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Abstract Tunicamycin (TN), one of the endoplasmic

reticulum stress inducers, has been reported to inhibit tu-

mor cell growth and exhibit anticarcinogenic activity.

However, the mechanism by which TN initiates apoptosis

remains poorly understood. In the present study, we in-

vestigated the effect of TN on the apoptotic pathway in

U937 cells. We show that TN induces apoptosis in asso-

ciation with caspase-3 activation, generation of reactive

oxygen species (ROS), and downregulation of survivin

expression. P38 MAPK (mitogen-activated protein kinase)

and the generation of ROS signaling pathway play crucial

roles in TN-induced apoptosis in U937 cells. We hy-

pothesized that TN-induced activation of p38 MAPK sig-

naling pathway is responsible for cell death. To test this

hypothesis, we selectively inhibited MAPK during treat-

ment with TN. Our data demonstrated that inhibitor of p38

(SB), but not ERK (PD) or JNK (SP), partially maintained

apoptosis during treatment with TN. Pre-treatment with

NAC and GSH markedly prevented cell death, suggesting a

role for ROS in this process. Ectopic expression of survivin

in U937 cells attenuated TN-induced apoptosis by sup-

pression of caspase-3 cleavage, mitochondrial membrane

potential, and cytochrome c release in U937 cells. Taken

together, our results show that TN modulates multiple

components of the apoptotic response of human leukemia

cells and raise the possibility of a novel therapeutic strategy

for hematological malignancies.
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Abbreviations

DAPI 40,60-Diamidino-2-phenylindole

DCFDA 2070-Dichlorodihydrofluorescein diacetate

NAC N-acetylcysteine

PBS Phosphate-buffered saline

PI Propidium iodide

ROS Reactive oxygen species

UPR Unfolded protein response

z-VAD-fmk Benzyl carbonyl-Val-Ala-Asp-fluoromethyl

ketone

Introduction

TN, a naturally occurring antibiotic, blocks the first step in

the biosynthesis of N-linked oligosaccharides in cells [1].

TN is a prototype of substances that exert potent inhibitory

effects on protein maturation [2, 3]. TN has been applied

in vitro, primarily to discern the functional significance of

N-glycosylation in living systems including its role in cell

proliferation and survival [4–7], sensitivity and resistance

of tumor cells to antineoplastic drugs [8–10], and pro-

grammed cell death or apoptosis [11–13].

ER plays a central role in the synthesis, maturation, and

assembly of secretary and structural proteins [14], and

under some conditions ER stress can disrupt ER function
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[15]. Recent studies have identified an intrinsic apoptotic

pathway that is regulated by the ER [16, 17]. In addition to

controlling Ca2? homeostasis and protein trafficking, the

ER senses stress stimuli that lead to the accumulation of

unfolded proteins and triggers a signaling cascade termed

the unfolded protein response (UPR) [18]. The UPR is

mediated by the activation of three ER transmembrane

receptors, pancreatic ER kinase-like kinase (PERK), acti-

vating transcription factor 6 (ATF6), and inositol-requiring

enzyme-1 (IRE-1), which under physiologic conditions are

maintained in an inactive state by the ER chaperone

binding immunoglobulin protein/glucose-regulated pro-

tein78 (BiP/GRP78). Identification of stress-associated ER

protein expression gains importance in potential therapeu-

tic targeting for ER stress-provoked disease. Furthermore,

experimental ER stress responses have been induced using

pharmacological agents such as thapsigargin, A23187 and

brefeldin A, with upregulated levels of GRP78 [19]. One

typical agent, TN, induces ER stress by interfering with

N-linked protein glycosylation in ER [20]. The accurate

signaling pathway of ER stress-mediated apoptosis was not

still fully understood in leukemia cells.

Although the mechanisms responsible for survivin up-

regulation during leukemia cells have not been clearly re-

mained, epigenetic, genetic and post-translational mechan-

isms for survivin gene regulation have been described in

other cell types. The survivin promoter was found to be

methylated in ovarian cancers and unmethylated in normal

ovarian tissues [21], although such differences in promoter

methylation were not found in earlier comparisons of normal

and malignant tissues [22]. While p53 was shown to repress

survivin transcription by direct binding to the survivin pro-

moter in a lung adenocarcinoma line [23], another study in an

ovarian carcinoma cell line found that negative regulation of

survivin by p53 was not affected by mutation or deletion of

the putative p53-binding site in the survivin promoter [24]. It

has been little know that the expression of survivin is affected

by TN treatment. We showed a direct correlation between

TN-induced apoptosis and the survivin expression.

MAPKs can be activated and exert their roles in re-

sponse to stressors, such as DNA damage. One of the po-

tential stressors that induces DNA damage and activation

of the MAPK pathway is oxidative stress due to ROS.

Many anticancer agents induce ROS generation and trigger

cancer cell apoptosis via the ROS–MAPK pathway. In

particular ROS can act as a second messenger by activating

a diverse redox-sensitive signaling transduction cascade,

including p38 MAPK and its subsequent target, the stress-

related transcription factor activating transcription factor-2

(ATF-2) [25, 26].

In this study, we hypothesized that ER stress results in

the accumulation of ROS generation and inhibition of

survivin are required to significantly enhance ER stress-

induced apoptosis. This study therefore demonstrates the

importance of targeting survivin to enhance sensitivity to

TN-induced apoptosis, and suggests that tumor cell sur-

vival may be inhibited by specific targeted approaches,

including targeting of survivin.

Materials and methods

Materials

RPMI 1640 medium, fetal bovine serum (FBS), penicillin,

streptomycin, and all other tissue culture reagents were

obtained from GIBCO/BRL Life Technologies (Grand Is-

land, NY). Tunicamycin (TN) was acquired from Aldrich

(Milwaukee, WI, USA). Antibodies against PARP-1, Bcl-

2, Bcl-xL, Mcl-1, and actin were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA, USA), anti-survivin

from R&D systems (Minneapolis, MN, USA), and anti-

phospho-JNK, anti-phospho-p38, and anti-phospho-ERK

antibodies were purchased from Cell Signaling Technology

(Beverly, MA, USA). Benzyl carbonyl-Val-Ala-Asp-

fluoromethyl ketone (z-VAD-fmk) was purchased from

Biomol (Plymouth Meeting, PA, USA); 2070-dichlorodi-
hydrofluorescein diacetate (H2DCFDA) was from Mole-

cular Probes (Eugene, OR, USA); and N-acetylcysteine

(NAC) and all other chemicals used in this study were

purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture and chemical treatments

Human leukemia cells (U937 cells) were obtained from the

American Type Culture Collection (Rockville, MD, USA).

The U937 cells were cultured in RPMI 1640 medium

supplemented with 10 % heat-inactivated fetal bovine

serum (FBS), penicillin (100 units/mL) and streptomycin

(100 units/mL) at 37 �C in a humidified incubator with 5 %

CO2 and 95 % air. When the cells were subconfluent, the

medium was replaced with fresh medium and 25–100 ng/

mL of TN was added for 24 or 48 h.

Cellular viability assay

For morphological evaluation of cell death, approximately

5 9 105 U937 cells were plated into 60-mm cell culture

dishes and incubated overnight. For the trypan blue ex-

clusion assay, trypsinized cells were pelleted and resus-

pended in 0.2 mL of medium, 0.5 mL of 0.4 % trypan blue

solution, and 0.3 mL of phosphate-buffered saline solution

(PBS). The samples were mixed thoroughly, incubated at

room temperature for 15 min, and examined under a light

microscope. At least 300 cells were counted for each sur-

vival determination.
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Flow cytometric assay of DNA content

After treatment with the indicated agent, the cells were

harvested by trypsinization, fixed with 70 % (v/v) alcohol

at 4 �C for 30 min and washed with PBS. After centrifu-

gation, cells were incubated in 0.1 mL of phosphate-citric

acid buffer (0.2 M NaHPO4, 0.1 M citric acid, pH 7.8) for

30 min at room temperature and then centrifuged and re-

suspended in 0.5 mL propidium iodide (PI) solution con-

taining phosphate-citric acid buffer and 50 lg/mL PI. DNA

content was analyzed with a FACScan flow cytometer

(Beckman Coulter, Inc., Hialeah, FL, USA).

Analysis of cytochrome c release

A total of 2 9 106 cells were harvested, washed once with

ice-cold PBS, and gently lysed for 2 min in 100 lL ice-

cold lysis buffer. Lysates were centrifuged at 13,0009g at

4 �C for 20 min to obtain supernatants (cytosolic extracts

free of mitochondria) and pellets (fraction containing

mitochondria). The resulting cytosolic fractions were used

for Western blot analysis with an anti-cytochrome c

antibody.

Western blot analysis

For Western blot analyses, U937 cells were lysed with

19 Laemmli lysis buffer (2.4 M glycerol, 0.14 M Tris, pH

6.8, 0.21 M SDS, 0.3 mM bromophenol blue) and boiled

for 10 min. Protein content was measured with the BCA

Protein Assay Reagent (Pierce, Rockford, IL, USA). The

samples were diluted with 19 Laemmli lysis buffer con-

taining 1.28 M b-mercaptoethanol, and equal amounts of

protein were loaded on 8–12 % SDS–polyacrylamide gels.

Proteins were separated by SDS-PAGE and elec-

trophoretically transferred to a nitrocellulose membrane.

The membrane was blocked with 5 % nonfat dry milk in

PBS-Tween-20 (0.1 %, v/v) for 1 h and then incubated

with primary antibody (diluted according to the manufac-

turer’s instructions) at room temperature for 1.5 h.

Fig. 1 Effect of tunicamycin on the growth and viability of U937

cells. Cells were treated with various concentrations of TN for 24 and

48 h. a Effect of TN on cell growth. U937 cells were seeded in

96-well plates and cultured in triplicate in the presence or absence of

various concentrations of TN (25–100 ng/mL) for 24 and 48 h.

Viable cells were quantified by the trypan blue assay. b Effect of TN

on the viability of U937 cells. Cells were treated for 24 and 48 h with

the indicated concentrations of TN, and DNA content was evaluated

by propidium iodide staining. The fraction of apoptotic cells is

indicated. Data are mean values obtained from three independent

experiments. *p\ 0.05 compared with the control cells. c U937 cells

were treated in the absence or presence of TN at the indicated

concentrations for 24 h. Microscopic examination was performed to

detect apoptosis by nuclear staining with DAPI. The data are

expressed as means of three independent experiments. d DNA

fragmentation was analyzed by extraction of DNA and electrophore-

sis on a 1.5 % agarose gel (Color figure online)
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Horseradish peroxidase-conjugated anti-rabbit or anti-

mouse IgG was used as the secondary antibody. Im-

munoreactive protein was visualized by the chemilumi-

nescence protocol (ECL, Amersham, Arlington Heights,

IL, USA). To ensure equal protein loading, each nitrocel-

lulose membrane was stripped and reprobed with an anti-

actin antibody.

DNA fragmentation and DAPI staining assay

To assess DNA fragmentation in U937 cells after treatment

with TN for 24 h, approximately 1 9 106 cells were lysed

for 30 min on ice in buffer containing 10 mM Tris (pH 7.4),

150 mM NaCl, 5 mM EDTA, and 0.5 % Triton X-100.

Lysates were vortexed and cleared by centrifugation at

13,0009g for 30 min. Fragmented DNA in the supernatant

was extracted with an equal volume of a mixture of neutral

phenol:chloroform:isoamyl alcohol (25:24:1) and analyzed

electrophoretically on 1.5 % agarose gels containing 0.1

g/mL EtBr. The cells were fixed on slide glass by the ap-

plication of 4 % paraformaldehyde for 30 min at room

temperature. After washing with PBS, 300 nM 40, 60-di-
amidino-2-phenylindole (DAPI) was added to the fixed cells

for 10 min, and the cells were examined by fluorescence

microscopy. Apoptotic cells were identified by condensation

and fragmentation of nuclei. All DAPI staining experiments

were performed in duplicate.

Measurement of reactive oxygen species

The generation of ROS was measured by staining with 20,70-
dichlorofluorescein diacetate (DCF-DA). Briefly, U937

cells were seeded in 6-well plates (1 9 105 cells per well),

allowed to attach overnight, and treated with TN. The cells

Fig. 2 Tunicamycin treatment induced caspase activation in U937

cells. a Protein expression of caspase-3 (cas-3), caspase-8 (cas-8),

caspase-9 (cas-9), and PARP after treatment with different doses of

TN for 24 h. Total cell lysates were subjected to Western blotting

with specific antibodies. Actin was used as a loading control.

Proteolytic cleavage of PARP, cas-3, cas-8, and cas-9 is indicated by

arrows. b U937 cells were treated with 100 ng/mL tunicamycin for

1.5, 3, 6, 12, and 24 h. PARP, cas-3, and actin were detected by

Western blotting. Proteolytic cleavage of PARP and cas-3 is indicated

by arrows. c U937 cells were incubated with 50 lM z-VAD-fmk for

1 h before treatment with 100 ng/mL tunicamycin for 24 h. Equal

amounts of cell lysates (40 lg) were subjected to electrophoresis and

analyzed by Western blotting for PARP and cas-3. Proteolytic

cleavage of PARP and cas-3 is indicated by arrows. d DNA

fragmentation was analyzed by extraction of DNA and electrophore-

sis on a 1.5 % agarose gel
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were stained with 20 lM DCF-DA for 30 min at 37 �C and

fluorescence was detected using a fluorescence microscope.

JC-1 mitochondrial membrane potential assay

To monitor mitochondrial membrane potential (MMP), JC-

1 dye was used as previously described [27]. In cells with

undamaged mitochondria the aggregated dye appears as

red fluorescence, whereas in cells with altered MMP that

are undergoing apoptosis the dye remains as monomers in

the cytoplasm and emits diffuse green fluorescence. The

red/green fluorescence ratio is dependent on the MMP.

After treatment with TN, U937 cells were stained with a

JC-1 MMP detection kit for 10 min and analyzed by flow

cytometry. The fluorescence intensity was measured with a

FACScan flow cytometer.

Data analysis

All experiments were repeated at least three times. The

results are represented as mean ± standard deviation (SD).

The difference between two mean values was analyzed

using Student’s t test and was considered statistically sig-

nificant when p\ 0.05.

Results

Tunicamycin has anti-proliferation activity

and induces cell death in U937 cells

To investigate whether TN exerts antiproliferation activity

and induces apoptosis, U937 cells were stimulated with the

Fig. 3 The p38 pathway plays an important role in tunicamycin-

induced apoptosis. aU937 cells were treated with 100 ng/mLTN for the

indicated asterisk. Equal amounts of cell lysates (40 lg) were subjected
to electrophoresis and analyzed by immunoblotting using phosphory-

lation-specific antibodies. b Effect of MAPK inhibitor on TN-induced

apoptosis. U937 cells were incubated with ERK inhibitor (PD, 25 lM),

p38 inhibitor (SB, 25 lM), JNK inhibitor (SP, 25 lM), or solvent as

indicated for 30 min before treatment with 100 ng/mL tunicamycin for

24 h. Proteolytic cleavage of PARP is indicated by arrows. c Cells were
pretreated for 30 min with specific inhibitors before 24 h treatment with

TN and then evaluated for cell viability by the trypan blue assay. Data

are mean values obtained from three independent experiments and error

bars represent standard deviation. Statistics: Student’s t test for unpaired

values. *p\ 0.05 versus control cells
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indicated concentrations of TN for 24 and 48 h and cell

growth and viability was determined by a trypan blue as-

say. As shown in Fig. 1a, treatment with tunicamycin for

24 and 48 h inhibited the growth of U937 cells in a dose-

dependent manner. Flow cytometric analysis of DNA

staining showed that TN induced a time- and dose-depen-

dent increase in hypodiploid (sub-G1) DNA content

(Fig. 1b). Programmed cell death was also demonstrated by

microscopic examination of DAPI staining (Fig. 1c) and by

a DNA fragmentation assay (Fig. 1d). These results sug-

gest that the growth inhibitory effect of TN in U937 cells

was the result of induction of apoptosis.

Tunicamycin induces activation of the caspase

cascade in U937 cells

To address the significance of caspase activation in TN-

induced apoptosis, we examined caspase activity after

treatment with TN. Treatment of U937 cells with various

concentrations of TN resulted in a dramatic increase in

cleavage of the caspase substrate PARP, and cleavage of

procaspase-8, procaspase-9, and procaspase-3 (Fig. 2a) in a

time-dependent manner (Fig. 2b). To confirm that the ac-

tivation of caspases is a dependent manner in TN-induced

apoptosis, U937 cells were pretreated with z-VAD-fmk, a

Fig. 4 Tunicamycin increases ROS levels in leukemia cancer cells.

a U937 cells were treated with 100 ng/mL TN for 0.5 h. ROS levels

were measured by incubation with 5 lM H2DCF-DA and analysis of

fluorescence by flow cytometry. H2O2; positive control. b U937 cells

were treated with or without 100 ng/mL TN and N-acetyl-cysteine

(NAC) for 24 h. At the end of treatment, the cells were stained with

H2DCF-DA and observed under a confocal microscope. Green color

indicates the location of DCF fluorescence. c U937 cells were co-

treated with or without 10 mM NAC or 10 mM glutathione (GSH)

and 100 ng/mL TN for 24 h and apoptosis was determined by

Western blotting. Total protein extracts were subjected to Western

blot analysis using specific antibodies for PARP, cas-3, and actin.

Representative Western blot data are shown for one of three separate

experiments with similar findings. d U937 cells were co-treated with

or without 10 mM NAC and 100 ng/mL TN for 24 h and apoptosis

was determined by FACS. Their DNA content was measured after

propidium iodide staining. Populations of total apoptotic cells were

quantified using flow cytometric analysis. Data are shown as

mean ± S.E. *p\ 0.01 indicates a significant difference between

untreated and TN-treated samples. **p\ 0.01 indicates significant

difference between TN alone and co-treatment with NAC (Color

figure online)
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cell-permeable caspase inhibitor, followed by TN treatment

for 24 h. As shown in Fig. 2c, TN-induced apoptosis was

prevented by pretreatment with z-VAD-fmk, as indicated

by reduced PARP cleavage and procaspase-3 cleavage. We

also found that z-VAD-fmk prevented the dose-dependent

increase in the accumulation of apoptotic DNA after

treatment with TN (Fig. 2d). These results suggest that

tunicamycin-induced cell death is associated with caspase

activation.

Tunicamycin induces activation of the p38 pathway

in U937 cells

Next, we investigated the effect of TN treatment on the

expression and activities of MAPKs to determine whether

this signaling pathway is involved in mediating the ob-

served apoptotic response. As shown in Fig. 3a, TN

treatment induced a strong increase in phosphorylated

p38 MAPK level, which peaked at 1.5 h and slowly de-

clined thereafter. However, phosphorylation of ERK and

JNK was not increased after TN treatment. We then

evaluated the possible roles of MAPKs in TN-induced

apoptosis. As shown in Fig. 3b, pretreatment with PD (a

specific inhibitor of ERK MAPK) and SP (a specific in-

hibitor of JNK) did not affect TN-induced proteolytic

cleavage of PARP, whereas treatment with SB (a specific

inhibitor of p38 MAPK) significantly decreased TN-in-

duced proteolytic cleavage of PARP. To further evaluate

the effect of p38 signaling on TN-induced apoptosis, we

investigated whether TN induces cell death in the pres-

ence of SB using the trypan blue assay. As shown in

Fig. 3c, pretreatment of U937 cells with SB before ex-

posure to TN markedly increased cell viability. Taken

together, these results indicate that activation of the p38

pathway plays an important role in regulating tuni-

camycin-induced apoptosis in U937 cells.

Fig. 5 Tunicamycin exposure leads to downregulation of antiapop-

totic protein and RNA expression. a Expression levels of apoptotic-

related proteins after treatment with tunicamycin. U937 cells were

treated with the indicated concentrations of TN for 24 h. Equal

amounts of cell lysate were resolved by SDS-PAGE, transferred to

nitrocellulose, and probed with specific antibodies against Bcl-2, Bcl-

xL, Bax, survivin, and XIAP. A representative study is shown; two

additional experiments yielded similar results. b U937 cells were

treated with 100 ng/mL TN for the indicated asterisk. Equal amounts

of cell lysate were resolved by SDS-PAGE, transferred to nitrocel-

lulose, and probed with specific antibodies. c The expression of

survivin mRNA was detected by RT-PCR after treatment with TN at

the indicated concentrations. The level of total actin was used as a

control for equal loading of mRNA in different lanes. d Quantification

of survivin mRNA level in U937 cells treated with TN for different

times in three separate experiments
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Generation of reactive oxygen species

in tunicamycin-induced apoptosis

Many antineoplastic agents eliminate tumor cells by in-

ducing apoptosis, and oxidative stress-mediated cellular

changes are frequently observed in cells that are exposed to

cytotoxic drugs [28, 29]. Therefore, we examined whether

TN affects the cellular levels of ROS by measuring chan-

ges in the fluorescence of H2DCF-DA. The green fluores-

cence of DCF was markedly increased after treatment of

U937 cells with 100 ng/mL TN for 0.5 h, indicating that

TN slightly increase intracellular ROS levels (Fig. 4a). Co-

treatment with 10 mM NAC for 24 h completely blocked

the TN-induced ROS production (Fig. 4b), whereas NAC

alone did not alter the fluorescence intensity of DCF

(Fig. 4b). Exposure of the cells to NAC or GSH plus TN

for 24 h resulted in remarkable inhibition of caspase-3

activation and reduction of PARP cleavage (Fig. 4c). Co-

treatment with NAC reduced cell death of TN-treated cells

by approximately 40 % (Fig. 4d). Taken together, these

results indicate that tunicamycin-induced caspase activa-

tion is preceded by ROS generation in U937 cells.

Tunicamycin induces downregulation of survivin

protein and mRNA expression

To investigate the underlying mechanisms involved in TN-

induced apoptosis, we analyzed changes in the expression

levels of various antiapoptotic proteins. As shown in Fig. 5a

and b, protein levels of Bcl-2, Bcl-xL, Bax, and XIAP were

not altered in response to TN. However, the protein level of

survivin was remarkably reduced by TN in a dose- and time-

dependent manner. Survivin was recently reported to mod-

ulate the balance between cell death and viability in cancer

[30]. To investigate whether TN exposure triggered a de-

crease in survivin protein levels at the transcriptional level,

we evaluated the effect of TN on survivin mRNA levels by

RT-PCR. As shown in Fig. 5c and d, TN treatment resulted

in a large reduction in the survivin mRNA level. Taken to-

gether, these results indicate that downregulation of survivin

may be important for tunicamycin-induced apoptosis.

Ectopic expression of survivin reduces tunicamycin-

induced apoptosis

To determine whether survivin downregulation was re-

sponsible for TN-induced cytotoxicity, we examined the

effect of TN in U937 cells that were stably transfected with

a plasmid encoding myc-survivin or pcDNA. As shown in

Fig. 6a, the cell viability of U937 cells treated with TN was

increased in the survivin-transfected cells compared with

the vector-transfected cells. We next investigated the role

of survivin in TN-induced cell death. Western blotting

confirmed that the survivin-transfected cells showed in-

creased survivin expression and decreased the cleavage of

caspase-3 proteins (Fig. 6b). As shown in Fig. 6a, abso-

lutely reduced cytotoxicity was observed in cells trans-

fected with the survivin overexpression plasmid compared

with cells transfected with control vector. These results

demonstrate that overexpression of survivin can counteract

the cytotoxicity induced by TN in U937 cells. The induc-

tion of cell death by TN is therefore due to the down-

regulation of survivin. To further investigate the underlying

mechanisms involved in TN-induced apoptosis, we exam-

ined the role of mitochondria by examining the effect of

TN on the mitochondrial membrane potential (MMP). As

shown in Fig. 6c, exposure of U937/vector cells to 100 ng/

mL tunicamycin for 24 h led to a significant reduction in

the MMP level, which was rescued in U937 cells that

overexpressed survivin. In addition, accumulating evidence

suggests that mitochondria play an essential role in apop-

tosis by releasing apoptogenic effectors such as cy-

tochrome c. Western blot analysis of cytosolic fractions to

measure the release of mitochondrial cytochrome c showed

that TN treatment markedly induced the release of cy-

tochrome c into the cytoplasm in U937/vector cells, but not

in U937/survivin cells (Fig. 6d). Taken together, these re-

sults indicate that ectopic expression of survivin inhibits

tunicamycin-induced apoptosis by suppressing the release

of cytochrome c.

cFig. 6 Survivin overexpression confers resistance to tunicamycin-

mediated cell death. a U937 cells were stably transfected with

pcDNA3 (vector) or pcDNA3myc-survivin (survivin) using Lipofec-

tamine 2000 reagent. U937/vector and U937/survivin cells were

seeded in 96-well plates and cultured in triplicate in the presence or

absence of various concentrations of TN for 24 h and cell viability

was determined by the MTT assay. Cell survival is shown as a

percentage of control untreated cells. Statistics: Student’s t test for

unpaired values. *p\ 0.05 versus control cells. b U937/vector and

U937/survivin cells were treated for 24 h with the indicated

concentrations of TN and their DNA content was measured by FACS

after propidium iodide staining. Cells treated as above were harvested

in lysis buffer and equal amounts of cell lysate (40 lg) were subjected
to electrophoresis and analyzed by Western blotting for PARP, cas-3

and survivin. Proteolytic cleavage of PARP and cas-3 is indicated by

the arrow. Western blotting using an anti-survivin antibody was also

performed to confirm overexpression of survivin in the transfected

cells. c Effects of TN on the mitochondrial membrane potential

(MMP). U937/vector and U937/survivin cells were treated with

100 ng/mL TN for 24 h and the MMP was measured using a flow

cytometer. Quantification of the MMP in U937/vector and U937/sur-

vivin cells treated with TN in three separate experiments. Statistics:

Student’s t test for unpaired values. *p\ 0.05 versus U937/vector

cells. d U937/vector and U937/survivin cells were treated for 24 h

with TN and cytosolic extracts were prepared as described in

Materials and Methods. Thirty micrograms of cytosolic proteins was

resolved by 15 % SDS-PAGE, transferred to a membrane, and probed

with specific anti-cytochrome c antibody or with anti-actin antibody

as a control for protein loading
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Discussion

In this study, we investigate the apoptotic signaling path-

ways that are activated by TN as a result of activation of the

UPR and induction of GRP78 and ATF6 (supplemental

data). ER stress participates in the pathogenesis of various

cancers and cardiovascular diseases and promotes disease

progression [31]. A variety of extracellular stresses, such as

nutrient deprivation, hypoxia, oxidative stress, and calcium

imbalance, activate the UPR in the ER. GRP78 and GRP94

are upregulated in the early stages of ER stress, followed by

overexpression of CCAAT/enhancer-binding protein-ho-

mologous protein (CHOP) in prolonged ER stress. In car-

diomyocytes, CHOP is accumulated in the nucleus and

promotes cell apoptosis by depleting glutathione and in-

creasing the production of ROS, causing depolarization of

the mitochondrial membrane potential and the release of

cytochrome c [32–35]. There is a growing body of evidence

that antioxidants such as NAC protect cancer cells by in-

hibiting ER stress. These studies suggested that antioxidants

could reduce ER stress-mediated apoptosis by directly de-

creasing ROS generation [36]. In the current study we

demonstrated that TN induced cell death in cultured U937

cells, as shown by propidium iodide staining and DNA

fragmentation assay (Fig. 1). Moreover, NAC suppressed

the TN-induced cell death and mitochondria dysfunction

that are induced by ER stress. We found that treatment with

TN at low concentrations downregulated survivin expres-

sion (Fig. 5), upregulated ROS generation (Fig. 4), potently

inhibited cell growth, and promoted cell death through the

mitochondrial pathway in leukemic cell lines. We also

found that treatment with TN in other cells, THP-1 induced

apoptosis through downregulation of survivin expression

and upregulation of ROS generation (supplemental data).

Inhibition of caspases by the pan caspase inhibitor

z-VAD-fmk blocked the induction of cell death by TN,

suggesting that this process was caspase-dependent

(Fig. 2). In addition, TN-induced cell death involved cas-

pase-9 activation, indicating that activation of caspase-9 by

the mitochondrial pathway and subsequent cleavage of the

effector caspase-3 is critical for the action of TN. This

model was further supported by the findings that TN de-

creased survivin levels, enhanced cytochrome c release,

and induced changes in MMP. Moreover, overexpression

of survivin suppressed the induction of cell death by TN.

Survivin is a potent caspase-9 and caspase-3 inhibitor that

blocks cell death both upstream and downstream of the

apoptotic cell death cascade. The ability of TN to reduce

the levels of survivin makes it a powerful inducer of

apoptosis. Regarding the underlying mechanism, TN was

shown to effectively inhibit survivin expression at both

protein and RNA levels (Fig. 5). In addition, we found that

the decrease in survivin protein levels caused by TN was

mediated through both degradation of survivin protein and

transcriptional inhibition of survivin mRNA. We also other

ER stress inducer, thapsigargin was shown to successfully

reduce survivin expression and induce apoptosis (supple-

mental data). The control of survivin protein expression

may occur at several other levels in addition to transcrip-

tion. Survivin is transcriptionally up-regulated by Dec1

[37], c-myc [38] and KLF5 [39], all of which show aber-

rant activation in tumors as compared with normal tissues.

Various transcription factors including Stat3 [40], HIF-1a

[41] and Rb-E2F1 [42] have been shown to interact directly

with the survivin promoter in breast cancer and lung cancer

cell lines. Sp1 [43], phosphatidylinositol-3 kinase (PI3 K)

[44], mitogen-activated protein kinase/extracellular-signal

regulated kinase (MEK/ERK) [45] have also been shown to

regulate survivin expression. The fact that ER stress has

been shown to inhibit Sp1 [46] further suggests that the

transcriptional downregulation of survivin by TN is me-

diated, at least in part, through inhibition of Sp1. Most of

the work on survivin gene regulation has been in malignant

cells, and little is known regarding mechanisms of survivin

repression in normal cells. After 24 h of TN treatment,

control U937 cells (U937/vector) were more sensitive to

TN than cells that overexpressed survivin (U937/survivin)

(Fig. 6). The notion that TN induces cell death through

inhibition of survivin is thus further supported by the

finding that forced survivin overexpression attenuates TN-

induced cell death.

In this study we show that TN possesses anti-leukemia

activity through ROS generation and downregulation of

survivin expression mediated by the ER stress pathway.

This mechanism is supported by the following evidence:

(i) TN dose-dependently decreases cell viability and in-

duces apoptosis in leukemia cells; (ii) TN stimulates ROS

accumulation, and blocking ROS generation strongly in-

hibits TN-induced apoptosis; (iii) Upregulation of survivin

expression markedly inhibits TN-induced apoptosis and

decreases TN-induced ROS generation in leukemia cancer

cells; and (iv) TN triggers ER stress. The potent effects of

tunicamycin in leukemia cells reported in this study war-

rant further investigation of this compound for the treat-

ment of leukemia.
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