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a b s t r a c t

The selective cyclooxygenase-2 (COX-2) inhibitor celecoxib constitutes the prototype of pro-

apoptotic agents acting through the intrinsic death pathway in a Bcl-2 independent manner.

To gain further insight into celecoxib-mediated apoptosis regulation at the level of the

mitochondria we tested in how far the crucial pro-apoptotic Bcl-2 proteins Bak and Bax were

involved using clones of the Bax-deficient Jurkat T-lymphoma cell model either expressing

Bak (Jurkat Bak positive) or being negative for Bak (Jurkat Bak negative), or overexpressing

Bcl-2 (Jurkat Bcl-2). Celecoxib induced substantial apoptosis in Jurkat Bak-positive cells.

Overexpression of Bcl-2 had only limited protective effects. However, loss of Bak-expression

conferred almost complete resistance of Jurkat cells to celecoxib-induced apoptosis. Neither

enhanced celecoxib-concentrations nor prolonged incubation times were sufficient to

normalize apoptotic rates upon celecoxib-treatment in these Bak/Bax-negative cells. In

line with that observation, siRNA-mediated silencing of Bak in the Bak-positive Jurkat cells

largely reduced the extent of celecoxib-induced cell death. Interestingly, in celecoxib-

sensitive Bak-positive cells, celecoxib-treatment resulted in down-regulation of the anti-

apoptotic Bcl-2 protein Mcl-1 which may contribute to celecoxib-mediated activation of Bak-

dependent apoptosis. Taken together our data clearly show for the first time the functional

relevance of Bak for celecoxib-induced apoptosis in Bax-deficient Jurkat T-lymphoma cells.
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1. Introduction

The selective cyclooxygenase-2 (COX-2) inhibitor celecoxib is a

structural derivative of the nonsteroidal anti-inflammatory

coxibes. Apart from their potent anti-inflammatory action

coxibes interfere with tumor initiation and tumor cell growth.

Epidemiological studies suggest a lower incidence of colonic

polyps in patients with the hereditary familial adenomatous

polyposis syndrome [1] and a decreased risk for cancers of the

colon, breast, esophagus, and stomach upon continuous use of

these NSAIDs [2]. Moreover, preclinical investigations demon-

strate promising anti-tumor activity of COX-2 inhibitors in a

variety of human cancers when given as single drug [3,4] or in
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combination with chemotherapy [5,6], radiation treatment

[7,8] or chemoirradiation [6,9]. Thus, antineoplastic coxibs

may represent attractive compounds for clinical use in cancer

treatment [10]. However, the molecular mechanisms of their

antineoplastic effects are not yet completely understood.

There is increasing evidence that inhibition of cell growth and

angiogenesis as well as induction of cell cycle arrest and

apoptosis contribute to the anti-tumor activity of these drugs

[4,11,12]. Since malignant cells are often characterized by

aberrant apoptosis regulation that can contribute to resistance

to chemotherapy and ionizing radiation, agents that induce

cell death in those apoptosis-resistant tumor cells constitute

promising drugs for the modulation of therapy response.
lecular Cell Biology, University of Duisburg-Essen, Virchowstrasse
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However, for a rational use of those drugs the molecular

mechanisms of drug-induced apoptosis and related resistance

mechanisms have to be defined.

Several investigations implicate that with respect to its

antineoplastic action, celecoxib constitutes at least a bifunc-

tional drug: although in some cell types, inhibition of its

target molecule COX-2 may contribute to its cytotoxic effects,

celecoxib was recently recognized as a prototype of drugs that

induce cell death independently from COX-2 involving a novel

Bcl-2-independent mitochondrial death pathway. Based on

these unique features of celecoxib-action, several attempts

have been made to dissect structural requirements for COX-2-

inhibitory and apoptosis-inducing activities of celecoxib

[11,13] and to develop from the parent structure of celecoxib

a new class of antineoplastic drugs without COX-2-inhibitory

action. Currently, synthetic derivatives of celecoxib without

COX-2-inhibitory action such as OSU-03012 and dimethyl-

celecoxib (DMC) are under current investigation [13,14].

On the cellular level, apoptosis is characterized by the

activation of specialized intracellular proteases, the caspases.

These central executioners of apoptosis can be activated via

two distinct but interconnected pathways, the extrinsic, death

receptor-dependent, and the intrinsic, death receptor-inde-

pendent death pathway. The extrinsic pathway is initiated at

the cellular surface by ligation of death receptor ligands (e.g.

CD95-ligand, tumor necrosis factor (TNF) related apoptosis-

inducing ligand, TRAIL) to their respective receptors (CD95-

receptor, TRAIL-receptor) [15]. Ligand binding triggers rapid

multimerization of the receptor, recruitment of the adapter

protein Fas-associated protein with death domain (FADD) and

an initiator caspase (mostly pro-caspase-8) to form the so-

called death-inducing signaling complex (DISC) at the cellular

membrane. Proximity of multiple pro-caspase-8 molecules in

the DISC facilitates their autoproteolytic cleavage leading to

their activation. Active caspase-8 subsequently activates

downstream effector caspases-3, -6 and/or -7 that cleave a

multitude of intracellular substrates thereby provoking the

apoptotic phenotype [16].

In contrast, treatment with chemotherapeutic drugs, ioniz-

ing radiation or hypoxia triggers activation of the intrinsic

pathway that critically involves mitochondrial damage includ-

ing breakdown of the mitochondrial membrane potential and

release of cytochrome c. Cytoplasmic cytochrome c triggers the

formation of a high molecular cytoplasmic death-inducing

complex, the apoptosome, which is composed of cytochrome c,

the adapter protein Apaf-1, dATP and pro-caspase-9. The

apoptosome in turn enables the proteolytic activation of the

initiator caspase-9 that subsequently triggers activation of

the effector caspase cascade and finally apoptosis [17].

Members of the Bcl-2 protein family function as critical

regulators of the intrinsic apoptosis pathway and either

promote or prevent cell death. The Bcl-2 proteins are sub-

divided into three distinct subclasses based on the number of

conserved Bcl-2 homology (BH) domains. The anti-apoptotic

multidomain Bcl-2-like proteins Bcl-2, Bcl-xL, Mcl-1 and Bcl-w

share up to four BH-domains (BH1-4) and are critical for the

maintenance of cell survival [18]. The pro-apoptotic Bax-like

multidomain Bcl-2 proteins such as Bax, Bak and Bok share the

BH-domains 1–3 and constitute the central effectors of

mitochondrial permeability transition. In contrast, the pro-
apoptotic so-called BH3-only proteins, e.g. Bid, Bad, Noxa and

Puma, that share only the BH3-domain, function as sensors

of cell stress and trigger apoptosis initiation upstream of Bax,

Bak and Bok [19]. In this scenario, commitment of cells to

apoptosis is mainly regulated by protein-protein interactions

between these pro- and anti-apoptotic Bcl-2 family members.

In the absence of death signals, Bax-like proteins are kept in

check by their Bcl-2-like anti-apoptotic counterparts. How-

ever, cellular stress triggers transcriptional up-regulation and/

or activation of BH3-only proteins by posttranslational

modifications. Subsequent binding of BH3-only proteins to

their multidomain counterparts leads to the activation and

multimerization of Bax-like proteins in subcellular mem-

branes such as the mitochondria thereby facilitating mito-

chondrial permeability transition, release of cytochrome c,

caspase-activation and finally apoptosis. However, it is still

controversial whether Bax-like proteins become activated by

direct interaction with a subset of BH3-only proteins, the so-

called ‘‘activator BH3-only proteins’’ [20,21] or indirectly as a

consequence of the release of Bax-like proteins from their

anti-apoptotic relatives upon competitive displacement by

BH3-only proteins with higher binding affinity [22].

Up to now, the cellular pathways and molecular determi-

nants of cell death induction by coxibs are still a matter of

debate. As mentioned above, at least partially the effects are

not related to the COX-2 inhibition [11,12,23–25]. Moreover,

although some authors observed the activation of death

receptor-dependent events upon celecoxib-treatment [26,27]

most reports argue for the importance of the intrinsic death

pathway [13,26,28,29]. Others and we could demonstrate that

celecoxib induces apoptosis in lymphoma cells via an intrinsic

pathway which relies on Apaf-1, caspase-9 activation and

cytochrome c release, but is not abrogated by overexpression

of Bcl-2 [28,29]. Similarly, Bcl-2 overexpression did not protect

against celecoxib-induced apoptosis in oral cancer as well as

in LNCaP and PC-3 prostate cancer cell lines although

involving inhibition of the PDK-1/Akt signaling pathway

upstream of the mitochondria [13,25,30]. Since cells from

solid human tumors are often characterized by defective

apoptosis pathways including up-regulated expression of

anti-apoptotic Bcl-2-proteins, these observations highlight

celecoxib and derivatives as an attractive approach for clinical

use in the treatment of human malignancies, in particular in

human tumors resistant against chemotherapeutic drugs and

ionizing radiation. However, a rational use of celecoxib and

related compounds without COX-2-inhibitory action in cancer

therapy requires a better understanding of the molecular

mechanisms of apoptosis initiation.

The present study was designed to define molecular

determinants of the celecoxib-induced intrinsic death path-

way in more detail with a focus on Bax-like proteins as central

effectors of apoptosis at the level of the mitochondria.
2. Materials and methods

2.1. Reagents

Celecoxib was provided by Pharmacia-Pfizer (Erlangen, Ger-

many) and dissolved in ethanol at a concentration of 100 mM
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(stock solution). Hoechst 33342 (Calbiochem, Bad Soden,

Germany) and propidium iodide (PI, Sigma–Aldrich, Deisen-

hofen, Germany) were dissolved in distilled water to 1.5 mM

and 5 mg/ml stock solutions, respectively. Tetramethylrho-

damine-ethylester-perchlorate (TMRE) was from Molecular

Probes (Mobitec, Göttingen, Germany). The proton shuttle

carbonylcyanide-m-chloro-phenylhydrazone (CCCP) was

from Sigma–Aldrich (Deisenhofen, Germany).

Primary rabbit antibodies against Bax, caspase-3, cleaved

caspase-3 (Asp175), Mcl-1, PARP, cleaved PARP (Asp214) and

primary mouse antibody against p53 were purchased from

Cell Signaling (New England Biolabs, Schwalbach/T., Ger-

many). caspase-8 was detected using a mouse monoclonal

antibody (BioCheck, Münster, Germany). The primary rabbit

antibody against human Bak and the monoclonal mouse

antibody recognizing the pro- and cleaved form of caspase-9

were from Upstate (Charlottesville, United States), Bid-specific

rabbit IgG was from R&D-Systems (Minneapolis, United States)

and primary mouse antibodies against Bcl-2 from Santa Cruz

Biotechnology (Heidelberg, Germany). The monoclonal mouse

antibody for COX-2 was supplied by Pharmingen (Becton-

Dickinson, Heidelberg, Germany). Secondary antibodies:

Horseradish peroxidase (HRP)-conjugated polyclonal-anti-

rabbit and monoclonal-anti-mouse secondary antibodies

were obtained from GE Healthcare/Amersham Biosciences

(Freiburg, Germany). All other chemicals were purchased from

Sigma–Aldrich (Deisenhofen, Germany) if not otherwise

specified.

Bak siRNA (ON-TARGETplus SMARTpool) and non-specific

siRNA (siCONTROL) were supplied by Dharmacon, Lafayette,

USA and the 4-mm cuvettes were from Bio-Rad, München,

Germany. Electroporation was performed with a rectangular

pulse of 400 V � 10 ms (EPI2500, Fischer, Heidelberg, Germany).

2.2. Cell lines, cell culture and cellular treatment

Bak-negative Jurkat T-lymphoma cells (=Bak-negative JCAM

1.6 subclone, subsequently named Jurkat Bak negative)

were obtained from A. Weiss (University of California, San

Francisco, USA). Jurkat E6.1 and Bak-positive Jurkat T-

lymphoma cells (=Bak-positive JCAM 1.6 subclone, subse-

quently named Jurkat Bak positive) were purchased from

ATCC (Bethesda, MD, USA). Jurkat vector cells (Jurkat vector) as

well as Jurkat Bcl-2 clone 3 with overexpression of wild type

Bcl-2 (Jurkat Bcl-2 clone 3) were used as otherwise specified

[31]. Jurkat vector was kindly provided by B. Leber (Ontario,

Canada).

For all experiments, cells were grown in RPMI 1640 medium

supplemented with 10% (v/v) fetal calf serum and maintained

in a humidified incubator at 37 8C and 5% CO2. Overall cell

number was quantified by counting cells at 20�magnification

with an inverse transmission light microscope (Hund; Wet-

zlar, Germany) employing a Neubauer counting chamber.

Cells were treated for up to 24 h with 0–100 mM celecoxib. All

experiments were performed with a solvent control (medium

with 0.1% ethanol). The final ethanol concentration in the

tissue culture experiments was always at or below 0.1% (v/v).

Cells were irradiated with 6 MV photons from a linear

accelerator (Precise Treatment System, Elekta, Stockholm,

Sweden) with a dose rate of 5.8 Gy/min.
2.3. Determination of apoptotic nuclear morphology

Apoptotic cellular and nuclear morphologies were analyzed by

fluorescence microscopy upon combined staining of the cells

with Hoechst 33342 and PI to discriminate between apoptotic

(chromatin condensation and/or fragmentation) and necrotic

cells (rose stained cells without chromatin condensation or

fragmentation). To this end, cells were incubated for 10 min

with Hoechst 33342 and PI at final concentrations of 1.5 mM

and 2.5 mg/ml, respectively. Morphology of stained cells was

determined by fluorescence microscopy (Zeiss Axiovert 200,

Carl Zeiss, Jena, Germany) using a G365/FT395/LP420 filter set.

Cells were analyzed at 40� magnification and documented

using a CCD camera device (Zeiss Axiocam MR, Jena,

Germany).

2.4. Determination of nuclear fragmentation

For quantification of nuclear fragmentation, cells were

submitted to FACS analysis upon staining with PI in a

hypotonic buffer [32] using a FACS Calibur flow cytometer

(Becton-Dickinson, Heidelberg, Germany). In brief, cells were

washed, incubated for 60 min at room temperature in the dark

in 0.1% (w/v) sodium citrate plus 50 mg/ml PI and 0.1% (v/v)

Triton X-100 and subsequently subjected to FACS analysis.

2.5. Determination of mitochondrial alterations

The mitochondrial transmembrane potential (DCm) was

analyzed by flow cytometry using the DCm-specific stain

TMRE. Cells were loaded for 30 min at 37 8C with 25 nM TMRE

and subsequently analyzed by flow cytometry. Preincubation

with 1 mM of the proton ionophore CCCP was used as a positive

control for complete depolarization.

2.6. Determination of caspase-activation

Caspase-activation was determined by Western blot analysis

(see below) using antibodies against the active cleavage

products of caspases-8, -9 and -3 as well as against the full

length and cleaved caspase-3 substrate PARP.

2.7. Western blot analysis

For analysis of protein expression, cells (1 � 107/ml) were lysed

for 10 min at 99 8C in CST lysis buffer (62.5 mM Tris–HCl (pH

6,8), 2% (w/v) SDS, 10% (v/v) glycerol, 50 mM DTT, 0.01% (w/v)

bromphenolblue). Twenty micrograms lysates were separated

by SDS-PAGE and blotted onto PVDF-membranes (Roth,

Karlsruhe, Germany). Blots were blocked for 1 h in PBS buffer

containing 0.05% (v/v) Tween 20 and 5% (w/v) non-fat dried

milk. The membrane was incubated over night at 4 8C with the

respective primary antibodies. After repeated washings with

TBS/Tween 20 (0.05%, v/v) the membrane was incubated for

1 h at room temperature with the secondary antibody and

again washed several times with TBS/Tween 20. Detection of

antibody binding was performed by enhanced chemolumi-

nescence staining (ECL Western blotting analysis system, GE

Healthcare/Amersham-Biosciences, Freiburg, Germany).

Equal protein loading was confirmed by Coomassie Brilliant
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Blue stain (Fermentas GmbH, St. Leon-Rot, Germany) and b-

Actin detection. Prestained protein markers and protein

markers were from Fermentas GmbH, St. Leon-Rot, Germany.

Quantification of Western blot analysis was performed

with densitometric software ImageJ (Rasband, W.S., ImageJ,

U.S. National Institutes of Health, Bethesda, USA, http://

www.rsb.info.nih.gov/ij/, 1997–2007).

2.8. siRNA transfection

Cells were cultured in complete RPMI-1640 medium at a low

density to ensure log phase growth at the time of transfection.

Cells were collected and resuspended in RPMI-1640 w/o phenol

red. For each transfection, 200 ml cell suspension were mixed

with Bak siRNA (ON-TARGETplus SMARTpool, Dharmacon,

Lafayette, USA) or non-specific siRNA (siCONTROL, Dharma-

con, Lafayette, USA) and transferred to a 4 mm cuvette (Bio-

Rad, München, Germany). The cells were electroporated with

an EPI2500-electroporator (Fischer, Heidelberg, Germany) and

immediately transferred to six-well plates with 6 ml pre-

warmed RPMI. Seventy five micromolar Celecoxib was added

48 h after transfection. Transfection efficacy was measured by

the uptake of a fluorescent siRNA (siGLO, Dharmacon,

Lafayette, USA) in living cells.
Fig. 1 – Classification of Jurkat-T-lymphoma cell clones by

Western blot analyses of cell death relevant proteins. (A)

Expression-levels of p53 and Bax were verified for the

Jurkat T-lymphoma cell lines used in the present study

(Jurkat E6.1, Jurkat Bak positive and Jurkat Bak negative).

HCT-116 wildtype (wt) cells were used as positive controls

for Bax- and p53-expression. (B) Verification of the

expression levels of Bak and Bcl-2 in Jurkat E6.1, Jurkat

Bak-positive and Jurkat Bak-negative cells. (C)

Determination of COX-2 expression levels with and

without treatment for 12 h with 75 mM celecoxib in Jurkat

cell lines. Fadu cells were employed as positive control.

Treatment with 75 mM celecoxib did not induce COX-2-

expression. b-Actin was used as a loading control. Data

show one representative experiment.
3. Results

3.1. Celecoxib-induced apoptosis in Bax-deficient Jurkat
cells depends on the expression of Bak

We have shown in an earlier investigation that celecoxib

induces apoptosis in Jurkat T-lymphoma cells via an intrinsic,

mitochondrial death pathway. It is now widely accepted that

activation of the intrinsic apoptosis pathway is dependent on

the presence of pro-apoptotic members of the multidomain

Bax-family of Bcl-2 proteins, mainly Bax or Bak. However,

Jurkat T-lymphoma cells have been shown to differ in the

expression of Bax, Bak and the tumor suppressor and

apoptosis regulator p53 depending on the respective cell line

[33–35]. Therefore, in a first set of experiments, the expression-

status of Bax, Bak and p53 was verified by Western blot

analysis of lysates from the cell lines used in the present study

(Fig. 1). In addition, expression of the anti-apoptotic protein

Bcl-2 and COX-2, an assumed target protein of COX-2

inhibitors was also evaluated. As shown in Fig. 1A, all Jurkat

cell lines used in the present study failed to express Bax while

this pro-apoptotic protein was readily expressed in control

cells from the human colon carcinoma line HCT-116. However,

the second pro-apoptotic effector protein Bak, was only

expressed in Jurkat E6.1 and Jurkat Bak-positive cell line

whereas Bak was completely absent from lysates of the related

Jurkat Bak-negative cell line (Fig. 1B). All Jurkat cell lines

displayed endogenous Bcl-2 and were negative for p53 and

COX-2 (Fig. 1A–C). As shown in Fig. 1C, treatment with

celecoxib did not increase COX-2-protein levels in Jurkat cells

(Fig. 1C).

In a next step we tested in how far lack of Bak-expression

would interfere with celecoxib-induced apoptosis in Bax-

negative Jurkat cells. To this end we analyzed the extent of
morphological alterations typical for apoptosis induction by

fluorescence microscopy upon staining with Hoechst 33342

and PI. As shown in Fig. 2 high levels of cells with condensed

chromatin and nuclear fragmentation were observed in the

Bak-expressing cell line (Jurkat Bak positive). In contrast, in the

Bak-deficient Jurkat Bak-negative cells almost no cells with

apoptotic morphology could be detected even upon treatment

with 100 mM celecoxib (Fig. 2).

To further corroborate these findings on the importance

of Bak for celecoxib-induced cell death induction we next

verified extent and kinetics of celecoxib-induced apoptosis in

http://www.rsb.info.nih.gov/ij/
http://www.rsb.info.nih.gov/ij/


Fig. 2 – Celecoxib induces apoptosis-related nuclear changes only in Jurkat-T-lymphoma cells with Bak-expression. Jurkat

Bak-positive and Jurkat Bak-negative cells were treated for 12 h with 0, 50, 75 or 100 mM celecoxib as indicated. Treatment-

induced changes in nuclear morphology were evaluated by fluorescence microscopy upon staining of the cells with

Hoechst 33342. Substantial chromatin condensation and fragmentation indicative for the induction of apoptosis were only

found in Bak-expressing cells. The control cells in all experiments contained the solvent ethanol (0.1%). Data show

representative figures.
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Bak-positive and Bak-negative Jurkat cell lines by flow

cytometry. As represented in Fig. 3, treatment with cele-

coxib-induced substantial time- and concentration-depen-

dent apoptosis-related morphological changes (Fig. 3A and B)

as well as nuclear fragmentation (Fig. 3C and D) in the two Bak-

expressing cell lines Jurkat E6.1 and Jurkat Bak positive. In
contrast, lack of Bak-expression in Jurkat Bak-negative cells

led to almost complete resistance to celecoxib-induced

morphological alterations and nuclear fragmentation

(Fig. 3A–D). Even increased concentrations (100 mM) and long

incubation times (12 and 24 h) failed to induce significant

apoptosis in the Bak-negative Jurkat cells.



Fig. 3 – Celecoxib-induced apoptosis in lymphoma cells depends on Bak. Jurkat E6.1, Jurkat Bak-positive and Jurkat Bak-

negative cells were treated for 0, 3, 6 or 12 h with 0, 50, 75 or 100 mM celecoxib as indicated. (A) Concentration- and (B) time-

dependent changes in cell morphology were examined by flow cytometry using FSC/SSC. Time-dependent apoptosis-

related loss in DNA (Sub-G1 peak) was determined (C) 12 h and (D) 24 h after celecoxib-treatment by flow cytometry upon

staining of the cells with propidium iodide (PI) in a hypotonic buffer. Finally, (E) concentration- and (F) time-dependent

depolarization of the mitochondrial membrane potential was analyzed by flow cytometry upon staining of the cells with

the potential sensitive dye TMRE. Significant dose- and time-dependent apoptosis induction could only be measured in

Bak-positive Jurkat-cells whereas Bak-deficient Jurkat cells showed almost no apoptosis induction. Control cells in all

experiments were incubated in medium supplemented with the solvent ethanol (0.1%). Data show means W S.D. of three

independent experiments.
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Up to now, these data indicated that celecoxib induces

cellular shrinkage, chromatin condensation and DNA frag-

mentation only in Bak-positive cell clones, while these

changes could not be observed in Bak-deficient Jurkat cells.

As shown earlier, celecoxib-induced apoptosis signaling

involves depolarization of the mitochondrial membrane
potential and caspase-activation. In this regard, in the

paradigmatic intrinsic mitochondrial death pathway break-

down of mitochondrial transmembrane potential (DCm) and

release of cytochrome c constitute prerequisites for activa-

tion of caspase-9 and the effector caspase cascade down-

stream of the mitochondria. Therefore, in a next set of



Fig. 4 – Celecoxib-induced apoptosis involves Bak-dependent caspase-activation. Jurkat E6.1, Jurkat Bak-positive and Jurkat

Bak-negative cells were treated (A) for 12 h with 0, 25, 50, 75 and 100 mM celecoxib or (B) for 0, 12 or 24 h with 75 mM

celecoxib. Activation of caspases was determined by Western Blot analysis of cytosolic extracts using antibodies specific

for the inactive pro-caspases and the active cleavage products of caspase-8, -3 and -9, respectively. In addition processing

of the caspase-3 substrate PARP was also evaluated. Control cells (0 mM) were incubated in the presence of medium

supplemented with the solvent ethanol. While Bak-proficient cells show strong activation of caspases in response to

celecoxib, Bak-deficient cells fail to show significant caspase-activation upon celecoxib-treatment and represented only a

slight pro-caspase 9 cleavage and PARP processing in contrast to Bak-positive cells. (C) Jurkat E6.1, Jurkat Bak positive and

Jurkat Bak-negative cells were pretreated for 10 min with 20 mM of the pan-caspase-inhibitor zVAD-fmk and subsequently

treated for 0, 6 and 12 h with 75 mM celecoxib. PARP-cleavage in the presence or absence of pan-caspase-inhibition by

zVAD-fmk was quantified by Western Blot analysis. b-Actin was used as a loading control (A–C). (D and E) Jurkat E6.1, Jurkat

Bak-positive cells were pretreated for 10 min with 20 mM of the pan-caspase-inhibitor zVAD-fmk and subsequently treated

for 0, 6 and 12 h with 75 mM celecoxib. Levels of celecoxib-induced apoptosis in the presence or absence of pan-caspase-

inhibition by zVAD-fmk were measured by flow cytometry using (D) determination of mitochondrial membrane

depolarization (TMRE) and (E) DNA fragmentation (Sub-G1 peak). Inhibition of caspase-activation does not inhibit celecoxib-

induced depolarization of the mitochondrial membrane potential but abrogates apoptosis execution.

b i o c h e m i c a l p h a r m a c o l o g y 7 6 ( 2 0 0 8 ) 1 0 8 2 – 1 0 9 61088



Fig. 4. (Continued).
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experiment we analyzed in how far Bak-deficiency would

interfere with celecoxib-induced mitochondrial damage as

determined by FACS-analysis upon loading of the cells with

the fluorescent potential sensitive dye TMRE. As shown in

Fig. 3E and F celecoxib-concentrations of 50 and 75 mM were

sufficient to induce rapid depolarization of the mitochon-

drial membrane potential in Bak-expressing cell lines

yielding 30–50% of cells with low DCm within 6 h. In

contrast, in Bak-deficient cells celecoxib almost completely

failed to trigger breakdown of the mitochondrial membrane

potential even upon incubation with high concentrations

(100 mM) and after extended incubation times (12 h) support-

ing the above-mentioned results on morphological altera-

tions and nuclear fragmentation.

To further substantiate our findings on the importance of

Bak for celecoxib-induced apoptosis we investigated activa-

tion of caspases-9, -3 and -8 by Western blot analysis (Fig. 4).

As expected, celecoxib induced a concentration- and time-

dependent processing of pro-caspase-9 and pro-caspase-3 in

the two Bak-positive Jurkat cell lines. This is indicated by

decreased levels of pro-caspases-9 and -3 as well as by

increased levels of the respective cleavage products upon

celecoxib-treatment (Fig. 4A and B). In line with this observa-

tion celecoxib induced cleavage of the caspase-3 substrate

PARP into 89 kDa cleaved PARP. Processing of the 55/53 kDa

pro-caspase-8 isoforms into the corresponding 41/43 kDa

cleavage fragments occurred with similar kinetics. In contrast,

no substantial cleavage of pro-caspases -9, -3 and -8 or of the

caspase-3 substrate PARP could be detected in the Bak-

negative Jurkat cell line (Fig. 4A and B).

To demonstrate the importance of caspase-activation for

celecoxib-induced cytotoxicity apoptosis rates were quanti-

fied in cells pretreated with the pan-caspase-inhibitor

zVAD-fmk. Our data reveal that pre-treatment with zVAD-

fmk potently reduces celecoxib-induced caspase-activation

(Fig. 4C). Moreover, although inhibition of caspase-activation

did not inhibit celecoxib-induced depolarization of the

mitochondrial membrane potential (Fig. 4D) pre-incubation

with the pan-caspase-inhibitor zVAD-fmk completely abro-
gated apoptosis-related nuclear fragmentation in the Bak-

positive Jurkat E6.1 and Jurkat Bak-positive cells (Fig. 4E).

Similar to our earlier observations these results place

celecoxib-induced caspase-activation downstream of the

mitochondria.

3.2. Molecular mechanisms of celecoxib-induced apoptosis
at the level of the mitochondria

Up to now we could demonstrate that celecoxib fails to induce

mitochondrial damage, caspase-activation and apoptosis in

Jurkat-cells without Bak-expression. In general apoptosis

induction by Bax and Bak is counteracted by anti-apoptotic

Bcl-2 and related proteins. Since in earlier investigations

overexpression of Bcl-2 was almost without effect on

celecoxib-induced apoptosis we wondered about the mechan-

isms of celecoxib-induced effects at the mitochondria.

In a first step we verified the lack of inhibitory effects of

increased expression of Bcl-2 on celecoxib-induced apoptosis

by using a Bcl-2 overexpressing Jurkat cell clone (Fig. 5) [36].

Similar to the other cell lines used in the present study, Jurkat

vector and Bcl-2 overexpressing Jurkat Bcl-2 cells were

characterized by the presence of pro-apoptotic Bak, but lack

of Bax-, p53- and COX-2-expression (Fig. 5A). As expected,

levels of Bcl-2 were found to be increased in Jurkat Bcl-2

compared to Jurkat vector cells. Pro-apoptotic Bax remained

undetectable during celecoxib-treatment (data not shown).

Similar to our earlier observations, celecoxib induced almost

similar rates of caspase-activation (Fig. 5B), mitochondrial

damage (Fig. 5C) and DNA fragmentation (Fig. 5E) in the Bcl-2

overexpressing Jurkat cells compared to Jurkat vector cells. In

contrast, increased levels of Bcl-2 readily protected Jurkat cells

against pro-apoptotic effects of ionizing radiation proving

functional relevance of the inhibitory action of Bcl-2 against a

paradigmatic stimulus of the mitochondrial death pathway

(Fig. 5D).

These data underline that celecoxib induces apoptosis in

Jurkat cells via a mitochondrial death pathway which is not

abrogated by overexpression of Bcl-2. As already mentioned



Fig. 5 – Overexpression of Bcl-2 does not abrogate celecoxib-induced apoptosis. (A) Expression of COX-2, p53, Bak, Bax, Bcl-2

and b-Actin as loading control as well as (B) cleavage of the caspase-3 substrate PARP upon treatment with 75 mM celecoxib

were verified for Jurkat T-lymphoma cell lines with (Jurkat Bcl-2 wt clone 3) and without (Jurkat vector) Bcl-2 overexpression

by Western blot analysis. Activation of caspases as indicated by decrease of full length PARP and increase of the cleaved

large and small PARP fragments were observed in Jurkat vector as well as Bcl-2 overexpressing cells. Depolarization of the

mitochondrial membrane potential indicative for apoptosis induction was determined in both cell types (C) 12 h after

incubation with 0, 50, 75 and 100 mM celecoxib and (D) 12 h after irradiation with 0, 5 and 10 Gy by flow cytometry (TMRE).

While both cell types revealed almost similar levels of celecoxib-induced apoptosis irrespective of the expression levels of

Bcl-2, apoptosis levels upon irradiation were decreased in Bcl-2 overexpressing cells, proving Bcl-2-independent pro-

apoptotic effects of celecoxib despite radioprotective effects of Bcl-2. Data show means W S.D. of three independent

experiments. (E) Similar characteristics were observed when analyzing DNA fragmentation (Sub-G1 peak) 12 h after

celecoxib-treatment by flow cytometry. Representative histograms after treatment with 100 mM celecoxib and respective

controls were demonstrated.
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Fig. 6 – Interaction of celecoxib with pro- and anti-apoptotic Bcl-2 proteins. (A–C) Bak-expressing Jurkat Bak positive and Jurkat

E6.1 cells as well as Bak-negative Jurkat cells were treated for 0, 12 or 24 h with 75 mM or for 12 h with 0, 50, 75 and 100 mM

celecoxib as indicated. Protein levels of Bcl-2, Bcl-xL, Bak, Mcl-1, uncleaved and cleaved PARP were subsequently evaluated by

Western Blot analysis. Data show (A) concentration- and (B) time-dependent effects of celecoxib-treatment on expression of

Bcl-2, Bcl-xL and Bak, (C) concentration-dependent effects of celecoxib-treatment on Mcl-1 and PARP-levels. Even though Mcl-1

levels of untreated Bak-negative cells were increased compared to their Bak-positive counterparts a concentration-dependent

constant reduction of Mcl-1 levels was in all Jurkat cell lines detectable (C). (D) Jurkat cells were pretreated for 10 min with

20 mM of the pan-caspase-inhibitor zVAD-fmk and subsequently treated for 0, 6 and 12 h with 75 mM celecoxib to study

whether the observed decrease in Mcl-1 levels (Fig. 6C) was a caspase-mediated epiphenomenon or a functional event

upstream of the mitochondria necessary for the onset of apoptosis. Western blots were performed demonstrating even in the

presence of zVAD-fmk a massive celecoxib-mediated down-regulation of Mcl-1 in Bak-positive cells although the extent of

Mcl-1-decrease was lower in the presence of zVAD-fmk. Moreover, celecoxib-mediated down-regulation of Mcl-1 was only

transient in Bak-negative Jurkat cells pointing to a combination of caspase-dependent and -independent effects of celecoxib

on Mcl-1 levels. b-Actin was used as a loading control (A–E). (E–G) Bak-positive Jurkat cells were transfected with Bak siRNA,

non-targeting siRNA (nt siRNA) by electroporation and subsequently treated for 3, 6, and 12 h with 75 mM celecoxib 48h after

transfection. (E) Effects of transfection on Bak protein expression were tested 48h after electroporation. Significant reduction of

Bak-expression was only detectable with siRNA for Bak. Quantification of Western blot analysis was performed with

densitometric software ImageJ (Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, USA, http://

rsb.info.nih.gov/ij/, 1997–2007). Effects of siRNA-mediated down-regulation of Bak on celecoxib-induced mitochondrial

membrane depolarization DC (F) and nuclear fragmentation (Sub-G1 peak) (G) was determined 12 h after celecoxib-treatment

with 75 mM by flow cytometry. Data (F and G) show means W S.D. of three independent experiments.
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Fig. 6. (Continued ).
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above, the Jurkat cell lines used in the present study did not

show expression of COX-2 in the absence or presence of

celecoxib making inhibitory effects on COX-2-mediated

expression of Bcl-2 highly unlikely (Fig. 1C). However, to

exclude that the potent celecoxib-effects in Bcl-2 overexpres-

sing cells may be executed via inhibitory effects on Bcl-2-

expression, we subsequently evaluated to what extent

celecoxib would interfere with the expression of anti-

apoptotic Bcl-2 or related proteins (Fig. 6). As shown in

Fig. 6A and B treatment with celecoxib did not alter the protein

levels of Bcl-2 in all cell lines tested. In contrast, a tendency to

decreased levels of Bcl-xL expression was observed at least at

increased concentrations (Fig. 6A). However, since apoptosis

was already executed at earlier time points and lower drug
concentrations, we hypothesize that the celecoxib-induced

decrease in Bcl-xL expression may not be the major trigger of

the observed effects. In line with that interpretation,

decreased protein levels of Bcl-xL were also observed in

Bak-negative celecoxib-resistant Jurkat cells. Moreover,

decrease of Bcl-xL paralleled the decrease of Bak levels in

the apoptosis competent cells.

Interestingly, in the two Bak-positive cell lines, celecoxib-

treatment resulted in prominent down-regulation of the anti-

apoptotic Bcl-2 protein Mcl-1. Mcl-1 was almost undetectable

12 h after treatment with 50 and 75 mM celecoxib, respec-

tively. Mcl-1 levels were also down-regulated in the Bak-

negative Jurkat cells. However, since Mcl-1 levels were

increased in untreated Bak-negative Jurkat cells compared
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to their Bak-positive counterparts, increased concentrations

of celecoxib were necessary to obtain a similar level of down-

regulation (Fig. 6C). Since in addition to Bcl-xL pro-apoptotic

Bak is kept in check by Mcl-1, these data suggest that down-

regulation of Mcl-1 may at least partially be responsible for

celecoxib-mediated activation of Bak-dependent apoptosis

[37].

Since in addition to Bcl-xL pro-apoptotic Bak is kept in

check by Mcl-1, these data suggest that down-regulation of

Mcl-1 may at least partially be responsible for celecoxib-

mediated activation of Bak-dependent apoptosis [37]. To study

in how far the observed decrease in Mcl-1 levels would be an

upstream event being necessary for the onset of apoptosis or

rather a consequence of caspase-mediated Mcl-1 cleavage

downstream of mitochondrial damage, the effect of celecoxib

on Mcl-1 levels was determined in the presence or absence of

pan-caspase inhibition by zVAD-fmk (Fig. 6D). Our data clearly

show that even in the presence of zVAD-fmk celecoxib was

able to induce massive down-regulation of Mcl-1 in Jurkat E6.1

and Jurkat Bak-positive cells (Fig. 6D left and middle panel)

although the extent of the Mcl-1-decrease was somewhat

reduced in Jurkat Bak-positive cells in the presence of zVAD-

fmk. Moreover, celecoxib-mediated down-regulation of Mcl-1

was only transient in Bak-negative Jurkat cells (Fig. 6D right

panel). Altogether these results point to a combination of

caspase-dependent and caspase-independent effects of cel-

ecoxib on Mcl-1 levels.

In a last set of experiments we determined the influence of

siRNA-mediated down-regulation of Mcl-1 on survival of

Jurkat cells. As already observed earlier, siRNA-mediated

down-regulation of Mcl-1 was sufficient to trigger massive

apoptosis in our Jurkat cell model revealing functional

relevance of celecoxib-mediated effects on Mcl-1 (data not

shown) [38].

3.3. Down-regulation of Bak by siRNA abrogates celecoxib-
induced apoptosis

Up to now our data suggested that expression of Bak is

essential for celecoxib-induced apoptosis. To prove func-

tional relevance of Bak-deficiency for celecoxib-resistance

we tested in how far siRNA-mediated down-regulation of

Bak in Bak-positive Jurkat cells would abrogate celecoxib-

induced apoptosis and thus mimick the phenotype of the

Bak-negative cells in respect to celecoxib-sensitivity. To this

end, Bak-positive Jurkat cells were transiently transfected

with siGlo-, non-target as well as Bak siRNA and subse-

quently treated with celecoxib 48 h after transfection. As

shown in Fig. 6F transfection with Bak siRNA largely

suppressed the time-dependent celecoxib-induced depolar-

ization of the mitochondrial membrane potential compared

to control cells without electroporation (no EP) and cells

transfected by non-target siRNA (nt siRNA). Moreover,

siRNA-mediated down-regulation of Bak resulted in an even

more prominent reduction of DNA fragmentation in

response to 75 mM celecoxib (Fig. 6G). Thus, siRNA-mediated

down-regulation of Bak resulted in reduced sensitivity of the

cells to celecoxib-induced apoptosis further corroborating

our findings on the importance of Bak for celecoxib-induced

apoptosis.
Successful uptake of siRNA (siGLO) in living (PI-negative)

cells (90% after 24 h) was confirmed by flow cytometry (data

not shown). As shown in Fig. 6E, transfection with Bak siRNA

but not with non-target siRNA (nt siRNA) decreased Bak

protein expression in Bak-positive Jurkat cells by 67.2% within

48 h (Jurkat Bak positive).

In our hands, partial down-regulation of Bak by was

sufficient to almost completely block celecoxib-induced

apoptosis (Fig. 6E). This observation underlines the impor-

tance of the balance of the complete set of pro- and anti-

apoptotic proteins within a damaged cell and suggests that the

low levels of Bak may be neutralized by concerted action of

endogenous Bcl-2 and Bcl-xL and some remaining Mcl-1.
4. Discussion

In this report we show for the first time that celecoxib-induced

apoptosis in Bax-negative Jurkat cells depends on the

expression of Bak. Functional relevance of Bak-deficiency

for celecoxib-resistance was demonstrated by almost com-

plete abrogation of celecoxib-induced apoptosis in Bak-

deficient Jurkat cells as well as largely decreased apoptosis

rates in Bak-positive Jurkat cells upon RNAi-mediated down-

regulation of Bak-expression. Thus, while lack of Bax did not

abrogate celecoxib-induced apoptosis, combined loss of Bak

and Bax completely blocked the apoptotic cascade triggered by

celecoxib-treatment. From these data we conclude that in Bax-

deficient cells Bak is essential for the onset of apoptosis. In our

hands celecoxib did not alter the expression levels of Bak but

rather its activation state. This is in contrast to a recent report

suggesting that celecoxib may affect apoptosis sensitivity

by increasing Bak-expression in cervical cancer cells [39].

Celecoxib-mediated increase of Bak-expression and apoptosis

rates were reduced by siGADD153 suggesting that in those

cells GADD153 may play a key role in celecoxib-triggered Bak-

expression and apoptosis. Unfortunately, the authors did not

mention the Bax-expression status in their cells precluding

final conclusions about the relative importance of Bak in the

presence or absence of Bax. Nevertheless, both studies

emphasize the emerging role of Bak to mediate celecoxib-

induced apoptosis.

However, in Bax-expressing hepatocellular carcinoma cells

treatment with celecoxib led to an increase in pro-apoptotic

Bax and a subsequent shift in the Bax/Bcl-2 ratio resulting in

growth inhibition and apoptosis induction [40]. This associa-

tion of increased levels of Bax and celecoxib-action has also

been observed by others [26,41]. In line with these observa-

tions, in human colorectal or esophageal cancer cells,

apoptosis induction by other nonsteriodal anti-inflammatory

drugs depended on the expression of Bax [42,43]. However, in

neither study functional relevance of increased Bax levels or

the relevance of its homologue Bak had been tested.

Together with the broad resistance of Bax/Bak-double

knockout cells to many if not all death stimuli-inducing

apoptosis via the intrinsic pathway these observations further

confirm a functional redundancy of Bax and Bak. These two

complementary pro-apoptotic Bcl-2 proteins of the Bax-family

are essential for the activation of the intrinsic death pathway

and can substitute each other in cell lines with defective
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expression or function of their functional relative [44,45]. Since

celecoxib and related compounds induce apoptosis via a

mitochondrial death pathway it may be expected that

dependent on the cell type cell death may be preferentially

be mediated by either Bax or Bak [46,47], and that in Bax-

deficient Jurkat cells Bak may be responsible for initiation of

the death cascade [35].

Similar to our earlier observations, overexpression of Bcl-2

was not sufficient to abrogate celecoxib-induced apoptosis in

the Jurkat T-lymphoma cells [28]. In line with this observation,

Bcl-2 overexpression did not protect against apoptosis

induced by celecoxib or derivatives in chronic lymphocytic

leukemia [13], oral cancer [25], LNCaP and PC-3 prostate cancer

cell lines [30]. Moreover, in our hands treatment with celecoxib

did not alter the expression levels of Bcl-2 or Bcl-xL. Therefore,

in contrast to the results obtained by Subhashini and cow-

orkers down-regulation of anti-apoptotic Bcl-2 and Bcl-xL was

not responsible for celecoxib-induced apoptosis [41,48,49].

In conjunction with the observation that Jurkat cells do not

express the suggested target protein of coxibes, COX-2, in the

absence of celecoxib and do not up-regulate that protein

during treatment, our findings argue against an involvement

of inhibitory effects of celecoxib on COX-2-mediated Bcl-2

expression in celecoxib-induced apoptosis, at least in Jurkat

cells. Thus, our data corroborate earlier findings on COX-2-

independent pro-apoptotic effects of celecoxib [11,12,23–25].

However, this does not exclude that in COX-2-expressing cells,

inhibition of COX-2 may contribute to the antineoplastic

effects of celecoxib e.g. by regulation of the levels of pro-and

anti-apoptotic Bcl-2 family members [50,51]. In this regard,

increased COX-2 expression in normal enterocytes from rat

ileum transformed by anti-sense Bak rendered the cells

sensitive to the pro-apoptotic effects of celecoxib [52,53].

Taking into consideration that COX-2-overexpression is

associated with poorer prognosis [54–59] and that celecoxib

can mediate both COX-2-dependent and COX-2-independent

pro-apoptotic effects we speculate that despite the suggested

increased risk of heart attack and stroke upon long term

exposure, celecoxib may be of value for short treatment of

COX-2-expressing tumors as single drug or in combination

with classical chemotherapeutic drugs or ionizing radiation.

In contrast, pro-apoptotic celecoxib-derivatives without COX-

2-inhibitory action such as OSU-03012 or DMC may be safer for

anticancer treatment of COX-2 negative tumors.

Interestingly, celecoxib-treatment was associated with a

rapid loss of anti-apoptotic Mcl-1. Similarly, decreased levels

of anti-apoptotic Mcl-1 in response to celecoxib-treatment

have recently been observed by others in hepatocellular

carcinoma as well as human T-cell leukemia virus-1-asso-

ciated adult T-cell leukemia [26,29]. Since a selective interac-

tion of Bak with Mcl-1 and Bcl-xL in healthy cells has been

proposed to prevent Bak-activation [60,61], celecoxib-induced

down-regulation of Mcl-1 may contribute to celecoxib-

induced Bak-activation and apoptosis. In our hands, celecoxib

was still able to induce Mcl-1 decrease even in the presence of

zVAD-fmk. Together with the finding that celecoxib-mediated

down-regulation of Mcl-1 was largely reduced and only

transient in Bak-negative Jurkat cells our results point to a

combination of caspase-dependent and caspase-independent

effects of celecoxib on Mcl-1 levels. Moreover, siRNA-mediated
down-regulation of Mcl-1 was sufficient to trigger apoptosis in

the absence of further stimuli. These observations confirm

functional relevance of decreased Mcl-1-levels for the onset of

apoptosis upon celecoxib-treatment, and confirm earlier

findings on the role of Mcl-1 for Jurkat cell survival [38].

Based on these findings, we conclude that the pro-

apoptotic Bcl-2 homologue Bak is essential for COX-2-

independent celecoxib-mediated apoptosis in Bax-deficient

Jurkat T-lymphoma cells at the level of the mitochondria. We

hypothesize that celecoxib-mediated down-regulation of Mcl-

1 is causative for the release of Bak from this essential pro-

survival factor, Bak-mediated mitochondrial damage and

subsequent Bak-dependent apoptosis.

Together with our earlier findings our novel observations

underline that celecoxib and related compounds are potent

antineoplastic agents with a unique mechanism of action. It is

of special importance to notice that molecular requirements

for celecoxib-induced apoptosis seem to differ from those of

most DNA-damaging antineoplastic drugs and ionizing

radiation. This may offer the opportunity for increased

efficacy of combined treatment approaches using celecoxib

in combination with chemotherapeutic drugs or ionizing

radiation in cellular systems with loss of p53 and high

expression levels of a special subset of anti-apoptotic Bcl-2-

family members.
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Education and Research (Fö. 01KS9602) and the Interdisci-

plinary Center of Clinical Research Tübingen (IZKF) as well as

the German Research Foundation, DFG (International

Research Training Group 1302/1) to V.J. and C.B.
r e f e r e n c e s
[1] Phillips RK, Wallace MH, Lynch PM, Hawk E, Gordon GB,
Saunders BP, et al. A randomised, double blind, placebo
controlled study of celecoxib, a selective cyclooxygenase 2
inhibitor, on duodenal polyposis in familial adenomatous
polyposis. Gut 2002;50:857–60.

[2] Moran EM. Epidemiological and clinical aspects of
nonsteroidal anti-inflammatory drugs and cancer risks. J
Environ Pathol Toxicol Oncol 2002;21:193–201.

[3] El-Rayes BF, Ali S, Sarkar FH, Philip PA. Cyclooxygenase-2-
dependent and -independent effects of celecoxib in
pancreatic cancer cell lines. Mol Cancer Ther 2004;3:1421–6.

[4] Johnsen JI, Lindskog M, Ponthan F, Pettersen I, Elfman L,
Orrego A, et al. Cyclooxygenase-2 is expressed in
neuroblastoma, and nonsteroidal anti-inflammatory drugs
induce apoptosis and inhibit tumor growth in vivo. Cancer
Res 2004;64:7210–5.

[5] Hida T, Kozaki K, Muramatsu H, Masuda A, Shimizu S,
Mitsudomi T, et al. Cyclooxygenase-2 inhibitor induces



b i o c h e m i c a l p h a r m a c o l o g y 7 6 ( 2 0 0 8 ) 1 0 8 2 – 1 0 9 6 1095
apoptosis and enhances cytotoxicity of various anticancer
agents in non-small cell lung cancer cell lines. Clin Cancer
Res 2000;6:2006–11.

[6] Sandler AB, Dubinett SM. COX-2 inhibition and lung cancer.
Semin Oncol 2004;31:45–52.

[7] Choy H, Milas L. Enhancing radiotherapy with
cyclooxygenase-2 enzyme inhibitors: a rational advance? J
Natl Cancer Inst 2003;95:1440–52.

[8] Liu W, Chen Y, Wang W, Keng P, Finkelstein J, Hu D, et al.
Combination of radiation and celebrex (celecoxib) reduce
mammary and lung tumor growth. Am J Clin Oncol
2003;26:S103–9.

[9] Nakata E, Mason KA, Hunter N, Husain A, Raju U, Liao Z,
et al. Potentiation of tumor response to radiation or
chemoradiation by selective cyclooxygenase-2 enzyme
inhibitors. Int J Radiat Oncol Biol Phys 2004;58:369–75.

[10] Ganswindt U, Budach W, Jendrossek V, Becker G, Bamberg
M, Belka C. Combination of celecoxib with percutaneous
radiotherapy in patients with localised prostate cancer—a
phase I study. Radiat Oncol (London England) 2006;1:9.

[11] Song X, Lin HP, Johnson AJ, Tseng PH, Yang YT, Kulp SK,
et al. Cyclooxygenase-2, player or spectator in
cyclooxygenase-2 inhibitor-induced apoptosis in prostate
cancer cells. J Natl Cancer Inst 2002;94:585–91.

[12] Waskewich C, Blumenthal RD, Li H, Stein R, Goldenberg
DM, Burton J. Celecoxib exhibits the greatest potency
amongst cyclooxygenase (COX) inhibitors for
growth inhibition of COX-2-negative hematopoietic
and epithelial cell lines. Cancer Res 2002;62:
2029–33.

[13] Johnson AJ, Smith LL, Zhu J, Heerema NA, Jefferson S, Mone
A, et al. A novel celecoxib derivative, OSU03012, induces
cytotoxicity in primary CLL cells and transformed B-cell
lymphoma cell line via a caspase- and Bcl-2-independent
mechanism. Blood 2005;105:2504–9.

[14] Kardosh A, Wang W, Uddin J, Petasis NA, Hofman FM, Chen
TC, et al. Dimethyl-celecoxib (DMC), a derivative of
celecoxib that lacks cyclooxygenase-2-inhibitory function,
potently mimics the anti-tumor effects of celecoxib on
Burkitt’s lymphoma in vitro and in vivo. Cancer Biol Ther
2005;4:571–82.

[15] Thorburn A. Death receptor-induced cell killing. Cell Signal
2004;16:139–44.

[16] Fischer U, Janicke RU, Schulze-Osthoff K. Many cuts to ruin:
a comprehensive update of caspase substrates. Cell Death
Differ 2003;10:76–100.

[17] Danial NN. BCL-2 family proteins: critical checkpoints of
apoptotic cell death. Clin Cancer Res 2007;13:7254–63.

[18] Strasser A. The role of BH3-only proteins in the immune
system. Nat Rev 2005;5:189–200.

[19] Labi V, Erlacher M, Kiessling S, Villunger A. BH3-only
proteins in cell death initiation, malignant disease and
anticancer therapy. Cell Death Differ 2006;13:1325–38.

[20] Certo M, Del Gaizo Moore V, Nishino M, Wei G, Korsmeyer
S, Armstrong SA, et al. Mitochondria primed by death
signals determine cellular addiction to antiapoptotic BCL-2
family members. Cancer Cell 2006;9:351–65.

[21] Kuwana T, Bouchier-Hayes L, Chipuk JE, Bonzon C, Sullivan
BA, Green DR, et al. BH3 domains of BH3-only proteins
differentially regulate Bax-mediated mitochondrial
membrane permeabilization both directly and indirectly.
Mol Cell 2005;17:525–35.

[22] Chen L, Willis SN, Wei A, Smith BJ, Fletcher JI, Hinds MG,
et al. Differential targeting of prosurvival Bcl-2 proteins by
their BH3-only ligands allows complementary apoptotic
function. Mol Cell 2005;17:393–403.

[23] Lin HP, Kulp SK, Tseng PH, Yang YT, Yang CC, Chen CS,
et al. Growth inhibitory effects of celecoxib in human
umbilical vein endothelial cells are mediated through G1
arrest via multiple signaling mechanisms. Mol Cancer Ther
2004;3:1671–80.

[24] Williams CS, Watson AJ, Sheng H, Helou R, Shao J, DuBois
RN. Celecoxib prevents tumor growth in vivo without
toxicity to normal gut: lack of correlation between in vitro
and in vivo models. Cancer Res 2000;60:6045–51.

[25] Ding H, Han C, Zhu J, Chen CS, D’Ambrosio SM. Celecoxib
derivatives induce apoptosis via the disruption of
mitochondrial membrane potential and activation of
caspase 9. Int J Cancer 2005;113:803–10.

[26] Kern MA, Haugg AM, Koch AF, Schilling T, Breuhahn K,
Walczak H, et al. Cyclooxygenase-2 inhibition induces
apoptosis signaling via death receptors and mitochondria
in hepatocellular carcinoma. Cancer Res 2006;66:7059–66.

[27] Liu X, Yue P, Zhou Z, Khuri FR, Sun SY. Death receptor
regulation and celecoxib-induced apoptosis in human lung
cancer cells. J Natl Cancer Inst 2004;96:1769–80.

[28] Jendrossek V, Handrick R, Belka C. Celecoxib activates a
novel mitochondrial apoptosis signaling pathway. FASEB J
2003;17:1547–9.

[29] Sinha-Datta U, Taylor JM, Brown M, Nicot C. Celecoxib
disrupts the canonical apoptotic network in HTLV-I cells
through activation of Bax and inhibition of PKB/Akt.
Apoptosis 2007.

[30] Hsu AL, Ching TT, Wang DS, Song X, Rangnekar VM, Chen
CS. The cyclooxygenase-2 inhibitor celecoxib induces
apoptosis by blocking Akt activation in human prostate
cancer cells independently of Bcl-2. J Biol Chem
2000;275:11397–403.

[31] Rudner J, Lepple-Wienhues A, Budach W, Berschauer J,
Friedrich B, Wesselborg S, et al. Wild-type, mitochondrial
and ER-restricted Bcl-2 inhibit DNA damage-induced
apoptosis but do not affect death receptor-induced
apoptosis. J Cell Sci 2001;114:4161–72.

[32] Nicoletti I, Migliorati G, Pagliacci MC, Grignani F, Riccardi C.
A rapid and simple method for measuring thymocyte
apoptosis by propidium iodide staining and flow cytometry.
J Immunol Methods 1991;139:271–9.

[33] Bull EK, Chakrabarty S, Brodsky I, Haines DS. mdm2-P2
transcript levels predict the functional activity of the p53
tumor suppressor in primary leukemic cells. Oncogene
1998;16:2249–57.

[34] Mansilla S, Pina B, Portugal J. Daunorubicin-induced
variations in gene transcription: commitment to
proliferation arrest, senescence and apoptosis. Biochem J
2003;372:703–11.

[35] Wang GQ, Gastman BR, Wieckowski E, Goldstein LA,
Gambotto A, Kim TH, et al. A role for mitochondrial Bak in
apoptotic response to anticancer drugs. J Biol Chem
2001;276:34307–1.

[36] Handrick R, Rudner J, Muller I, Eibl H, Belka C, Jendrossek V.
Bcl-2 mediated inhibition of erucylphosphocholine-
induced apoptosis depends on its subcellular localisation.
Biochem Pharmacol 2005;70:837–50.

[37] Minet E, Cosse JP, Demazy C, Raes M, Michiels C.
Accumulation of the pro-apoptotic factor Bak is controlled
by antagonist factor Mcl-1 availability. Apoptosis
2006;11:1039–47.

[38] Han J, Goldstein LA, Gastman BR, Rabinowich H.
Interrelated roles for Mcl-1 and BIM in regulation of TRAIL-
mediated mitochondrial apoptosis. J Biol Chem
2006;281:10153–6.

[39] Kim SH, Hwang CI, Juhnn YS, Lee JH, Park WY, Song YS.
GADD153 mediates celecoxib-induced apoptosis in cervical
cancer cells. Carcinogenesis 2007;28:223–31.

[40] Fantappie O, Solazzo M, Lasagna N, Platini F, Tessitore L,
Mazzanti R. P-glycoprotein mediates celecoxib-induced
apoptosis in multiple drug-resistant cell lines. Cancer Res
2007;67:4915–23.



b i o c h e m i c a l p h a r m a c o l o g y 7 6 ( 2 0 0 8 ) 1 0 8 2 – 1 0 9 61096
[41] Cianchi F, Cortesini C, Magnelli L, Fanti E, Papucci L,
Schiavone N, et al. Inhibition of 5-lipoxygenase by
MK886 augments the antitumor activity of celecoxib
in human colon cancer cells. Mol Cancer Ther 2006;5:
2716–26.

[42] Aggarwal S, Taneja N, Lin L, Orringer MB, Rehemtulla A,
Beer DG. Indomethacin-induced apoptosis in esophageal
adenocarcinoma cells involves upregulation of Bax and
translocation of mitochondrial cytochrome c independent
of COX-2 expression. Neoplasia 2000;2:346–56.

[43] Zhang L, Yu J, Park BH, Kinzler KW, Vogelstein B. Role of
BAX in the apoptotic response to anticancer agents.
Science 2000;290:989–92.

[44] Adams JM, Cory S, The. Bcl-2 apoptotic switch in cancer
development and therapy. Oncogene 2007;26:1324–37.

[45] Hemmati PG, Guner D, Gillissen B, Wendt J, von Haefen C,
Chinnadurai G, et al. Bak functionally complements for loss
of Bax during p14ARF-induced mitochondrial apoptosis in
human cancer cells. Oncogene 2006;25:6582–94.

[46] Wei MC, Zong WX, Cheng EH, Lindsten T,
Panoutsakopoulou V, Ross AJ, et al. Proapoptotic BAX and
BAK: a requisite gateway to mitochondrial dysfunction and
death. Science 2001;292:727–30.

[47] Reed JC. Proapoptotic multidomain Bcl-2/Bax-family
proteins: mechanisms, physiological roles, and therapeutic
opportunities. Cell Death Differ 2006;13:1378–86.

[48] Subhashini J, Mahipal SV, Reddanna P. Anti-proliferative
and apoptotic effects of celecoxib on human
chronic myeloid leukemia in vitro. Cancer Lett 2005;
224:31–43.

[49] Chen JC, Chen Y, Su YH, Tseng SH. Celecoxib increased
expression of 14-3-3 sigma and induced apoptosis of glioma
cells. Anticancer Res 2007;27:2547–54.

[50] Komatsu K, Buchanan FG, Katkuri S, Morrow JD, Inoue H,
Otaka M, et al. Oncogenic potential of MEK1 in rat intestinal
epithelial cells is mediated via cyclooxygenase-2.
Gastroenterology 2005;129:577–90.

[51] Lin MT, Lee RC, Yang PC, Ho FM, Kuo ML. Cyclooxygenase-2
inducing Mcl-1-dependent survival mechanism in human
lung adenocarcinoma CL1 0 cells. Involvement of
phosphatidylinositol 3-kinase/Akt pathway. J Biol Chem
2001;276:48997–9002.
[52] Dvory-Sobol H, Cohen-Noyman E, Kazanov D, Figer A,
Birkenfeld S, Madar-Shapiro L, et al. Celecoxib leads to G2/
M arrest by induction of p21 and down-regulation of cyclin
B1 expression in a p53-independent manner. Eur J Cancer
2006;42:422–6.

[53] Liberman E, Naumov I, Kazanov D, Dvory-Sobol H, Sagiv E,
Birkenfeld S, et al. Malignant transformation of normal
enterocytes following downregulation of Bak expression.
Digestion 2008;77:48–56.

[54] Chen WC, McBride WH, Chen SM, Lee KF, Hwang TZ, Jung
SM, et al. Prediction of poor survival by cyclooxygenase-2 in
patients with T4 nasopharyngeal cancer treated by
radiation therapy: clinical and in vitro studies. Head Neck
2005;27:503–12.

[55] Ferrandina G, Lauriola L, Distefano MG, Zannoni GF, Gessi
M, Legge F, et al. Increased cyclooxygenase-2 expression is
associated with chemotherapy resistance and poor survival
in cervical cancer patients. J Clin Oncol 2002;20:973–81.

[56] Kim YB, Kim GE, Cho NH, Pyo HR, Shim SJ, Chang SK, et al.
Overexpression of cyclooxygenase-2 is associated with a
poor prognosis in patients with squamous cell carcinoma
of the uterine cervix treated with radiation and concurrent
chemotherapy. Cancer 2002;95:531–9.

[57] Ladetto M, Vallet S, Trojan A, Dell’Aquila M, Monitillo L,
Rosato R, et al. Cyclooxygenase-2 (COX-2) is frequently
expressed in multiple myeloma and is an independent
predictor of poor outcome. Blood 2005;105:4784–91.

[58] Lim SC, Lee TB, Choi CH, Ryu SY, Min YD, Kim KJ.
Prognostic significance of cyclooxygenase-2 expression and
nuclear p53 accumulation in patients with colorectal
cancer. J Surg Oncol 2008;97:51–6.

[59] Zerkowski MP, Camp RL, Burtness BA, Rimm DL, Chung GG.
Quantitative analysis of breast cancer tissue microarrays
shows high cox-2 expression is associated with poor
outcome. Cancer Invest 2007;25:19–26.

[60] Willis SN, Chen L, Dewson G, Wei A, Naik E, Fletcher JI, et al.
Proapoptotic Bak is sequestered by Mcl-1 and Bcl-xL, but
not Bcl-2, until displaced by BH3-only proteins. Genes Dev
2005;19:1294–305.

[61] Cuconati A, Mukherjee C, Perez D, White E. DNA damage
response and MCL-1 destruction initiate apoptosis in
adenovirus-infected cells. Genes Dev 2003;17:2922–32.


	Importance of Bak for celecoxib-induced apoptosis
	Introduction
	Materials and methods
	Reagents
	Cell lines, cell culture and cellular treatment
	Determination of apoptotic nuclear morphology
	Determination of nuclear fragmentation
	Determination of mitochondrial alterations
	Determination of caspase-activation
	Western blot analysis
	siRNA transfection

	Results
	Celecoxib-induced apoptosis in Bax-deficient Jurkat cells depends on the expression of Bak
	Molecular mechanisms of celecoxib-induced apoptosis at the level of the mitochondria
	Down-regulation of Bak by siRNA abrogates celecoxib-induced apoptosis

	Discussion
	Conflicts of interest
	Acknowledgements
	References


