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Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) exhibits potent antitu-

mour activity via membrane receptors on cancer cells without deleterious side-effects

for normal tissue. Unfortunately, like many other cancer types, breast cancer cells develop

resistance to TRAIL; therefore, TRAIL-sensitising agents are currently being explored.

In this study, we report that seleno-cyclodextrin (2-selenium-bridged b-cyclodextrin, 2-

SeCD), a seleno-organic compound with glutathione peroxidase (GPx)-mimetic activity,

sensitises TRAIL-resistant human breast cancer cells and xenograft tumours to undergo

apoptosis. In vitro, 2-SeCD reduces the viability of cancer cells by inducing cell cycle arrest

in G2/M phase. Furthermore, 2-SeCD efficiently sensitises MDA-MB-468 and T47D cells but

not untransformed human mammary epithelial cells to TRAIL-mediated apoptosis, as evi-

denced by enhanced caspase activity and poly-ADP-ribose-polymerase (PARP) cleavage.

From a mechanistic standpoint, we show that 2-SeCD induces the expression of TRAIL

receptors DR5 but not DR4 on both mRNA and protein levels in a dose-dependent manner.

Moreover, 2-SeCD treatment also suppresses TRAIL-induced nuclear factor-jB (NF-jB) pro-

survival pathways by preventing cytosolic IjBa degradation and p65 nuclear translocation.

Consequently, the combined administration suppresses anti-apoptotic proteins transcrip-

tionally regulated by NF-jB. In vivo, 2-SeCD and TRAIL are well tolerated in mice, and their

combination significantly inhibits the growth of MDA-MB-468 xenografts and promotes

apoptosis. Up-regulation of DR5 and down-regulation of NF-jB by dual treatment were also

observed in tumour tissues. Overall, 2-SeCD sensitises resistant breast cancer cells to

TRAIL-based apoptosis in vitro and in vivo. These findings provide strong evidence for the

therapeutic potential of this combination against breast cancers.
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1. Introduction as selective inhibitors of thioredoxin reductase,25,29,30 which
Tumour necrosis factor (TNF) a-related apoptosis-inducing

ligand (TRAIL) is a member of the TNF family of cytokines.

TRAIL exerts cytotoxic effects on malignant cells without

any harm to normal cells.1 To date, five members of the hu-

man TNF receptor (TNFR) superfamily have been identified

that can bind TRAIL. The death receptors DR4 (TRAIL-R1)

and DR5 (TRAIL-R2) contain two cysteine-rich extracellular

TRAIL-binding domains and a cytoplasmic death domain that

are required for transmitting a cytotoxic signal.2,3 The decoy

receptors DcR1 (TRAIL-R3) and DcR2 (TRAIL-R4) also possess

comparable affinities for binding to TRAIL, but they do not

transmit apoptogenic signals due to non-functional death do-

mains.4,5 Finally, TRAIL binds the receptor osteoprotegerin

(TNFR11B), which is a soluble protein incapable of signalling.6

Following TRAIL engagement with either DR4 or DR5, the

ligated death receptors cluster and microaggregate within

the cell membrane, thereby initiating formation of the

death-inducing signalling complex (DISC).7 The functional

death-inducing signalling complex is composed minimally

of death receptors (DR4 and DR5), adapter protein fas-

associated death domain (FADD), and caspase 8 or 10.8 Active

caspases 8 and 10 cleave and directly activate downstream

effector caspases (3, 6, and 7), which ultimately cut vital

cellular substrates and result in apoptosis.9 Meanwhile, the

TRAIL receptor signalling pathway also leads to the activation

of the nuclear factor-jB (NF-jB), which operates as a negative

regulator of DISC formation.10,11 Once stimulated by TRAIL,

the subunit of NF-jB could translocate to the nucleus and

up-regulate anti-apoptotic genes, such as cellular FLICE-like

inhibitory proteins (c-FLIP) and cellular inhibitors of apoptosis

(c-IAPs), which eventually thwart the activation of

caspases.12,13

As a promising therapy agent for the treatment of malig-

nancies, TRAIL has been shown to induce apoptosis in breast

carcinomas.14 Unfortunately, the majority of cell lines are

insensitive to TRAIL-induced apoptosis, and the mechanism

of resistance has been attributed to the dysfunction of different

steps in the apoptosis pathways, as well as the elevation of sur-

vival signals.15 A combination therapy was, therefore, envi-

sioned, based on the recent evidence that the pretreatment

of tumour cells with a chemotherapeutic agent could sensitise

them to TRAIL.15,16 However, the combinations should be taken

very carefully due to potential toxicity to normal tissues.17,18 In

this respect, it will be important to find a safe and effective

agent to overcome TRAIL resistance in breast cancer therapy.

Seleno-cyclodextrin (2-selenium-bridged b-cyclodextrin, or

2-SeCD, Fig. 1A), a synthetic seleno-organic compound with

unique glutathione peroxidase (GPx)-like activity, has exhib-

ited anti-oxidant and anti-inflammatory properties with very

low toxicity.19,20 It has been extensively demonstrated as a

promising substitute for ebselen, a well known GPx mimic,21

with enhanced enzymatic activity and water solubility.22–24 In

recent years, 2-SeCD and other related GPx mimics have been

shown to exhibit antitumour effects against breast carcinoma,

glioblastoma and acute myeloid leukaemia.25–28 Importantly,

2-SeCD and its tellurium (Te) derivative have been evidenced
is over-expressed in cancer cells and has become a target for

cancer therapy.31 Our recent study revealed that a 2-SeCD ana-

logue was able to suppress the translocation of NF-jB that was

stimulated by TNFa.32 Considering that NF-jB could be a target

for TRAIL-sensitisation, we hypothesised that a combination

of 2-SeCD and TRAIL could be a promising strategy in the treat-

ment of refractory breast tumours.

In this study, the effects of 2-SeCD in combination with

TRAIL have been investigated in breast cancer cell lines. We

report that 2-SeCD is able to sensitise cancer cells to TRAIL-

mediated apoptosis via DR5 induction and NF-jB inhibition.

Importantly, using the MDA-MB-468 xenograft model, we fur-

ther demonstrate that this combination is well tolerated in

mice and reduces tumour burden. For the first time, we pres-

ent clear evidence that 2-SeCD, a GPx mimic, can overcome

TRAIL resistance in vitro and in vivo; therefore, this combina-

tion provides a powerful therapeutic option for human breast

cancer treatment.

2. Materials and methods

2.1. Cell lines and reagents

Human MDA-MB-468 and T47D breast carcinoma cells

(American Type Culture Collection) were grown in DMEM

(Gibco) supplemented with 4.5 g/L of glucose, 4 mmol/L of

L-glutamine, 100 units/mL of penicillin/streptomycin and 10%

FCS (Invitrogen). Human mammary epithelial cells (HMECs;

Cambrex) were grown as described in the manufacturer’s

instructions. All cells were grown at 37 �C in a humidified

incubator with 5% CO2 atmosphere. 2-SeCD was prepared as

described in our previous work.22 Soluble Recombinant Human

TRAIL was purchased from R&D Systems. The pan-caspase

inhibitor z-VAD-fmk and the caspase-8 inhibitor Z-IETD-FMK

were purchased from Alexis Corporation.

2.2. Transient transfections

Cells were transfected with the RelA/p65 expression vector

pCMV4-p65 (Panomics) or the empty vector pCMV4-neo using

Lipofectamine� 2000 Reagent (Invitrogen) in Optimem

serum-free medium. After overnight transfection, Optimem

was replaced with fresh complete medium, and the cells were

allowed to recover for 8 h. The resulting cells were used

immediately in experiments evaluating the effects of 2-SeCD

and/or TRAIL.

2.3. Cell viability assay

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-

yl)-2-5-diphenyltetrazolium bromide (MTT, Chemicon) colori-

metric method. Following the treatment of cells (5 · 103/well)

with various concentrations of 2-SeCD and/or TRAIL in 96-well

plates for 24 h, a 20-lL/well MTT (5 mg/mL) solution was

added. After 4-h incubation at 37 �C, the formazan crystals

were solubilised with 150 lL/well dimethylsulphoxide for

10 min. The absorbance values of the solution in each well



Fig. 1 – 2-Selenium-bridged b-cyclodextrin (2-SeCD) sensitises human breast cancer cells to tumour necrosis factor-related

apoptosis-inducing ligand (TRAIL)-induced cytotoxicity in vitro. (A) The structural formula of 2-SeCD. (B) 2-SeCD sensitises

cancer cell lines to TRAIL-induced cytotoxicity. MDA-MB-468 and T47D cells were treated with different concentrations of

TRAIL (0–1000 ng/mL, left) or 2-SeCD (0–40 lM, right) for 24 h; and then, cell viability was determined by MTT assay. (C) 2-

SeCD sensitises resistant breast cancer cells, but not untransformed human mammary epithelial cells (HMECs), to TRAIL-

induced cytotoxicity. Breast cancer cells and HEMC cells were treated simultaneously with 2-SeCD (20 lM) and/or TRAIL

(200 ng/mL) for 24 h. Columns, mean percentage of viable cells relative to control group (n = 3); bars, standard deviation (SD).
*P < 0.05 versus control group. #P < 0.05 versus 2-SeCD alone group. T and S denote TRAIL and 2-SeCD, respectively. (D)

Synergistic induction of cell death by 2-SeCD and TRAIL. For combination experiments, six doses of 2-SeCD and TRAIL were

used from serial dilutions covering the IC50 (fractional affected 0.5) values. The combination index (CI) analysis was

conducted according to the median-effect plot analysis of Chou and Talalay. CI < 1, CI = 1, and CI > 1 represent synergism,

additivity, and antagonism of the two agents, respectively. Cell viability was determined by MTT assay.
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were measured at 570 nm using an ELx808 microplate reader

(BioTek Instruments).

2.4. Apoptosis assay

For caspase activity assay, cells were exposed to Caspase-Glo

3/7 and Caspase-Glo 8 assay kits (Promega) for 30 min at room

temperature, and the luminescence was quantified in a plate-

reading luminometer (Thermo Labsystems). Annexin V as-

says were done using the Annexin V-FITC apoptosis detection

kit (Clontech) per the manufacturer’s instructions. As a stan-

dard, 10,000 cells per treatment condition were analysed by

FACS Calibur (Becton Dickinson) using a Cell Quest Software.

2.5. Cell cycle analysis

After vehicle or agent treatment, cells were washed twice in

phosphate buffered saline (PBS) and then incubated overnight

in 70% ethanol at –20 �C. The fixed cells were then incubated

with 50 lg/mL propidium iodide containing 0.25 mg/mL

RNase A at 37 �C for 30 min. Cell distribution was analysed

with a Becton Dickinson FACS Calibur flow cytometer using

the Cell Quest Software. For each experiment, 104 events per

sample were recorded.

2.6. Flow cytometry of death receptors

Cellswere analysedfor the surface expressionof DR4 and DR5 by

indirect staining with primary goat anti-human DR4 and DR5

(R&D Systems), followed by FITC-conjugated rabbit anti-goat

IgG (Sigma). Briefly, cells (1 · 106) were stained with 200 lL PBS

containing saturating amounts of anti-DR4 oranti-DR5 antibody

on ice for 30 min. After incubation, cells were washed twice and

reacted with FITC-conjugated rabbit anti-goat IgG on ice for

30 min. After washing with PBS, the expression of these death

receptors was analysed by FACS Calibur (Becton Dickinson).

2.7. Reverse transcription-polymerase chain reaction (RT-
PCR)

Quantitative real-time PCR was performed to determine the

mRNA expression levels of death receptors and NF-jB target

gene expression level. Total RNAwas isolated from cells treated

with vehicle or various concentrations of 2-SeCD using the

RNeasy Mini Kit (Qiagen). A reverse transcription reaction with

1 lg total RNA in 100 lL was carried out according to the Taq-

Man Reverse Transcription Kit (Applied Biosystems) instruc-

tions. For quantitative PCR, 1 lL gene primers with SYBR

Green (Applied Biosystems) was applied to a 20-lL reaction vol-

ume. Primer sequences for each of the genes analysed are as

follows: DR4 forward primer: 5 0-GCTCAGGTTGTTTGTTG-

CATCGGC-3 0, reverse primer: 5 0-GCCAGTTTTGTTGGAGGCGTT

CCG-30; DR5 forward primer: 5 0-GAGACAACAAAACGGCGCCGA

GGT-3 0, reverse primer: 5 0-CAGCAACTGTGAGACTACGGCTAC-

3 0; cIAP-1 forward primer: 5 0-CAGCCTGAGCAGCTTGCAA-3 0,

reverse primer: 5 0-CAAGCCACCATCACAACAAAA-3 0; XIAP for-

ward primer: 5 0-AGTGGTAGTCCTGTTTCAGCATCA-3 0, reverse

primer: 5 0-CCGCACGGTATCTCCTTCA-3 0; survivin forward pri-

mer: 5 0-TGCCTGGCAGCCCTTTC-3 0, reverse primer: 5 0-CCT

CCAAGAAGGGCCAGTTC-3 0; and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) primers, all purchased from Clontech.

Temperature cycling and real-time fluorescence measurement

were done using ABI prism 7300 Sequence Detection System

(Applied Biosystems). The relative expression level for each tar-

get gene mRNA was calculated using the following formula:

[2 – (CT target – CT GAPDH)] · 100%, where CT is the threshold

cycle.

2.8. Small interfering RNA

The 25-nucleotide small interfering RNA (siRNA) duplexes

used in this study were purchased from Invitrogen and had

the following sequences: DR5, ACAAUACCGACCUUGACCA

UCCC; and green fluorescent protein (GFP), AAGACCCGCGCC

GSGGUGAAG. For transfection, cells were seeded in 10-cm

dishes at 30% confluency, and siRNA duplexes (200 nM) were

introduced into the cells using Lipofectamine 2000 (Invitro-

gen), according to the manufacturer’s recommendations.

2.9. Total, cytosolic and nuclear proteins extraction

Cells were collected after 24 h of treatment and pretreated

with a 25-lL protease inhibitor cocktail (Pierce). An NE-PER

Nuclear and Cytoplasmic Extraction kit (Pierce) was used to

extract nuclear and cytoplasmic contents. Samples were con-

centrated with PEG 8000, and protein concentrations were

estimated using a Micro BCA kit (Pierce).

2.10. Western blot analysis

Samples (30 lg protein) were separated by sodium dodecyl sul-

phate–polyacrylamide gel electrophoresis (SDS–PAGE) and

then transferred to nitrocellulose paper (Immobilon-NC,

Millipore) soaked in a Tris (20 mM), glycine (150 mM) and meth-

anol (20%) buffer at 55 V for 4 h. After washing, the blots were

incubated overnight at 4 �C with the following primary anti-

bodies: mouse monoclonal anti-cyclin A, anti-cyclin B1, anti-

p21, anti-p27, anti-RelA (p65), anti-IjBa, PARP, anti-histone H4

(diluted 1:1000 v/v, Santa Cruz); anti-caspase-3, anti-caspase-

8, anti-TRAIL-R2, anti-TRAIL-R1, anti-cIAP1, anti-cIAP2, anti-

XIAP, anti-survivin (1:2000 v/v, Stressgen) and mouse monoclo-

nal anti-b-actin and anti-a-tubulin (1:2000 v/v, Sigma). Follow-

ing incubation, the secondary antibodies (diluted 1:2000 v/v,

Sigma) were added for 1 h at room temperature. Proteins were

visualised using an enhanced chemiluminescence system

(Santa Cruz) and captured on X-ray films.

2.11. Luciferase assay

Cells were transiently cotransfected with an NF-jB reporter

construct (pNF-jB) or a control reporter plasmid (pControl)

(Panomics), together with a b-galactosidase reporter vector

(Promega), which was used to normalise NF-jB reporter gene

activity, using Lipofectamine� 2000 (Invitrogen). After 16-h

incubation, the cells were treated with TRAIL in the presence

or absence of 2-SeCD for 24 h. Cell lysates were prepared

using Reporter Lysis Buffer (Promega). For luciferase and

b-galactosidase assays, the samples were measured by a

luminometer using the Bright-Glo luciferase assay kit and b-

galactosidase enzyme assay kit (Promega), respectively.
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2.12. In vivo tumour growth model

MDA-MB-468 cells (5 · 106) resuspended in 0.1 mL serum-free

DMEM were subcutaneously (s.c.) injected into the right axilla

of 6-week-old female Balb/c nu/nu mice (National Academy of

Medical Sciences). When the average size of tumours reached

approximately 100 mm3 (about 14 d), animals were randomly

separated into four groups (n = 8/group) to receive treatment of

an intraperitoneal (i.p.) injection of vehicle control (100 lL of

0.9% NaCl), 2-SeCD (60 mg/kg/2 d – dose of 0.05LD50, based on

preliminary experiments, 1.2 mg/2 d for a 20-g mouse in a max-

imal volume of 100 lL 0.9% NaCl), TRAIL (10 mg/kg/2 d) and the

combination of 2-SeCD plus TRAIL (6 h after 2-SeCD treatment).

The volume of the tumours and the weight of the mice were

measured every 3–4 d. Tumour size was measured with a calli-

per and calculated by the following formula: (long axis · short

axis2)/2. On day 52 after inoculation, treatments were termi-

nated when the tumours in the control group (vehicle only)

reached an average of 2.0 cm in the largest (L) dimension.

2.13. Tissue and blood analysis

Mice were killed under anaesthesia using avertin; blood sam-

ples were subsequently collected for the serum chemistry and

toxicology studies. Tumour tissues were then immediately re-

moved, fixed in paraformaldehyde at room temperature for

48 h, and then embedded in paraffin. For immunohistochem-

istry, dewaxed tissue sections (5.0 lm) were fixed and incu-

bated with primary antibodies: PCNA, Ki-67, p65-NFjB and

TRAIL-R2/DR5 (Santa Cruz). The detection of nuclei with frag-

mented DNA by terminal deoxyribonucleotidyl transferase-

mediated dUTP nick end labelling (TUNEL) was accomplished

using an in situ cell death detection kit (POD; Roche) accord-

ing to the instructions of the manufacturer.

2.14. Statistical analysis

The mean and SD were calculated for each experimental

group. Differences between groups were analysed by one- or

two-way ANOVA followed by Bonferroni’s multiple compari-

son tests using PRISM statistical analysis software (GraphPad

Software version 5.0). Significant differences among groups

were calculated at P < 0.05. The interaction between 2-TeCD

and TRAIL was analysed by isobologram analysis using the

CalcuSyn Software Program (Biosoft, Ferguson, MO) to deter-

mine whether the combinations were additive or synergistic.

This program is based on the Chou–Talalay method,33 which

calculates a combination index (CI) to indicate additive or

synergistic effects. In this method, CI values <1 indicate syn-

ergy (the smaller the value, the greater the degree of synergy),

values >1 indicate antagonism and values equal to1 indicate

additive effects.

3. Results

3.1. 2-SeCD sensitises resistant human breast cancer cells
to TRAIL-induced cytotoxicity

We examined T47D and MDA-MB-468 cells for TRAIL sensi-

tivity using different concentrations (100, 200, 500 and
1000 ng/mL) of recombinant human soluble TRAIL. Cells

were treated for 24 h with TRAIL and then assessed for cell

viability using MTT assay. Consistent with the previous stud-

ies,15 less than 10% reduction of viability was observed in

cells treated with TRAIL, even when 1000 ng/mL was added

(Fig. 1B, left). Thus, we choose 200 ng/mL of TRAIL for the

experiments further on.

To investigate whether 2-SeCD could exhibit anti-prolifer-

ative effects, cancer cells were incubated with the increasing

concentrations of 2-SeCD (5, 10, 20 and 40 lM) for 24 h and

then also subjected to the MTT assay. Although treatment

with 5 and 10 lM 2-SeCD had no effect on cell growth rates,

�25% reduction in viability was observed in cells treated with

20 lM 2-SeCD. However, in cells treated with 40 lM concentra-

tions, the viability was similar to that observed at 20 lM

(Fig. 1B, right). On the basis of these results, we chose 20 lM

2-SeCD for the following characterisation of cell death.

We next evaluated whether 2-SeCD could cooperate with

TRAIL to induce growth suppression of breast cancer cells,

while sparing normal cells. As shown in Fig. 1C, approxi-

mately 70% decrease of cell viability in MDA-MB-468 and

T47D cells was observed with a combined treatment of

20 lM 2-SeCD and 200 ng/mL TRAIL. Thus, a significant

�3.0-fold reduction was observed when compared to 2-SeCD

individually. In addition, the combination treatment induced

minimal cytotoxic effects in untransformed HMECs cells,

indicating 2-SeCD did not abrogate the potential tumour

selectivity of TRAIL. Besides, HMECs cells did not exhibit

growth arrest by treatment with 2-SeCD alone, which is con-

sistent with our previous findings that 2-SeCD is not toxic to

cells derived from normal tissues. Notably, exposure to the

combination of 2-SeCD and TRAIL exerted synergistic effects

in T47D and MDA-MB-468 cells, as determined by the median

dose-effect isobologram analysis described by Chou and

Talalay.33 For 2-SeCD and TRAIL, the CI values ranged from

0.25 to 0.5 in each cell type (Fig. 1D). Taken together, these

results suggest that 2-SeCD synergistically sensitises resis-

tant breast cancer cells, not untransformed HMECs, to

TRAIL-induced cytotoxicity in vitro.

3.2. The sensitisation of TRAIL-Induced cytotoxicity by 2-
SeCD is associated with apoptosis

TRAIL-induced cancer cell death is mainly apoptotic. We next

examined whether cell death caused by TRAIL plus 2-SeCD

was associated with apoptosis. Breast cancer cells were cul-

tured with 2-SeCD and/or TRAIL for 24 h, and then subjected

to Annexin V/propidium iodide staining, which could directly

differentiate cell necrosis and cell apoptosis. Using the ac-

cepted criterion that apoptotic cells are Annexin V-positive/

propidium iodide-negative, we found that treatment with

TRAIL alone was not able to induce apoptosis in either

MDA-MB-468 or T47D cells. However, a significant increase

of apoptotic cells was observed in both of the cancer cell lines,

upon exposure to 2-SeCD. Notably, more apoptotic cells were

obtained when exposed to a combination of the two agents

(Fig. 2A). These results support our previous MTT analysis,

confirming that 2-SeCD is essential for the sensitisation of

cancer cells to TRAIL-induced apoptosis. The minimal per-

centages of Annexin V-positive/propidium iodide-positive



Fig. 2 – The sensitisation of TRAIL-induced cytotoxicity by 2-SeCD is associated with apoptosis. (A) Cells were treated with 2-

SeCD (20 lM) and/or TRAIL (200 ng/mL) for 24 h and then assayed for apoptosis by Annexin V (x-axis)/propidium iodide (y-

axis) staining. (B) Apoptosis was mostly blocked by the caspase inhibitor. Cells were incubated with 2-SeCD (20 lM) in the

presence (+) or absence (–) of TRAIL (200 ng/mL) for 24 h after 1 h pretreatment with (+)/without (–) z-VAD-fmk (100 lM).

Columns, mean percentage of apoptotic cells; bars, SD. *P < 0.05 versus 2-SeCD alone group. #P < 0.05 versus 2-SeCD + TRAIL

group. (C) Caspase-8, caspase-3 and PARP were analysed by immunoblotting (left) and activity assay (right). Columns, mean

fold change of three independent experiments to control-only; bar, SD. *P < 0.05 or **P < 0.01 versus control group. #P < 0.05

versus 2-SeCD alone group.
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signals were due to secondary necrosis of cells that originally

succumbed to apoptosis. Finally, the apoptosis induced by 2-

SeCD alone or in combination with TRAIL were completely

blocked when cells were pre-incubated for 1 h with 100 lM

z-VAD-fmk (Fig. 2B), a broad-spectrum caspase inhibitor, sug-

gesting a caspase-dependent mechanism.

We next analysed the caspase-8 cleavage, a proximal event

in the TRAIL-induced caspase cascade. As shown in Fig. 2C

left, TRAIL alone failed to induce detectable caspase-8 pro-

cessing when compared to control. In contrast, cleaved cas-

pase-8 was clearly detected in both of the cancer cells when

treated with 2-SeCD alone. Moreover, the cleaved caspase-8

was dramatically promoted by the combination treatment of

2-SeCD and TRAIL. The immunoblotting results were further

substantiated by a caspase activity assay (Fig. 2C, right). Com-

pared to the agent-alone group, the combination group signif-

icantly increased caspase-8 activity in both the MDA-MB-468

and T47D cells. Collectively, these data indicate that treatment

of resistant cancer cells with the combination of 2-SeCD and

TRAIL significantly elevates caspase-8 activity.

Next, the essential apoptosis executor caspase-3 and the

caspase-3 substrate PARP were also analysed to substantiate

the above results. Caspase-3 and PARP cleavages were barely

observed in both of the TRAIL-resistant cells when cultured

with TRAIL alone. By comparison, the cleavages were clearly

detected in both of the MDA-MB-468 and T47D cells when

treated with 2-SeCD, and these were all enhanced when cells

were cultured with the combination of 2-SeCD and TRAIL

(Fig. 2C). The caspase-3 and PARP cleavages were abrogated

when cells were incubated with Z-IETD-FMK (the caspase-8

inhibitor, data not shown), confirming the involvement of

caspase-8 activity in the 2-SeCD enhanced sensitisation.
3.3. 2-SeCD induced MDA-MB-468 and T47D breast
cancer cells to apoptosis by a mechanism involving G2/M
phase arrest

The loss of regulatory control of the cell cycle is a hallmark of

cancer, leading to unrestrained tumour cell proliferation.34 As

selenium compounds could interfere with cell cycle regula-

tors,35 we examined whether the apoptosis induced by 2-SeCD

was mediated by specific cell cycle arrest. Cells were treated

with TRAIL and/or 2-SeCD for 24 h, and then the cell-cycle dis-

tributions were investigated using flow cytometric analysis.

Fig. 3A reveals that 2-SeCD treatment (20 lM) not only increases

apoptotic cells at sub-G0 fractions (20.2%), but also causes a sig-

nificant arrest of cells in the G2/M phase (38.3%), whereas TRAIL

alone has no such effect on the cell cycle distribution. It is nota-

ble that 2-SeCD plus TRAIL further increases the number of

cells at the sub-G0 and G2/M phase, compared to either 2-SeCD

alone or TRAIL alone treatment. These data demonstrate the

synergistic effect between TRAIL and 2-SeCD is associated with

enhanced apoptosis as well as G2/M phase arrest.

To investigate possible molecular mechanisms involved in

the 2-SeCD-mediated cell cycle arrest, key molecules regulat-

ing the G2/M boundary of the cell cycle phase36 were exam-

ined in both MDA-MB-468 and T47D cell lines (Fig. 3B). After

0–48 h of incubation with 2-SeCD, protein levels of cyclin A,

cyclin B1, p21 and p27 were examined by Western blotting.
Although the levels of cyclin A and p27 were basically un-

changed, 2-SeCD significantly downregulated the expression

of cyclin B1, known to be essential for the progression of

DNA synthesis and G2/M transition, in a time- and dose-

dependent manner. In addition, p21, an inhibitor of Cdk–

cyclin B1 complex, was also significantly amplified after treat-

ment with 2-SeCD. As expected, TRAIL alone did not lead to

significant changes in key regulators of G2/M progression

(data not shown). Our data, therefore, imply that G2/M cell-

cycle arrest could be attributed to the down-regulation of

cyclin B1 and the up-regulation of p21 in breast cancer cells

by 2-SeCD treatment.
3.4. Up-regulation of TRAIL receptor DR5 is responsible
for sensitisation of breast cancer cells to TRAIL-induced
apoptosis by 2-SeCD

The activation of caspase-8 in the combined treatment sug-

gests that 2-SeCD targets an early step in the TRAIL-induced

apoptosis pathway. Therefore, we evaluated the effects of 2-

SeCD on the expression of various proteins involved in

TRAIL-initiated DISC components, including FADD, death

associated protein 3 (DAP3), DcR1, DcR2 and critical death

receptors (DR4/DR5). Although 2-SeCD had minimal effects

on the expression levels of the vast majority of these proteins

(Fig. 4 and data not shown), it notably increased DR5 protein

levels in resistant breast cancer cells.

As shown in Fig. 4A 2-SeCD increased DR5 expression in

the absence or presence of TRAIL in a dose-dependent man-

ner. Note that the DR5 antibody used here recognised two

DR5 splice variants, with approximate molecular weights of

43-kDa [DR5S(Short)] and 48-kDa [DR5L(Long)]. In contrast, 2-

SeCD did not detectably alter expression levels of DR4, even

at the highest concentration (80 lM). Additionally, flow cyto-

metric analysis of death receptors, considered as a more sen-

sitive method, was performed in both of the cell lines.

Compared to increased expression of DR5, DR4 levels were

not affected by 2-SeCD (Fig. 4B). Moreover, both cell surface

and total protein expression levels of DR5 were increased in

response to co-treatment with 2-SeCD plus TRAIL.

To determine whether 2-SeCD could regulate the gene

expression of DR4 and DR5, we treated MDA-MB-468 and

T47D cells with varying concentrations of 2-SeCD for 24 h,

and thereafter, we analysed the expression of death receptor

transcripts by means of real-time PCR. 2-SeCD treatment in-

creased DR5 mRNA levels in both of the cell lines in a

dose-dependent manner (Fig. 4C). However, 2-SeCD has no

significant effects on the expression of DR4 mRNA, which

are in agreement with the above results.

To clarify the functional significance of DR5 in the 2-SeCD-

mediated sensitisation of TRAIL-induced apoptosis, we as-

sessed the effects of DR5 knock-down by transfecting a

short-interfering RNAs (siRNA) into cells. Through the detec-

tion of caspase activation and the quantification of apoptotic

cells, we found that siRNA-mediated suppression of DR5

effectively blocks 2-SeCD-stimulated TRAIL-induced apopto-

sis (Fig. 5). Taken together, these data confirm that 2-SeCD-

mediated DR5 up-regulation is essential for TRAIL sensitivity

in resistant breast cancer cells.



Fig. 3 – Effects of 2-SeCD on cell cycle arrest and cell cycle-associated regulators. (A) 2-SeCD enhances the accumulation of

cells at G2/M phase. Cells treated with TRAIL (200 ng/mL) and/or 2-SeCD (0–40 lM) were determined by flow-cytometric

analysis. Insets indicated percentage of cells in sub-G0, G0/G1, S and G2/M phase of the cell cycle. Apoptotic cells were

measured by quantifying the sub-G0 peak in cell cycle pattern. (B) The expression levels of protein in response to treatment

with control or 2-SeCD (20 lM) for 0–48 h. Cell lysates were then prepared immediately and analysed by Western blotting for

cyclin A, cyclin B1, p21 and p27. Blots were re-probed for a-tubulin to establish equivalent loading.
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Fig. 4 – 2-SeCD increases DR5 protein and mRNA levels in breast cancer cell lines. (A) 2-SeCD treatment increases the DR5

protein levels, but not DR4. Immunoblotting was used to quantify total DR4 and DR5 protein levels in whole cell lysates

following 24 h of 2-SeCD treatment, using cell lysates normalised for total protein content. (B) 2-SeCD alone or 2-SeCD plus

TRAIL increase the surface expression levels of DR5. MDA-MB-468 and T47D cells were incubated with or without 2-SeCD

(40 lM) for 24 h, and the surface expression of DR5 and DR4 proteins was analysed by flow cytometry. x-axis, Fluorescence

intensity; y-axis, relative number of cells. Black histograms, cells treated with 2-SeCD alone or 2-SeCD plus TRAIL; white

histograms, control cells. (C) 2-SeCD treatment increases the DR5 mRNA levels. Real-time RT-PCR was used to quantify the

DR4 and DR5 mRNA levels following 24 h of 2-SeCD treatment. Fold increase of gene expression was calculated by dividing

the normalised gene expression activity by that of the untreated control.
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3.5. 2-SeCD inhibits TRAIL-induced NF-jB activation

Several studies have implicated that resistant breast cancer

cells could rapidly activate NF-jB to protect themselves from
TRAIL-induced death.37 However, the activity of NF-jB is reg-

ulated by its interaction with IjBa proteins, which can block

NF-jB from entering the nucleus.38,39 We, therefore, sought

to examine whether 2-SeCD might regulate the expression
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Fig. 5 – Suppression of DR5 expression by small interfering RNA (siRNA) reduces 2-SeCD-stimulated TRAIL-induced apoptosis

in breast cancer cells. MDA-MB-468 and T47D cells were transfected with the control GFP siRNA or DR5 siRNA. Twenty four

hours later, the cells were treated with TRAIL (200 ng/mL) and/or 2-SeCD (80 lM) for another 24-h treatment. (A) Cell lysates

were then subjected to Western blot analysis with anti-caspase 8, -caspase 3, -PARP, respectively. Western blots of DR5 were

done to confirm the knockdown of DR5 by siRNA transfection. (B) Apoptosis was also measured by Annexin V/propidium

iodide method using flow cytometry. Columns, mean of three independent experiments; bars, SD.
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of NF-jB and its inhibitors to the sensitisation of breast

cancer apoptosis induced by TRAIL. Fig. 6A reveals that the

nuclear levels of p65 are elevated in TRAIL-treated cancer

cells compared to the control. However, 2-SeCD treatments

significantly attenuate p65 expression in a dose-dependent

manner and almost abolished its nuclear translocation at

80 lM. Moreover, the findings of the cytoplasmic extracts

indicated that 2-SeCD supplementation completely blocked

TRAIL-induced degradation of IjBa, the NF-jB inhibitory

subunit,37 in both of the cell lines. Hence, the lack of IjBa

degradation with escalating doses of 2-SeCD can be correlated

with the minimal nuclear accumulation of p65.

To confirm that the increased sensitivity to TRAIL-medi-

ated apoptosis was due to inhibition of p65, cells were tran-

siently transfected with the pCMV4-p65 vector or the

control vector (pCMV4-neo). Immunoblot analysis of whole

cell extracts confirmed that MDA-MB-468-RelA cells and

T47D-RelA cells expressed higher levels of RelA as compared

to corresponding neo-cells (Fig. 6B). Then, we examined the

effects of 2-SeCD in TRAIL-induced apoptosis. Consistent

with the above results, 2-SeCD enhanced TRAIL-induced
apoptosis in both of the cell lines; however, the sensitisation

could be greatly reversed by ectopic expression of p65/RelA.

This result indicates that 2-SeCD-mediated potentiation of

TRAIL-induced apoptosis occurs partially through the inhibi-

tion of p65-mediated activation of NF-jB.

To further validate that 2-SeCD could inhibit the NF-jB path-

way, we analysed the effects of 2-SeCD on NF-jB activation in-

duced by TRAIL in cells using a luciferase-based NF-jB reporter

assay. As shown in Fig. 6C, 24 h TRAIL treatment results in �5-

fold NF-jB activation compared to the control group. However,

at this time point, 2-SeCD inhibited TRAIL-induced NF-jB acti-

vation in a dose-dependent manner, and it reduced the basal

activity of NF-jB in both of the cell lines at 80 lM.

As discussed above, NF-jB translocation contributes to the

TRAIL-resistance in cancer cells via its ability to up-regulate

the IAPs family.13 Hence, we evaluated the expression of

mRNA and protein expression of these IAPs in cells treated

with TRAIL in the absence and presence of 2-SeCD. As shown

in Fig. 6D, TRAIL alone increased mRNA and protein expres-

sion levels of c-IAP1, c-IAP2, XIAP and survivin after 24-h

incubation, whereas 2-SeCD co-treatment significantly
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reduced the four IAP genes and protein expressions in both of

the cell lines. This result indicates that 2-SeCD could suppress
A

B

C

expression of anti-apoptotic molecules that are transcription-

ally regulated by NF-jB.
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3.6. 2-SeCD and TRAIL results in tumour growth
inhibition and apoptosis in vivo

Based on the above findings, we next sought to evaluate

whether the effect of 2-SeCD alone and in combination with

TRAIL could inhibit tumour growth in vivo. As shown in

Fig. 7A, TRAIL is ineffective in inhibiting the tumour growth;

however, 2-SeCD clearly inhibits the growth of MDA-MB-468

xenografts in nude mice. More importantly, the combination

of 2-SeCD and TRAIL leads to a significant inhibitory effect

compared to either agent alone or vehicle control groups. In-

deed, the inhibition of tumour growth begins as early as with-

in the first 7 d and is maintained throughout the entire

experimental period, representing a substantial antitumour

effect between the two agents in vivo. Finally, these treat-

ments were well tolerated in nude mice, based on the 100%

survival rate and the minimal changes in body weight that

were observed (Fig. 7A).

We next evaluated the effects of agent treatment on tu-

mour cell proliferation and apoptosis (Fig. 7B). Very few apop-

totic cells were found in the vascularised tumour tissues

derived from control mice, indicating an environment able

to support the establishment of xenografts. Scoring immuno-

histochemical examination of tumour tissues revealed that

2-SeCD alone inhibited cell proliferation [proliferating cell

nuclear antigen (PCNA) and Ki-67 staining] and induced apop-

tosis (TUNEL staining) in xenograft tumours. On the contrary,

TRAIL had no effect on either tumour cell proliferation or

apoptosis compared with the control group. Importantly, the

combination of 2-SeCD and TRAIL was more effective in

inhibiting tumour cell proliferation and inducing apoptosis

than the use of a single agent alone.

3.7. 2-SeCD in combination with TRAIL regulates the
expression of p65-NF-jB and DR5 in vivo

We next sought to confirm the effects of 2-SeCD in combina-

tion with TRAIL on p65-NF-jB and DR5 expression levels

in vivo (Fig. 7C). Xenograft sections from each of the treatment

groups were immunostained with anti-p65 and anti-DR5
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h. After incubation, mRNA and protein levels of IAPs (IAP-1,
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antibodies, respectively. TRAIL alone had no significant effect

on the expressions of p65-NF-jB and DR5. By comparison,

treatment of mice with a combination of 2-SeCD and TRAIL

significantly led to more expression of DR5 and less expres-

sion of p65-NF-jB proteins than that seen in mice treated

with vehicles or TRAIL, which were all consistent with our

in vitro results.

4. Discussion

The advantage of the clinical application of TRAIL is that nor-

mal cells are resistant to its cytotoxic activity; and thus, it

specifically targets cancer cells. In spite of this observation,

TRAIL will probably not be viable as a single agent since the

majority of tumour cells are resistant to TRAIL. A combina-

tion therapy (chemotherapy or radiation) is, therefore, essen-

tial for the use of TRAIL against refractory tumours. In this

report, we found that 2-SeCD is capable of sensitising highly

resistant breast cancer cells to TRAIL-mediated apoptosis,

which is evidenced by the activation of caspase-3, caspase-8

and PARP. Furthermore, 2-SeCD acts synergistically with

TRAIL to reduce the tumour burden in the MDA-MB-468 xeno-

graft model. Importantly, we revealed the underlying

mechanisms of apoptosis induction and TRAIL-sensitisation

by 2-SeCD, which involve cell cycle arrest, DR5 induction

and NF-jB suppression (summarised in Fig. 8).

As an organoselenium compound, 2-SeCD induced MDA-

MB-468 and T47D breast cancer cells to apoptosis at least in

part by a mechanism involving G2/M phase arrest. Specifi-

cally, we have shown that cell cycle arrest is associated with

the reduction of cyclin B1, as well as the induction of p21,

which have been confirmed as the key regulators of G2/M pro-

gression. These results are consistent with other studies

showing that organic selenium compounds are involved in

the control of G2/M arrest in cancer cells.40 As TRAIL has no

such effects on cell cycle regulation, 2-SeCD could stimulate

other apoptosis pathways in breast tumours; thus, providing

a possible explanation for the observation that 2-SeCD, in

the absence of TRAIL, also modestly induces apoptosis in

breast tumours. Indeed, this finding is encouraging as the
activation. (A) Effects of TRAIL combined with 2-SeCD on p65

or the indicated time (top). Then, cells were treated with

f 2-SeCD (10–80 lM) for 24 h (bottom). Nuclear proteins and
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8 and T47D were transiently cotransfected with pNF-jB or

d with TRAIL for the indicated time (left). Transfected cells

0–80 lM) for 24 h (right). Data are expressed as fold increase

t experiments; bars, SD. **P < 0.01 versus untreated cells. (D)

evels of NF-jB targets inhibitors of apoptosis (IAPs) in breast

ation with various concentration of 2-SeCD (10–80 lM) for

XIAP and survivin) were analysed using real-time PCR (top)
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dual treatment might activate distinct apoptosis mecha-

nisms, which can result in greater potency for the killing of

tumour cells.

The sensitisation of tumour cells to TRAIL by 2-SeCD is

associated with the down-regulation of anti-apoptotic protein

NF-jB and up-regulation of death receptor DR5. We speculate

that both of these factors affect TRAIL sensitivity in cancer
cells. As a member of the Rel transcription factor family,

NF-jB is normally retained in the cytoplasm by binding IjBa.

Once triggered by different pathogenic stimuli (chemical

agents or cytokine), IjBa starts to degrade, and NF-jB can

translocate into the nucleus to up-regulate a number of genes

involved in survival responses. Evidence suggests that NF-jB

is a negative regulator of TRAIL-mediated cancer apoptosis



Fig. 7 – Effects of 2-SeCD and TRAIL on MDA-MB-468 xenografts in nude mice. (A) Tumour volumes and animal weight were

recorded during the 38 d of treatment. Points, mean of eight mice in each group; bars, SD. *P < 0.05 versus control group. (B)

Effects of 2-SeCD and/or TRAIL on apoptosis (terminal deoxyribonucleotidyl transferase-mediated dUTP nick end labelling

(TUNEL) staining) and cell proliferation (proliferating cell nuclear antigen (PCNA) and Ki-67 staining) of tumour tissues derived

from control and treated mice on day 52 by immunohistochemistry staining (top). C, T and S denote control, TRAIL and 2-

SeCD, respectively. Quantification of TUNEL, PCNA and Ki-67 positive tumour cells (bottom). a1, a2; b1, b2 and c1, c2 are

significantly different from their respective control groups. *P < 0.05 versus 2-SeCD group. (C) Effects of 2-SeCD and/or TRAIL

on p65-NFjB and death receptors, and quantification of positive tumour cells. a1, a2 and b1, b2 are significantly different from

their respective control groups; *P < 0.05 versus 2-SeCD group; #P < 0.05 versus TRAIL treated group. Tumour slides of different

treatment groups were visualised under a microscope, and the positive cells (red arrows) were quantified. Original

magnification 40·.
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and a functionally important target for TRAIL-sensitising ac-

tions.41,42 In this study, we clearly demonstrated that 2-SeCD
inhibits the nuclear translocation of p65-NF-jB in a dose-

dependent manner via stabilisation of its physiological
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Fig. 7 (continued)
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inhibitor, IjBa. This result is consistent with our earlier obser-

vations that 2-TeCD, a similar product to 2-SeCD, is able to

suppress the translocation of NF-jB that was stimulated by

TNFa.32 Since traditional selenium compounds were not re-

ported to target NF-jB activity in sensitising TRAIL-resistant

cancers,43,44 we hypothesise their unique GPx-like activity

would be an attractive explanation. GPx and its mimics have

been demonstrated to inhibit NF-jB translocation by increas-

ing the IjBa half-life, and, therefore, they play significant

roles in the prevention of cancer cell growth.28,45,46 Further-

more, other evidence indicates that GPx over-expression

could specifically impair NF-jB activation, p65 phosphoryla-

tion, and its nuclear translocation through a redox-regulated

mechanism.47–49 In addition, 2-SeCD might also down-

regulate NF-jB by inhibiting the activity of thioredoxin reduc-

tase, which have been demonstrated to activate NF-jB

through direct or indirect pathways.50,51 Taken together, our

findings indicate that the TRAIL-sensitising effects of 2-SeCD

are mediated at least in part by NF-jB down-regulation, which

is also strongly supported by critical in vivo data.

The death receptors, TRAIL-R1/DR4 and TRAIL-R2/DR5, are

selectively expressed in cancer cells and thus, offer an advan-

tage for TRAIL-targeted therapy and prevention. In this study,

it is clearly evident that 2-SeCD causes up-regulation of DR5

in a dose-dependent manner, thus creating a more TRAIL-

sensitive environment. Further studies are still necessary to

explore the intrinsic mechanisms; however, 2-SeCD-

suppressed p65 translocation might provide a possible
explanation. It has been recently discovered that p65

induction specifically inhibits the expression of death

receptors.52,53 Hence, 2-SeCD-up-regulated DR5 could be a

consequence of p65 suppression. In this respect, the sensiti-

sation of breast cancer cell to TRAIL by 2-SeCD can be

explained by a unifying mechanism. Intriguingly, we observed

that 2-SeCD does not promote DR4 production in the tested

cancer cell lines. The molecular mechanism associated with

the differential effects is not yet known; however, we cannot

exclude the possibility that 2-SeCD may also affect the

localisation, posttranslational modification, or other specific

components of the DR4 signalling complex.

The potent pro-apoptotic effect of 2-SeCD to sensitise

TRAIL against breast carcinoma cell lines in vitro prompted

us to evaluate its in vivo antitumour effects in Balb/c nude

mice bearing MDA-MB-468 tumour xenografts. Our results

show that 2-SeCD significantly sensitises xenografts to under-

go apoptosis by TRAIL. Tumour tissues derived from the com-

bined treatment group showed that 2-SeCD and TRAIL

synergistically inhibit proliferation (PCNA and Ki67 staining)

and induce apoptosis (TUNEL staining). Moreover, the sensi-

tising effects of 2-SeCD on TRAIL-induced apoptosis in vivo

are also associated with DR5 up-regulation and NF-jB sup-

pression, which are all consistent with the in vitro results.

Of note, this report provides the first preclinical data concern-

ing the in vivo efficacy and safety of 2-SeCD in combination

with TRAIL. At doses resulting in significant suppression of

tumour xenograft growth, the combination of 2-SeCD and



Fig. 8 – Working model of 2-SeCD in sensitising TRAIL-induced apoptosis by diverse mechanisms. Induction of DR5

expression by 2-SeCD contributes to cell sensitivity to TRAIL-based apoptosis and subsequent activation of initiator caspase-

8, as well as effector caspase-3. In addition, 2-SeCD suppresses TRAIL-induced NF-jB activation by preventing IjBa

degradation and RelA (p65) nuclear translocation. As a consequence, blockade of NF-jB – cellular inhibitors of apoptosis

(cIAPs) signalling by 2-SeCD abolishes counteraction of pro-survival factors on TRAIL-mediated apoptosis. Moreover, G2/M

cell cycle arrest induced by 2-SeCD was associated with p21 induction and cyclin B1 suppression, which can result in greater

potency for the killing of cancer cells by the combination treatment.
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TRAIL is well tolerated in mice, without apparent toxicity to

normal tissues.

In summary, we have highlighted a novel function of 2-

SeCD: it sensitises human cancer cells to TRAIL-induced

apoptosis via the up-regulation of DR5 and down-regulation

of NF-jB. Our studies provide strong clinical evidence that

2-SeCD in combination with TRAIL can be used for the treat-

ment of breast cancer.
Conflict of interest statement

None declared.
Acknowledgements

This work was supported by the grants from the Natural Sci-

ence Foundation of China (Nos: 91027023, 20874036 and

20921003), the NSFC for Outstanding Younger Scientist (No.

20725415), and the National Basic Research Program

(2007CB808006).
R E F E R E N C E S
1. Walczak H, Miller RE, Ariail K, et al. Tumoricidal activity of
tumor necrosis factor-related apoptosis-inducing ligand
in vivo. Nat Med 1999;5:157–63.
2. Pan G, O’Rourke K, Chinnaiyan AM, et al. The receptor for the
cytotoxic ligand TRAIL. Science 1997;276:111–3.

3. Walczak H, Degli-Esposti MA, Johnson RS, et al. TRAIL-R2: a
novel apoptosis-mediating receptor for TRAIL. EMBO J
1997;16:5386–97.

4. Degli-Esposti MA, Smolak PJ, Walczak H, et al. Cloning and
characterization of TRAIL-R3, a novel member of the
emerging TRAIL receptor family. J Exp Med
1997;186:1165–70.

5. Degli-Esposti MA, Dougall WC, Smolak PJ, et al. The novel
receptor TRAIL-R4 induces NF-jB and protects against TRAIL-
mediated apoptosis, yet retains an incomplete death domain.
Immunity 1997;7:813–20.

6. Emery JG, McDonnell P, Burke MB, et al. Osteoprotegerin is a
receptor for the cytotoxic ligand TRAIL. J Biol Chem
1998;273:14363–7.

7. Kischkel FC, Hellbardt S, Behrmann I, et al. Cytotoxicity-
dependent APO-1 (Fas/CD95)-associated proteins form a
death-inducing signaling complex (DISC) with the receptor.
EMBO J 1995;14:5579–88.

8. Kischkel FC, Lawrence DA, Chuntharapai A, et al. Apo2L/
TRAIL-dependent recruitment of endogenous FADD and
caspase-8 to death receptors 4 and 5. Immunity
2000;12:611–20.

9. Boatright KM, Renatus M, Scott FL, et al. A unified model for
apical caspase activation. Mol Cell 2003;11:529–41.

10. Schneider P, Thome M, Burns K, et al. TRAIL receptors 1 (DR4)
and 2 (DR5) signal FADD-dependent apoptosis and activate
NF-kappaB. Immunity 1997;7:831–6.

11. Kim YS, Schwabe RF, Qian T, Lemasters JJ, Brenner DA. TRAIL-
mediated apoptosis requires NF-kappaB inhibition and the
mitochondrial permeability transition in human hepatoma
cells. Hepatology 2002;36:1498–508.



1906 E U R O P E A N J O U R N A L O F C A N C E R 4 7 ( 2 0 1 1 ) 1 8 9 0 – 1 9 0 7
12. Kreuz S, Siegmund D, Scheurich P, Wajant H. NF-kappaB
inducers upregulate cFLIP, a cycloheximide-sensitive
inhibitor of death receptor signaling. Mol Cell Biol
2001;21:3964–73.

13. Wang CY, Mayo MW, Korneluk RG, Goeddel DV, Baldwin Jr AS.
NF-kappaB antiapoptosis: induction of TRAF1 and TRAF2 and
c-IAP1 and c-IAP2 to suppress caspase-8 activation. Science
1998;281:1680–3.

14. Rahman M, Pumphrey JG, Lipkowitz S. The TRAIL to targeted
therapy of breast cancer. Adv Cancer Res 2009;103:43–73.

15. Keane MM, Ettenberg SA, Nau MM, Russell EK, Lipkowitz S.
Chemotherapy augments TRAIL-induced apoptosis in breast
cell lines. Cancer Res 1999;59:734–41.

16. Singh TR, Shankar S, Chen X, Asim M, Srivastava RK.
Synergistic interactions of chemotherapeutic drugs and
tumor necrosis factor-related apoptosis-inducing ligand/Apo-
2 ligand on apoptosis and on regression of breast carcinoma
in vivo. Cancer Res 2003;63:5390–400.

17. Ganten TM, Koschny R, Sykora J, et al. Preclinical
differentiation between apparently safe and potentially
hepatotoxic applications of TRAIL either alone or in
combination with chemotherapeutic drugs. Clin Cancer Res
2006;12:2640–6.

18. Koschny R, Ganten TM, Sykora J, et al. TRAIL/bortezomib cotreat
ment is potentially hepatotoxic but induces cancer-specific
apoptosis within a therapeutic window. Hepatology 2007;45:649–58.

19. Ren X, Yang L, Liu J, et al. A novel glutathione peroxidase mimic
with antioxidant activity. Arch Biochem Biophys 2004;387:250–6.

20. Jia ZD, Mu Y, Yan GL, Luo GM. Comparison between the effects
of 2-selenium-bridged beta-cyclodextrin and ebselen on
treating SHRsp stroke. Chem Res Chin U 2008;24:1–8.

21. Sies H. Ebselen, a selenoorganic compound as glutathione
peroxidase mimic. Free Radic Biol Med 1993;14:313–23.

22. Liu J, Luo G, Ren X, et al. A bis-cyclodextrin diselenide with
glutathione peroxidase-like activity. Biochim Biophys Acta
2000;1481:222–8.

23. Dong Z, Liu J, Mao S, et al. Aryl thiol substrate 3-carboxy-4-
nitrobenzenethiol strongly stimulating thiol peroxidase
activity of glutathione peroxidase mimic 2,20-ditellurobis(2-
deoxy-beta-cyclodextrin). J Am Chem Soc 2004;126:16395–404.

24. Sun Y, Mu Y, Ma S, et al. The molecular mechanism of
protecting cells against oxidative stress by 2-selenium-
bridged beta-cyclodextrin with glutathione peroxidase
activity. Biochim Biophys Acta 2005;1743:199–204.

25. McNaughton M, Engman L, Birmingham A, Powis G,
Cotgreave IA. Cyclodextrin-derived diorganyl tellurides as
glutathione peroxidase mimics and inhibitors of
thioredoxin reductase and cancer cell growth. J Med Chem
2004;47:233–9.

26. Engman L, Cotgreave I, Angulo M, et al. Diaryl chalcogenides
as selective inhibitors of thioredoxin reductase and potential
antitumor agents. Anticancer Res 1997;17:4599–605.

27. Maraldi T, Prata C, Fiorentini D, et al. Induction of apoptosis
in a human leukemic cell line via reactive oxygen species
modulation by antioxidants. Free Radic Biol Med
2009;46:244–52.

28. Sharma V, Tewari R, Sk UH, Joseph C, Sen E. Ebselen sensitizes
glioblastoma cells to Tumor Necrosis Factor (TNFalpha)-
induced apoptosis through two distinct pathways involving
NF-kappaB downregulation and Fas-mediated formation of
death inducing signaling complex. Int J Cancer
2008;123:2204–12.

29. Powis G, Gasdaska JR, Gasdaska PY, et al. Selenium and the
thioredoxin redox system: effects on cell growth and death.
Oncol Res 1997;9:303–12.

30. Urig S, Becker K. On the potential of thioredoxin reductase
inhibitors for cancer therapy. Semin Cancer Biol
2006;16:452–65.
31. Pennington JD, Jacobs KM, Sun L, et al. Thioredoxin and
thioredoxin reductase as redox-sensitive molecular targets
for cancer therapy. Curr Pharm Des 2007;13:3368–77.

32. Wang K, Gong P, Liu L, et al. Effect of 2-TeCD on the
expression of adhesion molecules in human umbilical vein
endothelial cells under the stimulation of tumor necrosis
factor-alpha. Int Immunopharmacol 2009;9:1087–91.

33. Chou TC, Talalay P. Quantitative analysis of dose-effect
relationships: the combined effects of multiple drugs or
enzyme inhibitors. Adv Enzyme Regul 1984;22:27–55.

34. Ford HL, Pardee AB. Cancer and the cell cycle. J Cell Biochem
1999;32–33:166–72.

35. Venkateswaran V, Klotz LH, Fleshner NE. Selenium modulation
of cell proliferation and cell cycle biomarkers in human
prostate carcinoma cell lines. Cancer Res 2002;62:2540–5.

36. DiPaola RS. To arrest or not to G2–M cell-cycle arrest:
commentary: A.K. Tyagi et al.: silibinin strongly synergizes
human prostate carcinoma DU145 cells to doxorubicin-
induced growth inhibition, G2–M arrest, and apoptosis. Clin
Cancer Res 2002;8:3512–9.

37. Keane MM, Rubinstein Y, Cuello M, et al. Inhibition of NF-
kappaB activity enhances TRAIL mediated apoptosis in breast
cancer cell lines. Breast Cancer Res Treat 2000;64:211–9.

38. Ghosh S, Baltimore D. Activation in vitro of NF-kappa B by
phosphorylation of its inhibitor I kappa B. Nature 1990;344:678–82.

39. Beg AA, Ruben SM, Scheinman RI, et al. I kappa B interacts
with the nuclear localization sequences of the subunits of NF-
kappa B: a mechanism for cytoplasmic retention. Genes Dev
1992;6:1899–913.

40. Madhunapantula SV, Desai D, Sharma A, et al. PBISe, a novel
selenium-containing drug for the treatment of malignant
melanoma. Mol Cancer Ther 2008;7:1297–308.

41. Oya M, Ohtsubo M, Takayanagi A, et al. Constitutive
activation of nuclear factor-kappaB prevents TRAIL-induced
apoptosis in renal cancer cells. Oncogene 2001;20:3888–96.

42. Khanbolooki S, Nawrocki ST, Arumugam T, et al. Nuclear
factor-kappaB maintains TRAIL resistance in human
pancreatic cancer cells. Mol Cancer Ther 2006;5:2251–60.

43. Yamaguchi K, Uzzo RG, Pimkina J, et al. Methylseleninic acid
sensitizes prostate cancer cells to TRAIL-mediated apoptosis.
Oncogene 2005;24:5868–77.

44. Hu H, Jiang C, Schuster T, et al. Inorganic selenium sensitizes
prostate cancer cells to TRAIL-induced apoptosis through
superoxide/p53/Bax-mediated activation of mitochondrial
pathway. Mol Cancer Ther 2006;5:1873–82.

45. Li S, Yan T, Yang JQ, Oberley TD, Oberley LW. The role of
cellular glutathione peroxidase redox regulation in the
suppression of tumor cell growth by manganese superoxide
dismutase. Cancer Res 2000;60:3927–39.

46. Brar SS, Kennedy TP, Whorton AR, et al. Reactive oxygen
species from NAD(P)H:quinone oxidoreductase constitutively
activate NF-kappaB in malignant melanoma cells. Am J Physiol
Cell Physiol 2001;280:C659–76.

47. Kretz-Remy C, Mehlen P, Mirault ME, Arrigo AP. Inhibition of
IkB – a phosphorylation and degradation and subsequent NF-
kB activation by glutathione peroxidase overexpression. J Cell
Biol 1996;133:1083–93.

48. Wenk J, Schüller J, Hinrichs C, et al. Overexpression of
phospholipid-hydroperoxide glutathione peroxidase in
human dermal fibroblasts abrogates UVA irradiation-induced
expression of interstitial collagenase/matrix
metalloproteinase-1 by suppression of phosphatidylcholine
hydroperoxide-mediated NFkappaB activation and
interleukin-6 release. J Biol Chem 2004;279:45634–42.

49. Li Q, Sanlioglu S, Li S, et al. GPx-1 gene delivery modulates
NFkappaB activation following diverse environmental
injuries through a specific subunit of the IKK complex.
Antioxid Redox Signal 2001;3:415–32.



E U R O P E A N J O U R N A L O F C A N C E R 4 7 ( 2 0 1 1 ) 1 8 9 0 – 1 9 0 7 1907
50. Das KC. c-Jun NH2-terminal kinase-mediated redox-
dependent degradation of IkappaB: role of thioredoxin in NF-
kappaB activation. J Biol Chem 2001;276:4662–70.

51. Hayashi T, Ueno Y, Okamoto T. Oxidoreductive regulation of
nuclear factor kappa B. Involvement of a cellular reducing
catalyst thioredoxin. J Biol Chem 1993;268:11380–8.
52. Chen X, Kandasamy K, Srivastava RK. Differential roles of
RelA (p65) and c-Rel subunits of nuclear factor kappa B in
tumor necrosis factor-related apoptosis-inducing ligand
signaling. Cancer Res 2003;63:1059–66.

53. Zhang L, Fang B. Mechanisms of resistance to TRAIL-induced
apoptosis in cancer. Cancer Gene Ther 2005;12:228–37.


	Seleno-cyclodextrin sensitises human breast canc
	1 Introduction
	2 Materials and methods
	2.1 Cell lines and reagents
	2.2 Transient transfections
	2.3 Cell viability assay
	2.4 Apoptosis assay
	2.5 Cell cycle analysis
	2.6 Flow cytometry of death receptors
	2.7 Reverse transcription-polymerase chain reaction (RT-PCR)
	2.8 Small interfering RNA
	2.9 Total, cytosolic and nuclear proteins extraction
	2.10 Western blot analysis
	2.11 Luciferase assay
	2.12 In vivo tumour growth model
	2.13 Tissue and blood analysis
	2.14 Statistical analysis

	3 Results
	3.1 2-SeCD sensitises resistant human breast cancer cells to TRAIL-induced cytotoxicity
	3.2 The sensitisation of TRAIL-Induced cytotoxicity by 2-SeCD is associated with apoptosis
	3.3 2-SeCD induced MDA-MB-468 and T47D breast cancer cells to apoptosis by a mechanism involving G2/M phase arrest
	3.4 Up-regulation of TRAIL receptor DR5 is responsible for sensitisation of breast cancer cells to TRAIL-induced apoptosis by 2-SeCD
	3.5 2-SeCD inhibits TRAIL-induced NF-κB activati
	3.6 2-SeCD and TRAIL results in tumour growth inhibition and apoptosis in vivo
	3.7 2-SeCD in combination with TRAIL regulates t

	4 Discussion
	Conflict of interest statement
	Acknowledgements
	References


