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Enhanced Lysosomal Activity Is Involved in Bax
Inhibitor-1-induced Regulation of the Endoplasmic Reticulum
(ER) Stress Response and Cell Death against ER Stress
INVOLVEMENT OF VACUOLAR H�-ATPASE (V-ATPASE)*□S
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Bax inhibitor-1 (BI-1) is an evolutionarily conserved protein
that protects cells against endoplasmic reticulum (ER) stress
while also affecting the ER stress response. In this study, we
examined BI-1-induced regulation of the ER stress response as
well as the control of the protein over cell death under ER stress.
In BI-1-overexpressing cells (BI-1 cells), proteasome activity
was similar to that of control cells; however, the lysosomal frac-
tion of BI-1 cells showed sensitivity to degradation of BSA. In
addition, areas and polygonal lengths of lysosomes were greater
inBI-1 cells than in control cells, as assessedby fluorescence and
electronmicroscopy. In BI-1 cells, lysosomal pHwas lower than
in control cells and lysosomal vacuolar H�-ATPase(V-ATPase),
a proton pump, was activated, suggesting high H� uptake into
lysosomes. Even when exposed to ER stress, BI-1 cells main-
tained high levels of lysosomal activities, including V-ATPase
activity. Bafilomycin, aV-ATPase inhibitor, leads to the reversal
of BI-1-induced regulation of ER stress response and cell death
due to ER stress. In BI-1 knock-out mouse embryo fibroblasts,
lysosomal activity and number per cell were relatively lower
than in BI-1 wild-type cells. This study suggests that highly
maintained lysosomal activitymay be one of themechanisms by
whichBI-1 exerts its regulatory effects on the ER stress response
and cell death.

Eukaryotic cells respond to the threat of protein misfolding
in the endoplasmic reticulum (ER)3 by activating either the ER

stress response or the unfolded protein response (UPR) (1, 2).
The ER stress response consists of pathways that inhibit protein
synthesis, up-regulate chaperone proteins, and increase protein
degradation activity. Initiation of the ER stress response occurs
when the quantity of unfolded proteins exceeds the capacity of
chaperone proteins. GRP78 normally binds to the N-terminal
ends of the following three transmembrane proteins: RNA-
dependent protein kinase-like ER kinase, inositol-requiring
enzyme 1� (IRE1�), and activating transcription factor 6
(ATF6) (3, 4). Protein kinase-like ER kinase phosphorylates
eukaryotic initiation factor 2� (eIF2�) in the regulation of pro-
tein translation (5). IRE1 is related to genes involved in the
transport of unfolded proteins out of the ER and in their degra-
dation by ER-associated degradation (ERAD) (6). ATF6� can
also induce chaperone proteins and precedes IRE1�-mediated
production of the ERAD pathway (6). Lysosomal activity is an
ERAD II pathway, whereas ERAD I is a proteasome/ubiquitina-
tion pathway (7). The ERAD mechanism increases the protein
folding capacity by reducing protein folding loads (7, 8), imply-
ing that ERAD is a physiological pathway that can regulate ER
stress responses (8, 9).
Bax inhibitor-1 (BI-1, also known as a “testis-enhanced gene

transcript”) is an anti-apoptotic protein that inhibits the activa-
tion of Bax and its translocation to the mitochondria (10).
Functionally, BI-1 affects Ca2� leakage from the ER, as mea-
sured by Ca2�-sensitive ER-targeted fluorescent proteins and
Ca2�-sensitive dyes (11). BI-1 also regulates the production of
reactive oxygen species by inhibiting Bax (12, 13). BI-1 overex-
pression induces an increase in heme oxygenase-1 expression,
which may regulate reactive oxygen species through activation
of the Nrf2 transcription factor (14). In a previous publication,
we suggested that BI-1 acts as a pH-dependent Ca2� channel,
which increases Ca2� leakage via amechanism that depends on
both pH and theC-terminal cytosolic region of the protein (15).
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Cells isolated fromBI-1�/� mice exhibit hypersensitivity to the
apoptosis induced by ER stress (11) as well as strong ER stress
response after ischemia/reperfusion, leading to increased cell
death (16). Reduced ER stress responses have been suggested to
allow for protection against ER stress by BI-1 (14, 16, 17). How-
ever, the ER stress response occurs as an adaptation of signal
transduction rather than a direct mediator for cell damage or
death (1, 2, 18). Therefore, the reduced ER stress response in
BI-1-overexpressing cells should be carefully interpreted. In
this study, we examined theway inwhichBI-1 reduces ER stress
response. More specifically, we examined the involvement of
ERAD II, a lysosomal pathway, as a possiblemechanismof BI-1-
associated regulation of the ER stress response and cell death.

EXPERIMENTAL PROCEDURES

Materials—Antibodies against hemagglutinin antigen (HA)
were purchased from Cell Signaling Technologies (Beverly,
MA). Antibodies against 20 S core proteasome subunit and
carbobenzoxy-Leu-Leu-Glu-7-amino-4-methyl coumarin
(Z-LLE-AMC) were purchased from Enzo Life Sciences (Farm-
ingdale, NY). Carbobenzoxy-Gly-Gly-Leu-7-amino-4-methyl
coumarin (Z-GGL-AMC) andN-succinyl-Leu-Leu-Val-Tyr-7-
amino-4-methyl coumarin (suc-LLVY-AMC) were obtained
from Bachem (Bubendorf, Switzerland) and Sigma-Aldrich,
respectively. Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), trypsin, and other tissue culture
reagentswere supplied by Invitrogen. Bicinchoninic acid (BCA)
protein assay reagents were obtained from Pierce Biotechnol-
ogy. All other chemicals were at least of analytical grade and
were purchased from Sigma-Aldrich.
Cell Culture—Human HT1080 fibrosarcoma cells and

BI-1�/� and BI-1�/� mouse embryo fibroblasts (MEFs) were
cultured in DMEM supplemented with 10% FBS, 20 mM glu-
cose, 20mMHEPES, 100�g/ml streptomycin, and 100 units/ml
penicillin. For construction of the BI-1 stable cell line, HT1080
cells were transfectedwith pcDNA3 or pcDNA3-BI-1-HAplas-
mid using the SuperFect transfection reagent (Qiagen). Cells
were then cultured for 3 weeks in 1 mg/ml G418 (Invitrogen)
for selection.
Immunoblotting—Cell lysates were prepared, and the levels

of protein expression were measured as described previously
(15). Equal amounts of protein were extracted from cells with
radioimmune precipitation assay buffer (50 mM Tris-HCl, 150
mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 2 mM

sodium fluoride, 2mM EDTA, 0.1% SDS, and protease inhibitor
mixture) and then separated on a 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel. Proteins
were then transferred to nitrocellulose membranes. After
probing of each membrane with specific primary antibodies,
the blot was stripped and then reprobed with a polyclonal
antibody against �-actin to confirm equal protein loading
and transfer. An enhanced chemiluminescence (ECL) sys-
tem (Amersham Biosciences, Buckinghamshire, UK) was
used for protein detection.
Proteasome Activity—Chymotrypsin-like, trypsin-like, and

caspase-like activities of the proteasome were assayed by incu-
bation of cell extracts (30 �g) with 0.1mM suc-LLVY-AMC, 0.1
mM Z-GGL-AMC, and 0.1 mM Z-LLE-AMC, respectively, in

100 mM Tris-HCl buffer (pH 8.0) containing 5 mM MgCl2, 0.5
mM EDTA, and 2 mM ATP at 37 °C. The fluorescence (excita-
tion � 355 nm, emission � 460 nm) of released AMC was
measured continuously with a fluorometer (FLUOStar, BMG
Labtech) equipped with a temperature controller. The rate of
peptide hydrolysis was then calculated from the slope within a
linear range.
Lysosomal Isolation—Lysosomal isolation was performed as

follows. Briefly, cells were rinsed in cold STE buffer (0.25 M

sucrose, 0.01 M Tris-HCl, 1 mM EDTA, and 0.1% ethanol) and
scraped into a 1-ml dish of STE buffer containing protease
inhibitors (Sigma-Aldrich). The cell suspension was placed in a
cell disruption chamber (Kontes) and disrupted using three
passes of 20 min each at 150 p.s.i. The use of this method con-
sistently resulted in disruption of �95% of cells but left lyso-
somes intact. The suspension was centrifuged at 1,500 rpm to
separate postnuclear supernatant from nuclear pellet. The
postnuclear supernatant density was raised to 1.15 g/ml
through the addition of sucrose and then applied to a sucrose
density gradient ranging from 1.28 to 1.00 g/ml. The gradient
was centrifuged at 19,400 rpm for 4 h at 4 °C to separate lyso-
somal fractions based on their buoyant density. Purity of the
lysosomal populations was assessed further by Western blot-
ting for markers of cellular organelles.
Lysosomal Protease-induced Protein Lysis Assay—Purified

lysosomes were resuspended in buffer A solution (20 mM

HEPES, pH 7.5, 100 mM NaCl, 0.1 mM dithiothreitol). Pre-
stained bovine serum albumin (BSA) was encapsulated into
artificial membranes consisting of phosphatidylserine and
phosphatidic acid (50:50, by a molar ratio) under acidic buffer
conditions (50 mM sodium phosphate, pH 4.7, 50 mMNaCl, 0.1
mM dithiothreitol) using a reverse evaporation method as
described previously (19). After liposome preparation, mem-
branes were passed through a protein desalting spin column
(Pierce) that was equilibrated with buffer A. For analysis of
lysosomal protease-induced protein lysis, lysosomal fractions
were fused with BSA-encapsulated membranes, and the fusion
efficiencies were evaluated using previously describedmethods
(20). The ratio of encapsulated BSA to lysosome (w/w) for
fusion was �2; in more detail, 60 �g of BSA in liposome was
mixed with 30 �g of lysosomal proteins, and fusion was started
by adding 1mMCaCl2. Each indicated time represents the num-
ber of minutes for which samples were incubated at 30 °C for
vesicle fusion and concomitant substrate (prestained BSA)
lysis. Reaction termination and removal of lipid components
were undertaken by the addition of a chloroform/methanol
(2:1, v/v) solution. Collected protein fractions were analyzed by
12.5% SDS-PAGE for evaluation of BSA degradation. As con-
trol experiments, fusion efficiency reached a plateau after a
10-min incubation and was determined to be �80%.
Lysosome Activity Assessment with Microscopy—Lyso-

Tracker probes are fluorescent acidotropic probes for the label-
ing and tracking of acidic organelles in live cells. These probes
have high selectivity for acidic organelles and are effective for
the labeling of live cells (21). Cells were grown in a cell culture
dish, rinsed with PBS, and stained with 100 nM LysoTracker
Green DND-26 (Molecular Probes, Eugene, OR) in serum-free
medium for 30 min at room temperature. Cells were then
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washed with PBS. Lysosomal intensity and size were analyzed
by fluorescence microscopy (Zeiss IM 35, Pleasanton, CA) at
488 nm. Images of red fluorescent cells were acquired using a
digital CCD color video camera CCS-212 (Samsung, Seoul,
Korea) and then transferred to a compatible computer with a
WinFast 3D S680 frame grabber (Leadtek, Taipei, Taiwan).
Lysosomal V-ATPase Activity Assessment with Lysosome

Vesicles—For the measurement of lysosomal V-ATPase activ-
ity, acridine orange uptake assay was performed with lysosome
vesicles (23, 24). The activation buffer contained 6 �M acridine
orange, 150 mM KCl, 2 mM MgCl2, and 10 mM Bis-Tris-pro-
pane. After achievement of a steady spectrofluorometric base-
line, V-ATPase was activated by the addition of ATP (1.4 �M

final concentration) and 2.5 �M valinomycin (pH 7.0) (to pro-
mote the movement of K� from the inside to the outside of
the lysosome for membrane potential generation). V-ATPase-
driven pumping of hydrogen ions into lysosomes (acridine
orange dye uptake) was measured by stimulation of intralyso-
somal fluorescence (excited at 495 nmand recorded at 530 nm),
which was determined using a fluorescence system (Photon
Technology International).

Separately, isolated lysosomes were placed in a cuvette con-
taining the same activation buffer. Extralysosomal quenching
of acridine orange fluorescence was determined using the fluo-
rescence system (Photon Technology International). To clarify
V-ATPase activity, stimulation of intralysosomal fluorescence
and the quenching of the extralysosomal fluorescence were
measured with or without 1 �M bafilomycin.
Measurements of Lysosomal pH and Lysosomal V-ATPase

Activity through theMeasurement of Lysosomal pH—Intralyso-
somal pH of Neo and BI-1 cells was measured by FITC-conju-
gated dextran methods (25). Neo and BI-1 cells grown on cov-
erslips were exposed to 1 mg/ml FITC-conjugated dextran for
24 h at 37 °C in tissue culture medium, washed with DMEM
twice, and then incubated at 37 °C for 1 hwith 1�Mbafilomycin
A in the samemediumor for 10minwith ER stress agents. After
washing the cells with PBS, the fluorescence emission intensity
at 520 nm was measured with excitation at 440 and 490 nm
using a spectrofluorometer (PerkinElmer Life Sciences). For
the time course experiment, Neo and BI-1 cells were incubated
with FITC-dextran, and the change in intralysosomal pH was
investigated in serum-free complete medium using a spectro-

FIGURE 1. BI-1 regulates the expression of ER stress proteins. A, HT1080 cells were stably transfected with pcDNA3 or pcDNA3-HA-BI-1 plasmids. Following
preparation of cell lysates from monoclonal cells (designated M1, M2, and M3), Western blotting was performed with anti-HA or �-actin antibody. Neo,
neomycin-resistant vector-transfected HT1080 cells; BI-1, pcDNA3-HA-BI-1 transfected HT1080 cells. B, Neo and BI-1 monoclonal cells were subjected to 5 �M

thapsigargin (Tg) for 0, 3, 6, 9, or 12 h, total proteins were extracted, and the expressions of GRP78, CHOP, IRE1�, spliced XBP-1 (sXBP-1), protein kinase-like ER
kinase (PERK), phospho-eIF-2� (p-eIF-2�), eIF-2�, ATF-6�, phospho-JNK (p-JNK), JNK1, and �-actin were analyzed, as described under “Experimental Proce-
dures.” C, representative blots are shown in three panels, respectively. Neo and BI-1 (M1 cells) cells were subjected to 5 �g/ml tunicamycin (Tu) for 0, 1, 2, 4, 8,
and 12 h, and then total proteins were extracted and the expressions of GRP78, CHOP, and �-actin were analyzed. Representative blots are shown.
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fluorometer at a fluorescence emission of 520 nm with excita-
tion at 450 and 490 nm. The standard curve was generated
using 220 �g/ml FITC-dextran in 0.1 M Tris-HCl or sodium
acetate buffers at various pH values.
For the measurement of lysosomal V-ATPase activity based

on lysosomal pH, after achievement of a steady spectrofluoro-
metric baseline, V-ATPase was activated by the addition of
ATP (1.4 �M final concentration) and 2.5 �M valinomycin (pH
7.0). V-ATPase-driven pumping of hydrogen ions into lyso-
somes (lysosomal pH)wasmeasured in the presence or absence
of 1 �M bafilomycin. To clarify V-ATPase activity, bafilomycin
was later added to the ATP-(without bafilomycin) treated Neo
and BI-1 cells. Relative fluorescence was then compared
between Neo and BI-1 cells.
Electron Microscopy—Neo cells, BI-1 cells, and BI-1�/� and

BI-1�/�MEFswere prepared for transmission electronmicros-
copy by fixation in a phosphate-buffered solution (Sorensen’s
phosphate, pH 5.8) of 2.5% glutaraldehyde with 0.15% sucrose
and 2%mannitol for maintenance of proper osmosis for 12–24
h at 4 °C. Cells were postfixed in 2% osmium tetroxide in the
same buffer for 1 h. After rinsing, cells were exposed to 2%
uranyl acetate (aqueous) and subsequently embedded in 2%
agar. Samples were cut from agar blocks and then dehydrated
in a graded ethanol series, infiltrated with Spurr’s resin,
embedded, and cured at 70 °C for 24 h. Ultrathin sections
were cut and stained with uranyl acetate and Reynold’s lead
citrate prior to observation on a Zeiss EM10 transmission
electron microscope.
Determination of Caspase-3 Activity—Neo and BI-1 cells

werewashedwith PBS and incubated for 30min on icewith 100
ml of lysis buffer (10 mM Tris-HCl, 10 mMNaH2PO4/NaHPO4,
pH 7.5, 130 mM NaCl, 1% Triton X-100, and 10 mM sodium
pyrophosphate). Cell lysates were spun down, supernatants
were collected, and protein concentrations were determined
using the BCAmethod. For each reaction, 30 �g of protein was
added to 1 ml of freshly prepared protease assay buffer (20 mM

HEPES, pH 7.5, 10% glycerol, 2 mM dithiothreitol) containing
20 mM Ac-DEVD-AMC (Sigma-Aldrich). Reaction mixtures
without cellular extracts were used as negative controls. Reac-
tion mixtures were incubated for 1 h at 37 °C, and aminometh-
ylcoumarin thatwas liberated fromAc-DEVD-AMCwas deter-
mined by spectrofluorometry (Hitachi F-2500) at 380 nm for
excitation and at 400–550 nm for emission. Readings were cor-
rected for background fluorescence.
Statistical Analysis—Results are presented as means � S.E.

MicroCal Origin software (Northampton, MA) was used for
statistical calculations. p values were determined via Student’s t
tests. Statistical significance was set at p � 0.05.

RESULTS

The ER Stress Response Is Regulated in BI-1 Cells—First, the
regulatory effect of BI-1 on the ER stress response was con-
firmed in BI-1-overexpressing HT1080 cells (BI-1 cells). To
eliminate the possibility of clonal variation, three independent
cell lines (designated as M1, M2, and M3) that overexpress
BI-1were used in this experiment (Fig. 1A). Neo and BI-1 stable
transfectant cells were treated with thapsigargin, a Ca2�-
ATPase inhibitor, and markers of unfolded protein response

were examined. As shown in Fig. 1B, the unfolded protein
responsewasweaker in BI-1 cells than inNeo cells. Induction of
ER molecular chaperone glucose-regulated protein (GRP78)
and C/EBP homologous protein (CHOP), phosphorylation of
eIF-2�, and up-regulation of IRE1 and ATF6 were clearly
detected in Neo cells, whereas all of these markers were less
detectable in BI-1 cells. ER stress-induced spliced XBP-1
(sXBP-1) protein was also less expressed in BI-1 cells than in
Neo cells. In addition, the degree of JNK phosphorylation in
Neo cells was more significant than in BI-1 cells, implying
reduced unfolded protein response due to BI-1 overexpression.
For comparisons with the results of previous studies, Neo

and BI-1 (M1) cells were treated with tunicamycin, anN-acetyl
glycosylation inhibitor, and inductions ofUPRproteins (GRP78
andCHOP) were examined. In accordance with Fig. 1B, GRP78
and CHOP (26) inductions were marginally activated in BI-1
cells when compared with Neo cells (Fig. 1C). The activation of
JNK and the phosphorylation of eIF2� were reduced in BI-1
cells, as expected (data not shown, 14).
Lysosomal, but Not Proteasomal, Degradation Activity Is

Activated in BI-1Cells—Under ER stress conditions, cells ignite
the process of UPR to regulate protein synthesis, enhance the
protein degradation capacity and relieve the load of protein in
ER (6, 7), and finally adapt to the environmental changes. To
examine the role of BI-1 in reduced ER stress response, protein

FIGURE 2. Lysosomal, but not proteasomal, degradation is activated in
BI-1-overexpressing cells. A, in both Neo and BI-1 cells, the expressions of
proteasome proteins and BI-1 were measured by Western blotting using an
antibody against the 20 S core proteasome and HA. Proteasomal activities
were calculated by the measurement of peptidolytic activities (chymotryp-
sin-like, trypsin-like, and caspase-like peptidases). Fluorogenic substrates
were incubated with cell extracts for 30 min in the presence of 2 mM ATP, and
proteasomal activity was determined by the measurement of fluorescence.
Each value is expressed as the mean � S.E. of three independent experiments.
B, after isolation of the lysosomal fraction from Neo and BI-1 cells, 60 �g of
BSA in liposome was mixed with 30 �g of lysosomal proteins, and fusion was
performed by the addition of 1 mM CaCl2 during the indicated time periods.
The collected protein fractions were analyzed by 12.5% SDS-PAGE for evalu-
ation of BSA degradation, as described under “Experimental Procedures.” M,
molecular marker.
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synthesis in Neo and BI-1 cells was compared. However, Neo
and BI-1 cells showed similar rates of protein synthesis (supple-
mental Fig. 1). We next examined the activities of certain pro-
tein degradation pathways, namely proteasomal and lysosomal,
in Neo and BI-1 cells. The 20 S core proteasome (�5/�7,�1,�5,
and �7) complex showed similar activities as chymotrypsin-
like, trypsin-like, and caspase-like enzymes in both cell types
(Fig. 2A). Next, for analysis of lysosomal protease-induced pro-
tein lysis, lysosomal protease activity was determined using
BSA-encapsulated membranes. Liposomal BSA was mixed
with lysosomal proteins and then incubated at 30 °C for vesicle
fusion and concomitant substrate lysis. SDS-PAGE analysis
showed that BSA degradation activity was stronger in BI-1 cells
than in Neo cells, suggesting that BI-1 cells have stronger lyso-
somal protease activity than Neo cells (Fig. 2B).
Lysosome Area and Polygon Length Are Increased in BI-1

Cells—Lysosome morphology is known to be related to lyso-
somal activity and its functions (29). Therefore, morphological
studies are also necessary to confirm the role of lysosome in
BI-1 cells. First, we loaded LysoTracker into cells. LysoTracker
probes are fluorescent acidotropic probes for the labeling and
tracking of acidic organelles in live cells with high selectivity.
The fluorescence intensity of LysoTracker is considered to be a
marker for lysosomal activity (30, 31). Under baseline condi-
tions, LysoTracker was located at large vesicles in the cyto-
plasm, showing higher fluorescence intensity in BI-1 cells than
in Neo cells (Fig. 3A). The fluorescence intensity quantification
results are shown in Fig. 3A (right). BI-1 cells also showed larger
lysosome volumes per cell volume thanNeo cells (Fig. 3B). Elec-

tron microscopy analysis indicated that the lysosome area was
larger and the polygon length was longer in BI-1 cells than in
Neo cells (Fig. 3C). Quantification data are also shown (Fig. 3D).
H� Uptake Is Enhanced, and Lysosomal pH Is Decreased in

BI-1 Cells—Acridine orange has been employed to study the
acidification of cytoplasmic vesicles. Accumulation of proto-
nated acridine orange in acidic compartments was identified by
the resultant orange to red fluorescence emission. Acridine
orange was applied to isolated lysosome membranes from Neo
and BI-1 cells, and the lysosomal H� uptake activity was ana-
lyzed. In the presence of ATP, H� uptake was highly increased,
especially in the lysosome membranes of BI-1 cells (Fig. 4A).
The peak fluorescence of acridine orange dye was normalized,
based upon that of Neo cells in the presence of ATP (Fig. 4A,
right). Separately, extralysosomal fluorescence quenching was
measured in the presence of ATP. In BI-1 cells, the acridine
orange fluorescence was more significantly quenched when
compared with Neo cells (Fig. 4B). This finding is consistent
with the intralysosomal stimulation of acridine orange fluores-
cence in BI-1 cells (Fig. 4A). In addition, lysosomal pH was also
lower in BI-1 cells than inNeo cells (Fig. 4C), in agreement with
the lysosomal activity in BI-1 cells (Fig. 4, A and B). With the
lysosomal pH analysis, lysosomal H� uptake was compared
between Neo and BI-1 cells. When exposed to ATP, FITC-dex-
tran fluorescence wasmore sharply decreased in BI-1 cells than
in Neo cells, suggesting that the lysosomal V-ATPase activity
was higher in BI-1 cells than in Neo cells (Fig. 4D). The inhibi-
tion of the lysosomal activity was clearly shown in the presence

FIGURE 3. Lysosome area and polygon length are increased in BI-1-overexpressing cells. A, Neo and BI-1 cells were exposed to 5 �M LysoTracker and
photographed. Fluorescence intensity was quantified (right). B, lysosome volume per cell was also analyzed and quantified. C and D, electron microscopy
analysis was performed (C), and the lysosomal area and polygonal length were quantified (D). The arrow in panel C indicates lysosomes. *, p � 0.05; significantly
different from Neo cells. In panels A, B, and D, each value is expressed as the mean � S.E. of three independent experiments.
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of bafilomycin, a potent and specific V-ATPase inhibitor
(32, 33).
H� Uptake and Acidic Lysosomal pH Are Stable after ER

Stress in BI-1 Cells—ER-associated degradation pathways,
along with proteasomal and lysosomal activities, needed to be
examined after exposure to ER stress. First, proteasomal activ-
ity was compared between Neo and BI-1 cells exposed to ER
stress. Proteasomal activities, including chymotrypsin, trypsin,
or caspase-like enzymes, were similar between Neo and BI-1
cells (supplemental Fig. 2, A–C). In addition, the 20 S protea-
some protein expression was not different with or without ER
stress (supplemental Fig. 3, upper and lower). Next, we exam-
ined the other ER-associated degradation mechanism, lyso-
somal activity, with LysoTracker dye. Similar to Fig. 3A, basal
fluorescence was higher in BI-1 cells than in Neo cells (Fig. 5A).
However, fluorescencewas sharply decreased inNeo cells when
cells were exposed to thapsigargin. The fluorescence showed
recovery to normal levels in Neo cells with the passage of time.
However, in BI-1 cells, the high fluorescence of the lysosome
was stable even after exposure to ER stress caused by thapsigar-
gin (Fig. 5A). Fig. 5B shows the quantification result of fluores-
cence in either thapsigargin-treated or tunicamycin-treated
Neo and BI-1 cells. As shown in Fig. 5B, lower panel, the fluo-
rescence of LysoTracker in BI-1 cells remained stably high as
well. Then, with acridine orange uptake analysis, H� uptake
activity was measured after exposure to ER stress. During the
incubation period of 12 h, activity was sharply decreased inNeo

cells and slowly recovered to the normal range with the passage
of time. In contrast, BI-1 cells stably maintained high H�

uptake throughout the duration of incubation (Fig. 5C). Con-
sistently, BI-1 cells showed more stable acidic lysosomal pH
(Fig. 5D) when compared with Neo cells, which showed tran-
siently increased pH followed by recovery of acidic pH. These
data suggest that the enhanced lysosomal function of BI-1 cells
was little affected, even when exposed to ER stress.
V-ATPase Inhibitor Reverses the Effects of BI-1, Which Are

Reduced ER Stress Response and Protection against ER Stress—
V-ATPase is the primary enzyme that maintains the acidic pH
of the lysosome compartment (34). To understand the role of
lysosomes in the response of the cell to ER stress and following
cell death, bafilomycin, a V-ATPase inhibitor, was utilized.
First, for determining the appropriate concentration of bafilo-
mycin for the inhibition of V-ATPase, the response of cells to
bafilomycin at concentrations ranging from10�1 to 10�8 Mwas
examined for inhibitory effect on V-ATPase. Consistent with
previous reports (32, 33), the 50% inhibitory concentration
(IC50) of bafilomycin for V-ATPase was �10–100 nM (supple-
mental Fig. 4).
Because lysosomal inhibition itself may affect ER function,

various concentrations of bafilomycin, from 10�3 to 10 �M,
were applied to Neo and BI-1 cells. A single treatment with
relatively high concentrations of bafilomycin, 1–10 �M, in-
duced more significant increase in expression of GRP78 and
CHOP in BI-1 cells than in Neo cells (supplemental Fig. 5),

FIGURE 4. BI-1 enhances lysosomal activity. A, 6 �M acridine orange solution and 2.5 �M valinomycin were added to lysosomal membranes from Neo and
BI-1 cells; intravesicular H� uptake was initiated by the addition of Mg-ATP, and the uptake ratio was quantified. *, p � 0.05; significantly different from
ATP-exposed Neo cells. B, separately, extravesicular H� uptake was also initiated by the addition of Mg-ATP, and the fluorescence quenching was measured as
described under “Experimental Procedures.” C, lysosomal pH was measured as described under “Experimental Procedures.” *, p � 0.05; significantly different
from Neo cells. D, Neo and BI-1 cells were exposed to ATP with or without 1 �M bafilomycin, and lysosomal pH was measured (as described for panel C). During
the measurement of lysosomal pH, bafilomycin (Baf) was added to the ATP treated Neo and BI-1 cells. In panels A and C, each value is expressed as the mean �
S.E. of three independent experiments.
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suggesting that BI-1 cells show greater sensitivity to inhibition
of V-ATPase than Neo cells. Relatively low concentrations of
bafilomycin (1 and 10 nM) did not induce unfolded protein
response (supplemental Fig. 5 and Fig. 6A). Low concentrations
of bafilomycin were also effective against V-ATPase activity
(supplemental Fig. 4) andwere used for inhibition of V-ATPase
activity in this study. Neo andBI-1 cells were pretreatedwith an
effective concentration of bafilomycin (10 nM). They were then
treated with thapsigargin or tunicamycin. Reduced ER stress
response of BI-1 cells was reversed due to inhibition of V-
ATPase activity by bafilomycin (Fig. 6B). With a different con-
centration of bafilomycin, 100 nM, the regulatory effect was
clear, especially in BI-1 cells (supplemental Fig. 6).

Next, the protective effect of BI-1 against ER stress was also
examined with or without bafilomycin. Bafilomycin reversed

the protective effect of BI-1 cells against ER stress (Fig. 6C).
Consistently, reduced caspase-3 activity of BI-1 cells was signif-
icantly reversed in the presence of bafilomycin (Fig. 6D). These
data suggest that enhanced V-ATPase activity is necessary for
BI-1-induced regulation of the ER stress response as well as
protection against ER stress-induced cell death.
Lysosomal Activity Is Decreased in BI-1 Knock-out Cells—We

next examined the lysosomal phenotypes of BI-1 knock-out
MEF cells. BI-1 knock-out cells showed lower LysoTracker
intensity and lysosome volume per cell (Fig. 7, A and B). Lyso-
somalH� uptakewasmore active inwild-type cells than in BI-1
knock-out cells, indicating an endogenous role of BI-1 in lyso-
somal H� uptake (Fig. 7C). EM analysis was performed for
determination of the morphological differences between
BI-1�/� and BI-1�/� MEF cells. Although the lysosomal areas

FIGURE 5. BI-1 maintains high lysosomal activity under ER stress. A, Neo and BI-1 cells were subjected to 5 �M thapsigargin during a period of 48 h
followed by exposure to 5 �M LysoTracker and image acquisition. DIC, differential interference contrast microscopy. B, fluorescence intensity in either 5 �M

thapsigargin-treated (Tg) or 5 �g/ml tunicamycin-treated (Tu) Neo and BI-1 cells was quantified. C, acridine orange solution and valinomycin were added to cell
monolayers; intravesicular H� uptake was initiated by the addition of Mg-ATP, and the uptake ratio was quantified at the following time points: 12, 24, 36, and
48 h. D, lysosomal pH was measured at the following time points: 12, 24, 36, and 48 h. *, p � 0.05; significantly different from each time point in Neo cells. In
panels C and D, each value is expressed as the mean � S.E. of three independent experiments.
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were similar, the number of lysosomes was greater in BI-1�/�

cells than in BI-1�/� cells (Fig. 7D). The quantification is also
shown in Fig. 7E. These data are consistent with BI-1 overex-
pression data, suggesting that BI-1 is a key molecule in the
determination of lysosomal morphology and activity.

DISCUSSION
Here, we identified a regulatory role for BI-1 in the ER stress

response and cell death pathways through the lysosome-asso-
ciated ERAD pathway. The proteasomal activities of BI-1 cells
were similar to those ofNeo cells; however, lysosomal activities,
includingV-ATPase activity, were enhanced in BI-1 cells with a
stronger H� uptake than in Neo cells. In this study, increased
V-ATPase activity is suggested to regulate ER stress response
and cell death in BI-1 cells.
Theoretically, BI-1 might function by reducing protein syn-

thesis or by increasing chaperone expression or degradation to
increase the protein folding capacity and/or decrease the pro-
tein folding load as an adaptation mechanism to ER stress,
known as the UPR (35, 36). The reduction of protein synthesis

would itself lead to reduction of the UPR (36). However, Neo
and BI-1 cells showed similar rates of protein synthesis (supple-
mental Fig. 1). BI-1 may also increase chaperone proteins for
the enhancement of protein folding capacity. However, both
cell lines showed similar inductions in chaperone genes (data
not shown). BI-1may also reduceUPRby increasing proteolytic
degradation and subsequently decreasing the protein folding
burden. Slowly folding and folding-incompetent substrates are
extracted from chaperone folding machinery and targeted for
proteolytic degradation via two routes. The first is retro-trans-
location of the unfolded polypeptide chain into the cytosol fol-
lowed by ubiquitination and proteasomal degradation in a
process termed ERAD. The second is targeting of parts of the
ER to lysosomes or vacuoles in autophagy (37, 38). ER stress also
induces autophagy, explaining the protective role against ER
stress (39). ER stress induced a significant increase in vesicle
formation and conversion of LC3-II in different clones of BI-1
cells (supplemental Fig. 7, A and B), suggesting that ERAD II is
highly activated in BI-1 cells. Lysosome ERAD II is an alterna-

FIGURE 6. Bafilomycin reverses the BI-1-regulated ER stress response. A, Neo and BI-1 cells were treated with 1 or 10 nM bafilomycin (Bafi) for the indicated
times, and Western blotting was performed with anti-GRP78, CHOP, or �-actin antibody. B, Neo and BI-1 cells were subjected to 5 �M thapsigargin (Tg) or 5
�g/ml tunicamycin (Tu) with or without 10 nM bafilomycin for 0, 2, 4, 8, and 12 h, and Western blotting was performed with anti-GRP78, CHOP, or �-actin
antibody. Representative blots for thapsigargin and tunicamycin are shown in the left and right panels, respectively. Neo and BI-1 cells were subjected to 5 �M

thapsigargin (left) or 5 �g/ml tunicamycin (right) with or without the indicated concentrations of bafilomycin for 12 h. C and D, cell viability (C) and caspase-3
activity (D) were analyzed. Data represent the mean � S.E. (n � 4). *, p � 0.05; significantly different from thapsigargin-treated BI-1 cells, #, p � 0.05; significantly
different from tunicamycin-treated BI-1 cells. In panels C and D, each value is expressed as the mean � S.E. of three independent experiments. Con, control.
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tive ERAD system for the degradation of excess mutant pro-
teins when the ubiquitin/proteasome ERAD I is unaffected.
Proteasome activity was not changed in BI-1 cells (Fig. 2A and
supplemental Fig. 2). Although non-lysosomal functions are
required for the degradation of short-lived proteins in the cyto-
sol as well as for the stress-induced enhancement of degrada-
tion of cellular proteins within lysosomes (40), lysosomal func-
tion appears to reflect the reduced ER stress response in BI-1
cells. In BI-1 cells, lysosomal proteolysis, such as degradation of
BSA, was greatly enhanced (Fig. 2B) and lysosomal H� uptake
increased (Fig. 4A). Lysosome volume was also markedly larger
in BI-1 than in Neo cells (Fig. 3, A–C), showing a correlation
between lysosomal structure and activity. The question re-
mains as to how BI-1 induces increases in lysosomal V-ATPase
activity. We recently showed that the acidic environment in
BI-1 cells is related to mitochondrial dysfunction (41).
Increased glucose anaerobic metabolism, leading to H� pro-
duction, sodium hydrogen exchanger activity, and lactate pro-
duction, has also been demonstrated in BI-1 cells. The intracel-
lular accumulation of H� may induce the activation of
V-ATPase, leading to acidic lysosomal pH along with sodium

hydrogen exchanger activation for intracellular pH mainte-
nance. Another function, the Ca2� leak channel-like effect of
BI-1 on the ER (11, 15), affects cationic balance through con-
tinuous leakage of Ca2� from the ER. The Ca2� dynamically
active status of BI-1 cells may activate the intracellular
Ca2�/H� antiporter and other H�-associated transporter sys-
tems (41, 42). Increasing cytoplasmic H� may activate lyso-
somal V-ATPase for intracellular pH homeostasis in BI-1 cells
(Fig. 4). BI-1 may also be located on organelles other than the
ER, such as the lysosome, where it may directly affect activity.
However, further study is required to more clearly identify the
role of BI-1 localization.
Throughout this study, observation of high lysosomal activ-

ity explained how BI-1 regulates the ER stress response. Basally
increased lysosomal function is a key phenomenon of BI-1-
overexpressing cells (Figs. 2B, 3, and 4). When exposed to
stress, the protein may reduce the folding load of altered/dam-
aged proteins. Our results also demonstrated a clear but tran-
sient reduction in lysosomal activity upon exposure to ER stress
(Fig. 5, A–C). In BI-1 cells, lysosomal activity changed little
despite exposure to ER stress. These data suggest that regula-

FIGURE 7. Lysosome activity and lysosomal number are decreased in BI-1 knock-out cells. BI-1 �/� and BI-1 �/� cells were exposed to 5 �M LysoTracker,
and images were captured. A and B, fluorescence intensity (A) and area per cell (B) were quantified. C, acridine orange solution and valinomycin were added to
lysosomal membranes; intravesicular H� uptake was measured in the presence or absence of Mg-ATP, and the uptake ratio was quantified. D and E, electron
microscopy was performed (D), and the lysosome area and the number of lysosome per cell were quantified (E). In panel D, L indicates lysosomes. *, p � 0.05;
significantly different from BI-1�/� MEF cells. In panels A–C and E, each value is expressed as the mean � S.E. of three independent experiments.

Bax Inhibitor-1-induced Regulation of ER Stress Response

JULY 15, 2011 • VOLUME 286 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 24751

 at SE
O

U
L

 N
A

T
IO

N
A

L
 U

N
IV

E
R

SIT
Y

 on January 19, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/cgi/content/full/M110.167734/DC1
http://www.jbc.org/
http://www.jbc.org/


tion of the ER stress response is related to the highly activated
lysosomal activity of BI-1 cells. Throughout this study, we used
high glucose (20 mM)-containing medium rather than 5 mM

glucose-containing medium. In high glucose medium, glucose
metabolism is more highly activated in BI-1 cells than in Neo
cells. Consequently, the lysosomal pH may be easily reduced,
and lysosomal degradation activity may also be increased in
BI-1 cells. In BI-1-knock-out MEF cells, lysosomal activity is
relatively lower than in wild-type MEF cells in high glucose
medium. Therefore, the lysosomal degradation pathway
(ERAD II) appears to be more increased in medium containing
a high concentration of glucose. Although negative and specific
interactions of BI-1 with IRE1� in the regulation of the IRE1
pathway have recently been reported (43), BI-1 does not appear
to be specifically related to IRE1�, at least in our system where
glucose metabolism was highly activated. We should also con-
sider that eIF2� and other signaling pathways are also regulated
in BI-1-overexpressing cells (Fig. 1, B and C). Therefore, we
were not able to provide a careful and extensive discussion of
the different aspects of BI-1 specificity on the IRE1 pathway in
this state. A large amount of evidence should be carefully com-
pared and studied with regard to BI-1 characteristics in various
conditions and different disease states.
In this study, bafilomycin, a lysosomal V-ATPase inhibitor,

was used for the functional study of increased lysosomal V-
ATPase activity in BI-1 cells. Bafilomycin-induced cell death and
the ER stress response were more enhanced in BI-1 cells than in
Neo cells (data not shown, supplemental Fig. 6). In this
study, the presence of bafilomycin reversed the lower
expressions of ER stress proteins, especially in BI-1 cells (Fig.
6B). In addition, bafilomycin induced reversal of the protec-
tive effect of BI-1 cells against ER stress. There were fewer
effects on cell death in Neo cells (Fig. 6, C and D). Lysosomal
activity-associated protein degradation also functions as a
cytoplasmic quality control mechanism for the elimination
of protein aggregates and damaged organelles (8, 27). Similar
to the role of bafilomycin in this experiment, defects in the
ERAD II system can cause the accumulation of cytoplasmic
inclusion bodies and protein aggregates in the cytoplasm,
leading to toxicity (28). Results of this study suggest that
lysosomal activation by BI-1 is a key mechanism in the reg-
ulatory function of ER stress and in the protective function of
BI-1 against ER stress-induced cell death.
In summary, upon exposure to ER stress, BI-1 reduces UPR

through the enhancement of lysosomal activity. BI-1 protects
cells via lysosome activation, suggesting a novel mechanism of
regulation of the ER stress response and cell death.
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