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b INSERM, U866, Université de Bourgogne, Dijon F-21000, France
cEcole Pratique des Hautes Etudes, Dijon F-21000, France

a r t i c l e i n f o

Article history:

Received 16 March 2007

Accepted 13 July 2007

Keywords:

Bleomycin

Lymphoma

Apoptosis

ROS

JNK

Death receptors

a b s t r a c t

Bleomycin (BLM) has demonstrated potent activity in treating malignant lymphomas but its

therapeutic efficacy is hampered by induction of lung fibrosis. This side effect is related to

the ability of the drug to generate reactive oxygen species in lung cells. In the present study,

we evaluated the consequences of deglycosylation of BLM in term of cytotoxic activity and

generation of reactive oxygen species. When tested on U937 human lymphoma cells, both

compounds generated a typical apoptotic phenotype. Cell death induction was associated

with Bax oligomerization, dissipation of the mitochondrial membrane potential, release of

cytochrome c, caspase activation, chromatin condensation and internucleosomal degrada-

tion. Whereas both reactive oxygen species and c-jun NH2-terminal kinase (JNK) inhibitors

prevented BLM-induced U937 cell death, only JNK inhibition prevented deglycosylated BLM-

mediated cell death. Both compounds induced clustering of TRAIL receptors (DR4 and DR5)

and Fas at the cell surface but neither a chimeric soluble DR5 receptor that inhibits TRAIL-

induced cell death nor a dominant negative version of the adaptor molecule Fas-associated

death domain prevented BLM-induced cytotoxicity. These observations indicate that degly-

cosylation of BLM does not impair the ability of the drug to trigger cell death through

activation of the intrinsic pathway but prevents induction of reactive oxygen species. This

observation suggests that deglycosylated BLM could exhibit less toxic side effects and could

warrant its use in clinic.

# 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Bleomycins (BLM) are a family of glycopeptides isolated from

Streptomyces verticullis in 1966 [1] which exhibit antibiotic

properties (for review [2]). They are attractive therapeutic
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drugs hardly induce myelosuppression [3] or immunosup-

pression [4]. They are commonly included in chemotherapy

regimens used to treat patients with Hodgkin’s or non

Hodgkin’s malignant lymphoma [5,6], squamous-cell carci-

noma [7] or germ-cell tumor [8]. Their therapeutic use is
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limited by a dose-dependent lung toxicity that eventually

leads to fibrosis [9,10].

The clinically administrated form of BLM, Bleonoxane

(Bristol-Meyers Squibb), is essentially composed of two

molecules, BLM-A2 (�60%) and BLM-B2 (�40%), which differ

in their positively charged tail. The anti-neoplastic proper-

ties of BLM were attributed to their ability to link metals

including iron and to form a complex that reduces molecular

oxygen to superoxide and hydroxyl radicals. This causes

single- and double-stranded DNA breaks and ultimately

leads to cell death [11,12], the extent of which depends on

drug concentration and incubation [12,13]. At low doses,

BLM arrests cells in the G2/M phase of the cell cycle, which

possibly ends with mitotic catastrophe. Extensive DNA

double stranded-breaks induced by BLM at higher doses

can trigger apoptosis [14], as observed in alveolar epithelial

cells [15,16] as well as in limited number of tumor cells

[17,18].

Deglycosylation of BLM was proposed as a potential mean

to reduce the toxicity of the molecule [19] but whether

deletion of the carbohydrate moieties of BLM affected the

ability of the compound to trigger apoptosis remained

obscure.

A series of experimental evidences indicates that while

most anti-tumor drugs activate the intrinsic death pathway

[20–23], death receptor extrinsic pathway could contribute

to the cytotoxic activity of a limited number of specific

anticancer drugs [24–26]. The intrinsic pathway, also called

mitochondria-dependent pathway, requires sentinel, such

as BH3-only proteins of the Bcl-2 family that bind to and

inhibit anti-apoptotic members of this family in order to

activate multi-domain pro-apoptotic members such as Bax

and Bak. The outer mitochondrial membrane (OMM) then

becomes permeable to cytochrome c that, in the cytosol,

enables the assembly of the apoptosome in which caspase-9

is activated, leading to subsequent activation of a caspase

cascade and cell demise [27]. The death receptor-mediated

pathway, also known as the extrinsic pathway, is activated

upon engagement of death receptors such as Fas and TNF-

related apoptosis inducing ligand (TRAIL) receptors DR4 and

DR5 at the cell surface. Interaction of these receptors to

their cognate ligands results in the recruitment of the

adaptor molecule Fas-associated death domain protein

(FADD) that, in turn, recruits the initiator caspase-8 within

the Death inducing Signaling Complex (DISC) in which the

protease is activated. Depending on the cell type, caspase-8

either directly activates downstream effector caspases such

as caspase-3 or cleaves the sentinel BH3-only protein Bid

to connect the extrinsic to the intrinsic pathway to death

[28].

The present study was undertaken to determine the

influence of deglycosylation on the ability of BLM to trigger

cell death by apoptosis. We show that both parental drug and

its derivative activate the intrinsic pathway through the

activation of the JNK pathway. Death receptors, although

redistributed at the cell surface upon drug exposure are,

however, unlikely to be involved in the cytotoxic effect.

Whereas BLM also induces the formation of ROS, the

deglycosylated derivative does not, which might indicate a

less toxic profile.
2. Materials and methods

2.1. Drugs and reagents

Lyophilized BLM (kindly provided by Nippon Kayaku (Tokyo,

Japan)) was dissolved in sterile water and stored at �20 8C.

Nonglycosylated form of BLM (D-BLM) was obtained by b-

elimination under mild alkaline conditions, and by solvolysis

with hydrogen fluoride as previously described [19]. The

recombinant soluble FasL was collected from the supernatant

of FasL-transfected Neuro2A cells (Dr. Fontana, Lausanne,

Switzerland). A unique pool of sFasL supernatant was used

throughout the study. The Ig TRAIL R2-Fc and the his-tagged

TRAIL was produced and used as described previously [29].

The blocking CD95/Fas (ZB4) was purchased from Immunotech

(Marseille, France), the broad spectrum caspase inhibitor Z-

(Benzyloxycarbonyl)-Val-Ala-Asp(OMe)-CH2F (fluoromethylke-

tone) (Z-VAD-fmk) from Bachem (Weil am Rhein, Germany).

The caspase-3 inhibitor Z-(Benzyloxycarbonyl)-Asp(OMe)-

Glu(OMe)-Val-Asp(OMe)-CH2F (fluoromethylketone) (Z-DEVD-

fmk) from Calbiochem (Meudon, France). The caspase-8

inhibitor Z-(Benzyloxycarbonyl)-lle-Glu(OMe)-Thr-Asp(OMe)-

CH2F(fluoromethylketone) (Z-IETD-fmk) and the caspase-9

inhibitor Z-(Benzyloxycarbonyl)-Leu-Glu(OMe)-His-Asp(OMe)-

CH2F(fluoromethylketone) (Z-LEHD-fmk) from R&D Systems

(Abinqton, England). The JNK1, 2, 3 inhibitor from Biomol (tebu-

bio, PA), the antioxidant N-acetylcysteine (NAC), and all other

chemicals and reagents from Sigma (Saint Quentin Fallavier,

France) or other local sources.

2.2. Antibodies

For Western blotting, antibodies used include monoclonal

antibodies against human caspase-8 (Immunotech), -9

(Upstate, Virginia, USA), FADD (BD Pharmingen, San Diego,

CA), HSC 70 (Santa Cruz Biotechnology, Santa Cruz, CA).

Polyclonal antibodies against human caspase-3 active form

(Cell Signaling, Beverly, MA), horseradish peroxidase-conju-

gated goat anti-rabbit and anti-mouse antibodies from Jackson

Immunoresearch Laboratories (West Grove, USA). For immu-

nofluorescence studies, we used antibodies against DR4/

TRAIL-R1 (Immunex Corp, USA), DR5/TRAIL-R2 B-L27 (Dia-

clone, Besançon, France), Fas/CD95 (BD Pharmingen, San

Diego, CA), Bax N20 (Santa Cruz, CA), cytochrome c (Pharmin-

gen, San Diego, CA), 488-alexa goat anti-mouse and 568-alexa

goat anti-rabbit antibodies from Molecular Probes (Cergy

Pontoise, France).

2.3. Cell culture

The human lymphoma U937 cells were purchased from

the American Type collection (Rockville, MD). Part of

them were stably infected with a lentiviral construct

containing a dominant negative mutant deleted of most

the death effector domain of FADD (FADD-DN) or with

the corresponding empty vector (EV) [30,31] or were

stably transfected with a vector encoding Bcl-2 (U937/

Bcl2). These cells were cultured in RPMI 1640-glutamax

(Gibco BRL, Cergy-Pontoise, France) supplemented with

10% (v/v) fetal bovine serum (BioWhittaker, Vervier,
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Belgium) in an atmosphere of 95% air and 5% CO2 at

37 8C.

2.4. Clonogenic assays

Cells were incubated for 2 h in the presence or absence of

various concentrations of BLM and D-BLM. U937 cells were

then plated at various densities in semisolid medium by the

methylcellulose technique [32]. Cultures were incubated in a

humidified 5% CO2 incubator at 37 8C, and colonies were

scored at 11 days.

2.5. Cytotoxicity analysis

Cells (5 � 105/mL) were plated in 96-well plates and incubated

with various concentrations of BLM or D-BLM for various time

points. Cell viability was measured by using the cell titer 96

aqueous non-radioactive cell proliferation assays, according

to the manufacturer’s instructions (Promega, Charbonnières,

France).

2.6. Identification of apoptotic cells

Apoptosis was analyzed by staining the nuclear chromatin

with Hoechst 33342 dye. Briefly, untreated and treated cells

(5 � 105/mL) were collected, washed with PBS, stained with

1 mg/mL Hoechst 33342 dye for 15 min at 37 8C, mounted on

glass slides, and observed under microscope. The percentage

of apoptotic cells (chromatin condensation and nuclear

fragmentation) was determined by counting 300 cells in each

sample.

2.7. DNA fragmentation analysis by gel electrophoresis

Cells were collected, washed in PBS, and DNA was isolated

using the Wizard SV genomic DNA purification system kit

according to the manufacturer’s instructions (Promega). The

DNA samples were mixed with 5 mL of loading buffer (0.25%

bromophenol blue, 40% glycerol) and loaded onto 1.8% agarose

gel containing 5 mg/mL of ethidium bromide. Electrophoresis

was performed at 10 V/cm for 2 h. DNA was visualized under

UV light.

2.8. Caspase activity measurement

Cells were incubated in lysing buffer (150 mM NaCl, 50 mM Tris–

HCl [pH 8.0], 0.1% SDS, 1% Nonidet P-40 [NP-40], 0.5% sodium

deoxycholate) for 30 min at 4 8C and centrifuged (13,000 � g,

30 min, 4 8C). Proteins of the supernatant (50 mg) were incubated

in buffer assay (100 mM HEPES [N-2-hydroxyethylpiperazine-

N0-2-ethanesulfonic acid] [pH 7.0], 1 mM ETDA, 0.1% CHAPS [3-

[(3-cholamidopropyl) dimethylammonio]-1-propane sulfate],

10% glycerol, 20 mM dithiothreitol) in the presence of 100 mM

fluorogenic peptide substrate (Ac-DEVD-AMC [7-amino-4-

methylcoumarin], Ac-IETD-AMC, or Ac-LEHD-AFC (Biomol, Le

Perray-en-Yvelines, France). Released AMC and AFC were

excited at 380 and 400 nm to measure emission at 460 and

505 nm, respectively. Fluorescence was monitored continu-

ously at 37 8C for 30 min in a dual luminescence fluorimeter

(MicroTek OS; Bio-Tek Kontron Instruments, Winooski, VT).
2.9. Western blot analyses

Cells were washed twice with PBS, lysed in RIPA buffer

(150 mM NaCl, 50 mM Tris–HCl, pH 8.0, 0.1% SDS, 0.5% sodium

desoxycholate) in the presence of a cocktail of protease

inhibitors (Roche, Meylan, France) for 30 min, then centrifuged

for 30 min at 13,000 � g. Fifty micrograms of supernatant

proteins were mixed (v/v) with loading buffer (125 mM Tris–

HCl, pH 6.8, 10% ß-mercaptoethanol, 4.6% SDS, 20% glycerol

and 0.003% bromophenol blue), boiled for 5 min, separated by

SDS-PAGE and transferred onto polyvinyl difluoride (PVDF)

membranes (BioRad, Ivry sur Seine, France). After blocking of

non-specific binding sites overnight by 5% non-fat milk in PBS

containing 0.1% Tween 20 (TPBS), membranes were probed

with primary antibodies and immuno-reactive proteins were

visualized using horseradish peroxidase-conjugated goat anti-

mouse or anti-rabbit antibodies (Jackson ImmunoResearch

Laboratories, West Grove, PA) and chemiluminescent perox-

idase substrate (Santa Cruz).

2.10. Flow cytometry studies

Mitochondrial membrane potential was assessed by the

retention of 3,30-diethyloxacarbo-cyanine DiOC6 (3) (Molecular

Probes, Leiden, The Netherlands) measured by flow cytometry

as described [33]. Cell surface expression of cell death

receptors (Fas, DR4, and DR5) was determined by flow

cytometry as described [33]. For ROS measurements, cells

were incubated for 15 min at 37 8C in the presence of 6.6 mM

dihydro-ethidium (Sigma) and analyzed by flow cytometry.

2.11. Death receptor clustering and immunofluorescence
analysis

U937 cells (5 � 105/mL) were treated with 100 mM BLM and D-

BLM for 24 and 72 h, respectively, then fixed with 2%

paraformaldehyde (Sigma) in PBS for 10 min at 4 8C, washed

twice with PBS, and incubated with primary antibody diluted

1:100 in PBS-1% bovine serum albumin for 2 h at room

temperature. Samples were then washed with PBS–sodium

azide, incubated 30 min with appropriate 568- or 488-alexa-

conjugated antibodies, washed twice with PBS-sodium azide,

fixed with 2% paraformaldehyde in PBS for 10 min at 4 8C,

mounted on glass slides, and observed under microscope

(Nikon). Non-relevant isotype-matching antibodies were used

as negative controls.
3. Results

3.1. BLM and D-BLM-induced apoptosis in U937 human
lymphoma cells is mediated by caspases

Exposure of U937 human lymphoma cells to BLM and D-BLM

decreased both cell viability (Fig. 1A and B) and clonogenic

survival (Fig. 1C and D) in a concentration- and time-

dependent manner. This cytotoxic effect was observed at

low concentrations, e.g. exposure of U937 cells to 1 mM BLM or

D-BLM induced a 60 and 40% decrease in their clonogenicity,

respectively (Fig. 1C and D). The cytotoxic effect of BLM and its



Fig. 1 – Cell death induction by bleomycin (BLM) and deglycosylated bleomycin (D-BLM). (A and B) U937 cells were plated in

RPMI supplemented with 10% FCS at a density of 5 T 105 per mL and incubated with the indicated concentrations of BLM (A)

or D-BLM (B) and at the indicated time intervals. Cell death was measured with the cell titer 96 aqueous non-radioactive cell

proliferation assays. Results are the mean W S.D. (bars) of three independent experiments, *P < 0.05. (C and D) The cytotoxic

activity of BLM (C) or D-BLM (D) was measured in U937 cells by use of a clonogenic assay in methylcellulose. Colonies were

scored at day 11 with an inverted microscope. Data are representative of two independent experiments carried out in

triplicate.

b i o c h e m i c a l p h a r m a c o l o g y 7 4 ( 2 0 0 7 ) 1 4 4 5 – 1 4 5 51448
deglycosylated form appeared to be apoptotic as demon-

strated by the condensation of nuclear chromatin (Fig. 2A and

C) and the internucleosomal fragmentation of the DNA (Fig. 2B

and D). Again, apoptosis induction increased with drug

concentration and exposure duration (Fig. 2A and C). This
Fig. 2 – Apoptosis-associated DNA fragmentation in U937 cells

exposed to various concentrations of BLM or D-BLM for the indi

with Hoechst 33342 dye. In untreated cells, the percentage of a

mean W S.D. (bars) of three independent experiments, *P < 0.05.

determined by submitting the DNA to agarose gel electrophore

experiments.
cell death was prevented by co-treatment with cell permeant

caspase inhibitors, i.e. the pan-caspase inhibitor z-VAD-fmk

induced a 75% decrease in the number of cells with nuclear

chromatin condensation upon exposure to 100 mM BLM or D-

BLM whereas other more specific caspase inhibitors induced a
treated with BLM and D-BLM. (A and C) U937 cells were

cated times. Apoptosis is analyzed by cell nuclear staining

poptosis was always lower than 5%. Data represent

(B and D) Detection of oligonucleosomal fragments was

sis. Results are representative of three independent



Fig. 3 – Involvement and activation of caspases in BLM- and D-BLM-induced apoptosis. (A and B) U937 cells were treated

with 100 mM BLM for 24 h or with 100 mM D-BLM for 72 h, alone or in the presence of 100 mM pan caspase (Z-VAD) or 100 mM

specific caspase inhibitors (iC). Apoptotic cells were counted after Hoechst 33342 staining. Results are the mean W S.D. (bars)

of at least three independent experiments. (C and D) U937 cells were treated with 100 mM BLM for 24 h (C) or with 100 mM D-

BLM for 72 h (D) before measuring caspase-3 (C3), -8 (C8), and -9 (C9) activities. Mean W S.D. (bars) of at least three

independent experiments, *P < 0.05. (E and F) Western blot analysis of indicated proteins in no treated U937 cells (NT) or in

U937 cells exposed to 100 mM BLM for 24 h (E) or to 100 mM D-BLM for 72 h (F). Results are representative of three

independent experiments. C3* represents the active form of caspase-3.
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30–50% decrease in the percentage of apoptotic cells (Fig. 3A

and B). Accordingly, the use of peptide substrates that mimic

the preferred target site of each caspase detected Ac-DEVD-

AFC, Ac-EHD-AFC, and Ac-IETD-AFC cleavage activities in

lysates of U937 cells exposed to BLM for 24 h and D-BLM for

72 h, indicating that caspase-3, caspase-9, and caspase-8 were

activated (Fig. 3C and D). Immunoblot analysis of these cell

lysates further demonstrated the activation of these enzymes

upon drugs exposure as indicated by a decrease in their pro-

form or the appearance of their active cleavage fragments

(Fig. 3E and F).

3.2. BLM- and D-BLM-induced apoptosis involves the
mitochondria

Exposure of U937 cells to BLM and D-BLM induced a decrease

in the mitochondrial transmembrane potential (Dcm) attested

by (i) a decrease in cell labelling with DiOC6 (3) (Fig. 4A), (ii)

conformational changes of Bax as determined by fluorescence

microscopy using a conformational-specific antibody (Fig. 4B)

and (iii) the mitochondrial release of cytochrome c from the
intermembrane space of the mitochondria to the cytosol

(Fig. 4C). Overexpression of Bcl-2, known to inhibit BH3-only

proteins pro-apoptotic activity, hampered BLM and D-BLM-

induced apoptosis in U937 cells (Fig. 4D). Collectively, these

results indicate that BLM and its deglycosylated form induce

lymphoma cell apoptosis through the mitochondrial pathway.

3.3. BLM- and D-BLM-induced apoptosis depends on JNK
activation but partially or not on ROS production

BLM was previously shown to trigger the production of ROS

[11,34]. Accordingly, by using dihydro-ethidium and a flow

cytometry assay, we observed that exposure of U937 cells to

different concentrations of BLM for 24 h increased U937 cell

content in ROS, in a dose-dependent manner. ROS production

was prevented by co-treatment with 10 mM NAC, a ROS

scavenger [35] (Fig. 5A). By contrast, D-BLM failed to increase

ROS (Fig. 5A). Accordingly, NAC-induced inhibition of ROS

production protected U937 cells from BLM- but not from D-

BLM-induced apoptosis in dose-dependent manner (Fig. 5B).

Pretreatment of U937 cells with phosphatidylinositol 3-kinase



Fig. 4 – Mitochondrial changes during BLM- and D-BLM-induced apoptosis. (A) U937 cells were treated with 100 mM BLM for

24 h or with 100 mM D-BLM for 72 h, then stained with 1 nM DioC6 (3) probe before measuring cell fluorescence by flow

cytometry (FL-1). Diminished mitochondrial membrane bound DiOC6 (3) (reduced FL1 intensity) indicates a decrease in the

mitochondrial transmembrane potential Dcm. (B) U937 cells demonstrate Bax oligomerization upon treatment with 100 mM

BLM for 24 h or with 100 mM D-BLM for 72 h, as identified by fluorescence microscopy using a conformation-specific

antibody. (C) U937 cells treated with 100 mM BLM for 24 h or with 100 mM D-BLM for 72 h demonstrate cytochrome c diffuse

staining, suggesting release from mitochondria to cytosol, as identified by fluorescence microscopy. Results are

representative of three independent experiments. (D) U937 cells, stably transfected with a vector encoding Bcl-2 (U937/Bcl2),

were treated with 100 mM BLM for 24 h or with 100 mM D-BLM for 72 h, and apoptotic cells were counted after Hoechst 33342

dye staining. Results are the mean W S.D. (bars) of three independent experiments, *P < 0.05.
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(LY294002), p38 MAPK (SB-239063) or ERK (PD98059) inhibitors

did not influence the cytotoxic activity of BLM and D-BLM

whereas pretreatment with an inhibitor of JNK (SP-600125)

significantly reduced the percentage of cell dying upon

exposure to these both drugs (Fig. 5C). Altogether these results

argue for a substantial role of ROS and JNK in BLM-induced cell

death while JNK but not ROS plays a role in D-BLM-induced

apoptosis.

3.4. BLM-induced apoptosis does not involve death
receptors

Having identified some of the molecular mechanisms involved

in both BLM- and D-BLM-induced apoptosis of U937 cells, we

wondered whether death receptors might also play a role in

the process. Exposure of U937 cells to BLM and to D-BLM did

not modulate the expression of DR4, DR5, or Fas at their

surface (Fig. 6A). However, both drugs triggered the redis-

tribution of these receptors at the cell surface, as demon-

strated by immunofluorescence microscopy. While untreated
U937 cells exhibited a diffuse membrane distribution of DR4,

DR5, and Fas, in cells exposed to BLM or D-BLM at 10 or 100 mM

these receptors yet formed aggregates at the cell surface

(Fig. 6B). Neither the TRAIL antagonistic fusion protein Fc-

TRAIL-R2 (Fc-R2) (Fig. 6C) nor the blocking anti-Fas antibody

(ZB4) (Fig. 6D) prevented U937 cells from BLM- and D-BLM-

induced cell death. In line with this, U937 cells expressing a

dominant negative mutant version of FADD (FADD-DN), which

were protected from Fas ligand- and TRAIL-induced apoptosis

(Fig. 6E), remained as sensitive to BLM-induced apoptosis as

those expressing the empty vector (EV) and non transfected

cells (U) (Fig. 6F). Altogether, these observations suggested

that the death receptor pathway was not involved in BLM- and

D-BLM-induced apoptosis of lymphoma cells.

3.5. BLM and D-BLM sensitize lymphoma cells to TRAIL-
but not to FasL-mediated cell death

To determine whether BLM- and D-BLM-triggered death

receptor clustering would sensitize U937 cells to death



Fig. 5 – Role of ROS and JNK for BLM- and D-BLM-induced apoptosis. (A) Analysis by flow cytometry of ROS levels using

dihydro-ethidium in U937 treated with different concentrations of BLM or D-BLM alone or in the presence of 10 mM NAC.

Results are representative of three independent experiments. (B and C) Apoptotic cell analysis after Hoechst 33342 staining

of U937 cells treated with 100 mM BLM for 24 h or with 100 mM D-BLM for 72 h alone (S) or in the presence (+) of 10 and

30 mM (NAC) (B), or in the presence of various protein kinase inhibitors: the JNK SP600125 inhibitor, the p38 SB-239063

inhibitor, the ERK PD98059 inhibitor, and the Pi3K/Akt Ly294002 inhibitor (C). Results are the mean W S.D. (bars) of three

independent experiments, *P < 0.05. Results with 30 mM NAC represent one experiment.
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receptor ligand-induced cell death, leukemia cells were

treated with BLM or D-BLM alone or in combination with

TRAIL or FasL and apoptosis was analyzed by the cell nuclear

staining with Hoechst 33342 dye. Exposure of U937 cells to BLM

or D-BLM modestly enhanced TRAIL-induced apoptosis in

U937 cells (Fig. 7A, B) but failed to sensitize these cells to FasL-

induced cell death (Fig. 7C and D).
4. Discussion

BLM-containing regiments remain commonly used to treat

malignant lymphomas [36], but the use of BLM exposes

patients to lung fibrosis [37,38], side effects related to the

ability of the molecule to generate free radicals such as ROS

[16,39]. Here, we show that deglycosylation of the molecule

generates a compound that remains able to trigger apoptosis

in a lymphoma cell line but does not generate ROS.

When studied in a lymphoma cell line, this pathway

appears to involve Bax, which is in accordance with the fact

that fibroblasts from Bax�/� bak�/� mice resist to BLM-

induced cell death [15]. Cell death triggered by BLM also

involves the production of ROS as shown using NAC. ROS
generation upon BLM exposure might act early in the death

pathway activated by BLM since NAC prevents BLM-induced

Bax oligomerization and subsequent release of cytochrome c

from the mitochondria (data not shown). Interestingly, D-BLM

did not generate production of ROS but triggered cell death

that was not affected by NAC. Therefore, deglycosylation

poorly affect the cytototoxic properties of the molecule. The

failure of D-BLM to produce ROS may be related to its

subcellular distribution. Accordingly, we have demonstrated

[40] that both drugs reveal significantly different intracellular

distribution, with low and high accumulation into the cell

nuclei for BLM and D-BLM, respectively. The nuclear location

of D-BLM may limit its interaction with mitochondria, where

ROS production is thought to occur, without affecting its

ability to activate caspases. Alternatively and although,

procaspases are mainly localized in the cytosol, procaspase-

3 and procaspase-9 have been shown in the nucleus [41]. Their

activation by D-BLM could change either caspase target

availability or death signaling pathways triggered by D-BLM

compared to BLM, explaining the reduced toxicity of the

deglycosylated variant.

In rat primary alveolar type II cells, BLM activates the stress

kinase JNK and its cytotoxic effect is strongly reduced when



Fig. 6 – Death receptor-independent apoptosis induced by BLM and D-BLM. (A) Flow cytometry analysis of TRAIL receptors

(DR4 and DR5) and Fas expression at the surface of U937 cells left untreated (red curve) or treated with 100 mM BLM for 24 h

or with 100 mM D-BLM for 72 h (green curve). Non-immune mouse IgGs were used as controls (black curve). One

representative of three experiments is shown. (B) Immunostaining analysed by fluorescence microscopy of DR4, DR5, and

Fas in U937 cells exposed to vehicle (control), or to BLM for 24 h or to D-BLM for 72 h at the concentration of 10 and 100 mM.

Results are representative of three independent experiments. (C and D) U937 cells were treated with 100 mM BLM for 24 h or

with 100 mM D-BLM for 72 h alone (S) or in the presence (+) of a TRAIL receptor antagonist, Fc-R2 (C), and a Fas antagonist

antibody, ZB4 (D). Apoptotic cell percentage was determined after Hoechst 33342 nuclear staining. Results are the

mean W S.D. (bars) of three independent experiments. (E and F) U937 cells were transfected with a empty vector (EV) or a

vector encoding the dominant negative form of FADD (F-DN) (E, insert: Western blot analysis of the expression of the F-DN

in U937 cells), then left untreated (S) or treated (+) with 100 ng/mL Fas ligand (Fas-L) for 24 h, 500 ng/mL TRAIL for 6 h (E) or

100 mM BLM for 24 h (F). Results are the mean W S.D. (bars) of three independent experiments.

b i o c h e m i c a l p h a r m a c o l o g y 7 4 ( 2 0 0 7 ) 1 4 4 5 – 1 4 5 51452
these cells are engineered to express a dominant negative

version of JNK [15]. Here we show that an inhibitor of JNK

prevents apoptosis induced by either BLM or D-BLM, which

suggest that this kinase plays an important role in the death

pathway activated by the two drugs [42–44]. On the other hand,

death domain containing receptors are unlikely involved in

BLM-induced lymphoma cell death since neither inhibition of

TRAIL- and Fas-induced cell death by the use of a chimeric

soluble DR5 receptor or a Fas antagonistic antibody nor the
expression of a dominant negative version of FADD prevented

BLM- and D-BLM-induced apoptosis. The role of death

receptors clearly depends on cell types since BLM-induced

apoptosis in lung epithelial cells is independent of the Fas

pathway both in human [15,16] and mouse [45] fibrosis models

but involves Fas in some other cell types, both in vitro [46,47]

and in vivo [48]. In this latter case, BLM-induced apoptosis was

proposed to proceed through a p53-dependent up-regulation

of Fas expression [47].



Fig. 7 – BLM and D-BLM sensitize leukemia cells to TRAIL- but not to FasL-mediated cell death. Apoptotic U937 cells were

determined by Hoechst 33342 staining after a co-treatment with 100 mM BLM for 24 h (A and C) or with 50–100 mM D-BLM for

72 h (B and D) and 100 ng/mL of recombinant soluble TRAIL for 6 h (A and B) or 100 ng/mL FasL for 24 h (C and D). Results are

the mean W S.D. (bars) of three independent experiments. Sensitization obtained with TRAIL is statistically significant

(*P < 0.05), because the student test was calculated by a comparison of the sum of results obtained with compounds used

alone to results obtained with combinations.
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Interestingly, both BLM and D-BLM efficiently induced Fas,

DR4 and DR5 clustering at the plasma membrane level, without

modifying the expression level of these proteins. Redistribution

of these receptors occurred independently of apoptosis since

low doses of BLM and D-BLM (10 mM) induced the clustering of

death receptors in non-apoptotic cells. Receptor aggregation

might be at the origin of TRAIL-induced apoptosis sensitization.

Inhibition of JNK activation, however, decreased the clustering

of DR4, DR5 and Fas (data not shown), indicating that the JNK

pathway could regulate the process. Whether the tested drugs

alter plasma membrane phospholipids e.g. by increasing of

ceramide level [49] remains a matter of speculation.

In conclusion, our data provide two important insights into

BLM molecular pharmacology. First, we show that both BLM

and D-BLM can activate a mitochondrial-dependent cell death

pathway to apoptosis that relies on JNK activation in

lymphoma cells. Second, BLM deglycosylation suppresses its

ability to trigger ROS formation without hampering its

cytotoxic properties. Lastly, by inducing the clustering of

TRAIL agonist receptors at the cell surface, BLM and D-BLM

could act synergistically with TRAIL receptor agonists in

inducing lymphoma cell death.
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