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Nigericin-induced Impairment of Autophagic Fluxin
Neuronal Cells Is Inhibited by Overexpression of Bak™
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Background: Exact mechanisms underlying regulatory roles for the Bcl-2 family remain to be delineated.

Results: Overexpressed Bak blocked ionophore-induced impairment of autophagic flux in neuronal cells.

Conclusion: Bak plays critical roles in maintaining autophagic flux and vacuole homeostasis.

Significance: Our findings contribute to better understanding of the Bcl-2 family’s potential as a novel therapeutic strategy in

autophagy-associated neurodegeneration.

Bak is a prototypic pro-apoptotic Bcl-2 family protein
expressed in a wide variety of tissues and cells. Recent studies
have revealed that Bcl-2 family proteins regulate apoptosis as
well as autophagy. To investigate whether and how Bak exerts a
regulatory role on autophagy-related events, we treated inde-
pendent cell lines, including MN9D neuronal cells, with nigeri-
cin, a K*/H* ionophore. Treatment of MN9D cells with nigeri-
cin led to an increase of LC3-1I and p62 levels with concomitant
activation of caspase. Ultrastructural examination revealed
accumulation of autophagic vacuoles and swollen vacuoles in
nigericin-treated cells. We further found that the LC3-II accu-
mulated as a consequence of impaired autophagic flux and the
disrupted degradation of LC3-II in nigericin-treated cells. In
this cell death paradigm, both transient and stable overexpres-
sion of various forms of Bak exerted a protective role, whereas it
did not inhibit the extent of nigericin-mediated activation of
caspase-3. Subsequent biochemical and electron microscopic
studies revealed that overexpressed Bak maintained autophagic
flux and reduced the area occupied by swollen vacuoles in nige-
ricin-treated cells. Similar results were obtained in nigericin-
treated non-neuronal cells and another proton ionophore-in-
duced cell death paradigm. Taken together, our study indicates
that a protective role for Bak during ionophore-induced cell
death may be closely associated with its regulatory effect on
maintenance of autophagic flux and vacuole homeostasis.

Autophagy is an evolutionarily conserved catabolic process
involved in cellular homeostasis and stress responses, including
the degradation of target proteins or organelles through lyso-
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somal pathways (1). Among the three types of autophagy (e.g.
macroautophagy, microautophagy, and chaperone-mediated
autophagy), macroautophagy encompasses the formation of
autophagosome and the subsequent autolysosome after fusion
with the lysosome (2). Among several molecules involved in
autophagy, LC3 has been widely used as a marker of autophagy.
Because soluble cytosolic LC3-I is modified through lipidation
and predominantly associated with the autophagosomal mem-
brane, the levels of LC3-II that form in a given situation can be
used to predict the extent of autophagosome formation (3). As
the LC3-1II is degraded after fusion between autophagosomes
and lysosomes, increased levels of LC3-1I can result from either
induced synthesis of autophagosomes or a reduced rate of deg-
radation (4). Maturation of autophagosomes is a multistep
process involving fusion with early or late endosomes, such as
multivesicular bodies (MVBs),” yielding the amphisome, prior
to fusion with lysosomes (5, 6). Any defects in this process can
impair autophagic flux, leading to the accumulation of LC3-IL
Functional MVBs or endosomal compartments are required for
efficient autophagosomal maturation. In some pathological
conditions, it has been reported that impaired MVBs or endo-
somal proteins lead to abnormal autophagic degradation (7-9).

Cell death modality has been routinely classified as apopto-
sis, necrosis, or autophagic cell death (10). Although there have
been debates as to whether autophagy per se executes cell death
or whether it represents a cytoprotective process (11, 12), there
is a growing body of evidence supporting the involvement of
bona fide autophagic cell death in various forms of pathophys-
iological situations (13). Intriguingly, these distinct forms of cell
death do not seem to occur in a mutually exclusive way, but
rather cell death can be accompanied by mixed features of mul-
tiple cell death mechanisms at the same time or sequentially
(14, 15). Furthermore, the interrelationship between autophagy

2 The abbreviations used are: MVB, multivesicular body; MEF, mouse embryo
fibroblast; Z, benzyloxycarbonyl; AV, autophagic vacuole; MTT, 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; BH3 domain, Bcl-2
homology domain 3.
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and apoptosis has recently attracted much attention (13, 15).
These two distinct cell death modalities can act in a cooperative
manner to invoke cell death or in a disparate manner to antag-
onize each other. It has been indicated that the two processes
share common response machineries, including the B-cell lym-
phoma 2 (Bcl-2) family, reactive oxygen species, and intracellu-
lar calcium (15). Bcl-2 family proteins are classified as either
anti-apoptotic or pro-apoptotic (16). For example, pro-apop-
totic members of the Bcl-2 family accelerate apoptosis by
antagonizing anti-apoptotic Bcl-2 proteins in several distinct
ways (17). Typically, two major pro-apoptotic proteins, Bcl-2
antagonist killer 1 (Bak) and Bcl-2-associated x protein (Bax),
accelerate mitochondrial outer membrane permeabilization via
conformational changes and subsequent oligomerization on
the mitochondrial membrane (18). The involvement of Bcl-2
family members or their interacting proteins in autophagy has
recently been suggested because mammalian Beclin 1 has been
demonstrated to be required for autophagy. Beclin 1 was ini-
tially identified as a Bcl-2-interacting protein, and its Bcl-2
homology domain 3 (BH3 domain) mediates interaction with
Bcl-2 or Bcl-xL (19, 20). Similarly, it has been demonstrated
that Bcl-2 family proteins influence autophagy mainly by regu-
lating the interaction between Beclin 1 and Bcl-2/Bcl-xL (20—
24). Nevertheless, the exact mechanisms underlying the regu-
latory roles for Bcl-2 family members still remain to be further
delineated.

Nigericin is an ionophore and acts as an antiporter of K™ /H™
and raises the pH of acidic compartments (25). In image-based
screens for autophagy inducers, nigericin was identified as one
of the candidates that increase LC3 spots following treatment
(26). In addition, it has been reported that nigericin treatment
reduces lysosomal protein degradation and inhibits fusion
between autophagosomes and lysosomes by raising the pH of
acidic compartments (27, 28). In our previous study using this
ionophore, we demonstrated that Bax attenuates nigericin-in-
duced MN9D dopaminergic neuronal cell death, although the
exact mechanisms behind Bax-mediated regulation of cell
death were not elucidated (29). Here, we primarily used MN9D
dopaminergic neuronal cells to investigate (i) whether nigeri-
cin-induced neurodegeneration is accompanied by typical
morphological and biochemical features of autophagy and (ii)
whether and how Bak regulates nigericin-induced autophagic
processes. In sum, we found that Bak attenuated nigericin-in-
duced cell death potentially via its regulation of autophagic flux
during ionophore-induced cell death.

EXPERIMENTAL PROCEDURES

Cell Culture and Drug Treatment—MNO9D cells, N18TG
cells, and HEK293 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) from Invitrogen. Culture
medium was switched to serum-free N2 medium for drug treat-
ment as described previously (30). Atg5 wild-type (WT) and
knock-out (KO) MEF cells were cultured in DMEM supple-
mented with 10% FBS and 1% penicillin-streptomycin (Invitro-
gen). Cells were exposed to predetermined concentrations of
nigericin (Sigma; 0.1, 0.5, 1, or 2.5 uMm nigericin for MN9D,
N18TG, HEK293, or MEF cells, respectively) for the indicated
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time periods. Other drugs used in the study included 1 um stau-
rosporine, 0.625 uM monensin, 10 um chloroquine, and 10 mm
ammonium chloride (all from Sigma), or 100 um Z-VAD-fluo-
romethyl ketone (Enzyme System Products, Livermore, CA).
All drug concentrations were empirically determined.

Construction of Eukaryotic Vectors and Transfection—Hu-
man full-length Bak was provided by Dr. J. C. Reed (Burnham
Institute, La Jolla, CA). For construction of Myc-tagged Bak or
FLAG-tagged Bak constructs, N-terminal Myc or FLAG tags
were added to full-length human Bak ¢cDNA by polymerase
chain reaction (PCR; for Myc tag, 5'-GCC GGA TCC GCC
ACC ATG GAA CAA AAGTTG ATT TCA GAA GAA GAT
CTG GCC ATG GCA TCT GGA CAA GGA CCA G-3'; for
FLAG tag, 5'- GCC GGA TCC GCC ACC ATG GAC TAT
AAG GAC GAT GAT GAC AAG GCC ATG GCA TCT GGA
CAA GGA CCA G-3'; for all, 3'-CGG AAT TCT CAT GAT
CTG AAG AAT CTG TGT AC-5'). PCR products were
digested with BamHI and EcoRI and ligated into the
pcDNA3.1(+) vector. GFP-tagged LC3 cDNA was provided by
Dr. Yoshimory (Osaka University). Transfection was per-
formed using Lipofectamine 2000 (Invitrogen), as recom-
mended by the supplier. The parent vector was used as a
control. Stable cell lines overexpressing Myc-tagged (MN9D/
m-Bak) or FLAG-tagged Bak (MN9D/f-Bak) were also estab-
lished and characterized, as described previously (31). The sta-
ble cell lines were cultured in DMEM supplemented with 10%
FBS and 500 pg/ml G-418 (A.G. Scientific, San Diego, CA). For
gene silencing studies, two different pairs of siRNAs for human
Bak (1011326 and 1011323 duplex) and negative siRNA (SN-
1003) were purchased from Bioneer (Daejeon, Korea) and used
for transfection. Each siRNA (50 nm) was transfected into the
indicated cells using Lipofectamine 2000.

Electron Microscopy—As described previously in our labora-
tory (32), electron microscopic examination followed by quan-
titative analysis was performed after MN9D/neo, or MN9D/f-
Bak cells were incubated with or without 0.1 uM nigericin.
Briefly, ultrastructural examination of 80-nm thin sections was
performed on a Hitachi H-7500 transmission electron micro-
scope with 80-kV acceleration voltage. Quantitative analysis of
the electron photomicrographs for the average numbers of
autophagic vacuoles (AVs) per cell and areas occupied by swol-
len vacuoles was conducted using Scion Image software (Scion
Corp.). All quantitative analyses were calculated from 30 ran-
domly selected cells in two independent experiments.

Fluorescence and Phase-contrast Microscopy— After incuba-
tion with nigericin for the indicated time periods, cells were
fixed with 4% paraformaldehyde (EMS, Hatfield, PA) for 15 min
and then permeabilized with 0.1% saponin (Sigma) for 10 min at
room temperature. Cells were then blocked in phosphate-buff-
ered saline (PBS; Lonza, Basel, Switzerland) containing 0.2%
Triton X-100 and 5% normal goat serum (Invitrogen). Cells
were then incubated with rabbit anti-LC3 antibody (1:200; Cell
Signaling, Beverly, MA) or mouse anti-Lamp1 antibody (1:200;
Developmental Studies Hybridoma Bank, Iowa City, IA) in PBS
containing 0.2% Triton X-100 and 1% normal goat serum over-
night at4 °C. After extensive washing with PBS, cells were incu-
bated with Alexa 488-conjugated goat anti-rabbit IgG or Alexa
488-conjugated goat anti-mouse IgG (1:200; all from Invitro-
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gen) at room temperature for 1 h. Nuclei were stained with
Hoechst 33258 (1 pg/ml; Molecular Probes, Inc., Eugene, OR)
for 10 min at room temperature, and slides were mounted in
Vectashield mounting medium (Vector Laboratories, Burlin-
game, CA). Images were acquired under an LSM 510 META
confocal laser-scanning microscope equipped with epifluores-
cence and a digital image analyzer (Carl Zeiss, Zena, Germany).
As previously described by us (32), acquired images were ana-
lyzed for LC3 spots using MetaMorph (Molecular Devices,
Downingtown, PA). Each Z series was maximum-projected and
then used for quantitation of areas and numbers of LC3 spots
per cell. Thirty randomly selected cells from three independent
experiments were subjected to quantitative analysis. To obtain
live images of GFP-tagged LC3, cells treated with or without 0.1
M nigericin for the indicated time periods were washed with
PBS and photographed under an Axio Observer A1 microscope
(Carl Zeiss).

Immunoblot Analysis—Following drug treatment, MN9D,
N18TG, HEK293, or MEF cells were lysed with radioimmune
precipitation buffer and processed as described previously (32).
The primary antibodies used included rabbit anti-LC3 (1:4,000;
Cell Signaling), guinea pig anti-p62 (1:5,000; Progen Biotech-
nik, Heidelberg, Germany), rabbit anti-cleaved caspase-3
(1:1,000; Cell signaling), mouse anti-Myc antibody (1:2,000;
Cell Signaling), rabbit anti-Bak (1:1,000; Upstate, Lake Placid,
NY), rabbit anti-GFP (1:1,000; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA), rabbit anti-Atg5 (1:3,000; Abcam, Cambridge,
MA), and HRP-conjugated anti-FLAG (1:5,000; Sigma). Dupli-
cate blots probed with mouse anti-GAPDH (1:4,000; Chemi-
con, Dundee, UK) or rabbit anti-actin (1:3,000; Sigma) were
used as loading controls. After incubation with primary anti-
body, membranes were washed with Tris-buffered saline con-
taining 0.1% Tween 20, followed by incubation with the appro-
priate horseradish peroxidase-conjugated anti-rabbit (1:4,000;
Santa Cruz Biotechnology, Inc.), anti-mouse (1:4,000; Santa
Cruz Biotechnology, Inc.), or anti-guinea pig antibody (1:4,000;
Sigma). Specific bands were visualized using the enhanced
chemiluminescence kit (PerkinElmer Life Sciences). After
measuring the intensity of each band by densitometry using
Image], relative intensities were calculated by normalizing to
GAPDH from the corresponding sample.

Activity and Viability Assays—Following nigericin treat-
ment, MN9D cells were lysed with the InnoZyme™™ cathepsin
L activity kit (Calbiochem), as recommended by the supplier.
Cell lysates were then incubated with fluorogenic substrate
Z-Phe-Arg-7-amido-4-methylcoumarin for 1 h at 37 °C. For
measurement of mitochondrial membrane potential, cells were
incubated with 250 nm Mitotracker Orange CMXRos (Invitro-
gen) for 30 min at 37 °C and then washed twice with PBS. Flu-
orescence intensity was measured at Ex360/Em460 nm (excita-
tion/emission wave length for cathepsin activity) or at Ex554/
Em576 nm (for Mitotracker Orange) using a FL600 microplate
reader (BioTek, Winooski, VT). Nigericin-treated MN9D cells
were subjected to FACS analysis of Annexin V binding and
propidium iodide uptake using the FITC Annexin V Apoptosis
Detection Kit 1 (BD Biosciences). Cells were stained with pro-
pidium iodide/Annexin V as per the supplier’s instructions and
analyzed on a FACSCalibur (BD Biosciences). The percentage
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of cells in each quadrant over the total number of the counted
cells was calculated using CellQuest (BD Biosciences). Follow-
ing drug treatment, the rate of cell viability was measured by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction assay, as described previously (33). Phase-
contrast photomicrographs were taken with an Axio Observer
A1 microscope (Carl Zeiss).

Statistics—Data are presented as the mean * S.D. from three
independent experiments, unless otherwise indicated. Stu-
dent’s t tests were used for determining significant differences
between groups. Values of p < 0.001 or p < 0.05 were consid-
ered statistically significant.

RESULTS

Characterization of Nigericin-induced MN9D Neuronal Cell
Death—To unequivocally characterize and quantify nigericin-
induced cell death, we performed multiple, methodogically
unrelated assays, as previously described (10). First, we exam-
ined the morphological changes of MN9D cells treated with or
without nigericin for 12 h under a phase-contrast microscope.
As shown in Fig. 14, nigericin induced the dramatic accumula-
tion of vacuole-like structures in the cytosol. As determined by
MTT reduction assays, the viability of MN9D cells decreased
following nigericin treatment in a time-dependent manner (Fig.
1B). Quite similar patterns were obtained by a colorimetric
measurement using a well known vital staining dye, neural red
(71.2 = 6.8% at 12 h,and 39.3 + 10.6% at 18 h over the untreated
control cells; n = 3, p < 0.05). Next, we monitored double
staining patterns of FITC-conjugated Annexin V and pro-
pidium iodide by FACS. Our FACS analysis revealed that nige-
ricin-induced cell death produced a mixture of population pos-
itive for Annexin V alone and population positive for both
Annexin V and propidium iodide (Fig. 1C). Analyses with Mito-
tracker Orange indicated a collapse of mitochondrial potential
(AW) following nigericin treatment (Fig. 1D). Immunoblot
analyses using antibodies recognizing a cleaved caspase-3
revealed that caspase-3 activity increased following nigericin
treatment (Fig. 1E). Co-treatment of cells with Z-VAD-fluo-
romethyl ketone (a pan-caspase inhibitor) blocked nigericin-
induced cell death (Fig. 1F). Similarly, a neutral red-based col-
orimetric assay demonstrated that a caspase inhibitor
attenuates drug-induced cell death (at 18 h, 39.3 = 10.6% for
nigericin alone versus 67.2 * 9.4% for nigericin plus Z-VAD;
n=3,p<0.05).

Characterization of Autophagic Events following Nigericin
Treatment—Based on previous reports by others (26 -28), we
hypothesized that nigericin-induced cell death may also recruit
autophagic events. To directly test this, we first examined ultra-
structural changes in MN9D cells before and after nigericin
treatment. Based on the previous report describing in detail
ultrastructural criteria and characterization to monitor
autophagy (34), we identified four important structures:
autophagosome, autolysosome, swollen endosome, and MVB.
We found that MN9D cells exposed to nigericin for 7 h under-
went dramatic morphological changes (Fig. 24, top panels).
The presence of AVs that are typical of autophagy was found
within the cytosol (Fig. 24, bottom left panels). Quantitative
analyses indicated that the numbers of AVs increased following
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FIGURE 1. Characterization of nigericin-induced MN9D neuronal cell death. Multiple assays were performed to quantify nigericin-induced neuronal cell
death as described previously (10). A, phase-contrast images of MNID cells incubated for 12 h with 0.1 um nigericin (NIG) or without drug (CON). Scale bar, 10
um. B, MTT reduction assays were performed following 0.1 uMm nigericin treatment for the indicated time periods. Viability after each treatment was expressed
as a percentage over the untreated control cells (100%). Each point represents the mean = S.D. (error bars) from three independent experiments done in
triplicate. C, FACS analysis on Annexin V (A) and propidium iodide (P) was performed following treatment with 0.1 um nigericin for 18 h. Values from FACS
analysis were shown as a percentage of the cell numbers from each quadrant over the total number of the counted cells from three independent experiments.
D, to measure the mitochondrial membrane potential, MN9D cells were loaded with 250 nm Mitotracker Orange CMXRos after incubation with or without 0.1
M nigericin. Fluorescence photomicrographs were taken at 18 h after nigericin treatment under a confocal microscope. Scale bar, 10 um. The relative intensity
was quantified using a microplate reader and expressed as a percentage of the untreated control cells (100%). Bar, mean = S.D. from three independent
experiments in triplicate. E, following nigericin treatment, caspase-3 activities were assessed by immunoblot analysis using anti-cleaved caspase-3. Actin was
used as a loading control. F, viability was measured by the MTT reduction assay after exposure to 0.1 um nigericin alone or in combination with 100 um
Z-VAD-fluoromethyl ketone for the time periods indicated. Viability was expressed as a percentage over the untreated control cells (100%). Bar, mean = S.D.

from three independent experiments in triplicate. *, p < 0.05; ***, p < 0.001; n.s., not significant.

nigericin treatment (Fig. 24, bottom right panel). In addition,
the appearance of swollen vacuoles (black arrows) was detected,
which is presumably related to endosomal systems (35). Next,
we attempted to check the involvement of autophagy during
nigericin-induced cell death on a biochemical level, and we per-
formed immunoblot analysis using an antibody that recognizes
LC3. Fig. 2B shows that nigericin treatment induced accumu-
lation of the endogenous LC3-II form. Due to localization of
LC3-II at the autophagosomal vesicles, the formation and
punctated staining pattern of LC3-1I forms are also widely used
to monitor autophagy. To effectively visualize its punctated
staining pattern, we used saponin as a permeabilizing reagent
that removes soluble LC3 proteins from the cells and efficiently
leaves the membrane-associated form of LC3 proteins within
the cytosol. As shown in Fig. 2C, immunocytochemical local-
ization analysis revealed that a prominently punctated staining
pattern for LC3 was detected in cells treated with nigericin
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(right panel). Quantitative analyses demonstrated that the total
area of LC3 spots as well as the numbers of LC3 punctated spots
increased after nigericin treatment for 12 h (Fig. 2D). Similarly,
we observed a punctated staining pattern for exogenous GFP-
tagged LC3 from live cell fluorescence images (Fig. 2E) and an
accumulation of GFP-LC3-II (Fig. 2F) in nigericin-treated
MNOID cells stably transfected with a eukaryotic vector con-
taining GFP-tagged LC3 cDNA. Collectively, our data demon-
strated that both apoptotic and autophagic events were induced
during nigericin-mediated cell death. As shown in supplemen-
tal Fig. S1, however, co-treatment with Z-VAD did not affect
the nigericin-induced levels of LC3-1I, implying that nigericin-
induced apoptotic signal may not be linked to autophagic
events.

Impaired Autophagic Flux following Nigericin Treatment—
Using lysomotropic agents, such as chloroquine and ammo-
nium chloride, that inhibit protein degradation by raising
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FIGURE 2. Ultrastructural and biochemical characterization of nigericin-induced MN9D neuronal cell death. A, representative electron micrographs of
MNOD cells treated for 7 h with (NIG) or without (CON) 0.1 um nigericin. Black scale bars, 5 wm. Swollen vacuoles in nigericin-treated cell are indicated by black
arrows. Ultrastructural identification of AVs (autophagosome and autolysosome) appeared in MN9D cells was basically made by the guideline provided in the
previous work (34). Enlarged images of typical autophagosome (a), autolysosome (b), MVB (c), and swollen endosome (d) frequently found in nigericin-treated
cells are shown in the left, bottom panels. White scale bars, 250 nm. The average numbers of AVs per cell were quantified from 30 randomly selected cells from
two independent experiments. Bars, average numbers of AVs per cell. B, levels of LC3-Il were assessed by immunoblot analysis using anti-LC3 antibody after
incubation with or without 0.1 um nigericin. GAPDH was used as a loading control. Densitometric analysis was performed using Imagel. The relative intensity
of LC3-Ilin each sample was calculated after normalization to GAPDH in the corresponding sample. Each bar represents the mean = S.D. (error bars) from three
independent experiments. C, confocal immunofluorescence images after immunocytochemistry using anti-LC3 antibody in cells treated for 12 h with or
without 0.1 uMm nigericin. Saponin was used to permeabilize the cells to remove the soluble proteins in the cytosol. Nuclei were stained with 1 ug/ml Hoechst
33258.Scale bar, 10 um. D, average area and number of LC3 spots per cell were quantified as described under “Experimental Procedures.” Thirty cells from each
of three independent experiments were quantified. E, representative live images from MN9D cells stably expressing GFP-LC3 before and after nigericin
treatment for 12 h. Scale bar, 10 um. F, the level of GFP-LC3-Il was assessed through immunoblot analysis using anti-GFP antibody. GAPDH was utilized as a
loading control. The relative intensity of LC3-Il in each sample was calculated after normalization to GAPDH in the corresponding sample. Each bar represents
the mean = S.D. from three independent experiments. *, p < 0.05; ***, p < 0.001.

intralysosomal pH (36), we specifically investigated whether the  p62/SQSTM1 over 18 h, supporting the notion that nigericin
nigericin-induced accumulation of LC3-II is due to enhanced impaired the autophagic degradation process (Fig. 3B). To
synthesis or reduced degradation. When we compared and determine which step may be responsible for the compromised
quantitated the levels of LC3-1I in nigericin-treated cells in the —autophagy, we monitored the total cathepsin activity in an in
presence or absence of chloroquine or ammonium chloride, we  vitro cathepsin substrate assay. As shown in Fig. 3C, nigericin
found that co-treatment with lysomotropic agents did not lead  caused a reduction of cathepsin activity in MN9D cells. More-
to further increase in nigericin-induced accumulation of LC3-II  over, immunocytochemical localization studies showed that
(Fig. 3A), suggesting that accumulation of LC3-II was most the signal from Lampl was diminished following nigericin
likely caused by an impairment of autophagic flux. p62/ treatment compared with control cells (Fig. 3D), implying that
SQSTM1 is widely used to monitor autophagy, due to its local-  nigericin may lead to lysosomal dysfunction. To compare via-
ization at the autophagic compartments and subsequent deg-  bility and expression patterns of LC3-II and p62, we also uti-
radation through autophagy (37). Immunoblot analysis lized Atgh WT and KO MEF cells (Fig. 44). We found that
demonstrated that nigericin treatment increased the level of nigericin-induced cell death was accelerated in Atg5 KO MEF
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M nigericin for the time periods indicated in the presence or the absence of 10 um chloroquine (CQ) or 10 mm ammonium chloride (NH,CI). Relative intensity
of LC3-Il normalized to GAPDH was calculated. Each bar represents the mean = S.D. (error bars) from three independent experiments. B, following treatment
with 0.1 um nigericin for the indicated time periods, immunoblot analysis was performed to detect protein levels of p62. GAPDH was used as a loading control.
An asterisk indicates modified forms of p62. C, in vitro cathepsin activity assays were performed, as described under “Experimental Procedures.” Values are
expressed as a percentage of the untreated control cells (100%). Each bar represents the mean = S.D. from three independent experiments. D, MN9D cells
treated with or without 0.1 um nigericin for 18 h were subjected to immunocytochemical analysis using anti-Lamp1 antibody. Representative confocal images

are provided. Scale bar, 10 um. ¥, p < 0.05; n.s., not significant.
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FIGURE 4. Effect of Atg5 knock-out on the rate of cell viability and levels
of LC3-1l and p62. A, cell lysates from Atg5 WT MEF and Atg5 KO MEF cells
were probed with anti-Atg5 antibody. Actin was used as a loading control. B,
MTT reduction assay was carried out following 2.5 um nigericin treatment for
24 h. Viability is expressed as a percentage over the untreated control cells
(100%) from three independent experiments in triplicate. C, immunoblot
analysis was then performed using anti-LC3, -p62, and -actin antibodies. Rel-
ative intensity of LC3-Il in each condition was calculated and compared, as
described above. *, p < 0.05. Error bars, S.D.
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cells compared with that in Atg5 WT MEF cells (Fig. 4B). As
expected, LC3-1I was hardly seen, and an increased level of p62
was found in Atg5 KO MEF cells (Fig. 4C). Taken together, our
data suggest that autophagy is associated with nigericin-in-
duced cell death, and, most importantly, impairment of
autophagic flux presumably through lysosomal dysfunction is
responsible for nigericin-induced cell death.

Bak-mediated Attenuation of Nigericin-induced Cell Death—
Based on our previous studies, demonstrating a dual role for the
pro-apoptotic Bcl-2 family in protecting cells from nigericin-
induced cell death while accelerating staurosporine-induced
cell death (29), we tested whether and how Bak exerts a protec-
tive role in these cell death paradigms. First, we conducted
MTT reduction assays in staurosporine- or nigericin-treated
MNOD cells, transiently or stably transfected with a vector
encoding human Bak ¢cDNA or empty vector as a control.
When MNO9D cells transiently or stably transfected with Bak
were exposed to staurosporine for 18 h, they were more vul-
nerable to the cell death-inducing stimuli (supplemental Fig.
S2). In contrast, MN9D cells transiently overexpressing Bak
were ~20% more resistant to cell death following treatment
with nigericin (Fig. 5, A and B). This protective effect of Bak
was consistently reproduced in nigericin-treated MN9D
cells stably overexpressing Myc-tagged or FLAG-tagged Bak
(Fig. 5, C and D). To determine if the protective role for Bak
was cell type-specific, N18TG neuroglioma cells stably
transfected with or without Bak were exposed to nigericin
and subjected to the MTT reduction assays. As shown in Fig.
5, E and F, two independent lines overexpressing Bak signif-
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FIGURE 5. Attenuation of nigericin-induced cell death by overexpressed
Bak. After transient transfection of MN9D cells with an expression vector
encoding human Bak (A), stable transfection of MN9D cells with empty vector
(n) and a vector encoding either FLAG-tagged human Bak (f) or Myc-tagged
Bak (m) (C), and stable transfection of N18TG cells with empty vector (n) or
human Bak (E), protein levels were detected by immunoblot analysis using
anti-Bak antibody. GAPDH or actin was used as a loading control. B, D, and F,
MTT reduction assay was carried out following 0.1 um nigericin treatment for
18 and 24 h (B) or 24 h (D and F). Viability after each treatment is expressed as
a percentage over the untreated control cells (100%) from three independent
experiments in triplicate. ¥, p < 0.05. Error bars, S.D.

icantly protected NI18TG cells from nigericin-induced
death.

Inhibitory Role of Bak in Nigericin-mediated Accumulation of
LC3-II—To determine the underlying protective mechanism
exerted by Bak, we compared the levels of the cleaved form of
caspase-3 and LC3-II in nigericin-treated or non-treated
MNO9D cells stably overexpressing control empty vector or
FLAG-tagged or Myc-tagged Bak (MN9D/neo, MN9D/f-Bak,
or MN9D/m-Bak, respectively). Imnmunoblot analyses of these
stable cell lines showed that nigericin-induced caspase activity
was similar or slightly increased in two independent stable cell
lines overexpressing Bak (Fig. 6A). In contrast, there was a sig-
nificant difference in the levels of LC3-II between nigericin-
treated MN9D/neo and the two MN9D/Bak stable cell lines.
Quantitative analysis revealed that the relative intensities of
LC3-II over GAPDH were significantly diminished in the two
independent MN9D/Bak cell lines after treatment with nigeri-
cin for 12 and 18 h (Fig. 6A, bottom panel). In support of this
finding, in an immunocytochemical localization study, reduced
levels of LC3 spots were detected in MN9D/f-Bak cells follow-
ing nigericin treatment (Fig. 6B, top panels). Quantitative anal-
yses demonstrated a significant reduction in the areas occupied
by LC3 spots and the total numbers of punctated LC3 spots per
cell in nigericin-treated MN9D/f-Bak cells (Fig. 6B, bottom
panels). This phenomenon was reproduced when MN9D cells
transiently transfected with Bak were exposed to nigericin and
subjected to immunoblot analysis of LC3 (Fig. 6C) and subse-
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quent quantitative analysis (Fig. 6D). Furthermore, nigericin-
induced accumulation of p62 was inhibited in Bak-overexpress-
ing cells (Fig. 6, C and D). To confirm that this effect is
genuinely caused by Bak, we established human embryonic kid-
ney HEK293 and MNO9D cells transfected with control siRNA
or siRNA targeting human Bak mRNA. When we first com-
pared the relative intensities of LC3-1I over GAPDH in HEK293
cells treated with or without nigiricin, we found that knock-
down of endogenous Bak increased the level of LC3-II, whereas
overexpression of human Bak diminished the relative intensity
of LC3-1I (Fig. 7, A and B). Because MNO9D cells express quite
low levels of endogenous Bak, we first established MN9D cells
transiently overexpressing FLAG-tagged Bak and then targeted
the exogenous Bak via two independent Bak siRNAs (#1 and #2
in Fig. 7C). As shown in Fig. 7C, the levels of LC3-II in Bak
siRNA-transfected MN9D cells were significantly increased
compared with negative siRNA-transfected MN9D cells fol-
lowing nigericin treatment. Taken together, our data indicate
that Bak attenuated the nigericin-induced accumulation of
LC3-1II in both neuronal and non-neuronal cells and that its
inhibitory effect seemed to be independent of caspase activity.

Bak Attenuates Nigericin-induced Cell Death through Regu-
lating Autophagic Flux—Next, we examined whether the Bak-
mediated reduction of LC3-1II was a consequence of inhibiting
autophagy induction or of accelerating autophagic flux.
Toward this end, we treated MN9D/neo and MN9D/f-Bak cells
with nigericin in the presence or absence of chloriquine and
subsequently performed immunoblot analysis to measure the
levels of LC3-II. Exposure of MN9D/f-Bak cells to nigericin in
the presence of chloroquine tremendously increased the levels
of LC3-1I, compared with MN9D/f-Bak cells treated with nige-
ricin alone (Fig. 84). Although treatment of chloroquine alone
only slightly increased the basal level of LC3-1I (refer to Fig. 34),
co-treatment with nigericin significantly increased LC3-II,
indicating a synergic effect of chloroquine in MN9D/f-Bak
cells. Furthermore, the relative intensity of nigericin-induced
LC3-II was similar in both MN9D/neo and MN9D/f-Bak at
18 h, in the presence of chloroquine. This phenomenon was
reproduced when we treated cells with nigericin in combina-
tion with another lysomotropic agent, ammonium chloride
(data not shown). We next investigated whether Bak is critically
involved in the maintenance of autophagic flux during cell
death induced by agents that have properties similar to those of
nigericin. The structure and properties of nigericin are similar
to those of monensin, although monensin has a preference for
Na™ instead of K* (25, 38). Like nigericin, monensin treatment
disrupts lysosomal function (27, 39). Immunoblotting with
anti-LC3 antibody and quantitative analysis showed that the
time-dependent increase in LC3-II following monensin treat-
ment was not exacerbated by the presence of chloroquine, indi-
cating that monensin also impaired autophagic flux in MN9D
cells (supplemental Fig. S3, A and B). MTT reduction assays
indicated that monensin-induced cell death was attenuated in
MNOD cells stably overexpressing Bak (supplemental Fig. S3C).
In these MN9D/m-Bak cells, the rate of monensin-induced
accumulation of LC3-II was further increased in the presence of
chloroquine (supplemental Fig. S3D). As shown in supplemen-
tal Fig. 3E, the relative intensity of monensin-induced LC3-II
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FIGURE 6. Bak hinders nigericin-induced accumulation of LC3-II. A, representative blots of stable cell lines overexpressing an empty vector (MN9D/neo),
FLAG-tagged Bak (MN9D/f-Bak), or Myc-tagged Bak (MN9D/m-Bak) were shown. Following exposure to 0.1 um nigericin for the indicated time periods, cell
lysates were harvested, transblotted, and probed with antibodies that recognize the cleaved caspase-3, LC3, and GAPDH, respectively. GAPDH was used as a
loading control. Relative intensity of LC3-Il normalized to GAPDH was calculated after densitometric analysis using ImagelJ (bottom). B, using anti-LC3 antibody,
confocalimmunofluorescence images of MN9D/neo and MN9D/f-Bak were obtained after treatment with or without 0.1 um nigericin for 12 h. Scale bar, 10 wm.
The average area and number of LC3 spots per cell were measured using Metamorph and determined as described in the legend to Fig. 2C. C, MN9D cells were
transiently transfected with empty vector (—) or human Bak (+) and then exposed to 0.1 um nigericin for 12 h. Subsequently, cells were lysed and probed with
anti-Bak, -LC3, -p62, and -GAPDH antibodies. An asterisk indicates modified forms of p62. D, relative intensity of LC3-Il and p62 in each cell line was calculated
and compared, as described above. A, B, and D, all values for quantitative analyses represent the mean = S.D. (error bars) from three independent experiments.

*, p < 0.05; n.s., not significant.

was also similar in both MN9D/neo and MN9D/m-Bak cells at
18 h, in the presence of chloroquine. Collectively, these results
support the notion that Bak seems to attenuate carboxylic iono-
phore-induced cell death by maintaining autophagic flux.
Interestingly, we found that the rate of nigericin-induced
decrease of cathepsin activity was similar both in MN9D/neo
and MN9D/Bak cells (supplemental Fig. S4), suggesting that
Bak may maintain autophagic flux not by directly affecting ly-
sosomal enzymatic activity but by other important steps of
autophagic events. Next, we monitored the ultrastructural
changes in MN9D/neo and MN9D/f-Bak cells after treatment
with or without nigericin. At 9 h, a slight difference in the num-
bers of AVs (white arrows) was detected in both MN9D/neo
and MN9D/m-Bak cells. However, a large amount of swollen
vacuoles appeared in the cytosol of MN9D/neo cells (Fig. 8B,
black arrows). As indicated previously by Thorens and Roth
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(35), the appearance of these swollen vacuoles seemed to be
related to endosomal systems. On the other hand, swollen vac-
uoles were less frequently observed in nigericin-treated
MNOID/f-Bak cells. Quantitative analysis of the electron micro-
graphs further revealed that the area occupied by the swollen
vacuoles in MN9D/f-Bak cells was significantly smaller than in
MNO9D/neo cells following nigericin treatment (Fig. 8C). Taken
together, we are tempted to argue that Bak may actively regu-
late the vacuolar systems that are abnormally swollen during
nigericin-induced cell death, and this activity may be involved
in maintaining autophagic flux during nigericin-induced cell

death.
DISCUSSION

Ultrastructural examination indicates that nigericin induces
severe vacuolization in the cytosol, including autophagic vacu-
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FIGURE 7.Knockdown of Bak accelerates nigericin-induced accumulation
of LC3-1l in HEK293 and MN9D cells. A and B, after 48 h of transient trans-
fection with Myc-tagged human Bak (A) and negative (ctrl) siRNA or Bak siRNA
(B), HEK293 cells were treated with or without 1 um nigericin for 24 h. Immu-
noblot analysis was then performed with anti-Myc, -Bak, -LC3, and -GAPDH
antibodies. Relative intensity of LC3-Il in each condition was calculated and
compared, as described above. C, after 24 h of transfection with empty vector
(pcDNA3.1) or a vector encoding FLAG-human Bak, MN9D cells were further
transfected with negative siRNA or two distinct sets of siRNAs targeting
human Bak sequences (hBak). After 24 h post-transfection, MN9D cells were
treated with 0.1 um nigericin for 18 h and subjected to immunoblot analysis
with anti-LC3, -FLAG, or -GAPDH antibodies. Relative intensity of LC3-Il nor-
malized to GAPDH in each condition was calculated and compared. A-C, All
values from quantitative analyses represent the mean = S.D. (error bars) from
three independent experiments. *, p < 0.05; ***, p < 0.001.

oles and swollen vacuoles. Immunological analyses using anti-
LC3 antibody show increase in LC3-II and a punctated staining
pattern in nigericin-treated cells, demonstrating that nigericin
induces MN9D neurodegeneration, morphologically and bio-
chemically typical of autophagy. Furthermore, our data for such
lysomotropic agents as chloroquine and ammonium chloride
support the notion that the nigericin-induced accumulation of
LC3-1I is due to impaired autophgic flux. We found that treat-
ment with another ionophore, monensin, that is structurally
and functionally related to nigericin, also impairs autophagic
flux in MNO9D cells. Based on our data from an in vitro cathepsin
substrate assay and from immunocytochemical localization of
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Lampl, we propose that lysosomal dysfunction may be respon-
sible for nigericin-induced impairment of autophagic flux.

In this death paradigm, our data indicate that exogenous
expression of Bak reverses these phenomena. Consistent with
our previously published data showing a dual role for Bax (29),
for example, we demonstrate that Bak also renders a resistance
to nigericin-induced cell death and inhibits drug-induced accu-
mulation of LC3-II. Moreover, the inhibitory role for Bak is
found in N18TG and HEK cells, indicating that its unusual pro-
tective role is not cell type-specific. This inhibitory activity of
Bak is carefully confirmed in various experimental conditions,
including cells transiently or stably transfected with expression
vectors encoding one of several types of Bak or in Bak-silenced
cells, indicating that Bak is indeed responsible for the inhibition
of nigericin-induced appearance of vacuoles, accumulation of
LC3-I1, and subsequent cell death. Although accumulating evi-
dence supports a protective role of autophagy in diverse condi-
tions, immature completion of the autophagic process can also
lead to the impairment of autophagic flux, and this event is in
turn linked to cell death (40). In this study, data from co-treat-
ment with chloroquine and ultrastructural examination in Bak-
overexpressing cells indicate that its inhibitory role may be
closely associated with its regulatory effect on maintaining
autophagic flux. Considering that maturation of lysosomes
requires the functional endosomal system (41, 42), Bak may
block nigericin-induced generation of swollen vacuoles via
inhibiting drug-induced impairment of the formation of late
endosome or lysosome compartments. However, this possibil-
ity has to be thoroughly investigated.

There have been a few studies, including ones from our lab-
oratory, that have revealed that Bax and Bak delay or protect
against cell death, depending on specific stimuli or develop-
mental stages (29). Typically, Bax and Bak promote apoptosis
through inducing mitochondrial outer membrane permeabili-
zation to release pro-apoptotic molecules from the mitochon-
dria and causing excessive release of ER calcium (17, 43).
Indeed, we here demonstrate that transient or stable overex-
pression of Bak accelerates staurosporine-induced MN9D cell
death, whereas it blocks nigericin-induced cell death. Etopo-
side-induced apoptotic cell death is also accelerated in Bak-
overexpressing MN9D cells.> This phenomenon is recapitu-
lated in other cell types, including N18TG cells, implying a dual
role for Bak in these distinct cell death paradigms. In consider-
ation of our data demonstrating that treatment of a pan-caspase
inhibitor does not affect the nigericin-induced accumulation of
LC3-II and overexpressed Bak does not block nigericin-in-
duced levels of the cleaved caspase-3 in MN9D cells, it is highly
likely that the protective role for Bak in nigericin-induced cell
death is independent of caspase activity. In contrast to what we
expected, our unpublished data® indicate that the protective
function of Bak during nigericin-induced cell death is also
attributable to its BH3 domain, which has been demonstrated
to be critical for exerting its pro-apoptotic activity. Although it
has not been carefully determined whether deletion of the BH3
domain also abolishes Bak-mediated inhibition of LC3-II accu-

3Y. Lee, J. Lim, I.J. Rhyu, and Y. J. Oh, unpublished data.
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FIGURE 8. Bak attenuates nigericin-induced cell death by maintaining autophagic flux. A, MN9D cells stably overexpressing empty vector (MN9D/neo) or
FLAG-tagged Bak (MN9D/f-Bak) were treated with 0.1 um nigericin in the presence or the absence of 10 um CQ for the indicated time periods. Cell lysates were
separated, transblotted, and probed with anti-LC3 and -GAPDH antibodies. Quantitation of the relative intensity of LC3-Il normalized to GAPDH was carried
out. Each bar represents the mean = S.D. (error bars) from three independent experiments. B, ultrastructural photomicrographs of MN9D/neo and MN9D/f-Bak
cells treated with or without 0.1 um nigericin for 9 h. Scale bar, 5 um. Autophagic vacuoles and swollen vacuoles in nigericin-treated cells were indicated by
white arrows and by black arrows, respectively. Enlarged images of the same microscopic field in nigericin-treated MN9D/neo and MN9D/f-Bak cells are shown
at the right. C, the area occupied by abnormally swollen vacuoles following nigericin treatment was measured with Scion Image. Values were shown as a
percentage of the area occupied by swollen vacuoles over the total area of the cell. Thirty cells from two independent experiments were measured. *, p < 0.05;

n.s., not significant.

mulation and swollen vacuole formation following nigericin
treatment, it would be very intriguing to investigate how the
BH3 domain distinctively plays a role in both apoptosis and
autophagy. The BH3 domain of Bak or Bax has been demon-
strated to be required for interaction with Bcl-2 family proteins
or BH3-only proteins (17). Based on previous studies by others
demonstrating that members of the Bcl-2 family actively influ-
ence autophagic events by regulating the rate of interaction
with Beclin 1, another BH3-only protein (21-24, 44), it may be
likely that mapping the interactions with Bcl-2 family members
or finding novel binding profiles of Bak may be the key to
understanding the mechanisms by which Bak regulates nigeri-
cin-induced autophagic cell death. The implication of Ca*>* in
autophagy has been also investigated (45). Our unpublished
data® indicated that the nigericin-induced increased level of
intracellular free Ca®* is significantly attenuated in MN9D cells
overexpressing Bak. Similarly, we observed that dysregulation
of cytosolic Ca®>* can impair autophagic flux in MN9D cells.
Under these conditions, therefore, we found that the chelation
of cytosolic Ca®" or overexpression of calcium-binding protein
enhances autophagic flux during nigericin-induced neurode-
generation.” Considering that a large amount of Bak is
expressed in the mitochondria of MN9D cells, we are tempted
to propose that the mitochondrially localized Bak seems to
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block drug-induced increased cytosolic Ca®>* level and conse-
quently actively regulate autophagic flux. Because a common
characteristic of neurodegenerative disorders is typically the
accumulation of protein aggregates, it would be very intriguing
to investigate whether Bak also plays a critical role in mainte-
nance of protein homeostasis in experimental models of
Alzheimer, Parkinson, and Huntington disease. Through direct
examination of how Bak is involved in regulating these events
and perhaps expansion of recent evidence of Bax regulatory
activity on autophagy (46, 47), for example, we would be able to
gain a better understanding of the function of the Bcl-2 family
proteins in the regulation of autophagy and of its potential as a
novel therapeutic strategy in neurodegeneration.
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