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The anti-apoptotic oncoproteins Bcl-2 and Bcl-xL play crucial roles in
tumorigenesis and chemoresistance, and are thus therapeutic
cancer targets. We searched for small molecules that disturbed the
anti-apoptotic function of Bcl-2 or Bcl-xL, and found vacuolar
H+-ATPase (V-ATPase) inhibitors, such as bafilomycin A1 (BMA), that
showed such activity. Bcl-xL-overexpressing Ms-1 cells displayed
resistance to anticancer drugs, but underwent apoptosis following
treatment with a combination of V-ATPase inhibitors at doses
similar to those that caused inhibitory activities of V-ATPase. We
investigated the apoptosis mechanism induced by cotreatment of
Bcl-xL-overexpressing Ms-1 cells with BMA as a V-ATPase inhibitor
and taxol (TXL) as an anticancer drug. With BMA, TXL triggered
mitochondrial membrane potential loss and cytochrome c release,
whereas downstream caspase activation was not observed. In
contrast, pronounced nuclear translocation of mitochondrial
apoptosis-inducing factor and endonuclease G, known as effectors
of caspase-independent apoptosis, was observed with BMA and
TXL cotreatment. Moreover, depletion of apoptosis-inducing factor
and endonuclease G using each siRNA significantly rescued cells
from BMA- and TXL-induced apoptosis. Hence, the apoptosis-
inducing factor- and endonuclease G-dependent pathway was
critical for apoptosis induction by BMA and TXL cotreatment. Our
data suggest that V-ATPase inhibitors could not only suppress anti-
apoptotic Bcl-2 nor Bcl-xL but could also facilitate the caspase-
independent apoptotic pathway. V-ATPase inhibition will be a
promising therapeutic approach for Bcl-2- or Bcl-xL-overexpressing
malignancies. (Cancer Sci 2009; 100: 1460–1467)

Members of the Bcl-2 family play important roles in cell
fate determination.(1) Due to their functions, these familial

proteins are classified into two large groups: anti-apoptotic
proteins, such as Bcl-2 and Bcl-xL, and pro-apoptotic proteins,
such as Bax and Bak,(2,3) and it is well known that anti- and pro-
apoptotic proteins balance out their opposing functions partly
through heterodimerization.(4) Early events in cells triggered to
undergo apoptosis are often accompanied by transcriptional
activation and post-translational modification of pro-apoptotic
Bcl-2 family proteins to connect the sequential decrease in MMP.(5)

These changes follow the opening of mitochondrial permeability
transition pores, high-conductance proteinaceous channels in
the inner mitochondrial membrane, and then mitochondrial
intermembrane space proteins that can trigger either a caspase-
dependent or caspase-independent apoptotic pathway. One of
the most important mitochondrial proteins that causes caspase-
dependent cell death is cytochrome c, which triggers caspase-9
activation by binding to Apaf-1 to form a procaspase-9-activating
heptameric protein complex named the apoptosome, which
proteolitically activates the executioner procaspase-3 to induce
apoptosis. Mitochondria have also been reported to contain the
caspase-independent death effectors AIF and EndoG, which are
normally confined to the mitochondrial intermembrane space.

However, in response to death stimuli, they translocate to the
nucleus through the cytosol, where AIF induces chromatin
condensation and large-scale DNA fragmentation (50 kb),(6) and
EndoG causes oligonucleosomal DNA fragmentation,(7) without
caspase activation. Subsequent studies have demonstrated that
EndoG catalyzes both high molecular weight DNA cleavage and
oligonucleosomal DNA breakdown in a sequential fashion.
Moreover, EndoG cooperates with exonuclease and DNase I to
facilitate DNA processing.(8)

Anti-apoptotic Bcl-2 and Bcl-xL are localized predominantly
in the outer mitochondrial membrane and, through interacting
pro-apoptotic familial members, maintain mitochondrial membrane
structural integrity during apoptotic stress, inhibiting egress of
mitochondrial apoptogenic effectors.(9) Bcl-2 and Bcl-xL are
abnormally expressed in a number of malignancies, and conse-
quent defects in the normal regulation of apoptosis frequently
result in rendering them resistant to conventional chemotherapy;
(10,11) therefore, the development of strategies to impair the function
of oncogenic Bcl-2 and Bcl-xL is of great interest in cancer
therapy. There has been a sustained effort to rationally design
and synthesize compounds that recognize the surface pocket of
Bcl-2 or Bcl-xL, through which Bcl-2/Bcl-xL interacts with pro-
apoptotic Bcl-2 family members and mainly exerts its anti-apoptotic
function, and several compounds, such as HA14-1,(12) ABT-737,(13)

and gossypol,(14) have been discovered as Bcl-2/Bcl-xL inhibitors
that bind Bcl-2 and its relatives via the BH3 domain in the surface
pocket. On the other hand, several lines of evidence clearly indi-
cate that Bcl-2/Bcl-xL may function through interactions other
than Bcl-2 family members, including a protein kinase, a phos-
phatase, a chaperone, a cysteine protease, a protease-interacting
protein, and molecular function-unknown proteins.(15) We also
found that mutant Bcl-2, which cannot interact with pro-
apoptotic Bcl-2 family members, could inhibit anticancer drug-
induced apoptosis.(16) Therefore, development of a new type of
small molecule that can inactivate the anti-apoptotic function of
Bcl-2/Bcl-xL by a mode of action distinct from other inhibitors
that recognize the surface pocket of Bcl-2/Bcl-xL is required.
Previously, we found a novel compound, incednine, of microbial
origin using a cell-based chemical–genetic screening system to
discover small molecules that induce apoptosis in Ms-1/Bcl-xL
cells only when combined with anticancer drugs.(17) In the
course of our continuous screening for other Bcl-xL inhibitors,
we found inhibitors of V-ATPase as potent functional suppressors
of Bcl-xL.

The present study shows that V-ATPase inhibitors have the
ability to inhibit mitochondria-protective functions of Bcl-2/
Bcl-xL, which closely correlates with V-ATPase inhibitory activity,
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thereby potentiating the activity of cytotoxic drugs in Bcl-2/
Bcl-xL-overexpressing tumor cells. Furthermore, V-ATPase
inhibitors could switch anticancer drug-mediated apoptotic
pathways from being caspase-dependent to caspase-independent
in chemoresistant Bcl-2/Bcl-xL-overexpressing tumor cells.
Thus, our results show that inhibition of V-ATPase would be a
promising therapeutic approach for Bcl-2/Bcl-xL-overexpressing
malignancies.

Materials and Methods

Materials. BMA and camptothecin were purchased from
Sigma Chemical Co. (St Louis, MO, USA). TXL and vinblastine
were obtained from Wako Pure Chemical Industries (Tokyo,
Japan). The pan-caspase inhibitor z-VAD-fmk was obtained
from EMD Chemicals (Darmstadt, Germany). Inostamycin
and CMB were each isolated from the fermentation broth of the
microorganisms that produce them.(18,19)

Isolation of DE. The culture broth (2 L) of producing strain
was extracted with ethyl acetate (EtOAc) under basic conditions,
and the extracts obtained were purified sequentially using silica
gel columns and preparative reverse-phase HPLC to obtain a
small amount of pure active substance. Structure determination
by UV/MS spectrometry and NMR spectra revealed the active
compound to be DE.

Cell culture. The human SCLC Ms-1 cell line and its stable
transfectants with vector control, Bcl-2, and Bcl-xL (Ms-1/neo,
Ms-1/Bcl-2, and Ms-1/Bcl-xL)(16) were cultured in RPMI-1640
medium supplemented with 5% fetal bovine serum and antibiotics.

Acidic vesicular organelle staining. Cells grown on glass coverslips
were treated with the indicated drugs for 4 h at 37°C, and then
incubated with 3 μM acridine orange (Kanto Chemical Co.,
Tokyo, Japan) for 30 min. After three washes with Hanks’
solution, the cells were observed with a laser-scanning confocal
microscope (Olympus, Tokyo, Japan).

Analysis of MMP. To evaluate the status of MMP, cells were
incubated with 2.5 μg/mL of 5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethyl benzimidazolyl-carbocyanine iodide (JC-1; Wako
Pure Chemical Industries) for 10 min at 37°C immediately before
cytofluorometric analysis as previously described.(20)

Cell fractionation. Cell fractionation was carried out as
described previously.(21,22) Briefly, cells were resuspended in
buffer A (20 mM Hepes-KOH, 10 mM KCl, 1.5 mM MgCl2,
1 mM EDTA, 1 mM EGTA, and 1 mM DTT; pH 7.5) containing
250 mM sucrose. Cell homogenates were centrifuged at 1000 g
for 10 min at 4°C to obtain nucleus-enriched pellets and
supernatants including cytosol and mitochondria. The pellets
were washed twice with buffer A and lysed in buffer A
supplemented with 0.5 M NaCl for 10 min at 4°C. This lysate
was subsequently cleared by centrifugation at 15 000 g for
15 min at 4°C and the resulting supernatant was designated as
the nuclear fraction. The supernatants including cytosol and
mitochondria were centrifuged at 15 000 g for 60 min at 4°C
and the resulting supernatants were collected and designated as
the cytosolic fraction.

Western blotting. Western blotting was carried out as described
previously.(22) Cell lysates were separated by SDS-PAGE and
then subjected to immunoblotting using antibodies as follows:
anticytochrome c (7H8.2C12; Pharmingen, Franklin Lakes, NJ,
USA; mouse monoclonal IgG), anti-AIF (E-1; Santa Cruz,
Santa Cruz, CA, USA; mouse monoclonal IgG), anti-EndoG
(3035-0701; ProSci, Flint Place Poway, CA, USA; mouse
monoclonal IgG), anti-PARP (46D11; Cell Signaling, Danvers,
MA, USA; mouse monoclonal IgG), antitubulin (T9026; Sigma
Chemical Co., mouse monoclonal IgG) or anti-Histone H1 (AE-4;
Santa Cruz, mouse monoclonal IgG).

siRNA transfection. siRNA double-stranded oligonucleotides
designed to interfere with the expression of AIF (sense antihuman

AIF 5′-AUAGCAUUGGGCAUCACCUUAACCC-3′; Invitrogen,
Carlsbad, CA, USA) or EndoG (sense antihuman EndoG 5′-
CAGGAUGUUUGGCACAAAGAGCAGC-3′; Invitrogen), and
non-coding siRNA (Invitrogen) as a negative control were used.
Reverse transfection was demonstrated by using Lipofectamine
2000 reagent (Invitrogen) according to the manufacturer’s
instructions. Briefly, after being trypsinized, cells were
resuspended in antibiotic-free medium, and mixed with OPTI-
MEM (Gibco, Carlsbad, CA, USA) including 25 nM siRNA and
Lipofectamine 2000. After incubation for 20 min at room
temperature, cells were diluted with cultured medium and
seeded into a 60-mm dish. For the cell viability assay, siRNA-
transfected cells were reseeded into a 48-well plate at 48 h after
transfection. The silencing of AIF and EndoG was detected by
measuring the expression of each protein just before drug
treatment.

Results

V-ATPase inhibitors overcome the anti-apoptotic function of Bcl-xL
against anticancer drug-induced apoptosis in Ms-1/Bcl-xL. In the
course of screening for small molecules that inhibit the anti-
apoptotic function of Bcl-xL from the cultured broth of
microorganisms, we found that one fungus strain produced an
active compound, which was isolated from extracts of fungal
cultures following bioassay-guided fractionation; both silica gel
column chromatography and reverse-phase HPLC were utilized.
Spectroscopic analysis by NMR and mass spectrometry revealed
this active compound to be a cyclic hexadepsipeptide, DE.(23) DE
was tested for its suppressive activity against the anti-apoptotic
function of Bcl-xL. For this test, we used stable transfectants of
human SCLC Ms-1 cells, which overexpress Bcl-xL compared
with vector control Ms-1/neo, as shown in Figure 1(a)/Ms-1/Bcl-xL
cells displayed resistance to various types of anticancer drugs,

Fig. 1. Bcl-2/Bcl-xL protected Ms-1 cells from anticancer drug-induced
apoptosis. (a) Profiles of Bcl-2 family protein expression in Ms-1 clones.
Cell lysates were immunoblotted with the antibody indicated. (b) Cells
were treated with various anticancer drugs as indicated for 48 h. Cell
viability was assessed by trypan blue dye exclusion assay. Values are the
means of three samples: bars, SD. CPT, camptothecin, 3 μg/mL; INM,
inostamycin, 0.1 μg/mL; TXL, taxol, 30 ng/mL; VBL, vinblastine, 10 ng/mL.
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such as camptothecin, inostamycin, TXL, and vinblastine, when
compared to vector control Ms-1/neo (Fig. 1b). However, Bcl-
xL-mediated resistance to these anticancer drugs, each with a
distinct mechanism of action, was overcome by subsequent
treatment with DE (Fig. 2a). As DE is a well-known inhibitor of
V-ATPase, we next examined whether other V-ATPase inhibitors
(BMA(24) and CMB(25)) also suppressed the anti-apoptotic function
of Bcl-xL. As shown in Figure 2(a), BMA and CMB showed
similar effects to DE on anticancer drug-induced apoptosis in
Ms-1/Bcl-xL. As shown in Figure 2(b), similar results were
obtained when Ms-1/Bcl-2, which stably overexpress Bcl-2
(Fig. 1a), were used. On the other hand, V-ATPase inhibitors did
not show any synergistic effect on anticancer drug-induced
apoptosis in vector control Ms-1/neo (Fig. 2c). These results
clearly suggest that V-ATPase inhibitors did not simply sensitize
the cells to anticancer drugs but rather, could suppress the anti-
apoptotic function of Bcl-2/Bcl-xL.

Inhibition of V-ATPase is required for BMA-mediated inhibition of
Bcl-xL function. Next we examined whether the suppressive
activity of Bcl-2/Bcl-xL by V-ATPase inhibitors was due to
inhibition of V-ATPase activity. The low pH of intracellular
acidic organelles, such as lysosomes, is known to be maintained
by V-ATPase, and this acidification is easily detected as orange
fluorescence when cells are stained with acridine orange, an
acidophilic weak base fluorescent reagent.(26) When Ms-1/Bcl-
xL were incubated with acridine orange, intracellular organelles
were stained with orange fluorescence, whereas the orange
fluorescence in these organelles almost completely disappeared
upon treatment with BMA at 3 nM for 4 h (Fig. 3a), indicating
that this concentration of BMA inhibited V-ATPase in our cell

culture system. Moreover, this concentration of BMA is
comparable to that for the inhibition of Bcl-xL function in
Ms-1/Bcl-xL (Fig. 2a). Similar results were obtained with
DE- and CMB-treated cells (Fig. 3b and data not shown). These
findings strongly suggest that V-ATPase inhibitors modulate the
anti-apoptotic function of Bcl-xL through their inherent ability
to inhibit V-ATPase activity.

Treatment with BMA and TXL leads to dissipation of MMP in Ms-
1/Bcl-xL. We next examined the underlying mechanism of
apoptosis induced by combination treatment of V-ATPase inhibitors
and anticancer drugs in Ms-1/Bcl-xL using BMA and TXL
respectively. Dissipation of mitochondrial integrity is one of the
early events leading to apoptosis; therefore, we first evaluated
the effect of BMA on MMP in Ms-1/Bcl-xL by using a
mitochondrial probe, JC-1, at 16 h under conditions where the
cells had not yet seriously undergone apoptosis (Fig. 4a). As
shown in Figure 4(b), although treatment of Ms-1/Bcl-xL with
TXL or BMA alone did not affect MMP, a significant decrease
in MMP was observed at 16 h following cotreatment with TXL
and BMA. These data suggested that BMA suppressed the
function of Bcl-xL protecting mitochondria, and allowed TXL
to induce MMP loss.

Caspase activation is not required in BMA- and TXL-induced cell
death. Loss of MMP often reflects an increase in mitochondrial
outer membrane permeability, which results in the release of
proteins that trigger cell death.(27) The most well-known
apoptotic factor released from permeabilized mitochondria is the
respiratory component cytochrome c. As shown in Figure 5(a),
TXL (30 ng/mL) induced the release of cytochrome c into the
cytosolic fraction in vector control Ms-1/neo. In Ms-1/Bcl-xL,

Fig. 2. Vacuolar H+-ATPase (V-ATPase) inhibitors
overcome anti-apoptotic Bcl-2/Bcl-xL against
anticancer drugs. Human small cell lung carcinoma
Ms-1 cell lines transfected with (a) Bcl-xL or (b) Bcl-2
were treated with destruxin E (DE), bafilomycin
A1 (BMA), or concanamycin B (CMB) in combination
with various anticancer drugs as indicated for 48 h.
CPT, camptothecin, 3 μg/mL; INM, inostamycin,
0.1 μg/mL; TXL, taxol, 30 ng/mL; VBL, vinblastine,
10 ng/mL. (c) Ms-1/neo cells were treated with DE
or BMA in combination with various
concentrations of CPT, TXL, or INM for 48 h. Cell
viability was assessed by trypan blue dye
exclusion assay. Values are the means of three
samples; bars, SD.
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TXL-induced cytochrome c release was observed only when
cells were treated with BMA. Upon release into the cytosol,
cytochrome c activates Apaf-1 and triggers the caspase cascade.
One of the key events in this pathway is caspase-3 activation,
leading to oligonucleosomal DNA fragmentation.(28,29) As expected
from its effect on cytochrome c release, TXL significantly
induced the activation of caspase-3 in Ms-1/neo as judged from
PARP cleavage; however, it was noteworthy that cotreatment of
Ms-1/Bcl-xL with TXL and BMA did not activate caspase-3
under the condition where cytochrome c release was observed
(Fig. 5a). Moreover, pretreatment with the pan-caspase inhibitor
z-VAD-fmk could suppress cell death induced by TXL in Ms-
1/neo, but not by BMA and TXL cotreatment in Ms-1/Bcl-xL
(Fig. 5b). Similar results were obtained when other anticancer
drugs, such as inostamycin, were combined (Fig. 5b). These
results clearly suggest that caspase-3 activation was not involved
in the process of cell death induced by BMA and TXL
cotreatment in Ms-1/Bcl-xL (see ‘Discussion’).

Involvement of the AIF- and EndoG-mediated pathway in BMA-
and TXL-induced Ms-1/Bcl-xL cell death. Next we investigated
whether AIF and EndoG were involved in Ms-1/Bcl-xL cell
death induced by BMA and TXL cotreatment. Because AIF and
EndoG are considered to exert their effects in the nucleus, we

first examined the subcellular distribution of AIF and EndoG.
Twenty-hour cotreatment of Ms-1/Bcl-xL with BMA and TXL
resulted in the appearance of AIF and EndoG in the nuclear-
enriched fraction (Fig. 6a), whereas each treatment alone was
not sufficient to stimulate the translocation of AIF and EndoG
to the nucleus, suggesting that translocation of mitochondrial
AIF and EndoG to the nucleus required both the functional
inhibition of Bcl-xL by BMA and releasing activity of AIF and
EndoG by TXL. To further confirm the contribution of AIF and
EndoG to death of Ms-1/Bcl-xL cotreated with BMA and TXL,
we used RNA interference to downregulate the protein
expression of AIF and/or EndoG. Transfection with AIF and/or
EndoG siRNA for 72 h resulted in a substantial decrease in AIF
or EndoG protein levels in Ms-1/Bcl-xL, whereas these effects
were not observed in control experiments with non-coding
siRNA sequences (Fig. 6b). Cell viability was then assessed
upon cotreatment with BMA and TXL in siRNA-transfected
Ms-1/Bcl-xL. As shown in Figure 6(c), decreased expression of
AIF and/or EndoG by their specific siRNA significantly restored
the cell viability loss induced by BMA and TXL, whereas
control siRNA did not. Thus, AIF- and EndoG-dependent
apoptotic pathways were critical for cell death in Bcl-xL-
overexpressing cells induced by cotreatment with BMA and

Fig. 3. Effect of vacuolar H+-ATPase (V-ATPase)
inhibitors on acidification of intracellular acidic
organelles in human small cell lung carcinoma
Ms-1 cell lines transfected with Bcl-xL (Ms-1/Bcl-
xL). Ms-1/Bcl-xL cells were treated with the
indicated concentrations of (a) bafilomycin A1
(BMA) and (b) destruxin E (DE) for 4 h, and then
stained with 3 μM acridine orange for 30 min.
After washing, the cells were observed under a
laser-scanning confocal microscope.

Fig. 4. Co-treatment with bafilomycin A1 (BMA)
and taxol (TXL) leads to dissipation of mito-
chondrial membrane potential in human small
cell lung carcinoma Ms-1 cell lines transfected
with Bcl-xL (Ms-1/Bcl-xL). (a) Ms-1/Bcl-xL were
cotreated with BMA (3 nM) and TXL (30 ng/mL)
for the indicated time. Cell viability was assessed
by trypan blue dye exclusion assay. Values are the
means of three samples; bars, SD. (b) Ms-1/Bcl-xL
cells were cotreated with BMA (3 nM) and TXL
(30 ng/mL) for 16 h. Collected cells were stained
with JC-1 and analyzed by flow cytometry.
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TXL, and caspases were dispensable for the occurrence of these
types of cell death.

At present, it is less clear whether AIF- and EndoG-dependent
apoptotic pathways are also activated in anticancer drug-treated
Ms-1/neo. To clarify this point, we examined the effect of TXL,
BMA, and TXL and BMA cotreatment on MMP and its down-
stream components cytochrome c or AIF and EndoG in Ms-1/neo.
Upon treatment of either TXL alone or TXL and BMA cotreat-
ment in Ms-1/neo, MMP loss (data not shown), the resultant
release of mitochondrial cytochrome c into the cytosol (Fig. 7a),
and downstream caspase activation (data not shown) were
observed. AIF and EndoG were predominantly observed in the
cytosol but not in the nucleus following TXL treatment of
Ms-1/neo, whereas cotreatment of Ms-1/neo with TXL and
BMA led to nuclear translocation of mitochondrial AIF and
EndoG (Fig. 7a). Interestingly, we did not observe simultaneous
accumulation of AIF/EndoG in cytosol, suggesting that AIF/
EndoG was quickly translocated to the nucleus just after being
released from mitochondria in the presence of BMA. Further-
more, TXL-induced apoptosis was completely blocked by the
pan-caspase inhibitor z-VAD-fmk, but not by AIF/EndoG
siRNA. On the other hand, cell death induced by TXL and BMA
cotreatment was significantly rescued only when cells were

treated with both AIF/EndoG siRNA and z-VAD-fmk (Fig. 7b).
These results suggest that the caspase-dependent pathway acted
solely in TXL-treated Ms-1/neo; however, in the presence of
BMA, both caspase-dependent and -independent pathways worked
in a complementary style.

Apoptotic pathways induced by TXL and/or BMA in Ms-1/neo
and Ms-1/Bcl-xL are summarized in Figure 8.

Discussion

Ever since their implication in multidrug chemoresistance in
tumors, anti-apoptotic Bcl-2 family proteins have become
primary molecular targets in oncology. In part because of the
key role of Bcl-2 and Bcl-xL in inhibiting apoptosis coupled
with its ability to bind pro-apoptotic Bcl-2 family members,
recent efforts to develop their inhibitors have focused on the
discovery of small molecules targeting their binding pockets.
However, their actual molecular functions have yet to be
elucidated, and the present challenge has been to search for small
molecules that reveal the molecular mechanisms of Bcl-2 and
Bcl-xL. Here we showed that V-ATPase inhibitors potentiated the
cytotoxicity of anticancer drugs in Bcl-2/Bcl-xL-overexpressing
tumor cells but not in vector control cells. Moreover, we demonstrated
that dysfunction of Bcl-2/Bcl-xL by V-ATPase inhibitors was
closely correlated to their V-ATPase inhibitory activities.

V-ATPase is composed of a peripheral domain (V1) containing
eight subunits and an integral domain (VΟ) containing six subunits,

Fig. 5. Caspase activation is not required for cell death by cotreatment
with bafilomycin A1 (BMA) and taxol (TXL). (a) Human small cell lung
carcinoma Ms-1 cell lines transfected with vector control (Ms-1/neo) or
Bcl-xL (Ms-1/Bcl-xL) were treated with BMA (3 nM) and/or TXL (30 ng/mL)
for 18 h. Cytochrome c in the cytosolic fraction and Poly(ADP-ribose)
polymerase (PARP) in the whole lysate were immunoblotted with each
antibody. (b) Left, Ms-1/neo and Ms-1/Bcl-xL were treated with BMA
(3 nM) and/or TXL (30 ng/mL) in the presence or absence of z-VAD-fmk
(100 μM) for 48 h; right, Ms-1/neo and Ms-1/Bcl-xL were treated with BMA
(3 nM) and/or inostamycin (INM) (0.1 μg/mL) in the presence or absence
of z-VAD-fmk (100 μM) for 48 h. Cell viability was assessed by trypan blue
dye exclusion assay. Values are the means of three samples; bars, SD.

Fig. 6. Involvement of apoptosis-inducing factor (AIF) and
endonuclease G (EndoG) in cell death by cotreatment with bafilomycin
A1 (BMA) and taxol (TXL) in human small cell lung carcinoma Ms-1 cell
lines transfected with Bcl-xL (Ms-1/Bcl-xL). (a) Ms-1/Bcl-xL cells were
treated BMA (3 nM) and/or TXL (30 ng/mL) for 20 h. AIF and EndoG in the
nucleic fraction were immunoblotted with each antibody. Poly(ADP-
ribose) polymerase (PARP) was immunoblotted as a loading control. (b)
Ms-1/Bcl-xL cells were transfected with siRNA as indicated for 72 h. Cell
lysate was immunoblotted with anti-AIF and anti-EndoG antibodies.
Tubulin was immunoblotted as a loading control. (c) siRNA-transfected
cells were treated with BMA (3 nM) and/or TXL (30 ng/mL) for 36 h. Cell
viability was assessed by trypan blue dye exclusion assay. Values are the
means of three samples; bars, SD.
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and has an important role in the control of intracellular pH and
extracellular pH through VΟ-mediated proton pumping driven by
ATP hydrolysis within V1 and the sequential rotation of a central
rotary domain of VΟ.

(30) Upregulation or overexpression of V-
ATPase is frequently observed in several types of solid tumors
and the causative acidic microenvironment offers an advantage in
tumor progression, chemoresistance, and metastatic behavior.(31–33)

Recently, it has been shown that inhibition of V-ATPase by
knockdown of the subunit ATP6L of V-ATPase using siRNA
significantly decreases the growth and metastasis of human
hepatocellular carcinoma xenografts.(34) Therefore, V-ATPase is
now a remarkable target for novel anticancer therapy, and inhib-
itors of V-ATPase have recently inspired great interest as a new
type of therapeutic opportunity. Indeed, several papers have
reported that V-ATPase inhibitors show antitumor effects in vitro

Fig. 8. Schematic illustration of the apoptosis
pathway. (a) Under normal conditions, taxol
(TXL) induces mitochondrial membrane potential
(MMP) loss and apoptosis in a caspase-dependent
manner. (b) Bcl-xL overexpression completely
blocks TXL-induced cell death by the prevention
of MMP loss and subsequent release of both
cytochrome c and AIF/EndoG. (c) In the presence
of bafilomycin A1 (BMA), TXL can induce apoptosis
by both caspase-dependent and -independent
pathways as the situation demands. (d) BMA
predominantly suppresses the mitochondria
gatekeeping function of Bcl-xL. In this situation,
TXL can induce caspase-independent apoptosis in
human small cell lung carcinoma Ms-1 cell lines
transfected with Bcl-xL (Ms-1/Bcl-xL) (via AIF/
EndoG translocation to the nucleus).

Fig. 7. Bafilomycin A1 (BMA) promoted translocation to the nucleus
of apoptosis-inducing factor (AIF) and endonuclease G (EndoG) in Ms-
1/neo cells. (a) Ms-1/neo cells were treated with taxol (TXL) for 20 h. AIF
and EndoG in the cytosolic or nucleic fractions were immunoblotted
with each antibody. Tubulin and histone H1 were immunoblotted as
loading controls. (b) Left, Human small cell lung carcinoma Ms-1 cell
lines transfected with vector control (Ms-1/neo) were transfected with
siRNA as indicated for 72 h. Cell lysate was immunoblotted with anti-
AIF and anti-EndoG antibodies. Tubulin was immunoblotted as a
loading control; right, siRNA-transfected Ms-1/neo cells were treated
with BMA (3 nM) and/or TXL (30 ng/mL) in the presence or absence of
z-VAD-fmk (100 μM) for 48 h. Cell viability was assessed by trypan blue
dye exclusion assay. Values are the means of three samples; bars, SD.
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and in vivo. However, so far, the suppressive effects of V-
ATPase inhibitors on the anti-apoptotic function of Bcl-2/Bcl-xL
have not been reported; therefore, this is the first report to find
that V-ATPase inhibitors induce the dysfunction of anti-apoptotic
Bcl-2/Bcl-xL. Furthermore, V-ATPase inhibitors inhibit neither
the binding capacity of Bcl-xL to Bax, nor decrease the expression
levels of Bcl-xL (data not shown). These results clearly suggest
that V-ATPase inhibitors can inactivate the anti-apoptotic function
of Bcl-2/Bcl-xL by a distinct mode of action from other inhibitors
that recognize the surface pocket of Bcl-2/Bcl-xL. Given that
V-ATPase inhibitors could induce intracellular acidification, one
possible explanation of how V-ATPase inhibitors modulate
anti-apoptotic Bcl-2 and Bcl-xL is that a change in cellular pH
may directly or indirectly cause the alternation of pro- or anti-
apoptotic protein functions. In fact, some studies have shown
that changes in intracellular pH often result in significant alteration
of cellular kinetics; staurosporine- or tumor necrosis factor (TNF)-
mediated changes in intracellular pH activates Bax, a pro-apoptotic
Bcl-2 family protein.(35) Because V-ATPase inhibitor-mediated
changes in intracellular pH did not affect the interaction of
Bcl-xL with Bax, further investigation of proteins involved in a
change of cellular pH will provide valuable information for
clarifying the molecular mechanism of Bcl-2/Bcl-xL.

In this study, we also demonstrated the apoptotic pathway
induced by TXL or TXL and BMA cotreatment in Ms-1/neo and
Ms-1/Bcl-xL. In Ms-1/neo, TXL induced mitochondrial cyto-
chrome c and AIF/EndoG release, resulting in cytochrome
c-dependent and/or AIF/EndoG-dependent apoptosis due to a
combination of BMA. In Ms-1/Bcl-xL cells, V-ATPase inhibitors
suppress the function of Bcl-xL protecting mitochondria, and
allow anticancer drugs to induce the release of both caspase-
dependent and -independent apoptotic effectors from mitochondria;
nevertheless, BMA and TXL cotreated Ms-1/Bcl-xL underwent
apoptosis only through the caspase-independent pathway. These
results might be explained by findings in other reports that
Bcl-xL can physically associate with Apaf-1 and caspase-9, and
inhibit cytochrome c-dependent apoptosome formation and
subsequent caspase maturation.(36) If this is the case, BMA could
predominantly suppress the protective function of Bcl-xL on
mitochondria but not suppress the inhibitory function of Bcl-xL
on apoptosome formation.

In addition, whereas AIF/EndoG released from mitochondria
by TXL treatment of Ms-1/neo were largely observed in the
cytosol, AIF/EndoG was predominantly detected in the nucleus

in the presence of BMA. A similar result was obtained when
Ms-1/Bcl-xL cells were used. These results suggest that cytosolic
AIF/EndoG does not spontaneously translocate to the nucleus.
Recently, it has been shown that HSP70 can interact with both AIF
and EndoG, and is linked to the regulation of their activity.(37,38)

It also appears that genetic downregulation of HSP70 facilitates
the induction of caspase-independent cell death in human breast
cancer (MCF)-7 and Apaf-1–/– mouse embryonic fibroblast (MEF)
cells; conversely, HSP70 upregulation protects cells from caspase-
independent apoptosis,(37,39,40) indicating the essential role of HSP70
in regulation of the caspase-independent apoptosis pathway.
Herein, we addressed the possibility that BMA prevents the
interaction between HSP70 and AIF/EndoG, thereby accelerating
cytosolic AIF/EndoG translocation to the nucleus. Further investi-
gation of the mode of action of BMA is currently in progress.

In conclusion, our study suggests that inhibition of V-ATPase
may be crucial for Bcl-2/Bcl-xL dysfunction and for AIF/
EndoG translocation to the nucleus, leading to activation of
the caspase-independent apoptotic pathway. Taken together, our
findings demonstrate the potential use of V-ATPase inhibitors as
anticancer drugs for Bcl-2/Bcl-xL-overexpressing malignancies.
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Abbreviations

AIF apoptosis-inducing factor
Apaf apoptosis protease-activating factor
BMA bafilomycin A1
CMB concanamycin B
DE destruxin E
EndoG endonuclease G
HSP heat shock protein
MMP mitochondrial membrane potential
Ms-1/Bcl-2 human SCLC Ms-1 cell line transfected with Bcl-2
Ms-1/Bcl-xL human SCLC Ms-1 cell line transfected with Bcl-xL
Ms-1/neo human SCLC Ms-1 cell line transfected with vector control
PARP poly(ADP-ribose) polymerase
SCLC small cell lung carcinoma
TXL taxol
V-ATPase vacuolar H+-ATPase
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