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Abstract

Purpose—Proteasome inhibition induces endoplasmic reticulum (ER) stress and compensatory

autophagy to relieve ER stress. Disturbance of intracellular calcium homeostasis can lead to ER
stress and alter the autophagy process. It has been suggested that inhibition of the proteasome
disrupts intracellular calcium homeostasis. However, it is unknown if intracellular calcium affects
proteasome inhibitor-induced ER stress and autophagy.

Methods—Human colon cancer HCT116 Bax positive and negative cell lines were treated with

MG132, a proteasome inhibitor. BAPTA-AM, a cell permeable free calcium chelator, was used to
modulate intracellular calcium levels. Autophagy and cell death were determined by fluorescence
microscopy and immunoblot analysis.

Results—MG132 increased intracellular calcium levels in HCT116 cells, which was suppressed

by BAPTA-AM. MG132 suppressed proteasome activity independent of Bax and intracellular
calcium levels in HCT116 cells. BAPTA-AM inhibited MG132-induced cellular vacuolization and
ER stress, but not apoptosis. MG132 induced autophagy with normal autophagosome-lysosome
fusion. BAPTA-AM seemed not to affect autophagosome-lysosome fusion in MG132-treated cells
but further enhanced MG132-induced LC3-II levels and GFP-LC3 puncta formation, which was
likely via impaired lysosome function.

Conclusions—Blocking intracellular calcium by BAPTA-AM relieved MG132-induced ER

stress, but it was unable to rescue MG132-induced apoptosis, which was likely due to impaired
autophagic degradation.
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INTRODUCTION

There are two major cellular degradation systems in mammalian cells: the ubiquitin-
proteasome system (UPS) and macroautophagy, which is later referred to as autophagy. The
UPS is a major degradation system for short-lived proteins that are labeled with ubiquitin
(1). Three types of enzymes, E1, E2 and E3, carry out protein-ubiquitin reactions in which
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E1 activates ubiquitin, E2 transfers ubiquitin and E3 specifically targets ubiquitin to a
specific protein. Subsequently, a fraction of proteins are specifically targeted and degraded
by the 26S proteasome complex. Many critical proteins regulating cell proliferation and cell
death need to be precisely regulated by the UPS. Therefore, suppression of the UPS with
proteasome inhibitors, such as MG132, can induce both apoptotic and non-apoptotic cell
death and has emerged as a new class of anticancer drug with great potential (2–5). For
example, the proteasome inhibitor Velcade™ (Bortezomib) was approved by the FDA for
treating refractory/relapsed multiple myeloma. However, resistance to proteasome inhibitors
develops by unknown mechanisms (4).

Autophagy is another major intracellular degradation system. Unlike the UPS, autophagy is
mainly responsible for the degradation of long-lived proteins and excess/or damaged
organelles (6, 7). It is well known that autophagy is a cellular adaptive response to adverse
conditions, such as in deprivation of nutrients or growth factors (8). Accumulating evidence
supports that there is cross-talk between the UPS and autophagy. Inhibition of the
proteasome has been shown to trigger autophagy, possibly as a compensatory mechanism, in
many cell culture systems (9, 10). However, there was no difference in proteasome function
between Atg7-deficient and wild type mouse brain tissue (11), suggesting that inhibition of
autophagy does not necessarily lead to compensatory increased proteasome function. In
contrast, inhibition of autophagy compromises UPS function due to excess p62
accumulation, which impairs the clearance of ubiquitinated proteins destined for
proteasomal degradation (12).

Multiple mechanisms have been found to be important for proteasome inhibition-induced
autophagy. We have previously demonstrated that proteasome inhibitors, such as MG132,
induce autophagy in both cancer cells and non-transformed cells by triggering endoplasmic
reticulum (ER) stress (9, 13). In response to ER stress, cells activate the unfolded protein
response (UPR) as a protective and compensatory mechanism to relieve ER stress. Among
the UPR signaling pathways, protein kinase RNA-like endoplasmic reticulum kinase
(PERK) (14), eukaryotic translation initiation factor 2-alpha (elF2-alpha) (10), and inositol-
requiring enzyme 1 (IREI)-mediated c-Jun N-terminal kinase (JNK) activation (9), have all
been shown to be involved in proteasome inhibitor-induced autophagy. In all of these cases,
it has been suggested that activated-autophagy serves as a cytoprotective mechanism to help
remove misfolded proteins and protein aggregates caused by proteasome inhibition.
Therefore, suppression of both the proteasome and autophagy has been shown to enhance
proteasome inhibitor-induced cancer cell death (9, 10). Furthermore, the combination of
proteasome and autophagy inhibitors, such as hydroxychloroquine, has been used in clinical
trials as a novel strategy for enhanced cancer control (15).

Induction of ER stress can be triggered by disruption of intracellular calcium homeostasis,
such as by treatment with thapsigargin, which inhibits the ER calcium-ATPase resulting in
elevation of intracellular calcium (16). The role of calcium in autophagy is fairly complex
and controversial. A rise in intracellular calcium levels, such as by vitamin D(3) compounds,
ionomycin, ATP, and thapsigargin, induces autophagy by activating Ca(2+)/calmodulin-
dependent kinase kinase-beta and AMP-activated protein kinase (17). Exogenous
introduction of calcium by treating the cell with calcium phosphate precipitates (CPP) leads
to a two-phase autophagic change: induction of autophagy at early time points (before 6
hours) followed by inhibition of autophagy at later time points (after 24 hours) due to
impaired fusion of autophagosomes with lysosomes (18, 19). Furthermore, L-type calcium
channel blockers also induce autophagy by inhibiting calpain activity, suggesting that
cytosolic calcium may inhibit autophagy (20). It is well known that endosomes can fuse with
lysosomes to form hybrid organelles in which the endocytosed cargo is degraded. It has been
suggested that the fusion of autophagosomes with lysosomes could be similar to the fusion
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of endosomes with lysosomes. Rab7, members of the HOPS complex, syntaxin 17, a
hairpin-type tail-anchored SNARE protein (21), and lysosomal membrane proteins Lamp1
and Lamp2 have been implicated in the fusion of autophagosomes with lysosomes (22–24).
Interestingly, it has also been suggested that calcium located within organelles is required
for the fusion of late endosomes with lysosomes, a process which is inhibited by a cell
permeable calcium chelator BAPTA-AM (1,2-bis-(o-aminophenoxy)-ethane-N,N,N',N'-
tetraacetic acid, tetraacetoxymethyl esteris) (25). More recently, it was also suggested that
thapsigargin can block the fusion of autophagosomes with lysosomes by altering cellular
location of Rab7 (26). It has been shown that proteasome inhibition can alter intracellular
calcium homeostasis (27), and we and others have demonstrated previously that proteasome
inhibitors can induce autophagy in various cancer cell lines. However, it is not known if
alteration of intracellular calcium affects proteasome inhibitor-induced ER stress and
autophagy.

We report here that inhibition of the proteasome by MG132 induced elevation of
intracellular calcium and ER stress. Blocking intracellular calcium with BAPTA-AM
relieved MG132-induced ER stress, but it was not able to rescue MG132-induced apoptosis,
which was likely due to impaired autophagic degradation.

MATERIALS AND METHODS

Reagents

MG132, Xestospongin C (Xec), 2-aminoethoxydiphenyl borate (2-APB), and Bafilomycin
A1 (BAF) were obtained from Sigma. BAPTA-AM was purchased from Invitrogen. The
following antibodies were used for western blot: anti-ATF4/Creb-2 (Santa Cruz, sc-200),
anti-Gadd153/CHOP (Santa Cruz, sc-793), anti-Bip/GRP78 (Sigma, G9043), anti-β-Actin
(Sigma, A5441), anti-Cleaved Caspase-3 (Cell Signaling, 9661), and anti-GAPDH (Cell
Signaling, 2118). The rabbit polyclonal anti-LC3B antibody was made using a peptide
representing the NH2-terminal 14 amino acids of human LC3B and an additional cysteine
(PSEKTFKQRRTFEQC) as described previously (13). Anti-Calnexin (Santa Cruz,
sc-11397) and anti-Lamp1 antibody, which was from Developmental Studies Hybridoma
Bank (University of Iowa), were used for immunostaining. Horseradish peroxidase–
conjugated or Cy3-conjugated secondary antibodies were from Jackson ImmunoResearch
Lab.

Cell Culture

HCT116 Bax-positive (+), Bax-deficient (−), and stable GFP-LC3 Bax (−) cells were
maintained in McCOY’s 5A medium (Thermo Scientific), and DU145 prostate cancer cells
were maintained in DMEM (Thermo Scientific). All cell lines were maintained with routine
supplements (28) in a 37°C incubator with 5% CO2.

Microscopy Analysis

For fluorescence microscopy studies, cells were cultured on cover slides in 12-well plates
and treated as necessary. The cells were fixed with 4% paraformaldehyde (PFA) before
microscopy. Fluorescence images were acquired under a fluorescence microscope (Nikon
Eclipse TE200) using a Cool SNAPS digital camera (Roper Scientific). Images were
acquired and analyzed using MetaMorph software. For immunostaining, fixed cells were
immunostained with anti-Lamp1 antibody followed by Cy3-conjugated secondary antibody,
or cells were stained with an anti-calnexin and anti-Lamp1 antibody followed by FITC-
conjugated and Cy3-conjugated secondary antibodies as previously described (29). The
colocalization of GFP-LC3 with Lamp1 or calnexin with Lamp1 was examined using a
confocal microscope (Leica TCS SPE). At least 20 cells from each experiment were
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analyzed, and at least 3 separate experiments were performed per study. To determine
vacuolated cells, HCT116 Bax(−) and Bax (+) and DU145 cells were treated with MG132 (1
µM) in the presence or absence of BAPTA-AM (10 µM or 20 µM) for 12 hours, and images
of vacuolated cells were taken using a Nikon Eclipse TE200 microscope and a Cool SNAPS
digital camera with MetaMorph software. Vacuoles were counted using cells treated from
three separate experiments, and more than 90 cells were counted from each individual
experiment. To determine the effect of IP3 receptor inhibition on cellular vacuolization,
HCT116 Bax (−) cells were treated with MG132 (1 µM) in the presence or absence of Xec
(25 nM)f or 2-APB (20 µM) for 12 hours, and images of vacuolated cells were taken using a
Nikon Eclipse TE200 microscope and a Cool SNAPS digital camera with MetaMorph
software. Vacuoles were counted using cells treated from two separate experiments, and
more than 200 cells were counted from each individual experiment. To determine apoptotic
cell death, HCT116 Bax (+) cells were treated with MG132 (1 µM), BAPTA-AM (10 µM),
or BAF (50 nM) for 20 hours. Cells were stained with Hoechst 33342 (1 µg/mL, Invitrogen),
and digital images were obtained using a fluorescence microscope (Nikon Eclipse TE200).
Fragmented and condensed apoptotic nuclei were quantified, and results were expressed as
percent of apoptotic cells. For Electron Microscopy, cells were fixed with 2%
glutaraldehyde in 0.1M phosphate buffer (pH 7.4) followed by 1% OsO4. After dehydration,
thin sections were stained with uranyl acetate and lead citrate for observation under a JEM
1016CX electron microscope.

Analysis of Intracellular Calcium Levels

500,000 HCT116 Bax (−) and DU145 cells were plated in a 6-well plate and left overnight.
Cells were then treated with MG132 (1 µM) in the presence or absence of BAPTA-AM (10
µM), Xec (25 nM), or 2-APB (20 µM) for 16 hours. Cells were tryspinized and washed with
calcium-free Hank’s buffer (HBSS) before staining with 2.5 µM Fluo-4 AM (Invitrogen) in
HBSS for 30 minutes. Cells were washed and resuspended in HBSS before measurement of
Fluo-4 green fluorescence intensity by flow cytometry.

Analysis of Proteasome Activity

HCT116 Bax (−) cells were treated with MG132 (0.25, 0.5, or 1 µM), BAPTA-AM (10 µM),
or BAF (50 nM) for 16 hours before isolation of total protein lysate using RIPA buffer.
Total cell lysate (10 µg) was used for proteasome activity analysis using Suc-LLVY-AMC
substrate (Enzo). Briefly, lysates were diluted to 10 µg each in 15 µL of RIPA buffer and
added to a white 96-well flat bottom plate. AMC substrate (20 nM) was added to each well
along with 100 µL of assay buffer (50 mM Tris pH 7.5, 25 mM KCL, 10 mM NaCI, and 1
mM MgCI2 diluted in dH2O). Proteasome activity was determined by measuring AMC
release using an excitation/emission 380/460 test filter on a Tecan plate reader after 1 hour.
Data were expressed as percent of proteasome activity compared to untreated-control. At
least three separate experiments were performed for analysis of proteasome activity.

Western Blot

HCT116 Bax (−) or Bax (+) cells were treated with MG132 (1µM), BAPTA-AM (10µM), or
BAF (50 nM) for 20 hours before isolation of total protein lysate using RIPA buffer. Protein
(20 µg) was separated by a 12% SDS-PAGE gel before transfer to a PVDF membrane.
Membranes were probed using indicated primary and secondary antibodies and developed
with SuperSignal West Pico chemiluminescent substrate (Pierce).
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Statistical Analysis

Experimental data were subjected to a student’s Two-tailed T-test or to a Rank Sum test to
analyze differences between two groups. A one-way ANOVA was used to analyze
differences among multiple groups.

RESULTS

MG132-induced Proteasome Inhibition Increased Intracellular Calcium Levels

We have previously shown that proteasome inhibition by MG132 induces ER stress that can
result in Bax-dependent apoptotic and Bax-independent non-apoptotic cell death (5).
Therefore, HCT116 Bax (−) and Bax (+) cells were both used to investigate the effect of
MG132-induced proteasome inhibition on intracellular calcium levels.

To determine the effect of proteasome inhibition by MG132 on intracellular calcium,
HCT116 Bax (−) cells were treated with MG132 (1 µM) in the presence or absence of the
calcium chelator BAPTA-AM (10 µM) for 16 hours. Proteasome inhibition by MG132
resulted in increased levels of intracellular calcium as demonstrated by Fluo-4-AM
fluorescence intensity analysis (Figure 1A), and MG132 induced a 2-fold increase in Fluo-4-
AM fluorescence intensity compared to untreated-control (Supplemental Figure 1A). This
increase in intracellular calcium induced by MG132 was returned to untreated-control levels
when MG132 treatment was combined with BAPTA-AM (Figure 1A). We also treated
DU145 cells with MG132 (1 µM) in the presence or absence of BAPTA-AM (10 µM) for 16
hours, which produced similar results to HCT116 cells (Supplemental Figure 1B).

To ensure that MG132 was inhibiting proteasome activity, HCT116 Bax (+) and Bax (−)
cells were treated with varying concentrations of MG132 (0.25, 0.5, and 1 µM), and total
protein lysates were analyzed for proteasome activity. Proteasome activity was significantly
decreased in MG132 treated cells compared to untreated-control cells, as expected (Figure
1B). In addition, MG132 decreased proteasome activity regardless of the presence or
absence of Bax. Inhibition of proteasome activity was similar among all concentrations of
MG132 with an average of 42% proteasome activity for Bax (−) cells and 35% proteasome
activity for Bax (+) cells compared to untreated-control cells (Figure 1B). Therefore, 1 µM
or 0.5 µM of MG132 was used for additional experiments.

To determine if chelating calcium with BAPTA-AM had any effect on proteasome activity,
we treated HCT116 Bax (−) cells with MG132 (1 µM) in the presence or absence of
BAPTA-AM (10 µM) for 16 hours, and total protein lysates were analyzed for proteasome
activity (Figure 1C). Treatment with MG132 decreased proteasome activity 52% compared
to untreated-control, as expected (Figure 1C). However, calcium chelation by BAPTA-AM
(10 µM) alone did not affect proteasome activity compared to untreated-control cells or
when combined with MG132 compared to MG132 alone (Figure 1C).

BAF, a potent and specific inhibitor of vacuolar H+ ATPase (V-ATPase), inhibits
autolysosome and lysosome function (30). To determine whether inhibition of lysosome
function affects MG132-induced proteasome inhibition, HCT116 Bax (−) cells were treated
with BAF (50 nM) for 16 hours in the presence or absence of MG132 (1 µM). BAF-induced
autophagy inhibition did not affect proteasome activity compared to untreated-control cells
or when combined with MG132 compared to MG132 alone (Figure 1C).

Chelation of MG132-induced Intracellular Calcium Surge Protected against ER Stress

Proteasome inhibition is known to cause cellular vacuolization due to ER stress (5, 9). To
determine whether increased intracellular calcium is important for MG132-induced cellular
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vacuolization and ER stress, HCT116 cells were treated with 1 µM MG132 in the presence
or absence of 10 µM BAPTA-AM for 16 hours. As shown in Figure 2, chelating calcium
with BAPTA-AM significantly decreased MG132-induced cellular vacuole formation
regardless of the presence of Bax (Figures 2A and 2B). In addition, BAPTA-AM also
inhibited MG132-induced cellular vacuolization in DU145 prostate cancer cells
(Supplemental Figure 2A and 2B). These data indicate that the increased intracellular
calcium levels induced by MG132 were responsible for cellular vacuolization.

ER is the major calcium store in the cell, and the IP3 receptor allows for release of calcium
from the ER, which can be suppressed by Xestospongin C (Xec) or 2-aminoethoxydiphenyl
borate (2-APB) (31, 32). To determine whether IP3 receptor mediated ER calcium release
would be responsible for MG132-induced increased intracellular calcium, HCT116 Bax (−)
cells were treated with MG132 (1 µM) in combination with 25 nM of Xec or 20 µM of 2-
APB. Neither Xec nor 2-APB reduced cellular vacuolization induced by MG132
(Supplemental Figure 3A and 3B). In addition, intracellular calcium levels were similar
between cells treated with MG132 in combination with Xec or 2-APB to cells treated with
MG132 alone, as indicated by Fluo-4-AM fluorescence intensity analysis (Supplemental
Figures 3C and 3D). These data suggest that the ER was less likely the source of increased
intracellular calcium induced by MG132. To determine if MG132 increased intracellular
calcium by increasing extracellular calcium influx, EGTA was used to chelate extracellular
calcium. EGTA did not affect cellular vacuolization induced by MG132 (Supplemental
Figure 3E), indicating that influx of extracellular calcium was most likely not the source for
the increase in intracellular calcium induced by MG132. These data suggest that the increase
in intracellular calcium was not due to calcium release from the ER or due to an increase in
extracellular calcium influx.

In addition to promoting cellular vacuolization, proteasome inhibitor-induced ER stress also
triggers the UPR. To further determine whether increased intracellular calcium also affects
the UPR, HCT116 Bax (−) cells were treated with MG132 (1 µM) in the presence or absence
of BAPTA-AM (10 µM) for 16 hours, and total protein lysates were analyzed by western
blot for expression of UPR proteins including Bip, CHOP, and ATF4 (5, 9). MG132-
induced proteasome inhibition caused increased protein expression of Bip, CHOP, and
ATF4, indicating increased ER stress. Calcium chelation with BAPTA-AM decreased
expression levels for all of these UPR proteins to levels similar to untreated-control cells
when added in combination with MG132 compared to MG132 treatment alone (Figure 2C).
These results indicate that increased intracellular calcium levels caused by proteasome
inhibition can induce ER stress and the UPR response.

To confirm that the cellular vacuolization seen in Figure 2 was caused by ER dilation,
HCT116 Bax (−) cells were treated with MG132 and immunostained for the ER chaperone
protein, Calnexin, and for the lysosome protein, Lamp1 As shown in Figure 3A, vacuoles
induced by MG132 treatment stained positive for calnexin, but this calnexin staining did not
co-localize with Lamp1 staining, indicating that vacuoles formed from the ER, but not from
lysosomes. ER dilation was also seen in DU145 cells treated with MG132 (Supplemental
Figure 4). This vacuolization from the ER was confirmed by electron microscopy in
HCT116 Bax (−) cells (Figure 3B). Untreated-control cells did not have vacuolization
(Figure 3B, panel a). However, treatment with MG132 induced dilation of the nuclear
membrane and vacuole formation (Figure 3B, panels b and c). The nuclear membrane is
known to be part of the ER membrane (panel c, arrow); therefore, these results support that
vacuoles were derived from the ER. ER dilation was decreased by BAPTA-AM treatment
(Figure 3B, panel d), indicating that increased intracellular calcium levels caused by
proteasome inhibition led to ER dilation and ER stress, and chelation of this intracellular
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calcium with BAPTA-AM protected against induction of ER stress induced by proteasome
inhibition.

Calcium Chelation during ER Stress Increased Apoptosis

We next determined whether chelation of intracellular calcium by BAPTA-AM inhibited
MG132-induced apoptosis. HCT116 Bax (+) cells were treated with 1 µM MG132 with or
without 10 µM of BAPTA-AM for 20 hours, and cells were analyzed for apoptosis by
Hoechst staining and by western blot analysis for cleaved activated caspase-3. MG132
treatment caused approximately 20% apoptosis, which was increased 4-fold over untreated-
control treatment (5% apoptosis). BAPTA-AM alone also caused approximately 12%
apoptosis, a 2.4-fold increase compared to untreated-control. Furthermore, BAPTA-AM
treatment caused an approximate 30% increase in apoptosis when combined with MG132
treatment, which was an additional increase in apoptosis greater than that induced by
MG132 or BAPTA-AM treatment alone (Figure 4A, 4B). Therefore, BAPTA-AM in
combination with MG132 enhanced cell death even though BAPTA-AM significantly
inhibited MG132-induced ER stress under the same conditions (Figures 2 and 3). We
previously showed that inhibition of autophagy by using genetic knockdown of autophagy
genes or pharmacological inhibitors, such as 3-methyladenine, further enhanced proteasome
inhibition-induced cell death (9).In line with these previous findings, BAF treatment in
combination with MG132 caused approximately 27% cell death, which was a slight increase
in cell death compared to MG132 treatment alone (Figure 4A, 4B). Consistent with results
for apoptotic nuclei, MG132 induced cleavage of caspase-3 (Figure 4C). BAPTA-AM did
not induce caspase-3 cleavage alone, but it caused greater cleavage of caspase-3 when
combined with MG132 compared to MG132 treatment alone (Figure 4C). In addition,
MG132 treatment in combination with BAF also increased the cleavage of caspase-3 (Figure
4C) compared to MG132 treatment alone. Therefore, even though chelating calcium with
BAPTA-AM treatment reduced ER stress, it exacerbated cell death via apoptosis. Inhibition
of lysosomal functions by BAF also enhanced MG132-induced apoptosis in HCT116 cells.

Chelation of Calcium via BAPTA-AM did not affect the Colocalization of GFP-LC3 Puncta
with the Lysosomal Marker Lamp1

Because intracellular calcium has been implicated in the fusion of autophagosomes with
lysosomes, we next asked whether the failure of BAPTA-AM to inhibit MG132-induced
apoptosis was due to impaired fusion of autophagosomes with lysosomes, which would in
turn impair autophagic degradation. HCT116 GFP-LC3 expressing cells were treated with
MG132 (0.5 µM) in the presence or absence of BAPTA-AM (10 M) for 16 hours and
immunostained with LAMP1 to determine colocalization of autophagosomes (GFP-LC3
positive vesicles) with lysosomes (Lamp1 positive vesicles). All experimental groups had an
average of approximately 50% colocalization of GFP-LC3 puncta with Lamp1, which is
represented as yellow fluorescent dots (Figure 5A, 5B), indicating that calcium chelation by
BAPTA-AM had no effect on colocalization of autophagosomes with lysosomes in HCT116
cells.

Chelation of Calcium via BAPTA-AM Impaired MG132-lnduced Autophagy

Proteasome inhibition induces autophagy, and inhibition of autophagy can sensitize
proteasome inhibitor-induced cell death (9, 13). We observed that BAPTA-AM also
enhanced MG132-induced apoptosis similar to BAF, so we next determined the effect of
BAPTA-AM on MG132-induced autophagy. Autophagy is a dynamic process, and it is well
known that both GFP-LC3 and LC3-II proteins are degraded after fusion of autophagosomes
with lysosomes. Therefore, inhibition of autophagic degradation can often lead to the
accumulation of LC3-II proteins and GFP-LC3 puncta (33, 34). Similar to BAF, BAPTA-
AM alone slightly increased the number of GFP-LC3 puncta compared to untreated-control
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cells. More importantly, co-treatment of BAPTA-AM with MG132 or co-treatment of BAF
with MG132 further enhanced the number of GFP-LC3 puncta compared to either treatment
alone (Figure 6A–C). Consistent with the GFP-LC3 puncta data, EM studies confirmed the
accumulation of autophagosome/autolysosome structures in cells treated with MG132 or
BAPTA-AM alone as well as in MG132 and BAPTA-AM co-treated cells (Figure 6D).
Moreover, western blot analysis revealed that BAPTA-AM also further increased MG132-
induced LC3-II levels (Figure 6E), indicating that BAPTA-AM may suppress LC3-II
turnover, which likely reflects impaired autophagic degradation. Interestingly, treatment
with BAPTA-AM in combination with BAF produced similar levels of LC3-II protein as
treatment with BAF alone, and combined treatment with BAPTA-AM, BAF, and MG132
did not further increase LC3-II protein levels above treatment with MG132 + BAF alone
(Figure 6F). Therefore, these data suggest that BAPTA-AM likely inhibits lysosome
function in a similar fashion to BAF.

DISCUSSION

Autophagy is a specific catabolic pathway that plays an important role in regulating the
homeostasis of cellular proteins and organelles. Tumor cells often use autophagy as a cell
survival mechanism. Therefore, targeting autophagy has become a novel and effective
therapeutic target (15, 35). Inhibition of the UPS, another cellular protein degradation
pathway, has been demonstrated as an effective therapeutic target for treating cancers.
However, resistance to proteasome inhibitors has developed in some patients. We and others
have previously demonstrated that inhibition of the UPS by various proteasome inhibitors
also induces autophagy as a compensatory cell survival mechanism by relieving proteasome
inhibitor-induced ER stress (9, 10). Combined targeting of the UPS and autophagy has
become a potent strategy in cancer treatment, and several clinical trials using this approach
are ongoing (15).

In the present study, we found that inhibition of the UPS by MG132 induced ER stress,
which was mainly mediated by a rise in intracellular calcium levels. BAPTA-AM, a cell
permeable intracellular calcium chelator, inhibited this MG132-induced increase in
intracellular calcium and subsequently suppressed MG132-induced ER stress. To our
surprise, BAPTA-AM did not protect against MG132-induced apoptosis. The lack of
protection against MG132-induced apoptosis was possibly due to impaired autophagy/
lysosome function caused by treatment with MG132 and BAPTA-AM. Thus, our results
reveal a novel mechanism suggesting that calcium homeostasis could be an important factor
for normal autophagy/lysosome function.

The ER is the most important intracellular calcium store. The concentration of calcium in
the ER can reach up to 0.5–2 mM, while its cytoplasmic concentration is as low as 100–300
nM in resting cells (36, 37). The high luminal calcium concentration in the ER is a critical
factor for determining the activity of synthesis and processing of proteins within the ER
(12). Therefore, disturbance of intracellular calcium homeostasis triggers the ER stress
response. Moreover, ER stress often leads to activation of the UPR as a major protective and
compensatory mechanism to relieve ER stress. One of the major functions of the UPR is to
selectively up-regulate some ER chaperone proteins by activating a number of bZip
transcription factors to assist with proper protein folding while simultaneously shutting
down general protein synthesis. If the stress is too severe for ER function to fully recover by
compensatory mechanisms, ER stress can also trigger cell death. In addition to ER-
associated proteasome degradation and the UPR, we and others have recently demonstrated
that induction of autophagy can also serve as another compensatory mechanism to relieve
ER stress. Notably, inhibition of autophagy further exacerbates ER stress and ER stress-
associated cell death (9, 38).
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In the present study, we found that inhibition of the proteasome by MG132 increased
intracellular calcium levels. Our data suggest that neither ER nor extracellular calcium
influx were sources for this MG132-induced intracellular calcium increase. We speculate
that the source of calcium increased by MG132 could be mitochondria because
mitochondria are another important site for calcium storage in the cell (39). However, due to
a lack of reliable quantitative methods for measurement and blocking of mitochondrial Ca2+
release, future studies are needed to test this hypothesis. Nevertheless, the finding that
BAPTA-AM inhibited the MG132-induced rise of intracellular calcium, intracellular
vacuolization, and the UPR response suggests that an intracellular calcium surge plays an
important role in MG132-induced ER stress. Intriguingly, although BAPTA-AM efficiently
inhibited MG132-induced ER stress, BAPTA-AM did not attenuate, but rather exacerbated,
MG132-induced apoptosis. These results suggest that BAPTA-AM might also inhibit other
cellular protective mechanisms induced by MG132, such as autophagy, in addition to
inhibiting the UPR response. We found that BAPTA- AM impaired the autophagy process
similar to BAF, a lysosomal inhibitor. This notion is supported by the observations that both
BAPTA-AM and BAF further increased the number of GFP-LC3 puncta and LC3-II protein
levels when combined with MG132 compared to MG132 alone.

Autophagy is a dynamic process that requires the stepwise maturation of autophagosomes
through the fusion of autophagosomes with lysosomes, which allows autophagic degradation
of enwrapped cargo using lysosomal proteases. Emerging evidence has implicated that
calcium may play an important role in regulating autophagosome-lysosome fusion, although
its exact role is controversial. Using isolated endosomes and lysosomes from rat hepatocytes
in a cell free system, it was demonstrated that calcium located within organelles is required
for the fusion of endosomes with lysosomes, because this fusion was suppressed by the
membrane permeable calcium chelator BAPTA-AM (25). When intracellular calcium levels
were modulated by distinct mechanisms including BAPTA-AM, calcium ionophores, and
calcium releasing agents in primary rat hepatocytes, autophagy was suppressed, suggesting
that the autophagic process is dependent on the presence of intracellular sequestered calcium
(40). Moreover, a recent study showed that elevated intracellular calcium levels caused by
thapsigargin-induced release of ER calcium stores blocked autophagosome-lysosome fusion
due to alterations of cellular localization of Rab7 (26). However, we found that the
colocalization of GFP-LC3 (autophagosome marker) with Lamp1 (a lysosomal marker) was
similar with MG132 treatment alone or in combination with BAPTA-AM, suggesting that
neither MG132 nor BAPTA-AM affect the fusion of autophagosomes with lysosomes. We
also found that MG132 alone or in combination with BAPTA-AM did not affect Rab7
colocalization with GFP-LC3 positive vesicles (data not shown). It is currently unclear why
MG132 did not affect the fusion of autophagosomes with lysosomes when it has previously
been shown to be impaired by thapsigargin. While different cell types could be one reason
for this discrepancy, it is possible that different sources for the surge of intracellular calcium
induced by different stimuli could produce different outcomes. Nevertheless, we found that
the number of GFP-LC3 puncta and LC3-II levels, as well as accumulation of
autophagosomes in HCT116 cells, were increased by BAPTA-AM and further enhanced
when BAPTA-AM was combined with MG132. These findings are quite similar to the
lysosomal inhibitor BAF, suggesting that BAPTA-AM may directly impair lysosomal
function. It is known that BAF inhibits lysosome function by inhibiting the vacuolar
ATPase. While it is not currently clear whether BAPTA-AM would also impair the vacuolar
ATPase, disruption of lysosome calcium homeostasis by BAPTA-AM might also contribute
to its inhibition of lysosome function. Niemann-Pick type C (NPC) disease is a lysosomal
storage disease characterized by selective loss of cerebellar Purkinje neurons. This disease is
caused by mutation of genes important for regulating lysosomal calcium homeostasis (41). It
remains to be determined if BAPTA-AM also decreases lysosomal calcium levels and
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impairs lysosomal function, which could account for the enhanced cell death in MG132-
treated cells.

In conclusion, we found that MG132 inhibited proteasome activity in human colon cancer
HCT116 cells, which led to a rise in intracellular calcium levels and ER stress. BAPTA-AM
inhibited the MG132-induced rise of intracellular calcium and ER stress, but failed to rescue
MG132-induced apoptosis, which was likely due to impaired autophagy-lysosomal
degradation.
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Figure 1. Inhibition of the proteasome by MG132 increased intracellular calcium levels, which
was inhibited by BAPTA-AM treatment
HCT116 Bax (−) cells were treated with MG132 (1µM) in the absence or presence of
BAPTA-AM (10 µM) for 16 hours. Cells were then stained with 2.5 µM of Fluo-4-AM in
calcium-free Hank’s buffer for 30 minutes followed by flow cytometry analysis.
Representative histogram data are shown in (A). (B) HCT116 Bax (−) and Bax (+) cells
were treated with varying concentrations of MG132 (0.25, 0.5, and 1 µM) for 16 hours, and
total protein lysate was used for analysis of proteasome activity using AMC substrate.
Results are presented as percent proteasome activity compared to untreated-control
(*p<0.01, 2-tailed T-test). (C) HCT116 Bax (−) cells were treated with BAPTA-AM (10
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µM), MG132 (1 µM), and BAF (50 nM) for 20 hours, and total protein lysate was used for
proteasome activity analysis. Results are expressed as percent proteasome activity compared
to untreated-control (*p<0.05, One Way ANOVA).
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Figure 2. BAPTA-AM inhibited MG132-induced cellular vacuolization
HCT116 Bax (−) and Bax (+) cells were treated with MG132 (1 µM) in the presence or
absence of BAPTA-AM (10 µM) for 12 hours followed by phase-contrast microscopy.
Representative images are presented in (A). (B) Vacuolated cells were counted, and results
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are expressed as percent of vacuolated cells (*p<0.05 vs untreated-control; ^ p<0.05 vs
MG132, One Way ANOVA). (C) HCT116 Bax (−) cells were treated with MG132 (1µM) in
the presence or absence of BAPTA-AM (10 µM) for 16 hours, and total protein lysates were
subjected to western blot analysis. Bip is the lower band on the western blot (arrow).
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Figure 3. MG132 induced ER dilation in HCT116 cells
HCT116 Bax (−) cells were treated with MG132 (1 µM) for 16 hours, and cells were fixed
with 4% PFA before immunostaining for Calnexin (green) and Lamp1 (red). Representative
fluorescence images are presented in (A). (B) HCT116 Bax (−) cells were treated with
MG132 (1 |µM) in the absence or presence of BAPTA-AM (10 µM) for 16 hours followed
by Electron Microscopy. Panel a: untreated-control; panels b-c: MG132; panel d:
MG132+BAPTA-AM. Panel b’ is an enlarged photograph from the boxed area in panel b.
N: nuclei, arrows: dilated ER. Bar: 500 nm.
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Figure 4. BAPTA-AM enhanced MG132-induced apoptosis
HCT116 Bax (+) cells were treated with MG132 (1 µM), BAPTA-AM (10 µM), and BAF
(50 nM) for 20 hours before analysis of apoptotic cell death by Hoechst staining.
Representative nuclear staining images are shown in (A). Apoptotic nuclei are demonstrated
by chromatin condensation and fragmentation (arrows) as shown in the enlarged boxed area.
(B) Apoptotic cells from Hoechst staining were counted, and results are represented by
percent of apoptotic cells for each treatment (*p<0.05 vs untreated-control, ^ p<0.05 vs
MG132, One Way ANOVA). (C) Cells were treated as described in 4A, and total lysates
were subjected to western blot analysis for cleaved caspase-3.
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Figure 5. BAPTA-AM did not affect the colocalization of GFP-LC3 puncta with Lampl
Stable GFP-LC3 HCT116 Bax (−) cells were treated with MG132 (0.5 µM) in the presence
or absence of BAPTA-AM (10 µM) for 20 hours. Cells were fixed with 4% PFA followed
by immunostaining for Lampl and confocal microscopy. Representative fluorescence images
are shown in (A). Right panels are enlarged photographs from the boxed areas indicating the
colocalization of GFP-LC3 puncta with Lampl (B) The total number of GFP-LC3 puncta
and the number of colocalized GFP-LC3 puncta with LAMP1 in each cell were quantified.
At least 20 cells were quantified from each experiment, and data are presented as the
percentage of colocalized GFP-LC3 with Lamp1 (Means ± SEM) from three independent
experiments.
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Figure 6. BAPTA-AM impaired MG132-induced autophagy
Stable GFP-LC3 HCT116 Bax (−) cells were treated with MG132 (0.5 µM) in the presence
or absence of BAPTA-AM (10 µM) or BAF (50 nM) for 20 hours. Cells were fixed with 4%
PFA followed by fluorescence microscopy. Representative fluorescence images are shown
in (A). (B and C) The total number of GFP-LC3 puncta in each cell was quantified. At least
20 cells were quantified from each experiment, and data are presented as the average
number of GFP-LC3 puncta per cell (Means ± SEM) from three independent experiments
(*p<0.05 vs untreated-control, ^p<0.05 vs MG132, One Way ANOVA). (D) HCT116 Bax
(−) cells were treated with MG132 (1 µM) in the presence or absence of BAPTA-AM (10
µM) for 20 hours. Cells were then processed for EM studies, and representative EM
photographs are shown. Arrows: autophagosomes. (E) HCT116 Bax (−) cells were treated as
in (D), and total cell lysates were subjected to western blot analysis. (F) HCT116 Bax (−)
cells were treated with MG132 (1 µM), BAPTA-AM (10 µM), and BAF (50 nM) for 20
hours, and total cell lysates were subjected to western blot analysis.
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