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Overcoming chemoresistance of non-small cell lung carcinoma through

restoration of an AIF-dependent apoptotic pathway

M-A Gallego1,5, C Ballot1,5, J Kluza1, N Hajji2, A Martoriati1, L Castéra1, C Cuevas3,
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Non-small cell lung carcinomas (NSCLCs) are typically
resistant against apoptosis induced by standard chemo-
therapy. We evaluated the effects of the two potential
antitumor agents of the lamellarin class on a highly
apoptosis-resistant NSCLC cell line. Both the marine
alkaloid lamellarin-D and its synthetic amino derivative
PM031379 induced the activation of Bax, the mitochon-
drial release of cytochrome c and apoptosis-inducing
factor (AIF), as well as the activation of caspase-3.
However, only PM031379 triggered cell death and sign of
nuclear apoptosis coupled to the nuclear translocation of
AIF. Depletion of AIF with small interfering RNA or
microinjection of a neutralizing anti-AIF antibody largely
prevented PM031379-induced cytotoxicity, underscoring
the essential contribution of AIF to NSCLC killing. Using
NSCLC cells lacking mitochondrial DNA, we showed
that the generation of mitochondrial reactive oxygen
species (ROS) was crucial for the PM031379-induced
translocation of AIF to the nucleus and subsequently cell
death. Pretreatment of NSCLC cells with menadione, a
mitochondrial ROS generator, was able to restore the
deficient chemotherapy-induced apoptosis of NSCLC
cells. Altogether, these data suggest that mitochondrial
ROS generation is crucial for overriding the chemoresis-
tance of NSCLC cells. Moreover, this study delineates the
unique mechanism of action of lamellarins as potential
anticancer agents.
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Introduction

Chemotherapy resistance represents a major problem
for the treatment of patients with lung carcinomas.
Among these resistance mechanisms, defects in the cell
death machinery are supposed to play an important role
(Zhivotovsky and Orrenius, 2003). Indeed, molecular
modifications hindering programmed cell death such as
increased expression of anti-apoptotic genes and/or
mutations in the intrinsic apoptotic pathway participate
in the resistance to anticancer treatment (Johnstone
et al., 2002). We previously demonstrated that the
resistance of non-small cell lung carcinomas (NSCLCs)
cells to conventional cytotoxic drugs can be explained
by a defect that affects the post-mitochondrial phase of
the apoptotic process (Joseph et al., 2001; Gallego et al.,
2004). Despite this knowledge, a better understanding of
signaling pathways in resistant cells is needed to
overcome resistance and to reactivate their sensitivity
to anticancer treatment.
Mitochondria are at the crossroads of apoptotic

pathways induced by anticancer agents, at several levels.
In response to apoptotic stimuli, the outer mitochon-
drial membrane is permeabilized, causing the release of
proteins from the mitochondrial intermembrane space.
Several intermembrane space proteins, notably cyto-
chrome c (Cyt c) can trigger the activation of caspases.
Other intermembrane space proteins can trigger cas-
pase-independent apoptotic events. One of the most
prominent caspase-independent death effector released
from intermembrane space is apoptosis-inducing factor
(AIF). To become fully effective as an apoptosis
inducer, AIF is first released from mitochondria and
then imported into the nucleus to induce chromatin
condensation and DNA degradation (Galluzzi et al.,
2006). The action of AIF is critical for cell death
induction by some anticancer agents. Thus, the deple-
tion of AIF with small interfering RNAs (siRNAs) or
the neutralization of AIF with micro-injected antibodies
can inhibit the death of (i) neuroblastoma (Gabellini
et al., 2006), (ii) NSCLC cells responding to tyrosine
kinase inhibitors (Gallego et al., 2004), (iii) colon cancer
cells responding to the non-steroidal anti-inflammatory
drug sulindac (Park et al., 2005b), (iv) cervical cancer
cells treated with arsenic trioxide (Kang et al., 2004b),
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(v) leukemia cells subjected to photodynamic therapy
(Furre et al., 2005) and (vi) prostate cancer cells exposed
to titanocene drugs (O’Connor et al., 2006). Further-
more, in highly resistant NSCLC cells where the
caspase-dependent pathway is defective, activation of a
caspase-independent, AIF-mediated mitochondrial sig-
naling pathway restores NSCLC cell death (Gallego
et al., 2004) substantiating the importance of alternative
(caspase-independent) mechanisms for effective cancer
therapy. Likewise, it is worth noting that the resistance
to radiation can be reversed through activation of
nuclear translocation of AIF (Park et al., 2005a).
In addition to the release of catabolic enzymes (or

activator of such enzymes), mitochondria can contribute
to cell death by affecting redox and bioenergetic
equilibria. A variety of anticancer drugs trigger mito-
chondria to generate reactive oxygen species (ROS) that
contribute to apoptotic signaling (Engel and Evens 2006).
The apoptosis-associated ROS generation results from a
dysfunction of the mitochondrial respiratory chain and/
or an increase in mitochondrial membrane permeability.
Elevated levels of ROS contribute to the cellular
oxidation observed in late apoptosis. Then, ROS serve
as intracellular second messengers that modulate the
activation of numerous signaling pathways and/or the
expression of pro-apoptotic genes. Moreover, ROS
generation can also favor the mitochondrial permeability
increase in a self-amplifying loop that contributes to
locking the cell into an irreversible commitment to death.
An over-growing body of evidence indicates that

mitochondria, by virtue of their prominent role in
apoptosis, constitute a potential pharmacological target
for new antitumor drugs. We recently discovered that
this applies for the marine alkaloid lamellarin-D (Lam-
D) and its synthetic amino derivative PM031379 (Kluza
et al., 2006). Both Lam-D and PM031379 induce
mitochondria isolated from leukemia cells to swell and
to release apoptogenic effectors that provoke nuclear
apoptosis (Kluza et al., 2006). Lam-D functions also as
a potent topoisomerase I poison (Facompre et al., 2003).
The aim of this study was to achieve a better

understanding of apoptotic signaling in NSCLC focus-
ing on mitochondrion-related events. To this end, we
used two prototypic lamellarins Lam-D and PM031379
as pharmacological tools to decipher the apoptotic
networks in the chemoresistant NSCLC cell line U1810.
Our data reveal that mitochondrial ROS play a major
role in determining the susceptibility to cell death,
presumably by modulating the nuclear translocation
of AIF.

Results

PM031379, but not Lam-D, induces nuclear apoptosis
in NSCLC cells
From a structural point of view, Lam-D and PM031379
only differ by the nature of the substituent linked to the
central pyrrole ring of the common planar pentacyclic
chromophore. As shown in Figure 1a, Lam-D bears a

methoxy-phenol moiety, whereas PM031379 displays an
aminopropine side chain. We have shown previously
that both agents are equipotent cell death inducers when
added to leukemia cells (Kluza et al., 2006). However,
the two molecules exhibited a major difference in their
cytotoxic potential when added to the highly chemore-
sistant NSCLC cell line U1810 (Gallego et al., 2004).
After 18h of incubation, a marked dose-dependent increase
in nuclear apoptosis was observed with PM031379 as
documented by the appearance of a sub-G1 peak
(Figure 1b, left panel), along with oligonucleosomal
DNA fragmentation (Figure 1c). Kinetic experiments
(from 1 to 24 h) revealed a significant increase in nuclear
apoptosis that was detected by 12 h after incubation
with 10 mM PM031379 (Figure 1b, right panel). U1810
cells treated with PM031379 manifested the morpholo-
gical hallmarks of apoptosis, namely chromatin and
cytoplasmic condensation, as well as nuclear fragmenta-
tion (Figure 1d). In strict contrast to PM031379, Lam-D
failed to induce subdiploidy (Figure 1b) DNA fragmen-
tation (Figure 1c) or other features of apoptosis
(Figure 1d) in U1810 cells. Similar results were obtained
in the NSCLC cell line, A549 (Figure 1e). These results
suggest that Lam-D and its derivative PM031379
markedly differ in their ability to trigger the apoptotic
cascade in NSCLC cells.

Apoptotic cascade triggered by Lam-D and PM031379
in NSCLC cells
We have previously reported that Lam-D and
PM031379 triggered mitochondrion-dependent apopto-
sis (Kluza et al., 2006). To define the apoptotic cascade
induced by PM031379 in NSCLC cells and also in that
way the mechanisms of resistance to Lam-D, we focused
on two major events contributing to nuclear apoptosis,
namely the mitochondrial release of the pro-apoptotic
factors AIF and Cyt c and the activation of effector
caspases (Figure 2). Because Bax is a prominent mediator
of the outer mitochondrial membrane permeabilization in
apoptosis, we first examined whether PM031379 was
capable of activating Bax in U1810 cells (Figure 2a).
Using the 6A7 antibody, which only recognizes the
membrane-bound active form of Bax, we showed that
PM031379 lead to significant Bax activation, as detect-
able by immunofluorescence staining followed by
cytofluorometric analysis (Figure 2a, upper panel) or
immunofluorescence microscopy (Figure 2a, lower
panel). PM031379-treated cells showed a punctuate,
cytoplasmic staining pattern of activated Bax, consistent
with a mitochondrial localization of Bax. This contrasts
with the diffuse, presumably cytosolic staining pattern
of Bax found in control cells. As expected from its effect
on Bax activation, PM031379 induced the relocation of
two major pro-apoptotic factors, Cyt c and AIF, from
mitochondria to the cytosol, as determined by immuno-
blotting (Figure 2b). Significant induction of a caspase-
3/7-like enzymatic activity was detected in PM031379-
treated U1810 cells (Figure 2c). Unexpectedly, we also
observed that Lam-D, like PM031379, induced Bax
activation (Figure 2a) and AIF release to the cytosol
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(Figure 2b) as well as the activation of effector caspases
(Figure 2c). It is noteworthy that although Lam-D failed
to induce nuclear apoptosis of U1810 cells, Lam-D and
PM031379 demonstrated equipotent effects on activa-
tion of the first steps of the apoptotic cascade. Thus, we
considered the possibility that the apoptosis-inducing
cascade stimulated by Lam-D would be interrupted
downstream the mitochondrial outer membrane per-
meabilization and caspase activation steps but upstream
of the nuclear apoptotic events. Hence, we examined the
subcellular distribution of AIF upon Lam-D and
PM031379 exposure (Figure 2d). Consistent with the
results of immunoblots (Figure 2b), confocal micro-
scopic analysis showed the translocation of AIF from
mitochondria to the cytosol in response to Lam-D or
PM031379 administration as indicated by the diffuse
extra nuclear staining pattern observed in comparison to
control cells (Figure 2d). However, PM031379 differed
in its capacity to trigger the nuclear translocation of

AIF. While PM031379 was efficient in stimulating the
translocation of AIF to the nucleus, Lam-D failed to do
so (Figure 2d). Thus, the capacity of PM031379 (as
opposed to Lam-D) to induce nuclear pyknosis and
karyorrhexis correlates with its unique potential to
induce the complete mitochondrio–nuclear transloca-
tion of AIF (Figure 2d). It appears that translocation of
AIF to the nucleus is a critical step for the development
of the apoptotic process in lung cancer.

Involvement of AIF-mediated pathway in
PM03137-induced U1810 cell apoptosis
To evaluate the contribution of AIF-dependent and
caspases-dependent cell death pathways in PM031379-
treated U1810 cells, AIF was silenced by siRNA or
caspases were inhibited by addition of N-benzyloxycarbo-
nyl-Val-Ala-Asp(Ome)-fluoromethylketone (Z-VAD-fmk).
Then, apoptosis and clonogenic cell survival were
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Figure 1 Nuclear signs of apoptosis induced by lamellarins. (a) Structure of Lam-D and PM031379. (b) For the concentration-
dependent study (left), U1810 cells were treated with 1, 3, 5 10, 15 and 20 mM of Lam-D or PM031379 for 18 h and the percentage of
sub-G1 cells was measured by flow cytometry. Results are representative of four independent experiments. For the time-dependent
study (right), U1810 cells were treated with 10 mM of Lam-D or 10 mM PM031379 for 1, 4, 6, 12, 18 and 24 h and the percentage of sub-
G1 cells was determined as above. (c and d) U1810 cells were cultured for 18 h in the absence (Control) or presence of 10mM Lam-D or
10mM PM031379. (c) The internucleosomal DNA fragmentation was assessed by agarose gel electrophoresis followed by ethidium
bromide staining. (d) Morphological studies were performed after May Gruenwald Giemsa staining (original magnification � 630;
arrows indicate cells with the morphological appearance of apoptosis). (e) Apoptosis induced by lamellarins in A549 cells. The human
lung adenocarcinoma cells, A549, were cultured for 24 h with indicated concentrations of Lam-D or PM031379 and the percentage of
sub-G1 cells was determined. Results are representative of three independent experiments. Lam-D, lamellarin-D.
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assessed upon treatment with PM031379 (Figure 3).
AIF siRNA, which reduced the expression of protein by
70% (Figure 3a), Z-VAD-fmk, both significantly
decreased hypoploidy (sub-G1) induced by PM031379
as an internal control of their efficacy (Figure 3b).
Conforming with the seminal role of AIF in lung cancer
cell death (Gallego et al., 2004), the death of U1810 cells
induced by PM031379 was largely prevented when AIF
was silenced (Figure 3b). Although Z-VAD-fmk com-
pletely inhibited caspase-3/-7 activity in U1810 cells
treated with PM031379 (Figure 2c and not shown), it
failed to counteract the lethal effect of PM031379
(Figure 3b). Thus, the induction of cell death by
PM031379 in U1810 cells was largely mediated by the
AIF-dependent pathway and caspases were required for

the nuclear DNA loss, yet were dispensable for the
occurrence of cell death.
Since AIF has a physiological role for the maintenance

of complex I of the respiratory chain (Vahsen et al., 2004),
the knockdown of AIF might result in PM031379 resist-
ance due to adventitious effects on the AIF-dependent
mitochondrial function and not to the pro-apoptotic
function of AIF. To exclude this possibility, we used a
second approach to interfere with the pro-apoptotic
function of AIF. U1810 cells were microinjected with a
neutralizing anti-AIF antibody that is able to prevent
AIF translocation to the nucleus (Gallego et al., 2004)
or an isotype-matched anti-CD86 control antibody
(Figure 3c). Upon treatment with PM031379, 49%
of U1810 cells microinjected with control antibody
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Figure 2 Apoptotic signaling pathways triggered by Lam-D and PM031379. (a) Bax activation and its mitochondrial membrane
localization were assessed following treatment with 10 mM PM031379 or Lam-D for 6 h. Upper panel, intracellular flow cytometry was
performed using conformation-specific anti-Bax antibody (solid line) as described. Secondary antibody alone served as negative control
(dashed line). Lower panel, microscopy examination of the subcellular localization of Bax using specific immunostaining (original
magnification � 630). (b) Mitochondrial release of Cyt c and AIF upon Lam-D and PM031379 exposure. Eighteen hours after the
treatment with 10 mM Lam-D, 10mM PM031379, or 1 mM STS, the cytosolic fractions were analysed by immunoblot using specific
antibodies. G3PDH served as loading control. Data are representative of three independent experiments. (c) Caspase-3/-7 activity in
U1810 cells treated with lamellarins. Cells were incubated with 10mM PM031379, 10 mM Lam-D or 1 mM STS for 18 h in the presence or
absence of the caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp(Ome)-fluoromethylketone (Z-VAD, 100 mM) (means7s.d. of three
independent experiments performed in duplicate). (d) Confocal images of immunostaining with AIF (green) and nuclear PI staining
(red) of U1810 cells treated or not treated (control) with 10 mM Lam-D or 10 mM PM031379 for 18 h (upper panel). Quantification of
signals was also measured by confocal microscopy (lower panel). The fluorescence intensities of cells (AIF: green; PI: red) were
measured along the cursor (white line, upper panel). Data are shown on a linear scale of arbitrary units of fluorescence intensity for
different subcellular regions. Two additional studies yielded similar results. Lam-D, lamellarin-D; Cyt c, cytochrome c; AIF, apoptosis-
inducing factor; STS, staurosporine; Z-VAD, N-benzyloxycarbonyl-Val-Ala-Asp(Ome); CS, cytoplasm; Nucl, nucleus.
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presented morphological signs of cell death. In contrast,
anti-AIF microinjection largely prevented the PM031379-
induced cytotoxicity, down to 13%, 18h after PM031379
treatment. This experiment confirms that AIF translo-
cation to the nucleus is necessary for PM031379-
mediated apoptosis of U1810 cells.

Mitochondrial ROS production is crucial for
PM031379-induced U1810 cell apoptosis
Because the oxidative balance is thought to influence the
resistance to apoptosis induced by anticancer drugs in
lung cancer (Kang et al., 2004a), we subsequently
measured the production of intracellular ROS in

U1810 cells, before and after treatment with Lam-D or
PM031379. This was performed by using the super-
oxide-sensitive probe hydroethidine (HE), a non-fluor-
escent chemical that enters cells and that can be oxidized
to fluorescent hydrophilic ethidium, which then is
trapped within the cellular membranes. As shown in
Figure 4a, ROS levels were increased after treatment
with PM031379, and this increase was efficiently
blocked by pretreatment with the thiol containing
antioxidant N-acetyl cystein (NAC). Similar inhibitory
effects were observed with the antioxidant compounds,
a-tocopherol and L-ascorbate but with a reduced
efficacy (Figure 4a). The increase in ROS level became
obvious within 2h after PM031379 exposure (Figure 4b),
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Figure 3 Effect of AIF depletion on hypoploidy and cell survival reduction induced by PM031379. (a and b) AIF was depleted in
U1810 cells using siRNA. U1810 cells were electroporated with AIF siRNA (siAIF) or control siRNA (siControl). (a) Immunoblots of
AIF expression in U1810 cells 72 h after electroporation with indicated siRNA. Equal loading was confirmed by probing with a
G3PDH-specific antibody. (b) Fifty-four hours after transfection, cells were left untreated or treated with 10mM PM031379 in the
presence or absence of 100mM Z-VAD-fmk for 18 h. Then, the frequency of cells with a subdiploid DNA content (left) or the relative
survival (right) was determined. The percentage of sub-G1 was determined by flow cytometry (means7s.d. of three independent
experiments). Survival was assessed by colony forming assays (means7s.d. of three independent experiments, each performed in
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fluorescence) exhibiting a death phenotype (arrows) was scored. Numbers represent the percentage of dead cells. siRNA, small
interfering RNA; siAIF, small interfering apoptosis-inducing factor; Z-VAD-fmk, N-benzyloxycarbonyl-Val-Ala-Asp(Ome)-
fluoromethylketone.
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well before signs of apoptosis occur (Figure 1b). Using
the peroxide-specific probe dichlorofluorescein diace-
tate, similar increases in ROS level were observed upon
PM031379 exposure (not shown). In contrast to
PM031379, however, Lam-D was unable to trigger the
generation of ROS (Figure 4a). To determine whether
mitochondria were the source of ROS induced by
PM031379, we measured the HE-detectable ROS in
normal U1810 cells as well as cells that were depleted
from mitochondrial DNA and that bear a so-called r0

phenotype (Figure 4B). r0 cells lack mitochondrial
DNA-encoded proteins and RNAs and are incapable
of mitochondrial respiration (not shown) because of the
loss of key components of the electron transport chain.
In contrast to normal U1810 cells, r0 U1810 cells failed
to exhibit a consistent increase in HE fluorescence over
24 h of PM031379 exposure contrasting with graded
increases in ROS generation observed in U1810 cells
(Figure 4b). Thus, an intact respiratory chain is essential
for the ROS generation induced by PM031379 in
NSCLC cells.
Since glutathione (GSH) is a major antioxidant that

plays a key role in maintaining the intracellular redox
state (Anderson et al., 1997), we therefore determined a
kinetic analysis of the effects of PM031379 on intracel-
lular levels of GSH (Figure 4c). Treatment with
PM031379 resulted in a slight increase in cellular GSH
detected 3 h after PM031379 exposure then the GSH
levels remained almost unchanged. Cells were incubated
with the thiol-reacting agent, N-ethylmaleimide or
with L-buthionine sulfoximine, a specific inhibitor of
GSH synthesis, providing a control for GSH depletion
(Figure 4c). These observations led us to conclude that
elevation of ROS induced by PM031379 was not due to
a decrease in antioxidant capacity.
Next, we investigated the extent to which mitochon-

drial ROS production contributed to apoptosis of
U1810 cells. Inhibition of ROS by NAC prevented
nuclear apoptosis induced by PM031379 (Figure 4d). In
agreement, the antioxidants, a-tocopherol and L-ascor-
bate reduced the percentage of apoptotic cells upon
PM031379 exposure (Figure 4d). Moreover, r0 U1810
cells, which have lost their ability to produce mitochon-
drial ROS in response to PM031379 administration
(Figure 4b), were resistant against PM031379-induced

apoptosis (Figure 4c). These observation support the
notion that mitochondrial ROS are required for efficient
apoptosis of NSCLC cells.

Mitochondrial ROS are involved in AIF nuclear
translocation
Since it has been reported that the mitochondrial AIF
redistribution is modulated by intracellular ROS level
(Murahashi et al., 2003; Park et al., 2005a), we
investigated to which extent ROS affect the subcellular
redistribution of AIF from mitochondria to the cytosol
and then to the nucleus. The antioxidant NAC that
suppressed nuclear apoptosis (Figure 3c) failed to
prevent the mitochondrial release of the pro-apoptotic
proteins Cyt c or AIF as well as the activation of
caspase-3 (Figure 5a). However, in conditions in
which NAC inhibited ROS production (Figure 4a) and
cell death (Figure 4c), NAC also largely prevented
the PM031379-induced AIF nuclear translocation
(Figure 5a) and the fragmentation of nuclear DNA in
high molecular weight fragments (Figure 5b) that is a
typical hallmark of AIF activity in the nucleus (Susin
et al., 2000). Similarly, nuclear translocation of AIF
was absent in r0 U1810 cells exposed to PM031379
(Figure 5c). Moreover, pre-incubation of U1810 cells
with menadione, a substance known to generate ROS by
futile redox cycles in mitochondria, restored the capacity
of Lam-D to induce nuclear translocation of AIF
(Figure 6a). These results suggest that mitochondrial
ROS induced by PM031379 are required for the nuclear
translocation of AIF providing a mechanistic explana-
tion for the involvement of mitochondrial ROS in U1810
cells apoptosis.

Menadione enhances the susceptibility of U1810 cells to
apoptosis induction
We next examined the effect of intracellular ROS
production in combination with Lam-D or DNA
damaging agents on NSCLC cell death. Confirming
previous data (Joseph et al., 2001; Ekedahl et al., 2003),
U1810 cells are resistant to apoptosis induction by the
conventional chemotherapeutic drugs etoposide and
cisplatin as well as Lam-D (Figure 6b). Incubation of
U1810 cells with menadione resulted in moderate

Figure 4 ROS production in Lam-D and PM031379-treated U1810 cells. (a) U1810 cells were pretreated in the absence or presence of
10mM NAC for 30min, 100mM L-ascorbate or 100mM a-tocopherol for 2 h. Then cells were incubated with dimethylsulfoxide
(Control), 10mM Lam-D or 10mM PM031379 for 18 h. Finally, cells were labeled with hydroethidine and subjected to cytofluorometric
analysis. The experiment was conducted twice with similar results. (b) Kinetics of the PM031379-induced ROS production in U1810
cells and U1810 r0 cells. U1810 r0 cells and the parental wild-type U1810 cells were incubated in the presence of 10 mM PM031379 for
the indicated period, and the percentage of HEþ cells (mean7s.d. of three independent experiments) was determined by flow
cytometry. (c) Intracellular GSH level in U1810 cells after PM031379 exposure. U1810 cells were incubated in the presence of 10 mM
PM031379 for the indicated period, and the levels of glutathione were determined. Alternatively, U1810 cells were treated with 10mM
BSO or with 100mM NEM for 12 h to deplete intracellular GSH. Results are expressed as fluorescence as a percentage of control
(mean7s.d. of three independent experiments in triplicates). (d) Effect of inhibition of ROS production on PM031379-induced
apoptosis. U1810 cells were pretreated or not pretreated with NAC (10mM) for 30min, L-ascorbate (100mM) or a-tocopherol (100mM)
for 2 h and then cells were incubated with dimethylsulfoxide (Control) or 10 mM PM031379 for 18 h (left part). Nuclear apoptosis was
determined by cytofluorometric analysis of the percentage of sub-G1 cells. Alternatively, the percentage of sub-G1 cells was determined
in U1810 r0 cells and in the parental wild-type U1810 cells treated with 10 mM PM031379 for 18 h (right part). ROS, reactive oxygen
species; Lam-D, lamellarin-D; NAC, N-acetyl cystein; NEM, N-ethylmaleimide; NAC, N-acetyl cystein; HE, hydroethidine; BSO,
L-buthionine sulfoximine; GSH, glutathione.
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apoptosis (Figure 6b). However, pretreatment with
menadione increased the susceptibility of the cells to
the lethal effects of Lam-D as well as etoposide or
cisplatin (Figure 6b). Taken together, these data suggest
that the drug-induced generation of mitochondrial ROS
may sensitize NSCLC cells to apoptosis induction.

Discussion

Platinum-based chemotherapies are widely used as a
first-line treatment of NSCLC. However, low response
rates to platinum-based chemotherapies illustrate that
resistance to current therapies is a crucial problem in
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NSCLC management. Cytotoxic agents often trigger the
caspase-mediated mitochondrial cell death pathway.
However, multiple results suggest that the classical
caspase-dependent apoptotic pathways are not func-
tional in NSCLC cells in response to cytotoxic agents
in vitro (Yang et al., 2003; Bartling et al., 2004; Broker
et al., 2004) and this may also be the case in vivo
(Ferreira et al., 2001a, b). As an example, chemoresis-
tant NSCLC exhibit a reduced expression of caspase-9
or caspase-3 (Okouoyo et al., 2004). We previously
identified the U1810 cells as the most radioresistant
among a panel of NSCLC cell lines (Joseph et al., 2001).
However, the resistance of U1810 cells cannot simply
be explained by the absence of apoptotic proteins or
the overexpression of anti-apoptotic proteins (Joseph
et al., 2001).
One therapeutic option that has been proposed to

overcome resistance is the restoration of the defective
caspase-dependent cell death pathway (Fennell, 2005).
Overexpression of caspases in drug-resistant human
NSCLC xenografts may overcome chemoresistance
in vivo (Okouoyo et al., 2004). Pharmacological inhibi-
tion of IAP proteins restored NSCLC cells apoptosis
sensitivity in vitro and in vivo, in mice grafted with
human NSCLC (Yang et al., 2003). Other therapeutic
strategy consists in stimulating caspase-independent cell
death pathways in NSCLC. Indeed, cell death can occur
in caspase-deficient cells through the activation of
caspase-independent routes. Thus, microtubule-stabiliz-
ing agents trigger cell death through pathway involving
the lysosomal protease cathepsin B in NSCLC resistant
to DNA-damaging agents (Broker et al., 2004). Alter-
natively, nuclear translocation of AIF may be crucial in
determining the chemosensitivity of NSCLC cells
(Gallego et al., 2004, and this study). The nuclear
translocation of AIF is an essential step for cell death
induction since the presence of AIF in the nucleus (but
not in the cytosol) is the parameter that predicts whether
nuclear chromatin condensation as well as cell death
occurs. This nuclear translocation is the only phenom-
enon that distinguishes the cellular effects of Lam-D and
PM031379. While PM031379 induces nuclear AIF
translocation, apoptosis and cell death, Lam-D fails to
do so. Moreover, the PM031379-induced cell death
is prevented by several antioxidants or depletion of
mitochondrial DNA at the level of the nuclear
translocation of AIF. As we demonstrated in this study,
the generation of ROS induced by PM031379 was not
accompanied by depletion of GSH content. Moreover
GSH depletion by L-buthionine sulfoximine did not
induce U1810 cell death (not shown). Thus, such an
ROS accumulation and cell death are apparently
unrelated to the rate of glutathione.
The present study suggests a novel strategy to restore

apoptosis in chemoresistant NSCLC cells. We demon-
strated that mitochondrial ROS favors the apoptosis by
stimulating the nuclear translocation of AIF. Consistent
with these findings, ROS generation has been involved
in lung cancer cell death via a caspase-independent
pathway (Kang et al., 2004a). We used lamellarins as
selective pharmacological tools to activate mitochondrial
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Figure 5 Effect of ROS inhibition on the subcellular redistribu-
tion of pro-apoptotic proteins. (a) Cytosolic and nuclear fractions
were obtained from U1810 cells treated with 10mM PM031379 for
18 h. Where indicated, cells were pre-incubated for 2 h with NAC
(10mM) before PM031379 treatment. Subcellular fractions were
subjected to immunoblot detection of Cyt c, active caspase-3 and
anti-AIF. (b) Genomic DNA analysed by pulse field gel electro-
phoresis. The effect of NAC (10mM) on large-scale DNA
fragmentation in PM031379 (10 mM)-treated U1810 cells were
analysed at 24 h. (c) Representative images of immunostaining of
AIF (green) and nuclear Hoechst 33342 (blue) staining of U1810 r0

cells and the parental wild-type U1810 cells treated with 10 mM
PM031379 for 18 h (original magnification � 630). ROS, reactive
oxygen species; NAC, N-acetyl cystein; Cyt c, cytochrome c; AIF,
apoptosis-inducing factor.
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cell death pathways. Indeed, we have found that Lam-D
and PM031379 are potent mitochondria-targeted agents
triggering mitochondrial permeability transition and
subsequent apoptosis in a large panel of tumor cells
(Kluza et al., 2006). Mitochondrial respiration is
associated with the generation of small amounts of
ROS, and it is generally taken as an established fact that
mitochondrial permeability transition responsible for
uncoupling of mitochondrial electron transport causes
increased generation of ROS (Zamzami et al., 1995).
Surprisingly, we did not observe any mitochondrial
ROS production with the mitochondrial permeability
transition inducer Lam-D (Figure 3). This may be due to
intrinsic antioxidant properties of Lam-D as already
seen with other lamellarin alkaloids (Krishnaiah et al.,
2004). However, we were unsuccessful to demon-
strate the antioxidant capability of Lam-D in U1810
cells (data not shown). From a pharmacological point of
view, lamellarins represent a promising family of antic-
ancer agents due to their potent activities in xenograft
models and their original mechanism of action and the
present work strongly reinforces the idea that Lam-D
and PM031379 exhibit distinct mechanistic properties
(Bailly, 2004). Lam-D derivatives are now designed as
topoisomerase I-targeted agents, whereas amino analogs
of the PM031379-type essentially function as ROS-
promoting mitochondriotoxic agents. These molecules
are excellent tools to dissect the apoptotic machinery
and solid anticancer drug candidates. The pre-clinical
development of a lamellarin derivative is currently
ongoing.
To conclude, the importance of promoting mitochon-

drial ROS could determine the chemosensitivity of

NSCLC cells. The enhancement of drug sensitivity with
increased intracellular ROS level may provide an
opportunity to develop novel strategies to fight against
cancer.

Materials and methods

Chemicals and modulation of apoptosis
Staurosporine, N-ethylmaleimide, L-buthionine sulfoximine,
NAC, a-tocopherol (vitamin E) and 100mM L-ascorbate
(vitamin C) were purchased from Sigma (St Louis, MO,
USA). Lam-D and PM031379 were synthesized at Pharmamar
(Madrid, Spain). Compounds were dissolved in dimethylsulf-
oxide at an initial stock concentration of 10mM and stored at
�201C in the dark. Subsequent dilutions were performed
in phosphate-buffered saline or in culture medium. When
indicated, cells were treated with cisplatin or etoposide (both
from Bristol-Myers Squibb, New York, NY, USA) alone or in
combination with menadione (Sigma). Z-VAD-fmk (Bachem,
Basel, Switzerland) was used at 100 mM.

Culture conditions and generation of siRNA
The characterized human NSCLC cell line U1810 (Bergh et al.,
1985) was routinely cultivated as published (Gallego et al.,
2004). We applied siRNA to inhibit AIF expression using an
siRNA double-stranded oligonucleotide designed to interfere
with the expression of human AIF (sense anti-human AIF
50-GAUCCUCCCCGAAUACCUCTT-30, Proligo, Boulder,
CO, USA). An oligonucleotide-specific for mouse AIF (sense
anti-mouse AIF 50-AUGCAGAACUCCAAGCACGTT-30)
that does not affect human AIF was used as a control as
reported before (Cande et al., 2004). Exponentially growing
cells were concentrated to 107 cellsml�1 in optiMEM medium
(Invitrogen, Cergy-Pontoise, France) and 500 ml of cell
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suspension was pipetted into a 4-mm electroporation cuvette
(Cell Projects, Marietsham, UK), then siRNAs were added at
a final concentration of 150 pmol. Electroporation was
performed immediately with an Easyject Electroporator
(Equibio, Flowgen, Nottingham, UK) using a rectangle pulse
of 260V, 900 mF. After incubating for 15min at RT, the cells
were diluted with culture medium and incubated for 72 h
before experiments. Silencing of AIF was determined by
measuring AIF protein expression at 72 h after electroporation
by immunoblotting.

Generation of r0 cells
The procedure to generate r0 cells was based on standard
published protocols using ethidium bromide (Marchetti et al.,
1996b). Two different sublines were derived and controlled for
mtDNA depletion using specific PCR reactions as described
elsewhere (Armand et al., 2004). The r0 subline that
morphologically resembled most closely the parental wild-type
control cell line was kept and results are shown for this cell
line. In experiments, r0 and parental wild type control cells
were maintained in the same culture medium supplemented
with pyruvate, uridine and glucose. Twenty-four hours before
experiments were realized, ethidium bromide was removed
from the medium of r0 cells.

Detection of apoptosis
The frequency of hypoploid cells (sub-G1 cells) was assessed as
described (Gallego et al., 2004). DNA fragmentation (5� 106
cells per lane) was determined by agarose gel electrophoresis as
described previously (Kawabe and Ochi, 1991). Formation of
high molecular weight DNA fragments was determined by
using pulse field gel electrophoresis, as described previously
(Gallego et al., 2004). The activity of caspase-3-like enzymes
was determined with the Caspase-Glo 3/7 luminescent kit
(Promega Corp, Madison, WI, USA) according to the
manufacturer’s recommendation.

Cytofluorometric analysis of ROS production
To evaluate the intracellular production of ROS, cells were
incubated for 15min at 371C to 500 nM HE immediately before
cytofluorometric analysis as previously described (Marchetti
et al., 1996a).

Determination of intracellular glutathione
The total glutathione content was determined after loading the
cells with the glutathione sensitive probe, monochlorobimane.
U1810 cells were seeded at a density of 5� 104 per well into
96-well black microtiter plates in triplicates. After 8 h of
incubation at 371C in 5% CO2, cells were treated for various
period of time. Then, monochlorobimane (100ml) in phos-
phate-buffered saline was added at a final concentration of
40 mM to the living cells and left 30min. Fluorescence was
measured at 460 nm using a microplate-reading fluorometer
(Fluorocount, Packard Instrument Company, Meriden, CT,
USA) with excitation at 360 nm.

Clonogenic assay
U1810 cells were seeded into 25-cm2 flasks and allowed to grow
until sub-confluence. U1810 cells were treated for 18 h with
Z-VAD-fmk (100mM), PM031379 (10 mM) alone or in combi-
nation with Z-VAD-fmk. Alternatively, 54 h after electropora-
tion, siControl or siAIF U1810 cells were treated next with
10 mM PM031379 for 18 h. At the end of the incubation time,
cells were collected from the monolayer with trypsin and
washed twice in RPMI medium. The cells (50 000ml�1) were
plated in drug-free medium in triplicate into six-well dishes.

One week after treatment, the colonies that emerged in the
Petri dish were stained with 0.2% crystal violet in 900ml
methanol to allow macroscopic estimation. The surviving
fractions following given treatments were calculated as a
percentage of viable cells in untreated cultures.

Immunofluorescence and Bax detection
For subcellular localization of AIF, U1810 cells were grown on
coverslips and stained with AIF antibodies as described
previously (Gallego et al., 2004). For counterstaining, propi-
dium iodide (0.2 mgml�1) or Hoechst 33342 (10 mgml�1) was
used. All samples were analysed using a confocal microscope
(Leica TCS NT, Leica Microsystems, Rueil-Malmaison,
France) as described (Gallego et al., 2004).
For flow cytometric analysis of Bax activation, a procedure

described elsewhere (Nyman et al., 2005) was used. Then cells
(10 000 per sample) were analysed on a XL flow cytometer.
Alternatively, the subcellular localization of Bax was detected
by immunofluorescence using anti-human Bax antibody (dilu-
tion 1:200, clone 2D2; AG Scientific, San Diego, CA, USA).
Primary antibody binding was detected with Alexa Fluor 488-
conjugated anti-mouse antibodies (dilution 1:500). Samples
were viewed using fluorescence microscope DMLR (Leica).

Immunoblot analysis
Cytosolic fractions or cytosols were prepared using a method
that has been reported previously (Gallego et al., 2004).
Nuclear extracts were prepared using the Nuclear Fractiona-
tion kit (Biovision, Mountain View, CA, USA). Fifty
micrograms of proteins of the cytosolic fraction or the nuclear
extract were subjected to 12% SDS-PAGE and transferred
onto nitrocellulose membranes (Amersham Life Science,
Buckinghamshire, UK) which were afterwards probed with
primary antibodies including anti-Cyt c, clone 7H8.2C12 (1/
1000; BD Biosciences Pharmingen, San Diego, CA, USA),
anti-AIF (1:1000, sc-13116; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) and anti-active caspase-3 (1:1000; Cell
Signalling, Danvers, MA, USA). Fractionation quality and
protein loading were verified by the distribution of the specific
subcellular markers: G3PDH using a rabbit anti-G3PDH
(1:1000; Trevigen, Gaithersburg, MD, USA) for cytoplasm
and Lamin B using a goat anti-Lamin B (1:5000; Santa Cruz)
for nucleus. Primary antibodies binding was detected with
horseradish peroxidase-conjugated-specific antibodies (1:1000;
Biorad) and visualized by enhanced chemiluminescence
following the manufacturer’s instructions (Amersham Phar-
macia Biotech, Piscataway, NJ, USA).

Abbreviations

AIF, apoptosis-inducing factor; Cyt c, cytochrome c; HE,
hydroethidine; Lam-D, lamellarin-D; NAC, N-acetyl cystein;
NSCLC, non-small cell lung carcinoma; ROS, reactive oxygen
species.
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