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Disrupting mitochondrial Ca’** homeostasis causes
tumor-selective TRAIL sensitization through
mitochondrial network abnormalities

YOHEI OHSHIMA !, NATSUHIKO TAKATA', MIKI SUZUKI-KARASAKI'?,
YUKIHIRO YOSHIDA!, YASUAKI TOKUHASHI' and YOSHIHIRO SUZUKI-KARASAKI*”

1Department of Orthopedic Surgery, Nihon University School of Medicine, Tokyo 173-8610;

%Plasma ChemiBio Laboratory, Nasushiobara, Tochigi 329-2813; 3Division of Physiology,

Department of Biomedical Sciences, Nihon University School of Medicine, Tokyo 173-8610, Japan

Received March 7, 2017; Accepted July 24,2017

DOI: 10.3892/ij0.2017.4096

Abstract. The tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) has emerged as a promising anticancer agent
with high tumor-selective cytotoxicity. The congenital and
acquired resistance of some cancer types including malignant
melanoma and osteosarcoma impede the current TRAIL
therapy of these cancers. Since fine tuning of the intracel-
lular Ca?* level is essential for cell function and survival, Ca?*
dynamics could be a promising target for cancer treatment.
Recently, we demonstrated that mitochondrial Ca** removal
increased TRAIL efficacy toward malignant melanoma and
osteosarcoma cells. Here we report that mitochondrial Ca?*
overload leads to tumor-selective sensitization to TRAIL cyto-
toxicity. Treatment with the mitochondrial Na*/Ca*" exchanger
inhibitor CGP-37157 and oxidative phosphorylation inhibitor
antimycin A and FCCP resulted in a rapid and persistent
mitochondrial Ca** rise. These agents also increased TRAIL
sensitivity in a tumor-selective manner with a switching from
apoptosis to a nonapoptotic cell death. Moreover, we found that
mitochondrial Ca** overload led to increased mitochondrial
fragmentation, while mitochondrial Ca** removal resulted
in mitochondrial hyperfusion. Regardless of their reciprocal
actions on the mitochondrial dynamics, both interventions
commonly exacerbated TRAIL-induced mitochondrial
network abnormalities. These results expand our previous
study and suggest that an appropriate level of mitochondrial
Ca?" is essential for maintaining the mitochondrial dynamics
and the survival of these cells. Thus, disturbing mitochondrial
Ca?* homeostasis may serve as a promising approach to over-
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come the TRAIL resistance of these cancers with minimally
compromising the tumor-selectivity.

Introduction

The tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a cytokine that belongs to the tumor necrosis
factor superfamily. TRAIL has emerged as a promising
cancer-selective anticancer drug. It inhibits cell proliferation
and induces cell death in a variety of cancer cell types while
has minimal cytotoxicity toward normal cells (1-4). TRAIL
primarily triggers the extrinsic and intrinsic apoptotic path-
ways by binding to two death receptors (DRs), TRAIL receptor
(TRAIL-R)I/DR4 and TRAIL-R2/DRS5 (5,6). TRAIL has also
been shown to trigger other cell death modalities including
autophagy (7,8) and necroptosis (9,10) in some cancers.
Different cancers including malignant melanoma (MM) and
osteosarcoma (OS) cells are resistant to TRAIL-induced
apoptosis (11-15). Accordingly, the combined use of a certain
drug that enables to alleviate drug resistance is essential for
effective TRAIL therapy of these cancers.

Ca?" is an essential intracellular second messenger whose
level is tightly regulated. Finely and spatiotemporally tuning
of Ca** results in short and synchronized Ca** waves, which
are primarily required for energy production, cell function and
survival (16). On the other hand, a significant and persistent
increase in Ca* is a master cause of cell death. An excessive
rise in mitochondrial Ca** concentration ([Ca**],,;) results in
increased permeability of the inner mitochondrial membrane.
The mitochondrial permeability transition (MPT) in turn
leads to a rapid collapse of mitochondrial membrane poten-
tial, loss of ATP, osmotic rupture of the outer mitochondrial
membrane. Ultimately, the loss of ATP and the fall of the
mitochondrial integrity lead to necrosis (17,18). Mitochondrial
Ca?* overload also causes apoptosis. The rupture of the outer
mitochondrial membrane can result in the release of different
pro-apoptotic proteins such as cytochrome ¢ and apoptosis-
inducing factor (19). Recent evidence suggests that Ca** also
plays a regulatory role in other cell death modalities such as
autophagy and anoikis (20). Moreover, different cancer cell
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types exhibit tumor-specific traits in Ca** dynamics, which
contribute to tumorigenesis, malignant phenotypes, drug
resistance, increased proliferation, evasion from apoptosis
and survival (21). Thus, Ca** is emerging as a new target
for cancer treatment (22,23). Ca** dynamics in MM and OS
and the role of Ca** in TRAIL cytotoxicity toward these two
cancers remain largely unclear. Previously, we showed that
acute TRAIL treatment increased both [Ca*],,, and [Ca**],,; in
several human MM and OS cell lines (24). Unexpectedly, the
Ca?* signals served as a pro-survival factor rather than a pro-
apoptotic factor, since overall Ca?* removal or specific removal
of mitochondrial Ca** sensitized these cells to TRAIL cyto-
toxicity. Our data suggested that the two cancer cell types were
resistant to mitochondrial Ca** overload caused by TRAIL.

Mitochondria are dynamic organelles whose structure is
regulated by a mechanic mechanism encompassing fission
and fusion processes. Mitochondrial network homeostasis is
critical for cell function and survival (25) since it is essen-
tial for maintaining mitochondrial functions such as energy
supply and metabolic activity. Mitochondrial dynamics is
regulated by dynamin-related proteins with GTPase activity.
Dynamin-related protein 1 (Drpl) regulates mitochondrial
fission, while mitofusin 1/2 and optic atrophy 1 control mito-
chondrial fusion and cristae organization (26). It is widely
accepted that cancer cells alter mitochondrial dynamics to
resist apoptosis and adapt their nonphysiological bioenergetics
microenvironments (27). Accordingly, disruption of the mito-
chondrial dynamics may be a promising strategy to target
apoptosis-resistant cancer cells. Indeed, increasing body of
evidence indicates that inhibiting mitochondrial fission and
fusion regulators cause a severe mitochondrial dysfunction
and apoptosis in a variety of cancer cell types. However,
the role of mitochondrial fission in apoptosis is a matter of
debate. Mitochondrial fission exhibits inverse (pro-apoptotic
or anti-apoptotic) functions depending on the cell type and
the applied apoptotic stimuli (28-32). Previously, we demon-
strated that TRAIL evokes mitochondrial fragmentation in a
tumor-selective manner and that inhibition or knockdown of
Drpl caused mitochondrial hyperfusion and sensitized MM
and OS cells to TRAIL-induced apoptosis (33,34). These
observations suggest that mitochondrial fission is a critical
pro-survival event in these cancer cells upon TRAIL treat-
ment. In this study, we investigated the mechanisms of the
resistance to mitochondrial Ca*" overload with a particular
interest in the relevance to mitochondrial dynamics. Here we
report that mitochondrial Na*/Ca** exchanger (NCLX) plays a
pivotal role in the resistance to mitochondrial Ca** overload.
Eventually, blockade of NCLX caused mitochondrial Ca?*
overload and sensitized MM and OS cells to TRAIL cytotox-
icity. Moreover, we found that mitochondrial Ca*" overload
and removal regulated mitochondrial fission positively and
negatively, respectively while commonly exacerbated TRAIL-
induced mitochondrial network abnormalities, apoptosis, and
non-apoptotic cell death.

Materials and methods
Materials. Soluble recombinant human TRAIL was

obtained from Enzo Life Sciences (San Diego, CA, USA).
Agonistic anti-human TRAIL-R2/TNFRSF10B antibody
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(clone 71903 #MAB631-100) was purchased from R&D
Systems (Minneapolis, MN, USA). Antimycin A, FCCP,
and the pan-caspase-inhibitor z-VAD-fluoromethylketone
(Z-VAD-FMK) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). All insoluble reagents were dissolved in dimethyl-
sulfoxide and diluted with high glucose-containing Dulbecco's
modified Eagle's medium (Sigma-Aldrich) supplemented
with 10% fetal bovine serum (Sigma-Aldrich; FBS/DMEM)
or Hank's balanced salt solution (HBSS) (pH 7.4) to a final
concentration of <0.1% before use.

Cell culture. Human MM (A375, A2058, SK-MEL-2) and
OS (MG63, SAOS-2, HOS) cell lines and WI-38 fibroblasts
were obtained from Health Science Research Resource Bank
(Osaka, Japan). Human TE85 and 143B OS cells were kindly
gifted by Dr T. Ando (Yamanashi University). Human dermal
fibroblasts (HDF) from facial dermis were obtained from Cell
Applications (San Diego, CA, USA). These cells were cultured
in FBS/DMEM supplemented with 100 U/ml penicillin and
100 pg streptomycin (Thermo Fisher Scientific, Rochester, N'Y,
USA) in a 5% CO, incubator. Cells were harvested by incu-
bating with 0.25% trypsin-EDTA (Thermo Fisher Scientific)
for 5 min at 37°C.

Ca’* measurements. Changes in [Ca**],,, and [Ca®*],; levels
were measured using Fluo 4-AM and rhod 2-AM (Dojindo
Kumamoto, Japan), respectively as previously described (24).
For improvement of mitochondrial localization of rhod 2-AM,
it was reduced to the colorless, nonfluorescent dihydrorhod
2-AM by sodium borohydride, according to the manufacturer's
protocol. Cells were loaded with 4 uM each of Fluo 4-AM or
dihydrorhod 2-AM for 40 min at 37°C, washed with HBSS.
Then, the cells (1x10%/ml) were resuspended in HBSS in
96-well plates. The cells were manually added with the agents
to be tested. Then, the cells were measured for fluorescence
in a microplate reader (Fluoroskan Ascent, Thermo Fisher
Scientific) with excitation and emission at 485 and 538 nm (for
Fluo 4-AM) and 542 and 592 nm (for thod 2-AM), respectively.

Cell viability and apoptosis measurements. Cell growth was
measured by WST-8 assay using Cell Counting Reagent SF
(Nacalai Tesque, Kyoto, Japan) as previously described (24).
This method is a colorimetric assay based on the formation of
a water-soluble formazan product. Briefly, cells (8x10%/well)
were seeded in 96-well plates and cultured with the agents
to be tested for 72 h at 37°C in a 5% CO, incubator. Then
1/10 volume of WST-8 reagent was added, incubated for 1 h at
37°C and absorbance at 450 nm was measured using a micro-
plate reader (ARVO MX, Perkin-Elmer Japan).

Caspase-3/7 activation, membrane integrity, and cell death
assay. Caspase-3/7 activation, membrane integrity, and
cell death were simultaneously measured by Muse™ Cell
Analyzer (Merck Millipore, Darmstadt, Germany) using
Muse Caspase-3/7 kit as previously described (24). Briefly,
cells (1x10%/ml) in 24-well plates were treated with the agents
to be tested for 24 h in 10% FBS/DMEM at 37°C and then
stained with a novel caspase-3/7 reagent NucView™ and
7-amino-actinomycin D (7-AAD), a dead cell marker in the
kit. 7-AAD is excluded from healthy and early apoptotic cells,
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Figure 1. TRAIL-resistant malignant cells are tolerant to mitochondrial Ca?* overload. HOS (A and B) and SAOS-2 cells (C and D) were loaded with 4 uM
Fluo 4-AM (A and C) and dihydrorhod 2-AM (B and D), respectively for 40 min at 37°C, washed with HBSS. The dye-loaded cells (1x10%ml) were resus-
pended in the Ca**-containing medium in 96-well plates. The cells were added to 25, 50 or 100 ng/ml TRAIL and immediately measured for fluorescence in
triplicate in a microplate reader at 0, 1, 2, 3,5 and 10 min with excitation and emission at 485 and 538 nm, respectively (for Fluo 4-AM) and 542 and 592 nm,
respectively (for dihydrorhod 2-AM). The data are representative of 3 independent experiments with similar results.

while permeates late apoptotic and dead cells. Accordingly,
four cell populations can be distinguished by the kit; live cells,
caspase/7-AAD; early apoptotic cells, caspase*/7-AAD';
late apoptotic/dead cells, caspase*/7-AAD*; necrotic cells,
caspase/7-AAD".

Live-cell mitochondrial network imaging. The mitochondrial
network was analyzed as previously described (34) with minor
modifications. Briefly, cells in FBS/DMEM (3x10%/well)
adherent on 8-well chambered coverslips were treated with the
agents to be tested for 24 h at 37°C in a 5% CO, incubator. After
removing the medium by aspiration, the cells were washed with
fresh FBS/DMEM and stained with 20 nM MitoTracker Red
CMXRos for 1 hat 37°C in the dark in a 5% CO, incubator. The
cells were then washed with and immersed in FluoroBrite™
DMEM (Thermo Fisher Scientific). Images were obtained
using a BZ X-700 Fluorescence Microscope (Keyence, Osaka,
Japan) equipped with a 100x, 1.40 n.a. UPlanSApo Super-
Apochromat, coverslip-corrected oil objective (Olympus,
Tokyo, Japan). Images were analyzed using BZ-H3A applica-
tion software (Keyence) and free NIH ImageJ software (NIH,
Bethesda, MD, USA).

Statistical analysis. Data were analyzed by one-way analysis
of variance followed by the Tukey's post hoc test using an

add-in software for Excel 2016 for Windows (SSRI, Tokyo,
Japan). All values were expressed as means + SD and P<0.05
was considered to be significant.

Results

TRAIL-resistant tumor cells are highly tolerant to mitochon-
drial Ca** overload by the drug. Previously, we demonstrated
that TRAIL induces [Ca*']., and [Ca**],; in several MM and
OS cell lines in a dose-dependent manner (24). However, we
noticed that in different cell lines the effects of TRAIL on
[Ca®*],,, and [Ca®*],,;, were not always in parallel. Therefore, we
studied the impact of TRAIL on [Ca**],,, and [Ca**],,;, in more
detail. The cells were loaded with Ca** probes, added with the
agents to be tested, and analyzed for their fluorescence in a
microplate fluorescence reader. This manual addition alone
led to an immediate and transient increase in [Ca*'].,,, probably
owing to a mechanical stress-sensitive cation channel. After
that, [Ca®"],,, returned to the baseline within 3-5 min. On the
other hand, [Ca®*].,, was minimally changed for at least the
initial 10 min when the cells were allowed to stand without
any addition of the materials. Throughout this study, we moni-
tored early Ca?* responses including this tentative mechanical
[Ca’*].,, changes. Fig. 1 shows representative results in HOS
and SAOS-2 cells. TRAIL increased [Ca*'],,, in a dose-depen-
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Figure 2. CGP-37157 preferentially increases [Ca*],,. (A and B) Dihydrorhod 2-AM-loaded A2058 (A) and SAOS-2 (B) cells were resuspended in the Ca*-
containing medium in 96-well plates. The cells were added to 100 ng/ml TRAIL or 10 uM CGP-37157 (CGP) and measured for fluorescence in triplicate.
The data represent means + SD of the calculated fluorescence for 10° cells in a representative experiment (N=3). Data were analyzed by ANOVA followed
by the Tukey's post hoc test. “P<0.01 vs. baseline. (C and D) MG63 cells were loaded with Fluo 4-AM (C) or dihydrorhod 2-AM (D) and resuspended in the
Ca*-containing medium. The cells were added to 1 uM cyclosporine A (CysA), 1 uM Ruthenium 360 (Ru360), 10 xM CGP-37157 (CGP) or 0.5 mM EGTA
(C and D), and measured for fluorescence in triplicate. The data represent means + SD of the average fluorescence value for 3 min in a representative experi-

ment (N=3).

dent manner with the minimal effective dose of 25 ng/ml
(Fig. 1A and C), while it increased [Ca®'],;, maximally at
50 ng/ml (Fig. 1B and D). Strikingly, under the conditions, the
basal [Ca*],, in control cells declined gradually over time.
Whereas, relatively TRAIL-sensitive cells including A375
cells, the basal [Ca®*],,, was unchanged at least for 10 min,
and [Ca®],; elevated in parallel with [Ca®"]., in response to
TRAIL (data not shown). Collectively, these findings suggest
that TRAIL-resistant tumor cells are highly tolerant to mito-
chondrial Ca** overload.

CGP-37157 causes mitochondrial Ca** overload in MM and
OS cells. NCLX plays a fundamental role in Ca** extrusion
from the mitochondria in a variety of cell types (35-37). Also,
we previously observed that treatment with CGP-37157, a
specific inhibitor of NCLX, led to a substantial increase in
[Ca**],, in OS cells (24). Therefore, we hypothesized that
increased Ca** efflux through NCLX might contribute to the
tolerance of mitochondrial Ca** overload in TRAIL-resistant
cells. As mentioned above, in some experiments (Exp #1)
the basal [Ca**],,; in SAOS-2 cells was kept throughout the
time monitored (10 min), while in other tests (Exp #2) it was
declined over time. In any case, [Ca®*],,, became significantly
higher in response to CGP-37157 compared with the corre-
sponding baseline (Fig. 2A and B). We obtained similar results
in A2058 and all OS cell lines tested. CGP-37157 treatment
increased [Ca*'],,; but not [Ca*'].,, (Fig. 2C and D). On the

other hand, ruthenium 360 (Ru360) decreased [Ca*],,,, but
not [Ca®*].,,, while EGTA and cyclosporine A (CysA) reduced
both [Ca*"],,, and [Ca®'],;. These results indicate that Ca®*
extrusion through NCLX plays a pivotal role in regulating
[Ca*],,, in MM and OS cells.

CGP-37157 enhances TRAIL cytotoxicity in a tumor-selec-
tive manner. Next, we examined the effect of CGP-37157
on TRAIL cytotoxicity. WST-8 assay revealed that treat-
ment with TRAIL 25 and 100 ng/ml for 72 h led to a robust
decrease in the viability of SK-MEL-2 cells (50 and 70%
reduction, respectively) (Fig. 3A). The three OS cell lines
tested (HOS, TES8S5, 143B) were highly resistant to TRAIL
cytotoxicity while SAOS-2 cells were moderately resistant.
At 100 ng/ml TRAIL decreased the viability of SAOS-2 cells
moderately (maximum of 40% reduction) (Fig. 3B). Whereas,
the TRAIL treatment led to only a modest decline (<15%)
in their viability or rather increased growth in TE85 and
143B cells (Fig. 3C and D). CGP-37157 treatment <10 uM
alone for 72 h minimally affected cell growth. However,
this compound significantly amplified TRAIL cytotoxicity
regardless of cancer cell types (Fig. 3A-D). We observed
a smaller amplification of TRAIL-induced cell death in
moderately TRAIL-sensitive MM and OS cell lines such
as A375 and SAOS-2 cells during the initial 24 h, and the
pan-caspase-inhibitor Z-VAD-FMK abrogated the effect
completely (Fig. 3E and F). Moreover, flow cytometric analyses
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Figure 3. CGP-37157 enhances TRAIL cytotoxicity in a tumor-selective manner. SK-MEL-2 (A), SAOS-2 (B and F), TE85 (C), 143B (D), and A375 cells (E)
were treated with 25 and 100 ng/ml TRAIL, 3 and 10 xM CGP-37157 alone or in combination in the presence or absence of 10 xM z-VAD-FMK for 72 h. Then,
the cells were analyzed for viability using WST-8 assay in triplicates. The data show means + SD in a representative experiment (N=3). Data were analyzed
by ANOVA followed by the Tukey's post hoc test. "P<0.05; “P<0.01; ““P<0.001; #P<0.01; ##P<0.001 vs. non-treated control. (G and H) SAOS-2 cells (G)
and WI-38 (H) were treated with 100 ng/ml TRAIL and 10 uM CGP-37157 (CGP) alone or in combination in the presence or absence of 10 uM z-VAD-FMK
(Z-VAD) for 72 h. Then the cells were analyzed for caspase-3/7 activation and membrane integrity using NucView and 7-amino-actinomycin D (7-AAD) in a
Muse Cell Analyzer (G) and measured for viability using WST-8 assay (H), respectively in triplicates. The data show means + SD in a representative experi-
ment (N=3). Data were analyzed by ANOVA followed by the Tukey's post hoc "P<0.05; **P<0.001.
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using a caspase-3/7-specific substrate showed that CGP-37157
significantly amplified TRAIL-induced caspase-3/7 activa-
tion (Fig. 3G). This effect became pronounced over time.
Simultaneous measurement using 7-AAD, a cell membrane
damage/death marker, revealed that the cell populations
corresponding to both early and late apoptotic cells were
increased, but the increases were blocked by Z-VAD-FMK
only partially. In contrast to MM and OS cells, TRAIL and
CGP-37157 alone or in combination had the minimal effects
on the growth of WI-38 fibroblasts (Fig. 3H). These results
show that CGP-37157 enhances TRAIL cytotoxicity in a
tumor-selective manner.

OXOPHOS inhibitors increase and cooperatively modulate
[Ca**],,, in MM and OS cells. Classic OXOPHOS inhibitors
such as antimycin A, CCCP, and FCCP sensitize different
tumor cell types including MM and OS cells to TRAIL cyto-
toxicity (38-40). These facts led us to investigate the possible
impact of OXOPHOS inhibitors on mitochondrial Ca*
dynamics. FCCP at concentrations ranging from 1 to 10 uM
resulted in a rapid and persistent increase in [Ca?'],;, in
SAOS-2 cells in a dose-dependent manner (Fig. 4A). The effect
of 3 uM FCCP was almost comparable to that of 100 ng/ml
TRAIL (Fig. 4B). The combined use of TRAIL and FCCP led
to a greater extent of [Ca®],, rise except for 10 uM FCCP

compared with either agent alone. Antimycin A also increased
[Ca**],,, in a dose-dependent manner (Fig. 4C). The agent
at 3 ug/ml was equivalently potent to 100 ng/ml TRAIL
(Fig. 4D). Also, TRAIL + antimycin A was more efficient than
either agent alone in increasing [Ca*],,;, except for 10 pg/ml
of antimycin A, at which the combined use had a lesser effect
than antimycin A alone. We obtained similar results in A2058
and several OS cell lines (data not shown). These results
indicate that OXOPHOS inhibitors increase and cooperatively
modulate [Ca*"],,, in MM and OS cells.

OXOPHOS inhibitors potentiate TRAIL cytotoxicity in a
tumor-selective manner. Then, we examined whether the
OXOPHOS inhibitors affected TRAIL cytotoxicity toward
MM and OS cells. Treatment with antimycin A (=1 ug/ml) for
72 h decreased the viability of A375 cells in a dose-dependent
manner while FCCP (=3 uM) reduced it moderately (57%)
(Fig. 5A). Moreover, the combined application of TRAIL and
either agent except for FCCP (1 uM) decreased the viability
almost entirely (>90% reduction). Highly TRAIL-resistant
A2058 cells were also more resistant to the cytotoxicity of
all these OXOPHOS inhibitors. As a result, antimycin A and
FCCP at the maximal concentrations caused only a modest
decrease in their viability (maximum of 30% decrease)
(Fig. 5B). However, both antimycin A and FCCP enhanced
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in combination for 72 h. Then, the cells were measured for viability using WST-

(N=3).

TRAIL cytotoxicity at the nontoxic concentrations. OS cell
lines including HOS cells were more resistant than MM cells to
all these OXOPHOS inhibitors. FCCP also sensitized the cells
while antimycin A had a slight sensitizing effect (Fig. 5C). To
determine whether the effect of OXOPHOS inhibitors is selec-
tive for tumor cells, we analyzed the impact of TRAIL and
OXOPHOS inhibitor alone or in combination on the growth
of non-transformed cells. FCCP and antimycin A <10 yuM
had the minimal effects on the growth of WI-38 fibroblasts
(Fig. 5D). Treatment with TRAIL + FCCP or TRAIL + anti-
mycin A had a marginal effect on their growth (maximum of
14% reduction at 10 uM FCCP). The tolerance to TRAIL and
OXOPHOS inhibitors alone or in combination was specific
since 1 M ouabain heavily killed the cells. Likewise TRAIL,

8 assay in triplicates. The data show means + SD in a representative experiment

the agonistic antibody against DR5 (aDR5) also synergisti-
cally killed HOS cells with FCCP and antimycin A (Fig. SE).
HDF was highly resistant to aDRS5 and either OXOPHOS
inhibitor alone or in combination (Fig. 5F). These results indi-
cate that OXOPHOS inhibitors potentiate TRAIL cytotoxicity
in a tumor-selective manner.

OXOPHOS inhibitors amplify both caspase-dependent
and caspase-independent cell death in MM and OS
cells at different time-points. To determine the cell death
modality enhanced by OXOPHOS inhibitors, we examined
the effect of FCCP on caspase-3/7 activation and 7-AAD
staining simultaneously. FCCP amplified TRAIL-induced
caspase-3/7 activation in A2058 cells during 24 h. Both
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Figure 6. OXOPHOS inhibitors amplify both caspase-dependent and caspase-independent cell death in MM and OS cells at different time-points. A2058 (A and B),
HOS (C), and SAOS-2 cells (D) were treated with 100 ng/ml TRAIL, 3 uM FCCP or 3 pg/ml antimycin A (AM) alone or in combination in the presence or absence
of 10 uM z-VAD-FMK (Z-VAD) for 24 (A-C) or 72 h (D). Then the cells were analyzed in triplicates for caspase-3/7 activation and membrane integrity using
NucView and 7-amino-actinomycin D (7-AAD) in a Muse Cell Analyzer. The data show means + SD in a representative experiment (N=3). Data were analyzed
by ANOVA followed by the Tukey's post hoc "P<0.05; ““P<0.001.

caspase-3/7-activated, 7-A AD-negative (CASP*/7-AAD") cells  effects (Fig. 6A and B). Meanwhile, caspase-3/7-inactivated,
and caspase-3/7-activated, 7-A AD-positive (CASP*/7-AAD*)  7-AAD-positive (CASP/7-AAD*) cells were minimally
cells were increased, and Z-VAD-FMK entirely inhibited the increased by TRAIL and FCCP alone or in combination. We
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Figure 7. Mitochondrial Ca®* overload induces mitochondrial fragmentation and potentiates TRAIL-induced mitochondrial network disruption. HOS cells
were treated with 100 ng/ml TRAIL and 10 pM CGP-37157 (A), 3 uM FCCP or 3 pug/ml antimycin A (AM) (B) alone or in combination for 24 h at 37°C.
After washing, the cells were stained with Hoechst 33342 and MitoTracker Red CMXRos for 1 h and washed again. Images were obtained using a BZ X-700
Fluorescence Microscope equipped with a 100x, 1.40 n.a. UPlanSApo Super-Apochromat, coverslip-corrected oil objective and analyzed using BZ-H3A
application software and free NIH ImagelJ software. Bar, 10 ym.
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stained with Hoechst 33342 and MitoTracker Red CMXRos for 1 h, and washed again. Images were obtained and analyzed as described in the legend of Fig. 7.

Bar, 10 ym.

obtained similar results with HOS cells (Fig. 6C). The cyto-
toxicity of TRAIL, as well as OXOPHOS inhibitors, became
more pronounced under prolonged incubation conditions
(72 h). Fig. 6D shows the representative results obtained with
SAOS-2 cells. TRAIL, FCCP, and antimycin A reduced cell
viability to a similar extent. Concomitantly, CASP*/7-AAD*
cells were increased to comparable levels. In addition, when
TRAIL and FCCP applied in combination, CASP/7-AAD*
cells were significantly increased compared with either agent
alone (10.95+0.35 for TRAIL + FCCP, 3.4+0.6 for TRAIL,
5.6+0.7 for FCCP, p<0.01 vs TRAIL alone, P<0.05 vs FCCP
alone, N=3). In contrast, the effect of the combined application
of TRAIL and antimycin A was almost comparable to that of
antimycin A alone. Moreover, the cell death by TRAIL + either
OXOPHOS inhibitor was inhibited partially, but not completely
by Z-VAD-FMK. Collectively, these results indicate that

OXOPHOS inhibitors amplify both caspase-dependent and
caspase-independent cell death at different time-points.

Mitochondrial Ca** overload induces mitochondrial fragmen-
tation and potentiates TRAIL-induced mitochondrial network
disruption. Previously, we reported that TR AIL modulates the
mitochondrial network dynamics in a tumor-selective manner
and that this effect is critical for TRAIL cytotoxicity (34). The
facts led us to hypothesize that the potentiation of TRAIL
cytotoxicity might be related to increased mitochondrial
network abnormalities. To test this, we analyzed the effect
of the Ca**-modulating agents on the mitochondrial network
using HOS cells as a model. Most healthy HOS cells were
highly adherent and possessed tubular mitochondria around
healthy nuclei (Fig. 7A-a). Treatment with TRAIL for 24 h
resulted in the minimal changes in their morphology and a
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modest fragmentation of the mitochondria (Fig. 7A-b) while
CGP treatment led to a substantial increase in round cells that
possess punctate mitochondria and damaged nuclei (Fig. 7A-c).
When TRAIL and CGP-37157 were used in combination, the
mitochondria became more fragmented and clustered, and the
nuclei had smaller fragments (Fig. 7A-d). Also, the red signals
were overlapped with the blue signals, thereby resulting in the
appearance in the pink signals. FCCP and antimycin A also led
to a massive increase in round cells and punctate mitochondria
while the nuclei were damaged only modestly (Fig. 7B-c and
-d). Meanwhile, when TRAIL and either agent were used
together, most cells became heavily damaged and detached
from the coverslips. Accordingly, only a small population of
the damaged cells remained on the coverslips. The remained
cells possessed punctate, clustered mitochondria and frag-
mented nuclei. Also, the overlapping of the red and the blue
signals became more pronounced (Fig. 7B-e and -f). These
results indicate that mitochondrial Ca** overload induces
mitochondrial fragmentation and potentiates TR AIL-induced
mitochondrial network disruption.

Mitochondrial Ca** removal causes mitochondrial hyper-
fusion and potentiates TRAIL-induced mitochondrial
network disruption. The data presented above suggested
that mitochondrial Ca®* overload promoted mitochondrial
fragmentation, suggesting that the Ca*" regulates mitochon-
drial fission positively. To further elucidate the functional
link between mitochondrial Ca®* and the mitochondrial
dynamics, we examined the effects of EGTA and Ru360 on
the mitochondrial network. Either EGTA or Ru360 alone led
to a robust mitochondrial hyperfusion, as indicated by the
appearance in elongated, highly interconnected mitochondria
(Fig. 8-b and -c). Either agent alone had the minimal effects
on the cellular and nuclear morphology. However, TRAIL
+ Ru360, but not TRAIL + EGTA, severely damaged the
cells and the mitochondria became punctate and clustered,
and the nuclei became fragmented (Fig. 8-f). Concomitantly,
most red signals became overlapped with the blue signals,
thereby generating pink signals, as observed in the case of
the application of TRAIL + CGP or TRAIL + OXOPHOS
inhibitors. These results show that mitochondrial Ca** removal
induces mitochondrial hyperfusion and eventually potentiates
TRAIL-induced mitochondrial network disruption.

Discussion

The present study demonstrated that TRAIL-resistant MM
and OS cells were tolerant to mitochondrial Ca** overload by
the drug (Fig. 1). Strikingly, the basal [Ca®*],,; spontaneously
declined over time in these cells, indicating the activation of
a certain mechanism for Ca?* efflux from the mitochondrial
matrix. NCLX (35-37) and MPTPs (41,42) participate in mito-
chondrial Ca?* extrusion in normal cells and some tumor cells.
Therefore, it was possible that either or both pathways contribute
to the tolerance. Consistent with this view, the present study
demonstrates that NCLX plays a key role in mitochondrial Ca?*
extrusion, thereby specifically regulating [Ca**],,;, in MM and
OS cells (Fig. 2C and D). Accordingly, CGP-37157 treatment
led to a persistent mitochondrial Ca?* rise in all MM and OS
cell lines tested. It is well-known that mitochondrial Ca** has
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a dual function depending on its magnitude and duration. Ca**
accumulated in the mitochondrial matrix plays a critical role
in aerobic metabolism and cell survival while a persistent Ca**
overload is the primary cause of apoptosis (17,19). The present
study demonstrated that CGP-37157 sensitized MM and OS
cells to TRAIL cytotoxicity. Z-VAD-FMK strongly blocked
the effect, and CGP-37157 significantly increased caspase-3/7
activation (Fig. 3). The results suggest that the persistent
Ca** overload primarily promotes apoptosis. Our results are
similar to those reported by another group in prostate cancer
cells (43,44). The previous reports showed that CGP-37157
led to mitochondrial Ca** overload and sensitized the cells
to TRAIL-induced apoptosis. Thus, NCLX seems to play a
critical role in the regulation of mitochondrial Ca** dynamics
and TRAIL sensitivity in cancer types from different origins.
Moreover, we found that OXOPHOS inhibitors such as FCCP
and antimycin A also caused mitochondrial Ca** overload
(Fig. 4) and amplified TRAIL cytotoxicity toward MM and
OS cells (Fig. 5). These two agents strongly sensitized all MM
and OS cell lines including those relatively tolerant to the
effect of CGP-37157. As expected, likewise CGP-37157, the
OXOPHOS inhibitors significantly enhanced TRAIL-induced
caspase-3/7 activation, and Z-VAD-FMK strongly blocked
the effects (Fig. 6), supporting the view that apoptosis is the
primary target in the Ca**-dependent TRAIL sensitization.
Nevertheless, our data suggested that mitochondrial Ca?*
overload could also promote another caspase-independent
cell death. It is noteworthy that distinct cell death modalities
seemed to be encouraged by CGP-37157 and OXOPHOS
inhibitors at different time-points. At the early time (within
24 h of post-treatment), apoptosis was mainly enhanced, as
indicated by increased caspase-3/7 activation and the complete
blockade by the caspase inhibitor (Figs. 3 and 6). Whereas, at
the late time (72 h), the additional nonapoptotic cell death was
primarily amplified. Interestingly, at that point OXOPHOS
inhibitors alone caused a substantial cell killing comparable to
that induced by TRAIL, and the simultaneous application of
TRAIL had the minimal additional cytotoxic effect. At present,
the reason for such switching in the cell death modality remains
unclear. However, energy deprivation under the prolonged
cell cultivation might somewhat participate in this switching.
In support of this view, we noticed that similar switching of
cell death modalities from apoptosis to non-apoptotic death
occurred upon mitochondrial Ca** removal (24). Alternatively,
autophagy caused by energy depletion might modulate the cell
death modality. Of note, TRAIL induces autophagy in various
cancer cell types, including MM cells, and autophagy prevents
apoptosis in these cells (45,46). Alternatively, TRAIL might
induce necroptosis, a non-apoptotic programmed cell death,
in the late stage since recent studies revealed that TRAIL
could induce both apoptosis and necroptosis depending on the
cellular caspase-8 activation and autophagy status (9,47,48).
Mitochondrial Ca** overload has also been shown to cause
necrosis (17). In fact, we observed a significant increase in the
cell population with necrotic cell death (CASP/7-AAD*) upon
stimulation with TRAIL + the OXOPHOS inhibitors. However,
the cell population was still small (~11%), and our preliminary
experiments showed that necrostatin-1, a specific necroptosis
inhibitor, reduced the slow cell death only modestly. These
results suggest that necroptosis/necrosis plays a minor role in
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the slow cell death, but further investigation is necessary to
clarify the role.

Another important finding in the present study is that
the Ca**-dependent TRAIL sensitization functionally links
to the mitochondrial fission-fusion dynamics. Our results
demonstrated that all the Ca**-modulating agents markedly
altered the mitochondrial dynamics. Specifically, agents
inducing mitochondrial Ca** overloads such as CGP-37157
and the OXOPHOS inhibitors led to mitochondrial fragmenta-
tion (Fig. 7) while that causing mitochondrial Ca** depletion
such as EGTA and Ru360 evoked mitochondrial hyperfusion
(Fig. 8). Moreover, regardless of their reciprocal actions on the
mitochondrial dynamics, the two types of agents commonly
exacerbated mitochondrial network collapse by TRAIL
(Figs. 7 and 8). These findings strongly suggest that an appro-
priate level of mitochondrial Ca* is essential for maintaining
the mitochondrial dynamics homeostasis. Our results might
provide insight into the controversial observations on the role
of mitochondrial fission in apoptosis. Some studies demon-
strate the requirement of mitochondrial fission machinery
including Drpl, Fisl, and Opal in pro-apoptotic events such
as cytochrome c release and apoptosis (28-30). Whereas, other
studies demonstrated that mitochondrial fission is pro-survival
and its inhibition promoted apoptosis (31-33). It is noteworthy
that at least in cancer cells such as prostate (44) mitochondrial
fragmentation by itself is insufficient for inducing apoptosis.
Our previous study demonstrated that both an excess fragmen-
tation of the mitochondria and the subsequent clustering of the
fragmented mitochondria were essential for TRAIL-induced
apoptosis in MM and OS cells (34). The fragmentation and
clustering of the mitochondria occurred in a tumor-selective
manner and distinct from the usual Drpl-dependent mito-
chondrial fission process because they were accelerated rather
than reduced by inhibition or knockdown of Drpl (33). This
observation strongly suggests that Drpl-dependent revers-
ible mitochondrial fission may prevent the pro-apoptotic
mitochondrial network abnormalities, thereby serving as a
pro-survival event. On the other hand, an excess irreversible
Drpl-independent mitochondrial fragmentation in conjunc-
tion with abnormal clustering may be irreversibly committed
to mitochondrial dysfunction, thereby serving a pro-apoptotic
event. Consistent with this view, another group has reported
that mitochondrial aggregation preceded cytochrome c release
and apoptosis in arsenic trioxide-treated human glioblastoma
cells (49,50). Collectively, it is likely that an appropriate level
of mitochondrial Ca** is required for the pro-survival revers-
ible mitochondrial fission, thereby preventing the pro-death
mitochondrial network collapse. Further studies to prove this
scenario are underway in our laboratory.

In conclusion, we demonstrate in this report that mitochon-
drial Ca** plays a vital role in maintaining the mitochondrial
dynamics and cell survival in MM and OS cells. Thus, targeting
mitochondrial Ca®* homeostasis may serve as a promising
approach to overcome the TRAIL resistance of these cancers
without compromising the tumor-selectivity.
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