCF-7 세포의 TRAIL 감수성을 증강시킴을

알 수 있었다. 또한, SIRT1 억제에 의한 caspase 활성화, PARP cleavage 및 Bcl-2 발현감소를 나타내었다. 이러한

연구결과는 SIRT1 저해에 의한 DR5 유도와 함께 c-FLIP 발현 억제가 TRAIL 내성 암세포의 TRAIL 반응성 증강

에 유용한 기전으로 사용 될 수 있음을 시사하였다.


