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The Na'/H* exchanger is responsible for maintaining the acid-
ic tumor microenvironment through its promotion of the
reabsorption of extracellular Na™ and the extrusion of intracel-
lular H. The resultant increase in the extracellular acidity con-
tributes to the chemoresistance of malignant tumors. In this
study, the chemosensitizing effects of cariporide, a potent
Na*/H*-exchange inhibitor, were evaluated in human malig-
nant mesothelioma H-2452 cells preadapted with lactic acid.
A higher basal level of phosphorylated (p)-AKT protein was
found in the acid-tolerable H-2452AcT cells compared with
their parental acid-sensitive H-2452 cells. When introduced in
H-2452AcT cells with a concentration that shows only a slight
toxicity in H-2452 cells, cariporide exhibited growth-suppressive
and apoptosis-promoting activities, as demonstrated by an
increase in the cells with pyknotic and fragmented nuclei,
annexin V-PE(+) staining, a sub-Go/G peak, and a G/M
phase-transition delay in the cell cycle. Preceding these
changes, a cariporide-induced p-AKT down-regulation, a p53
up-regulation, an ROS accumulation, and the depolarization
of the mitochondrial-membrane potential were observed. A
pretreatment with the phosphatidylinositol-3-kinase (PI3K)
inhibitor LY294002 markedly augmented the DNA damage
caused by the cariporide, as indicated by a much greater ex-
tent of comet tails and a tail moment with increased levels of

the p-histone H2A X, p-ATM*"%8! p-ATR*™?8, p-CHK1%°,
and p-CHK2™® as well as a series of pro-apoptotic events.
The data suggest that an inhibition of the PI3K/AKT signaling
is necessary to enhance the cytotoxicity toward the acid-
tolerable H-2452AcT cells, and it underlines the significance
of proton-pump targeting as a potential therapeutic strategy
to overcome the acidic-microenvironment-associated chemo-
therapeutic resistance.
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INTRODUCTION

Malignant mesothelioma (MM) is a rare but aggressive tu-
mor, and its incidence appears to be rising over the past two
decades due to the increase in asbestos-exposure cases. The
median overall survival for patients is 1.05 years, and the
poor prognosis is attributed to a high resistance to chemo-
therapeutic agents and the delayed diagnosis that is due to a
long latency period, and (Skammeritz et al., 2011). Despite
the development of various therapeutic strategies, the
emergence of drug-resistant variants as the disease progresses
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currently appears inevitable.

The tumor microenvironment is often hypoxic owing to
the reduced perfusion in which the preferential alteration of
the energy metabolism into a high rate of glycolysis produc-
es a large quantity of lactate as the glucose breakdown
product, and this even occurs with an abundant-oxygen
exposure (Warburg, 1956). The subsequent efflux of the H”
outside cancer cells, mediated by the function of proton
transporters or pumps, and the resultant decrease in the
extracellular pH (pHe) within the tumor microenvironment
play critical roles in the driving of the malignant progression
including the cell migration and the resistance to various
chemotherapeutic agents (De Milito and Fais, 2005). The
hostile conditions within the tumor microenvironment, such
as the acidic pHe, hypoxia, and nutrient deprivation, help
cancer cells induce a concerted rapid change in their gene-
expression pattern, and they activate several signaling path-

ways for the purpose of survival (Rohwer and Cramer, 2011).

The metabolic reprogramming contributes to the selection
of the cells that are capable of adapting to various stress
conditions, and that eventually lead to a cellular state that
exhibits an enhanced resistance to these conditions (Al-
farouk, 2016; Yoshida, 2015).

The phosphatidylinositol-3-kinase (PI3K)/AKT survival path-
way is one of the major signaling cascades, and is related to
the acquisition of chemoresistance in various types of hu-
man cancers including MM (Guerrero-Zotano et al., 2016;
Ramos-Nino and Littenberg, 2008; Wilson et al., 2015). The
activation of the PI3K can phosphorylate its downstream
targets, including the AKT, and subsequently activate various
molecules that are involved in protein synthesis and cell
growth. In prostate cancer and esophageal adenocarcinoma
cells, exposure to an acidic pH induces the AKT activation,
which is correlated with an enhanced cell survival (Lee et al.,
2013; Souza et al., 2002). The phosphorylated AKT also
inhibits p53 activation by enhancing the MDM2 (mouse
double minute 2 homolog)-mediated ubiquitination for a
proteasomal degradation, consequently inhibiting the mito-
chondrial p53-dependent apoptosis (Fenouille et al., 2011).
Therefore, the clinical implications of the inhibition of the
PI3K/AKT pathway are important for the suppression of the
emergence of a chemotolerant phenotype and the switch-
ing of the cell-survival signaling to death.

The Na‘/H™-exchanger isoform-1 (NHE1) is responsible for
the maintenance of the intracellular pH (pHi) homeostasis
within tumor cells (acidic pHe of 6.8 vs. alkaline pHi of 7.4),
for which it promotes the reabsorption of extracellular Na*
and the extrusion of intracellular H* (Lee et al., 2015). Earlier
studies have shown that a long-term incubation in low-pH
media or metabolic acidosis enhances the expression and
function of NHE1 (Casey et al., 2010; lgarashi et al., 1992). It
has been shown that both acidic pHe and NHE1 activity in-
crease the invasive capability of tumor cells and are engaged

in the resistance to various anticancer drugs (Ma et al., 2015,

Rofstad et al., 2006).

Research has shown that cariporide, a selective inhibitor of
NHE1, is non-toxic in mammalian cells (Wong et al., 2002);
therefore, this agent might be used to sensitize acidic pHe-
tolerant cells to some chemotherapeutic agents through its
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causing of a low pHi through the disruption of the intra-
extracellular pH gradient.

In the present study, the anticancer effects and potential
mechanisms of cariporide were evaluated, and the involve-
ment of the PI3K/AKT pathway was characterized in the
acid-tolerable MM H-2452AcT cells using its specific inhibitor
LY294002.

MATERIALS AND METHODS

Reagents and cell culture

Cariporide,  LY294002, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), Rhodamine 123, pro-
pidium iodide (Pl), DAPI, 2’,7-dichlorodihydrofluorescein
diacetate (DCF-DA), and the B-actin antibody (A2228) were
obtained from Sigma-Aldrich (Merck KGaA, Germany). The
antibodies against B-cell ymphoma 2 (2820; Bcl-2), cyclin B1
(12231), phosphorylated (p)-cyclin dependent kinase 2
(9114; p-Cdc2™®"), AKT (9272), p-AKT (9271), PARP
(9542), procaspase-3 (9665), cleaved caspase-3 (9664), p-
histone H2A X (9718), p-ATM (5883), p-ATR (2853), p-
CHK1 (2348), and p-CHK2 (2197) were purchased from Cell
Signaling Technology, Inc. (USA). The antibodies against p53
(sc-126), goat anti-rabbit 1gG-HRP (sc-2004), goat anti-
mouse IgG-HRP (sc-2005), and the Enhanced Chemilumi-
nescence (ECL) kit were purchased from Santa Cruz Bio-
technology, Inc. (USA). The human malignant-mesothelioma
cell line H-2452 was obtained from the American Type Cul-
ture Collection (ATCC; USA). The H-2452 cells were main-
tained at 37C in an RPMI-1640 medium (SH30027.01; GE
Healthcare Life Sci., Australia) supplemented with 10% fetal
bovine serum (SH30084.03; GE Healthcare Life Sci.), 100
U/ml penicillin, and 100 pg/ml streptomycin. The acidic pH-
tolerable H-2452 cells (H-2452AcT) were generated from
parental-control H-2452 cells (H-2452) through the applica-
tion of a continued exposure to 3.8 uM lactic acid. The cells
were serially passaged four times for 12 days in a culture
medium containing lactic acid, after which time the cells
were grown to a 70% confluence in a submerged monolay-
er culture for 24 h prior to the treatment.

MTT assay

The cell viability was measured using the MTT assay. The
cells (5 x 10° cells/well) were seeded onto 96-well microtiter
plates and incubated with the vehicle [0.1% dimethylsulfox-
ide (DMSOQ) in medium], cariporide (0 pM, 40 uM, 80 uM,
160 uM, 240 uM, and 320 uM), LY294002 (0 uM, 2.5 uM, 5
uM, 7.5 uM, 10 uM, and 20 uM), or pretreated with
LY294002 (5 uM) for 2 h prior to cariporide (160 uM)
treatment for 48 h and 72 h at 37°C, and were then ex-
posed to tetrazolium dye (final concentration = 0.1 mg/ml)
for 4 h at 37°C. The absorbance value at the 540 nm wave-
length was measured using the GloMax-Multi Microplate
Multimode Reader (Promega Corporation, USA). The per-
centage of viable cells was determined by comparing the
results with those of the vehicle-treated control cells (100%).

Western blot analysis
The cells (10° cells/well) were seeded onto a six-well culture



plate and were then pretreated with the LY294002 (5 uM)
or vehicle for 2 h prior to the cariporide (160 uM) for the
indicated times. The cells were lysed in an RIPA buffer [1 x
phosphate buffered saline (PBS), 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 10 pg/ml phenylmethanesulfonyl
fluoride, and a protease-inhibitor cocktail tablet (Boehringer
Mannheim, Germany)] for 30 min on ice, and then they
were pelleted by a centrifugation of 10,000 g for 10 min at
4C. The protein concentration was determined using the
Pierce™ BCA Protein Assay kit (23225, Thermo Scientific,
USA), according to the manufacturer's protocol. The cell
lysates containing 40 pg of protein were separated on the
NUPAGE 4% to 12% Bis-Tris polyacrylamide gels (Invitrogen;
Thermo Fisher Scientific, Inc., USA), and they were subse-
quently electrophoretically transferred to western-blot poly-
vinylidene fluoride membranes (Bio-Rad Laboratories, Inc.,
USA). The membrane was incubated overnight at 4T with a
ratio of 1:500 diluted primary antibodies in the case of the
blocking buffer (B6429; Sigma-Aldrich, Germany), followed
by a 2 h incubation at room temperature with a 1:5,000
dilution rate of the secondary antibody coupled to the horse-
radish peroxidase. Immunoreactive bands were visualized
using an ECL detection kit and X-ray film. The blots were

stripped using a stripping buffer (100 mM B-mercaptoethanol,

2% SDS, and 62.5 mM Tris-HCl, pH 6.7) and re-probed with
an anti-B-actin antibody that served as the loading control.

RNA interference assay

An RNA interference assay was performed using a p53-
targeting siRNA duplex (HSS186390; Invitrogen). Briefly, the
cells were seeded onto six-well and 96-well plates and then
transfected at a 40% confluency with a p53-targeting siRNA
duplex, or the Stealth RNAI negative-control duplex (12935-
200; Invitrogen) using lipofectamine RNAI MAX (Invitrogen)
according to the manufacturer's recommendations, after
which time they were processed for the MTT assay and the
western blotting.

DAPI staining

Nuclear morphology was observed with the use of DAPI
(& 6-diamidino-2-phenylindole) staining. The cells (1 x 10°
cells/well) were seeded onto the cover slip in the six-well
culture plate and then pretreated with the LY294002 (5 uM)
or vehicle for 2 h prior to the cariporide (160 uM) for 72 h at
37T. The cover slip for adherence cells were washed with 1x
PBS 3 times, fixed in 4% paraformaldehyde at room tem-
perature for 10 min, and washed with 1x PBS. The cover slip
was resuspended in the DAPI (3 ng/ml in 1x PBS) for 5 min
in the dark and washed with 1x PBS. The cover slip was
placed on the slides, and was then mounted using a mount-
ing medium (08381; Polysciences, Inc., USA). The apoptotic
cells were observed with the FluoView FV10i confocal fluo-
rescence microscope (Olympus Corporation, Japan).

Annexin V-PE binding assay

The apoptotic-cell distribution was determined using the
Muse Annexin V & Dead Cell Assay kit (MCH100105; Merck
KGaA, Germany) according to the manufacturer's protocol.
The kit includes a fluorescent-dye phycoerythrin (PE) that is
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conjugated to the annexin V to detect the phosphatidylser-
ine on the external membrane of the apoptotic cells and the
7AAD (7-amino-actinomycin D) as a dead-cell marker. Briefly,
the cells (1 x 10° cells/well) were seeded into the six-well
culture plate and pretreated with the LY294002 (8 uM) or
vehicle for 2 h prior to the cariporide (160 uM) for 72 h at
37T. The cells were trypsinized and collected into a culture
medium, mixed with the Muse™ Annexin V & Dead Cell
reagent, and analyzed using the Muse Cell Analyzer (Merck
KgaA, Germany).

Cell cycle analysis

The percentages of the cells in the Gy, S, and G2/M phases
were measured according to the gquantitation of the DNA
content in the Pl-stained cells. The cells (1 x 10° cells/well)
were seeded onto the six-well plates and pretreated with the
LY294002 (5 uM) or vehicle for 2 h prior to the cariporide
(160 uM) for 72 h at 37C. The trypsinized cells (~10° cell/ml)
were pelleted by centrifugation at 500 g for 7 min at 47C,
fixed in 70% ice-cold ethanol overnight at -20T, and incu-
bated with the Muse™ Cell Cycle reagent (Merck Millipore,
USA). The data from 10,000 single-cell events were collect-
ed using the MACSQuant Analyzer and analyzed using the
MACSQuantify™ v2.5 software (MiltenyiBiotec GmbH, Ger-
many).

Alkaline comet assay

The single cell gel electrophoresis was performed using the
Comet Assay kit (4250-050-K; Trevigen, USA) according to
the manufacturer's protocol. Briefly, the cells (1 x 10°/ml)
were mixed with molten LM (low melting point) agarose at
a ratio of 1:10 (v/v) and layered onto the CometSlide™. The
slides were then incubated with the lysis solution at 4C for
45 min and the Alkaline Unwinding solution for another 20
min at room temperature. Following an electrophoresis at
21 V for 30 min, the slides were washed with dH,O for 5
min and treated with the 70% ethanol for 5 min. The dried
slides were stained with SYBR green (4309155; Thermo
Fisher Scientific, Inc., USA) at 4C for 5 min in the dark and
were observed with the FluoView FV10i confocal fluores-
cence microscope. Ten images were randomly captured per
slide, and the tail-moment values of 60 cells were scored per
slide using the fluorescence microscope with the Comet
Assay IV v4.3 software (Perceptive Instruments Ltd., UK).

Measurement of intracellular ROS levels

The intracellular ROS (reactive oxygen species) levels were
evaluated by measuring the DCF-DA (Sigma-Aldrich, Ger-
many) fluorescence intensity. The cells (1 x 10° cells/well)
were seeded onto the six-well culture plate and pretreated
with the LY294002 (5 uM) or vehicle for 2 h prior to the
cariporide (160 uM) for 72 h at 37¢C. The cells were tryp-
sinized, pelleted by centrifugation at 500 g for 7 min at 4T,
and resuspended in a serum-free RPMI-1640 medium con-
taining 10 uM DCF-DA for 30 min at 37C in the dark. Fol-
lowing the incubation, the cells were trypsinized, resuspend-
ed in 1x PBS, and immediately analyzed with the MACSQuant
Analyzer and MACSQuantify™ v2.5 software (Miltenyi Biotec
GmbH, Germany). The DCF (2’,7-dichlorofluorescein) fluores-
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cence was detected using a 530 nm bandpass filter.

Mitochondrial membrane potential (AWm) analysis

The cells (1 x 10° cells/well) were seeded onto the six-well
plates and pretreated with the LY294002 (5 uM) or vehicle
for 2 h prior to the cariporide (160 uM) for 72 h at 37C. The
cells were trypsinized, harvested by centrifugation at 500 g
for 7 min at 4T, washed twice with the PBS, and stained
with a serum-free RPMI-1640 medium containing Rhoda-
mine 123 (final concentration = 30 nM) at 37C for 30 min.
Following the incubation, the cells were washed twice with
1x PBS. The fluorescence intensity was measured and ana-
lyzed using the MACSQuant analyzer and the MACSQuanti-
fy™v2.5 software (Miltenyi Biotec GmbH, Germany), respec-
tively.

Statistical analysis

The statistical comparisons were performed using a one-way
analysis of variance, followed by Tukey’s post-hoc correction
for multiple comparisons, and the SPSS v17.0 was used
(SPSS, Inc., USA). Data are expressed as the mean * stand-
ard deviation for three independent experiments. A £< .05
was considered statistically significant compared to the re-
spective H-2452 controls.

RESULTS

Long-term incubation of H-2452 cells under low pH
media shows a high level of AKT phosphorylation

A prolonged incubation of H-2452 cells under an acidic me-
dium was employed to induce an acidic tolerance. Acidic
pHe-tolerable H-2452AcT cells were generated from their
parental H-2452 cells using a serial passaging that was con-
ducted four times for 12 days in a culture medium contain-
ing 3.8 uM lactic acid, after which time the MTT assay was
used to measure the cell viability. As expected, the H-
2452AcT cells are more tolerant to low-pH media together
with an enhanced-percent cell viability compared with the
H-2452 cells (Fig. 1A). In addition, the activation of PI3K, as
demonstrated by the increased phosphorylation of the AKT
level, was more increased in the H-2452AcT cells in a time-
dependent experiment. Switching to a fresh-culture media
without lactic acid expressed a slower-growth phenotype in
the H-2452AcT cells; however, the level of p-AKT remained
increased compared with the H-2452 cells (Fig. 1B), alt-
hough an obvious change in the cell cycle distribution was
not found between the two cell lines (Fig. 10).

Cariporide and LY294002 inhibit the AKT phosphorylation
and up-regulate the p53 expression level in the
H-2452AcT cells

The cariporide treatment significantly inhibited the growth
of the H-2452AcT cells at a concentration that shows no
significant toxicity in the H-2452 cells, whereas a PI3K inhibi-
tor, LY294002, showed the equivalent cytotoxicity level on
both cell lines (Figs. 2A and 2B). However, the combined
cariporide (160 uM)/LY294002 (5 uM) treatment for 48 h
showed a more potent cytotoxicity in the H-2452AcT cells
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Fig. 1. Cell growth and phosphorylation status of AKT in acid-tolerable H-2452AcT cells. (A, B) H-2452 and H-2452AcT cells were incu-
bated with the RPMI-1640 medium containing (a) or not containing (b) 3.8 uM of lactic acid for 24 h, 48 h, and 72 h. The cell viability
and p-AKT level were determined using an MTT assay and a western-blot analysis, respectively. (C) Cells were incubated with the RPMI-
1640 medium without lactic acid for 24 h, 48 h, and 72 h. The cell distributions in the sub-Go/G1, Go/G1, S, and G,/M phases were ana-
lyzed using flow cytometry following a propidium-iodide staining (20 ug/ml). The error bars indicate the mean * standard deviation for
three independent experiments. The B-actin was used as a loading control. *~< .05 vs. the respective H-2452 controls.
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compared with their parental H-2452 cells, leading to a sig-
nificant decrease in the cell viability (38.7% and 57.9%,
respectively) compared with each of the cariporide (76.9%
and 91.1%, respectively) or LY294002 (64.4% and 70.5%,
respectively) treatments alone (Fig. 20).

The underlying mechanism of the chemosensitizing effects
of the cariporide to the LY294002 was then further investi-
gated. Treatment with cariporide and LY294002, alone orin
combination, led to an apparent decrease in the p-AKT levels

of both cell lines (Fig. 2D). With the increasing concentration,

an increase in the levels of the p53 protein was also detected
by the treatment with the cariporide or the LY294002 alone
in the H-2452AcT cells, separate from the H-2452 cells (Fig.
3A). The cariporide/LY294002 combination treatment in-
duced an increase in the p53/Bcl-2 protein ratio and the
cleaved form of the caspase-3, along with a decreased level
of its substrate PARP, in the H-2452AcT cells; however, these
changes are much greater in the H-2452AcT cells compared
with the H-2452 cells (Fig. 3B). To evaluate a possible role of
the endogenous p53 on cell growth, the cells were trans-
fected with p53-targeting siRNAs and their sensitivity to the
cell viability was investigated. As expected, a knockdown of
the p53 increased the growth of both the H-2452 and H-
2452AcT cells in a time-course experiment (Fig. 3C). Overall,
the findings of the current study indicate that, together with
an increased p53/Bcl-2-protein ratio, the suppression of the

LY294002; Car/LY, the combination treat-
ment of cariporide and LY294002.
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AKT phosphorylation following the treatment with the cari-
poride and the LY294002 may play a crucial role in the in-
ducement of a marked cytotoxicity in H-2452AcT cells.

Cariporide and LY294002 promote apoptosis and increase
the DNA damage in H-2452AcT cells

To further investigate whether the cariporide/LY294002-
based growth inhibition of the H-2452AcT cells is related to
apoptotic cell death, the pro-apoptotic effects of the two
compounds were examined by analyzing the nuclear pheno-
types and the apoptotic cells using DAPI and annexin-V-
phycoerythrin (PE) staining, respectively. The proportion of
the adherent cells with the condensed and fragmented nu-
clei is much higher than that of the H-2452 cells (Fig. 4A),
and the proportion of the annexin-V-PE(+) cells that under-
went the apoptosis in the early and late phases increased to
67.98% in the H-2452AcT cells treated with the cariporide
and the LY294002 in combination compared with the H-
2452 cells (48.37%) (Fig. 4B). Additionally, the cell cycle
analysis indicated an increase in the sub-Go/G; peak, a hall-
mark of apoptosis, and an increase of the cell percentage at
the G2/M phase with a decrease of the cells at the Gy and S
phases indicated a G,-to-M phase transition delay (Fig. 5A).
The levels of the cell cycle regulatory proteins for the G,-to-
M-phase transition such as cyclin B1 and p-cdc2 (Thr'®")
were also down-regulated following the treatment with the
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Fig. 3. Effects of cariporide and LY294002 on the levels of p53 and apoptosis-regulating proteins in H-2452 and H-2452AcT cells. (A, B)
The cells were incubated with the vehicle (0.1% DMSO) or various concentrations of cariporide (40 uM to 320 uM) and LY294002 (2.5
uM to 10 uM), alone (a) or in combination (160 uM cariporide and 5 uM LY294002) (b) for 48 h. The protein levels were determined by
the Western-blot analysis. The p53/Bcl-2 expression ratio and relative density of protein bands were obtained from densitometric analy-
sis of the Western blot images normalized to B-actin. Representative results are presented from one of three independent experiments;
B-actin was used as a loading control. (C) The cells were transfected with 10 nM p53-targeting siRNA (sip53) or Stealth RNAi control
SiRNA (siC) for 24 h, 48 h and 72 h. The cell viability and p-AKT level were determined using an MTT assay and a Western-blot analysis,
respectively. The error bars indicate the mean + standard deviation for three independent experiments. The B-actin was used as a load-
ing control. "P < .05 vs. the respective H-2452 controls. Bcl-2, B-cell ymphoma 2; PARP, poly (ADP-ribose) polymerase. Car, cariporide;
LY, LY294002; Car/LY, the combination treatment of cariporide and LY294002.
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Fig. 4. Apoptosis-promoting effects of cariporide and
LY294002 in H-2452 and H-2452AcT cells. The cells
were treated with cariporide (160 uM) and
LY294002 (5 uM), alone or in combination, for 72
h. (A) Nuclear morphology was assessed by nuclear
staining with DAPI (magnification x40). (B) The
number of apoptotic cells following annexin V-PE
staining was analyzed using a Muse Cell Analyzer.
Representative results are presented from one of
three independent experiments. Error bars indicate
the mean + standard deviation for three independ-
ent experiments. "~ < .05 vs. the respective H-2452
controls. Car, cariporide; LY, LY294002; Car/LY, the
combination  treatment of cariporide and
LY294002; PE, phycoerythrin.



cariporide and the LY294002 in both the H-2452AcT and H-
2452 cells (Fig. 5B).

To assess the effects of the cariporide and the LY294002
on the DNA damage in the H-2452AcT cells, the comet as-
say (single cell gel electrophoresis) was employed under
non-denaturing conditions. As shown in Fig. 5C, the caripo-
ride and the LY294002, alone or in combination, showed a
significant increase of the damaged DNA fragments, which
was represented by a much greater extent of comet tails and
the tail moment compared with the untreated controls. The
tailF-moment value increased to 53.08% in the H-2452AcT
cells treated with the two compounds compared with the H-
2452 cells (43.22%). Next, the phosphorylation status of the
various damage-sensing molecules such as ATM/ATR,
CHK1/2, and histone H2AX were examined following the
treatment with the cariporide and the LY294002, alone or in
combination, As shown in Fig. 5D, the levels of p-ATM*%!
and p-ATR*™?8 as well as their respective downstream tar-
gets p-CHK1°¢** and p-CHK2™®® were increased in both of
the cell types, which were accompanied by an increase of
the phospho-H2A X**"% (x-H2A X), a known marker of the
DNA double-strand breaks (DSBs).

Cariporide and LY294002 cause ROS accumulation and
mitochondrial dysfunction
To investigate whether the cytotoxic effects of the cariporide
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and the LY294002 on the H-2452AcT cells are associated
with oxidative mitochondrial damage, the intracellular-ROS
levels and the mitochondrial membrane potential (AWm)
were measured using flow cytometry with the ROS-sensitive
fluorophore DCF-DA and the Rhodamine 123, respectively.
As shown in the representative histogram in Fig. 6A, the
treatment with each of the cariporide or the LY294002
alone increased the ROS level in the H-2452AcT cells
(27.68% or 40.90%, respectively) or the H-2452 cells
(9.62% or 39.78%, respectively) compared with their re-
spective controls, as indicated by the DCF-fluorescence shift
to the right. The cariporide/LY294002 combination treat-
ment the increased the ROS level to approximately 66.45%
and 47.46% in the H-2452AcT and H-2452 cells, respective-
ly. Similarly, the proportion of cells with the AWm loss, as
indicated by the Rhodamine-123-fluorescence shift to the
left, significantly increased to 26.86% or 67.05% in the H-
2452AcT cells treated with the cariporide alone or in combi-
nation with the LY294002, respectively, compared with the
H-2452 cells (9.37% or 37.12%, respectively).

DISCUSSION

The acidic pHe is the well-known feature of the tumor
microenvironment, and it may play a pivotal role in the
emergence of cells with an increased resistance to many
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Fig. 5. Effects of cariporide and LY294002 on the cell cycle and DNA damage in H-2452 and H-2452AcT cells. The cells were treated with
cariporide (160 pM) and LY294002 (5 uM), alone or in combination, for 72 h. (A) The cell distributions in the sub-Go/G1, Go/G1, S, and
G2/M phases were analyzed using flow cytometry following a propidium-iodide staining (20 pg/ml). (B) Expression levels of cell cycle-
regulating molecules were measured by Western blot analysis. (C) The alkaline comet assay was conducted to assess DNA damage. The
tail moment were scored per slide using the fluorescence microscope with the Comet Assay IV v4.3 software. (magnification x40). (D)
Expression levels of DNA damage-sensing molecules were measured by Western blot analysis. The B-actin was used as a loading control.
Error bars indicate the mean * standard deviation for three independent experiments. "2 < .05 vs. the respective H-2452 controls. Car,
cariporide; LY, LY294002; Car/LY, the combination treatment of cariporide and LY294002; p-cdc2, phosphorylated cyclin dependent

kinase 2.
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chemotherapeutic agents (Raghunand and Gillies, 2000).
Such an unfavorable intra-tumor environment may activate
several different mechanisms that alter the phenotype of the
tumor cells; of these, the PI3K/AKT survival pathway is fre-
quently activated at different levels in many types of cancers
and plays critical roles in the promotion of the growth,
proliferation, and survival of the cancer cells (Ramos-Nino
and Littenberg, 2008; Wilson et al., 2015). The aim of the
present study comprises the anticancer effects and potential
mechanisms of an NHE1 inhibitor cariporide and a PI3K
inhibitor LY294002 on acidic pHe-tolerable MM H-2452AcT
cells, as demonstrated by the enhancement of the apoptosis
and the G,/M phase transition delay in the cell cycle. These
findings at least partly provide a mechanistic explanation
that is related to the increased DNA damage to the H-
2452 AcT cytotoxicity that is caused by the two compounds.
The activation of the PI3K is reportedly induced after the
acid loading, possibly as an adaptive pro-survival process, in
various cancer types including the prostate cancer and lung
cancer cells /in vitro (Hu et al., 2016; Lee et al., 2013). To
date, there is little information to indicate how acidic pHe
affects activation of PI3K/AKT signaling at the molecular
level. It is known that ion transporters, such as NHE1, are
activated by acid exposure (low pHe) to export excess H"
jons from the cytoplasm to the extracellular environment,
which subsequently leads to the activation of the PI3K/AKT
signaling by an ezrin/radixin/moesin-dependent mechanism
(Wu et al., 2004). In addition to its antiapoptotic role, AKT
has been shown to play a role in the prevention of cytosolic
acidification (Gottlob et al., 2001). Consistent with the pre-
vious studies, the prolonged exposure of the H-2452 cells to
lactic acid exhibited an increased AKT phosphorylation,
which remained increased even when the lactic acid was
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Fig. 6. Effects of cariporide and LY294002
on ROS generation and mitochondrial
membrane potential (AWm) in H-2452 and
H-2452AcT cells. The cells were treated with
cariporide (160 uM) and LY294002 (5 uM),
alone or in combination, for 72 h. (A) The
levels of cellular ROS were measured using
flow cytometry following staining with DCF-
DA (10 uM). A shift in DCF fluorescence to
the right indicated an increase in ROS (reac-
tive oxygen species) levels. (B) AWm was
measured by staining the cells with Rhoda-
mine 123 (30 nM). The error bars indicate
the mean * standard deviation for the three
independent experiments. “P < .05 vs. the
respective H-2452 controls. DCF-DA, 2°,7-
dichlorodihydrofluorescein diacetate; Car,
cariporide; LY, LY294002; Car/LY, the com-
bination treatment of cariporide and
LY294002.
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replaced with a fresh-culture media without lactic acid,
compared with their parental H-2452 cells. This indicates
that the activation of the PI3K may affect the increased tol-
erance of the H-2452AcT cells to acidic environments.
Therefore, it can be rational to speculate that intracellular
acidification by NHE1 inhibitors may inhibit AKT activation
and be useful in inhibiting the proliferation of cells that are
situated in slightly acidic tumor microenvironment. This no-
tion is supported by the findings that amiloride, another
NHE1 inhibitor, inhibits AKT phosphorylation in many cell
types (Kim and Lee, 2005; Zheng et al., 2015) and by our
demonstration that cariporide provides a signal that antago-
nizes AKT activation.

The inhibition of the PI3K activity and the subsequent inac-
tivation of its downstream substrate, AKT, sensitize various
cancer cells to cisplatin and doxorubicin (Fan et al.,, 2014;
Singh et al., 2013). At the concentrations that exhibited a
slight cytotoxicity on the H-2452 cells, the cariporide treat-
ment inhibited the AKT phosphorylation in both the H-
2452AcT and H-2452 cells. A further inhibition of the PI3K
activity in combination with the LY294002 caused a marked
cytotoxicity in the H-2452AcT, as demonstrated by a series
of mitochondrial pro-apoptotic events, including an in-
creased p53/Bcl-2 expression ratio, a marked AWm loss, and
the subsequent activation of the executioner caspase-3
along with the DNA damage and the cell cycle transition
delay from the G, phase to the M phase. These cellular re-
sponses are associated with the effects of the two com-
pounds on the p53 expression. Wild-type p53 is required for
the sensitization of chemoresistant cancer cells via the inhibi-
tion of the PI3K pathway components. It has been reported
that p53 binds to the PIK3CA promoter to suppress the tran-
scription of the p110a catalytic subunit of PI3K, which even-



tually inhibits the phosphorylation of its target substrate,
AKT, by reducing the protein level and the activity of the
PI3K in ovarian-cancer cells (Astanehe et al., 2008). AKT can
also inversely inhibit the p53 activation through the MDM2
and therefore inhibits the mitochondrial p53-dependent
apoptosis (Fenouille et al., 2011). Similarly, the inhibition of
the AKT phosphorylation from the combination treatment of
the cariporide and the LY294002 in the present study in-
creased the p53-protein level along with an increased cyto-
toxicity, while a p53 knockdown resulted in enhanced cell
viability. These results indicate that p53 may exert suppres-
sive effects on the cell growth through the PI3K/AKT signal-
ing. How a decrease in the pHi affects the p53 expression is
not known. However, as noted above, cross-talk between
AKT activity and p53 expression should be considered. The
tumor-suppressing p53 protein drives the gene expression
for DNA repair, growth arrest, and apoptosis (Pabla et al.,
2008; Polager and Ginsberg, 2009). When DNA is damaged
before the DNA synthesis or mitosis, the cells with remedia-
ble damage stop their cell cycle progression at the Gy or G
phase until the damage is repaired; however, irreversibly
damaged cells are eliminated by apoptosis. It has been
demonstrated that the inactivation of the p53 protein is
associated with an increase of the Bcl-2 anti-apoptotic pro-
tein, which has been responsible for anticancer-drug re-
sistance in various cancers (Schmitt and Lowe, 2001; Weller,
1998). In this regard, the presence of an upregulated p53
expression, a downregulated Bcl-2 expression, and an inhib-
ited pro-survival PI3K/AKT signaling, which suppresses the
actions of the pro-apoptotic circuitry, may provide a theoret-
ical basis for the production of an apoptosis-promoting ef-
fect through the application of cariporide and LY294002 in
H-2452AcT cells.

Not only does p53 exert a strong influence on apoptosis,
but it also plays a central role in the DNA-damage triggered
responses, as outlined above. The findings of this study
show that the treatment with cariporide and LY294002
cause a marked increase in the level of the y-H2A.X, a com-
monly assayed marker of DSBs, thereby indicating that a
series of pro-apoptotic processes might be the result of DSB-
related DNA damage (Tomita, 2010). DNA damage induces
the subsequent activation of DNA-repair proteins as well as
DNA-damage checkpoints to arrest the cell cycle, whereby
the repair-process time is allowed for (Deng et al., 2015).
Accordingly, the key regulators of the DNA-damage re-
sponse such as p-ATM**"®" and p-ATR**"?8 as well as their

respective downstream targets p-CHK1>>% and p-CHK2"™®,

are up-regulated following the treatment with the cariporide
and the LY294002 in the H-2452AcT cells; this appears to be
a signal that occurs in response to the DNA damage and is
responsible for the maintenance of the genomic-DNA integ-
rity. Nevertheless, the DNA-repair capacity, which may pro-
vide a route for drug-resistant subpopulations to arise, was
unable to override the cell-death processes that were in-
duced by the two compounds in the H-2452AcT cells.
Oxidative stress leads to DSBs and the DNA base or deoxy-
ribose damage causing the single-strand break (Caldecott,
2007; Karanjawala et al., 2002); moreover, excessive ROS
production also triggers a mitochondrial-mediated apoptosis
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(Lee and Lee, 2016; Redza-Dutordoir and Averill-Bates,
2016). ROS accumulation is an early event in the cariporide-
mediated anticancer effect and may trigger a rapid cell
death as a consequence of intracellular acidification (De
Milito et al., 2007). The combination of these results with
the observations from the present study, which revealed
mitochondrial damage and an apoptotic increase, indicates
that the pro-oxidant role of cariporide is essential in the po-
tentiation of the cytotoxic effects of LY294002 on H-
2452AcT cells. Furthermore, it has been shown that elevated
ROS levels suppress the PI3K/AKT survival pathway and sub-
sequently induce apoptosis (Yan et al., 2015), whereas the
activation of this survival pathway suppresses apoptosis via
an inhibition of the apoptotic factors including the BAD (Bcl-
2-associated death promoter), or via the stimulation of the
transcription of the anti-apoptotic proteins including Bcl-x.
(Fuetal., 2016). In this regard, the ROS may act as upstream
molecules in the mediation of the anticancer effects of
cariporide and LY294002 on the H-2452AcT cells.

In conclusion, the data of the present study suggest that
the inhibition of the PI3K/AKT signaling by cariporide and
LY294002 is necessary to enhance the cytotoxicity toward
the acidic pHe-tolerant MM H-2452AcT cells, and that
ROS-dependent mechanisms may contribute to this
process. This effect seems to be mediated, at least in part,
by the p53 protein that plays critical roles in the damaging
of DNA, the cell cycle arrest, and apoptosis, thereby further
supporting the significance of proton-pump targeting as a
potential therapeutic strategy to overcome the acidic-
microenvironment-associated chemotherapeutic resistance.
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