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BACKGROUND AND PURPOSE
Autophagic cell death is considered a self-destructive process that results from large amounts of autophagic flux. In our
previous study, GMI, a recombinant fungal immunomodulatory protein cloned from Ganoderma microsporum, induced
autophagic cell death in lung cancer cells. The aim of this study was to examine the role of autophagosome accumulation in
GMI-mediated cell death.

EXPERIMENTAL APPROACH
Western blot analysis, flow cytometry and confocal microscopy were used to evaluate the effects of different treatments,
including silencing of ATP6V0A1 by use of short hairpin RNAi, on GMI-mediated cell death, lung cancer cell viability and
autophagosome accumulation in vitro.

KEY RESULTS
Lysosome inhibitors bafilomycin-A1 and chloroquine increased GMI-mediated autophagic cell death. GMI and bafilomycin-A1
co-treatment induced the accumulation of large amounts of autophagosomes, but did not significantly induce apoptosis. GMI
elicited autophagy through the PKB (Akt)/mammalian target of rapamycin signalling pathway. Silencing of ATP6V0A1, one
subunit of vesicular H+-ATPases (V-ATPases) that mediates lysosome acidification, spontaneously induced autophagosome
accumulation, but did not affect lysosome acidity. GMI-mediated autophagosome accumulation and cytotoxicity was
increased in shATP6V0A1 lung cancer cells. Furthermore, ATP6V0A1 silencing decreased autophagosome and lysosome fusion
in GMI-treated CaLu-1/GFP-LC3 lung cancer cells.

CONCLUSION AND IMPLICATIONS
We demonstrated that autophagosome accumulation induces autophagic cell death in a GMI treatment model, and
ATP6V0A1 plays an important role in mediating autophagosome-lysosome fusion. Our findings provide new insights into the
mechanisms involved in the induction of autophagic cell death.
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Introduction
Autophagy is a lysosomal degradation pathway that controls
the quality and balance of cytoplasmic constituents, involv-
ing protein and organelles (Rosenfeldt and Ryan, 2011). The
three major steps of the autophagy process are (i) initiation
with phagophore induction; (ii) autophagosome formation;
and (iii) maturation with autolysosome formation. The role
of autophagy in pro-death and pro-survival is still elusive due
to its dependence on the type and degree of stress and cell
type (Janku et al., 2011). It has been suggested that
autophagic flux and steady-state autophagy are two different
autophagy monitoring methods (Klionsky et al., 2008a). In
the canonical definition, autophagic cell death is an eat-to-
death process mediated by self-destruction. This suggests that
autophagic flux is the critical mechanism in autophagic cell
death (Maiuri et al., 2007; Shen and Codogno, 2011).
However, it has been demonstrated that steady-state
autophagy leads to a physiological dysfunction (Klionsky
et al., 2008a). From a comprehensive survey, the level of
autophagy induction may be the key to deciding cell survival
or death (Levine, 2007). Therefore, a feasible direction for the
development of anti-cancer drugs is the killing of cancer cells
through induction of an autophagy overload.

The vesicular H+-ATPases (V-ATPases) are a family of ATP-
dependent proton pumps. V-ATPases play a critical role in
mediating vesicular acidification. V-ATPase binds to the
membrane of organelles, including lysosomes, and transfers
protons from the cytoplasm to the lumen of bound
organelles by ATP hydrolysis (Paroutis et al., 2004). V-ATPase
is a multi-subunit complex composed of two functional
domains: V0 and V1. V-ATPase is anchored to the membrane
through the transmembrane V0 domain. The V0 domain also
plays a role in mediating the translocation of protons across
the membrane. The major function of the V1 domain is
hydrolysis of ATP to supply the energy for inducing proton

translocation. ATP6V0A1, the a1 subunit of the V0 sector, has
multiple functions, including proton transport, assembly and
targeting (Forgac, 1999). It has been documented that the V0

domain and ATP6V0A1 participate in the membrane fusion
of vesicles (Bayer et al., 2003; Strasser et al., 2011). Francesca
et al. suggested that ATP6V0A1 is required to mediate
phagosome–lysosome fusion (Peri and Nusslein-Volhard,
2008).

Fungal immunomodulatory proteins (FIPs) are one
family of Lingzhi components with therapeutic effects (Jinn
et al., 2006; Boh et al., 2007). In our previous studies, FIPs
have been shown to possess anti-cancer abilities and have
the potential to act as chemopreventive agents (Liao et al.,
2006; 2007; 2008). GMI (Figure S3), an immunomodulatory
protein with amino acid sequences highly homologous to
those of FIP-gts, inhibits EGF- and TNF-a-mediated migra-
tion and invasion in A549 cells (Lin et al., 2010a,b). In our
recent study, GMI induced lung cancer cell death via acti-
vation of calcium-dependent autophagy in vitro and in vivo
(Hsin et al., 2011).

In autophagy research, much attention has been focused
on the issues of induction and degradation mechanisms.
LC3-II expression is a widely investigated autophagy marker.
However, LC3-II does not significantly increase, as assessed by
Western blot analysis, in a balanced situation of autophagic
flux (Tanida et al., 2005). This suggests that many autophagy
inducers, including GMI, elicit an extremely imbalanced
autophagic flux in cells, leading to autophagosome accumu-
lation. The aim of this study was to examine the role of
autophagosome accumulation in GMI-mediated cell death.
We demonstrated that lysosome inhibitors increase GMI-
induced autophagosome accumulation and autophagic cell
death. Furthermore, ATP6V0A1 was found to be important
in mediating autophagosome-lysosome fusion. ATP6V0A1
silencing enhanced GMI-induced cytotoxicity and auto-
phagosome accumulation in lung cancer cells.

�
Figure 1
Effect of lysosome inhibitors on GMI-induced autophagic cell death in non-small cell lung cancer cells. (A) A549 and CaLu-1 cells (5 ¥ 103 cells
per well of 96-well plate) were co-treated with various concentrations of GMI (0, 0.3, 0.6 and 1.2 mM) and chloroquine (0, 10 mM) or
bafilomycin-A1 (0, 5 nM) for 48 h. Cell viability was analysed on MTT assay. The data are presented as mean � SD of triplicate experiments. (B)
A549 and CaLu-1 cells (5 ¥ 103 cells per well of 96-well plate) were pretreated with 20 mM pan-caspase inhibitor Z-VAD-FMK for 1 h, followed by
exposure to GMI (0, 1.2 mM) and bafilomycin-A1 (0, 5 nM) for 48 h. MTT assay was performed to measure the cell viability. The data are presented
as mean � SD of triplicate experiments. (C) Equal numbers of cells from the A549 cell pools co-treated with GMI and bafilomycin-A1 were plated
and stained as described in Appendix S1. Shown are three dishes from each pool. (D) The number of colonies was counted under a dissecting
microscope. The number of cells in each colony had to be larger than 50. Shown are the relative colony numbers. The number of A549 cells
without GMI treatment was set at 100%. The original numbers of colonies of A549 cells without or with bafilomycin-A1 treatment are as follows:
bafilomycin-A1 0 nM, 88.3 � 3.5; bafilomycin-A1 5 nM, 74.7 � 6.7. (E) Equal amounts of total cell lysates from A549 shLuc and A549 shLC3 cells
(5 ¥ 105 cells per 60 mm dish) after 1.2 mM GMI treatment were analysed by Western blot. (F) After co-treatment with bafilomycin-A1 (0, 5 nM)
and GMI (0, 0.3, 0.6 and 1.2 mM) for 48 h, the cell viabilities of A549 shLuc and A549 shLC3 cells (5 ¥ 103 cells per well of 96-well plate) were
measured on MTT assay. The data are presented as mean � SD of triplicate experiments. The symbols (*) and (**) indicate P < 0.05 and P < 0.0001
using Student’s t-test. NS, not significant.
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Methods

Cell lines and chemicals
A549 human lung adenocarcinoma cells (ATCC, CCL-185)
and CaLu-1 human lung squamous carcinoma cells (ATCC,
HTB-54) were maintained as described previously (Hsin et al.,
2011). Bafilomycin-A1 (B 1793) and chloroquine diphos-
phate salt (C 6628) were purchased from Sigma (St. Louis,
MO, USA). Pan-caspase inhibitor (550377) was purchased
from BD Pharmingen (Franklin Lakes, NJ, USA).

Statistical analyses
The data were analysed using Student’s t test. P values of
<0.05 were considered significant. The data are presented as
the mean � SD.

Results

Lysosome inhibitors enhance the effects of
GMI on cell death
To clarify the role of autophagosome accumulation on GMI-
mediated cytotoxicity, bafilomycin-A1 and chloroquine were
used to prevent autolysosome maturation. Chloroquine
inhibits lysozyme activity by increasing pH (Mizushima et al.,
2010). Bafilomycin-A1 is a V-ATPase inhibitor that can block
autophagosome–lysosome fusion and prevent lysosome
acidification (Yamamoto et al., 1998; Klionsky et al., 2008b).
A549 and CaLu-1 cells were concurrently treated with GMI
and bafilomycin-A1 or chloroquine for 48 h and analysed
using the MTT assay. Both lysosome inhibitors significantly
enhanced GMI-induced cell death (Figure 1A). In our previ-
ous study, several assays were performed to prove that GMI
does not predominantly induce apoptosis in lung cancer cells
(Hsin et al., 2011). Some studies have reported that combina-
tion treatment with bafilomycin-A1 and an autophagy
inducer leads to apoptosis (Smith et al., 2010; Yang et al.,
2010). To assess the effects of apoptosis on cell death by
bafilomycin-A1 and GMI, the pan-caspase inhibitor Z-VAD-
FMK was used to block apoptosis. As shown in Figure 1B,
Z-VAD-FMK did not reverse the cell death in both cells treated
with bafilomycin-A1 and GMI. To further investigate the
effect of bafilomycin-A1 on GMI-induced cell death, a clono-
genic assay was performed to determine the long-term cyto-
toxic effects. Co-treatment with GMI and bafilomycin-A1

significantly inhibited colony formation of A549 cells when
compared with treatment with GMI alone (Figure 1C). The
colonies were counted and their numbers are shown in
Figure 1D. To clarify the role of autophagy in cell death
induced by co-treatment with GMI and bafilomycin-A1, a
VSV-G pseudotyped lentivirus-shRNA system was carried out
to knockdown the LC3 expression in A549 cells (Figure 1E).
LC3 silencing significantly reversed the cell death induced by
co-treatment with GMI and bafilomycin-A1 (Figure 1F). Our
results indicate that suppressing autophagosome clearance
increases GMI-elicited autophagic cell death.

Bafilomycin-A1 enhances GMI-induced
autophagosome accumulation
To investigate the effect of bafilomycin-A1 on GMI-induced
autophagosome accumulation, we established the stable
expression of GFP-LC3 in CaLu-1 cells (CaLu-1/GFP-LC3). To
rule out the influence of GFP-LC3 expression in CaLu-1 cells,
confirmation experiments were performed to prove that
stable expression of GFP-LC3 did not change the response of
CaLu-1 cells to GMI and bafilomycin-A1 treatment (Fig-
ure S1). On Western blot, bafilomycin-A1 increased GMI-
mediated endogenous LC3-II and GFP-LC3-II accumulation
(Figure 2A,B). We found cleaved GFP expression in different
GFP-LC3 stable CaLu-1 cell clones without stimulation
(Figure 2B and data not shown). It is suggested that GFP-LC3
was degraded by endogenous autophagic flux or protease in
CaLu-1 cells. Thus, inhibition of cleaved GFP expression by
bafilomycin-A1 was not obvious, even though GFP-LC3-II
degradation was blocked. To confirm the effects of apoptosis
on cell death induced by bafilomycin-A1 and GMI, PARP and
caspase 3 were investigated by Western blot analysis.
Bafilomycin-A1 and GMI co-treatment did not significantly
increase PARP and caspase 3 cleavage in A549 cells
(Figure 2A). Interestingly, GMI blocked bafilomycin-A1-
induced apoptosis (Figure 2A). It has been reported that
autophagy can counteract apoptosis activation (Maiuri et al.,
2007). This suggested that GMI predominantly induces
autophagy in A549 cells. In CaLu-1 cells, bafilomycin-A1 and
0.3 mM GMI slightly increased apoptosis when compared
with cells exposed to bafilomycin-A1 or GMI alone
(Figure 2B).

Using confocal microscope, autophagosome accumula-
tion was markedly enhanced after co-treatment with
bafilomycin-A1 and 0.3 mM GMI (Figure 2C). It was difficult
to count the number of autophagosomes in the shrinking

�
Figure 2
Effect of bafilomycin-A1 and GMI co-treatment on apoptosis and autophagosome accumulation in non-small cell lung cancer NSCLC cells. (A)
PARP, caspase 3 cleavage and LC3 conversion were determined on Western blot after A549 cells (2 ¥ 105 cells per 35 mm dish) were treated with
5 nM bafilomycin-A1 and various concentrations of GMI for 48 h. b-Actin is a loading control. (B) Changes in PARP and caspase 3, and conversions
of GFP-LC3 and endogenous LC3 in GMI and bafilomycin-A1-treated CaLu-1/GFP-LC3 cells (2 ¥ 105 cells per 35 mm dish) were detected on
Western blot. b-Actin is a loading control. The software IMAGEJ was used to quantify the band intensity of cleaved PARP, cleaved caspase 3 and
LC3-II. The data showed the relative expression standardized by the b-actin protein level, and the ratio without GMI and bafilomycin-A1 treatment
was set at 1. (C) CaLu-1/GFP-LC3 cells (5 ¥ 104 cells per well of 24-well plate) were treated with 5 nM bafilomycin-A1 and various concentrations
of GMI for 48 h. The GFP-LC3 dots induced by GMI and bafilomycin-A1 in CaLu-1/GFP-LC3 cells were observed under confocal microscope. Scale
bar indicates 20 mm. (D) After bafilomycin-A1 (0, 5 nM) and GMI (0, 0.3 and 1.2 mM) treatment for 48 h, CaLu-1/GFP-LC3 cells (5 ¥ 105 cells per
60 mm dish) were harvested with trypsin-EDTA. The relative level of GFP-LC3 fluorescence intensity was analysed by flow cytometry. (E)
Quantification of cells developing GFP-LC3 dots in CaLu-1/GFP-LC3 cells. The percentages of developed GFP-LC3 dots in GMI- and bafilomycin-
A1-treated CaLu-1/GFP-LC3 cells were calculated based on the results of fluorescence-activated cell sorting assay.
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cells after GMI treatment. GFP-LC3-labelled autophagosomes
can be measured by flow cytometry in living cells (Shvets
et al., 2008). Therefore, we quantified the autophagosome
fractional volume after bafilomycin-A1 and GMI treatment
by flow cytometric analysis. The data indicate that
autophagosome accumulation is significantly up-regulated in
CaLu-1/GFP-LC3 cells treated with bafilomycin-A1 and
0.3 mM GMI (Figure 2D,E). However, 1.2 mM GMI and
bafilomycin-A1 did not increase autophagosome accumula-
tion in CaLu-1/GFP-LC3 cells. This phenomenon is consist-
ent with the LC3-II expression in Figure 2B. We suggest that
combined treatment with high-dose GMI and bafilomycin-
A1 induces severe cell damage, leading to a partial decrease in
cancer cells with autophagosomes (Figure 2D,E). Further-
more, these data indicate that GMI blocks autophagosome
clearance in lung cancer cells.

GMI induces autophagy through
PKB/mTOR inhibition
The PKB/mTOR signalling cascade is a critical autophagy
regulation pathway (Fu et al., 2009; Rubinsztein et al., 2011).
As shown in Figure 3A and B, GMI significantly decreased
PKB and p70S6K phosphorylation in A549 and CaLu-1 cells.
GMI suppressed PKB phosphorylation after 1 h of treatment
in the time course experiments in A549 cells (Figure 3C). A
small amount of LC3-II expression was elicited after 6 h of
GMI treatment (Figure 3C). CA-PKB overexpression attenu-
ated GMI-induced LC3-II expression in A549 cells
(Figure 3D). As shown in Figure 3D, CA-PKB obviously
restored reduced GSK-3b levels induced by GMI treatment.
However, CA-PKB only partially reversed GMI-induced
p70S6K phosphorylation inhibition. This indicates that GMI
inhibited mTOR not only through the PKB pathway. Moreo-
ver, rapamycin, an mTOR inhibitor, enhanced low-dose GMI-
mediated autophagy (data not shown). These results
demonstrate that GMI-stimulated autophagy is primarily
dependent on the PKB pathway in lung cancer cells and that
mTOR also plays a role in the GMI-induced autophagy.

ATP6V0A1 silencing does not affect
lysosomal acidity
In Figures 1 and 2, we demonstrated that bafilomycin-A1
enhances GMI-mediated autophagosome accumulation and
autophagic cell death. Moreover, the combination of
bafilomycin-A1 and GMI treatment did not markedly
increase apoptosis. This prompted us to examine whether
GMI and bafilomycin-A1 induce autophagic cell death
through autophagosome accumulation in lung cancer cells.
Recently, mTOR complex 1 has been shown to regulate the
expression of several genes encoding V-ATPase subunits,
including ATP6V0A1 (Pena-Llopis et al., 2011). Thus, we
investigated the effects of GMI on ATP6V0A1 expression.
Using real-time (RT)-PCR, GMI down-regulated ATP6V0A1
mRNA expression in lung cancer cells (Figure 4A). Two
bands of ATP6V0A1 RT-PCR products were produced for
ATP6V0A1 isoforms (NP_001123492.1, NP_001123493.1
and NP_005168.2). To further investigate the function
of ATP6V0A1 in lysosome acidity, VSV-G pseudotyped
lentivirus-shRNA system was used to knockdown the
ATP6V0A1 expression. As shown in Figure 4B, the different

silencing effects of two shRNA clones against ATP6V0A1 were
investigated in both lung cancer cell lines. To detect the effect
of ATP6V0A1 knockdown on lysosomal acidity, A549 and
CaLu-1/GFP-LC3 cells untreated and treated with GMI were
stained with acridine orange and visualized using a fluores-
cence microscope (Figure 4C). Flow cytometric analysis was
performed to quantify the acidic vesicular organelle (AVO)
fractional volume after GMI treatment (Figure 4D,E). A549
shATP6V0A1 33 cells possessed flattened morphology with
elevated lysosomal mass-like cellular senescence (Figure 4E
and data not shown). High-dose GMI induced severe cell
damage, leading to a decrease in cancer cells with AVOs
(Figure 4D,E). These data suggest that ATP6V0A1 silencing
did not affect the lysosomal acidity.

ATP6V0A1 silencing sensitizes lung cancer
cells to GMI-induced cell death
In spite of the lack of change in lysosome acidification, cell
density decreased in shATP6V0A1 lung cancer cells without
or with GMI treatment when compared with shLuc cells
(Figure 5A). To confirm this observation, cell viability was
analysed using the MTT assay. As shown in Figure 5B and C,
ATP6V0A1 silencing slowed down lung cancer cell prolifera-
tion. In comparison with A549 shLuc cells, GMI significantly
increased cell death in A549 shATP6V0A1 cells (Figure 5B).
ATP6V0A1 silencing elevated GMI-mediated cell death more
markedly in CaLu-1/GFP-LC3 cells (Figure 5C). To further
analyse the cell death induced by GMI in ATP6V0A1-silenced
cells, propidium iodide staining was performed and cells were
analysed by flow cytometry. As shown in Figure 5D,
ATP6V0A1 silencing increased the cell death in GMI-treated
A549 cells.

ATP6V0A1 silencing enhances GMI-mediated
autophagosome accumulation
It has been reported that ATP6V0A1 mediates phagosome and
lysosome fusion without affecting lysosomal acidity (Peri and
Nusslein-Volhard, 2008). ATP6V0A1 may play an important
role in autolysosome formation. Using Western blot analysis,
ATP6V0A1 silencing was shown to induce LC3-II expression
in lung cancer cells without treatment, especially in CaLu-1/
GFP-LC3 cells (Figure 6A,B). In comparison with A549 shLuc
cells, GMI-induced LC3-II expression increased in A549
shATP6V0A1 31 cells, but not in A549 shATP6V0A1 33 cells
(Figure 6A). This may be due to the senescence-like phenom-
enon in A549 shATP6V0A1 33 cells. Furthermore, the
phenomenon was observed in both CaLu-1/GFP-LC3
shATP6V0A1 cells, especially following 0.3 mM GMI treat-
ment (Figure 6B). GFP-LC3-II expression was consistent with
that of endogenous LC3-II expression in CaLu-1/GFP-LC3
cells (Figure 6B). As with the bafilomycin-A1 treatment
(Figure 2A,B), ATP6V0A1 silencing did not significantly
increase apoptosis after GMI treatment (Figure 6C,D).

Autophagosome accumulation and autophagosome–
lysosome interaction were investigated in CaLu-1/GFP-LC3
shLuc and shATP6V0A1 cells by confocal microscopy. As
shown in Figure 7A, endogenous and 0.3 mM GMI-induced
autophagosomes fused with lysosomes; 1.2 mM GMI induced
autophagosomes partly fused with lysosomes (Figure 7A).
Large green puncta spontaneously accumulated in CaLu-1/
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with anti-phospho-PKB, anti-PKB and anti-phospho-p70S6K. b-Actin is a loading control. (B) Statistical analysis of Western blotting. The protein
levels of p-PKB and p-p70S6K were standardized by the b-actin protein level, and each value is expressed as an intensity showing the ratio of the
expression in A549 and CaLu-1 cells treated with GMI to that in untreated cells. The ratio of cells without GMI treatment was set at 1. The symbol
(*) indicates P < 0.05 by Student’s t-test. (C) A549 cells (2 ¥ 105 cells per 35 mm dish) were treated without or with 1.2 mM GMI for various time
periods (0, 1, 3, 6, 12, 24 and 48 h). Protein loading was determined by Western blot against b-actin. (D) A549 cells (1 ¥ 105 cells per 35 mm
dish) transfected with empty vector or constitutively active PKB (CA-PKB) expression vector for 24 h were treated with various concentrations of
GMI (0, 0.3 and 1.2 mM) for 48 h. Phospho-PKB, PKB, phospho-GSK-3b, phospho-p70S6K expression and LC3 conversion were determined on
Western blot. The software IMAGEJ was used to quantify the band intensity.

BJPAutophagosome accumulation induces autophagic cell death

British Journal of Pharmacology (2012) 167 1287–1300 1293



A

C

D E

B

A549 cells

GMI 1.2 μM

CaLu-1 cells

A549 cells CaLu-1/GFP-LC3 cells

A549 cells CaLu-1/GFP-LC3 cells

GMI 1.2 μM

0 42 248 72 96

1.0 0.9 0.5 0.3 0.1

0 4 48 72 96

1.0 1.0 0.7 0.4 0.3

Time (h)

ATP6V0A1

β-actin

sh
Lu

c

sh
Lu

c

sh
A
TP

6V
0A

13
1

sh
A
TP

6V
0A

13
3

sh
A
TP

6V
0A

13
1

sh
A
TP

6V
0A

13
3

1.0 0.59 0.17 1.0 0.59 0.05

1.0 0.51 0.38 1.0 0.66 0.4

90 kDa

42 kDa

ATP6V0A1

ATP6V0A1

β-actin

β-actin

A549 CaLu-1/GFP-LC3

0 0.3 0.6 1.2 0 0.3 0.6 1.2 GMI (μM)

shLuc

shATP6V0A1 31

shATP6V0A1 33

A549 cells

CaLu-1/GFP-LC3 cells

A549 shLuc
A549 shATP6V0A1 31
A549 shATP6V0A1 33

70

60

50

40

30

20

10

0
0 0.3 0.6 1.2

GMI (μM)

0 0.3 0.6 1.2
GMI (μM)

%
 C

e
lls

 w
it
h
 A

V
O

s

70

60

50

40

30

20

10

0

%
 C

e
lls

 w
it
h
 A

V
O

s

CaLu-1/GFP-LC3 shLuc

CaLu-1/GFP-LC3 shATP6V0A1 31

CaLu-1/GFP-LC3 shATP6V0A1 33

G
M

I (μ
M

)

0

0.3

0.6

1.2

C
e
ll 

C
o
u
n
ts

Fluorescence intensity

shLuc

shATP6V0A1 31

shATP6V0A1 33

Figure 4
Effect of ATP6V0A1 silencing on GMI-induced acidic vesicular organelle (AVO) development in non-small cell lung cancer cells. (A) A549 and
CaLu-1 cells (5 ¥ 105 cells per 60 mm dish) were treated without or with 1.2 mM GMI for various time periods (0, 24, 48, 72 and 96 h). The total
RNA was reverse-transcribed into cDNA, and the expressions of ATP6V0A1 and b-actin were analysed by PCR. (B) Total RNA and cell lysate were
collected from A549 shLuc, A549 shATP6V0A1, CaLu-1/GFP-LC3 shLuc and CaLu-1/GFP-LC3 shATP6V0A1 cells. ATP6V0A1 expression was
observed by RT-PCR and Western blot. b-Actin served as an internal control. The software IMAGEJ was used to quantify the band intensities of
ATP6V0A1. (C) Acridine orange was used to stain AVOs in A549 shLuc, A549 shATP6V0A1, CaLu-1/GFP-LC3 shLuc and CaLu-1/GFP-LC3
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with GMI for 48 h, followed by staining with acridine orange. The fluorescence-activated cells were analysed by flow cytometry. (E) Quantification
of cells with AVO development in indicated cell lines. The percentages of developed AVOs in GMI-treated cells were calculated based on the results
of fluorescence-activated cell sorting assay. The symbol (*) indicates P < 0.05 by Student’s t-test.
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GFP-LC3 shATP6V0A1 cells (Figure 7B,C). Larger numbers of
large green puncta were induced by GMI in CaLu-1/GFP-LC3
shATP6V0A1 cells when compared with CaLu-1/GFP-LC3
shLuc cells (Figure 7B,C). Similar to the results shown in
Figure 4D and E, high-dose GMI treatment resulted in a
decrease in CaLu-1/GFP-LC3 shATP6V0A1 33 cells with AVOs
(Figure 7C). Using IMAGE software (Nikon, Tokyo, Japan),
shATP6V0A1 was shown to decrease autophagosome and
lysosome co-localization in CaLu-1/GFP-LC3 cells with or
without GMI treatment (Figure 7). The quantification analy-
sis was performed to confirm the effects of GMI and
ATP6V0A1 silencing on the fusion of autophagosome and
lysosome (Figure 7D). These effects were also investigated in
anti-LAMP2 antibody-stained CaLu-1/GFP-LC3 shATP6V0A1
cells (Figure S2). These results suggest that ATP6V0A1 medi-
ates autophagosome–lysosome fusion.

Discussion

In our previous study, MTT assay, clonogenic assay and cell
cycle analysis were performed to prove that autophagy acti-
vation by GMI induces lung cancer cell death, not inhibition
of cell proliferation. We also demonstrated that GMI induced
autophagic flux in lung cancer cells (Hsin et al., 2011). In this
study, we demonstrated that increasing autophagosome accu-
mulation by lysosome inhibitors and ATP6V0A1 silencing
enhances GMI-mediated autophagic cell death. Chloroquine
has been found to induce autophagic cell death (Ramser et al.,
2009; Geng et al., 2010). PM02734 (Elisidepsin) induces
autophagy by compromising the clearance of autophago-
some and kills lung cancer cells (Ling et al., 2011). These

findings accord with our hypothesis that an abundant accu-
mulation of autophagosomes mediates autophagic cell death.
Furthermore, according to the LC3 flux measurement in our
previous study (Ling et al., 2011), GMI decreases LC3 flux in
lung cancer cells (Figure 2A,B). These findings indicate that
GMI not only activates autophagosome formation but also
interferes with autolysosome maturation. We believe that
autophagosome accumulation is the primary mechanism by
which GMI kills cancer cells. However, we could not rule out
the effects of autophagic flux on the cytotoxicity elicited by
GMI. Unfortunately, to date, there is no appropriate method
for increasing the flux rate of autophagy. Therefore, it is
difficult to clarify the effects of autophagosome accumulation
and autophagic flux on autophagic cell death.

In a recent study, Fan et al. suggested an interesting
mechanism involving PKB, autophagy and apoptosis in
glioma (Fan et al., 2010). PI-101, a dual inhibitor of PI3K and
mTOR, induces apoptosis in U373 cells after bafilomycin-A1
treatment or LAMP2 silencing (inhibition of autophagy
maturation). However, PI-101 does not trigger apoptosis in
the same glioma cells after 3-MA treatment or VPS34 silenc-
ing (inhibition of autophagy initiation). These results are
similar to our findings. Furthermore, combined treatment
with GMI and bafilomycin-A1 only induced apoptosis in
CaLu-1 cells. Taken together, these data indicate that the
effects of an autophagy inducer and bafilomycin-A1 treat-
ment on apoptotic cell death may depend on cell type.

It is important to quantify the cells undergoing
autophagy and autophagosome accumulation in autophagy
research. The direct and precise method involves counting
green dots in GFP-LC3 transfected cells. A recent study indi-
cated that larger GFP-LC3 dots are formed by several
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Figure 6
Effect of ATP6V0A1 silencing on GMI-induced autophagosome accumulation in non-small cell lung cancer cells. Equal amounts of total cell lysates
from GMI-treated (A) A549 and (B) CaLu-1/GFP-LC3 cells were analysed on Western blot. PARP expression and change in the (C) A549 and (D)
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Figure 7
Effect of ATP6V0A1 silencing on GMI-induced autolysosome formation in non-small cell lung cancer cells. After GMI treatment for 48 h,
CaLu-1/GFP-LC3 (A; right panel) shLuc and (B, C; right panel) shATP6V0A1 cells (5 ¥ 104 cells per well of 24-well plate) were stained with
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Autophagosome-lysosome co-localization quantification. The quantification method was described in Appendix S1.
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autophagosomes (Ganley et al., 2011). However, it is difficult
to count the autophagosomes in the shrinking cells following
treatment with GMI. To overcome this problem, flow cyto-
metric analysis was performed to quantify the GFP-LC3 dot
fractional volume in living CaLu-1/GFP-LC3 cells. The fluo-
rescence intensity following 1.2 mM GMI treatment was
much higher than that following bafilomycin-A1 and 1.2 mM
GMI co-treatment (Figure 2D,E). Using Western blots, 1.2 mM
GMI was shown to increase GFP-LC3-I expression in CaLu-1/
GFP-LC3 cells (Figure 2D). This highlights the defect of inves-
tigating GFP-LC3 puncta in living cells directly by flow
cytometry. We suggest that Western blots should be used to
assess the expression of GFP-LC3-I.

mTOR is a well-documented autophagy regulator. PKB
and AMPK have been reported to regulate mTOR/autophagy
pathway (Yang and Klionsky, 2010). However, interestingly,
Mammucari et al. demonstrated that FoxO3 controls
autophagy through a PKB-dependent and mTOR-
independent pathway (Mammucari et al., 2007). In the
present study, GMI inhibited the PKB/mTOR signalling
pathway in lung cancer cells (Figure 3A). To further prove the
role of the PKB/mTOR pathway in GMI-induced autophagy, a
CA-PKB expression plasmid was used to reverse the inhibition
of PKB by GMI. CA-PKB could not markedly activate the PKB
signalling pathway because of the strong PKB activity in A549
cells. After GMI treatment, CA-PKB obviously reversed the
inhibition of GSK-3b, a downstream target of PKB. This sug-
gests that CA-PKB works in A549 cells. Furthermore, GMI-
mediated LC3 conversion was blocked by CA-PKB. However,
CA-PKB only partially prevented the GMI-mediated p70S6K
inhibition. This result indicates that GMI is a new dual PKB/
mTOR inhibitor and inhibits mTOR activity through a PKB-
independent pathway. It has been reported that p53
inhibition and calcium inhibit mTOR and induce autophagy
through the AMPK pathway (Hoyer-Hansen et al., 2007; Tas-
demir et al., 2008). In our previous study, we demonstrated
that GMI induced autophagy by increasing calcium and
decreasing p53 expression. This implies that GMI suppresses
mTOR through the AMPK pathway. According to the present
results, PKB plays a major role in GMI-induced autophagy. In
our unpublished data, we found that rapamycin can enhance
GMI-mediated autophagy. This suggests that mTOR inhibi-
tion also plays a role in autophagy induction by GMI. Taken
together, these results suggest that GMI-induced autophagy is
primarily dependent on PKB inhibition and partially depend-
ent on mTOR inhibition.

A decade ago, the V0 sector of V-ATPase was implicated to
participate in membrane fusion. However, the lethality of
V-ATPase disruption caused difficulties in a further study
(Scott et al., 2011). ATP6V0A1 is an important subunit in the
V-ATPase complex assembly, proton transport and membrane
fusion. It has been reported that ATP6V0A1 knockdown
blocks phagosome–lysosome fusion without changing the
lysosome acidity (Peri and Nusslein-Volhard, 2008). At least
one similar gene can replace ATP6V0A1 and perform its func-
tion in the acidification of lysosomes in zebrafish (Peri and
Nusslein-Volhard, 2008). Consistent with previous findings,
ATP6V0A1 silencing did not affect lysosome acidity in lung
cancer cells in this study. However, ATP6V0A1 silencing
decreased the cell viability, which is a limitation for further
investigations, such as animal experiments.

LC3-II spontaneously accumulated in shATP6V0A1
lung cancer cells, especially in CaLu-1 cells (Figure 6A,B).
Endogenous autophagy in CaLu-1 cells was higher than in
A549 cells in terms of LC3-II expression (data not shown). As
shown in Figure 6B, cleaved GFP, an autophagic flux marker,
increased in CaLu-1/GFP-LC3 cells in a silencing efficiency-
dependent manner. This indicates that ATP6V0A1 silencing
delays trafficking between the autophagosome and lysosome.
We found that GMI significantly inhibited ATP6V0A1 mRNA
expression in lung cancer cells (Figure 4A). This may explain
why autophagosomes do not co-localize with lysosomes
in CaLu-1/GFP-LC3 cells after 1.2 mM GMI treatment
(Figure 7A). To demonstrate that shATP6V0A1-enhanced
autophagosome accumulation does not only occur in the
GMI model, thapsigargin was used to stimulate autophagy in
A549 shATP6V0A1 31 cells. Thapsigargin is thought to induce
autophagy through inhibition of autophagosome–lysosome
fusion (Ganley et al., 2011). The mechanism by which thap-
sigargin induces autophagy, triggering autophagosome for-
mation or blocking autophagosome turnover, remains highly
controversial (Decuypere et al., 2011). From our data,
shATP6V0A1 significantly increased LC3-II expression
induced by various concentrations of thapsigargin (data not
shown). These data suggest that ATP6V0A1 plays an impor-
tant role in mediating autophagosome–lysosome fusion and
GMI is an efficient autophagosome accumulator, increasing
the formation of and decreasing the degradation of
autophagosomes in lung cancer cells.

In conclusion, we provide new insights into autophago-
some accumulation-induced autophagic cell death and
ATP6V0A1-mediated autophagosome–lysosome fusion. Our
results strongly support the anti-cancer function of GMI
through accumulation of autophagosomes. Furthermore,
chloroquine is an approved drug in clinical use (Janku et al.,
2011). We found that chloroquine elevates the GMI-mediated
cell death. We expect more clinical drugs that block
autophagosome–lysosome fusion and lysosome function,
such as chloroquine, to be developed in the future.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 The responses of CaLu-1/GFP-LC3 cells were
similar to those of parental. CaLu-1 cells after GMI and
bafilomycin-A1 treatment. (A) CaLu-1/GFP-LC3 cells (5 ¥
103 cells per well of 96-well plate) were co-treated with GMI
(0, 1.2 mM) and bafilomycin-A1 (0, 5 nM) for 48 h. Cell viabil-
ity was analysed on MTT assay. The data are presented as
mean � SD of triplicate experiments. (B) CaLu-1 cells (2 ¥
105 cells per 35 mm dish) transfected with GFP expression
vector for 24 h were treated with various concentrations of
GMI (0, 0.3 and 1.2 mM) and bafilomycin-A1 (0, 5 nM) for
48 h. Cleaved-PARP, caspase 3, GFP and LC3 conversion were
determined on immunoblotting assay.
Figure S2 Autophagosome and lysosome distribution in
ATP6V0A1 silenced CaLu-1/GFP-LC3 cells. (A) CaLu-1/GFP-
LC3 shLuc, shATP6V0A1 31 cells (4¥105 cells per well of 60
mm plate) were treated with GMI (0, 1.2 mM) for 48 h, fol-
lowed by staining with anti-LAMP2 antibody. The box shows
an enlarged area. Scale bar represents 20 mm. (B) Software NIS
Elements D 3.0 was used to analyse the co-localization data.
Figure S3 GMI protein sequence.
Appendix S1 Expression and purification of GMI protein.
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