Received: 26 March 2021

Revised: 5 August 2021

Accepted: 11 August 2021

DOI: 10.1111/cas.15123

ORIGINAL ARTICLE

(I HA IR (H ] WILEY

Inhibition of acid ceramidase elicits mitochondrial dysfunction
and oxidative stress in pancreatic cancer cells

Tomohiko Taniai'?

| Yoshihiro Shirail*2

| Yohta Shimada®? | Ryoga Hamura'*? |

Mitsuru Yanagaki®? | Naoki Takada®? | Takashi Horiuchi? | Koichiro Haruki®? |
Kenei Furukawa'?® | Tadashi Uwagawa' | Kazuhito Tsuboi® | Yasuo Okamoto® |
Shu Shimada* | Shinji Tanaka* | Toya Ohashi? | Toru Ikegami®

'Department of Surgery, The Jikei University
School of Medicine, Tokyo, Japan

“Division of Gene Therapy, Research Center
for Medical Science, The Jikei University
School of Medicine, Tokyo, Japan

SDepartment of Pharmacology, Kawasaki
Medical School, Kurashiki, Japan

“Department of Molecular Oncology
Graduate School of Medicine, Tokyo Medical
and Dental University, Tokyo, Japan

Correspondence

Yoshihiro Shirai, The Jikei University School
of Medicine, 3-25-8 Nishi-Shinbashi,
Minato-ku, Tokyo 105-8461, Japan.

Email: shirai@jikei.ac.jp

Funding information

Japan Society for the Promotion of
Science KAKENHI, Grant/Award Number:
17K16584, 20K17665; Uehara Memorial
Foundation; Jikei University.

1 | INTRODUCTION

Impaired metabolism of various sphingolipids, such as sphingomyelin,
ceramide, and sphingosine-1-phosphate, has been associated with sev-
eral human diseases, including type 2 diabetes mellitus, Alzheimer’s dis-

ease, and numerous cancers.® Sphingolipids, which are cell membrane
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components, play important roles in the growth and proliferation of
cancer cells.? The sphingolipid ceramide is known to induce cell apop-
tosis® and improve sensitivity to chemotherapy.* Therefore, targeting of
ceramides has been used in several cancer treatment strategies.

The ceramide metabolic pathway includes various enzymes, such as

sphingomyelinase® and neutral ceramidase,® which have been identified
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as therapeutic targets for ceramide accumulation in cancers. Acid cerami-
dase, a lysosomal enzyme that hydrolyzes ceramide into sphingosine and
fatty acids,” has recently attracted increasing attention for the treatment
of various cancers.®? Acid ceramidase is the causative enzyme of Farber
disease,'? a lysosome storage disorder associated with a poor prognosis,
and the inhibition of this enzyme is reported to induce apoptosis of var-
ious cancer cells.® Furthermore, AC inhibition was reported to increase
radiosensitivity in prostate cancer,'! improve chemosensitivity in the
head and neck cancers,'? and induce antitumor effects in glioblastoma.13
However, the effect of AC inhibition against pancreatic cancer remains
unclear. A previous study* using a cell culture system and ceramide an-
alogs on pancreatic cancer was reported, but the detailed molecular bio-
chemical mechanism underlying ceramide-induced cell apoptosis was not
elucidated. Therefore, further clarification of the effect of AC inhibition
and the underlying mechanism in pancreatic cancer is expected to con-
tribute to the development of new therapeutic methods.

Novel AC inhibitors are required for the development of thera-
peutic strategies against pancreatic cancer. Some AC inhibitors, such
as N-oleoylethanolamine,®® LCL521," and ARN14899,'” have been
evaluated in preclinical trials but have not yet been applied clinically.
Carmofur, an oral drug reported to improve the prognosis of patients
with colon cancer,'® was approved for the treatment of colon and
breast cancers in Japan in 1981,% and is the only AC inhibitor clin-
ically available.” However, its application is limited due to risk of
Ieukoencephalopathy,20 which has prevented the approval of this
drug by the US FDA.® In addition, the insolubility of carmofur pre-
vents intravenous administration.” Thus, there is currently no safe
administration method. For these reasons, it is important to develop
a novel therapeutic technique for AC inhibition.

Therefore, the present study aimed to investigate the efficacy of
gene therapy using siRNA and shRNA to block AC in pancreatic can-
cer. Moreover, the antitumor mechanisms underlying AC inhibition

are partially elucidated.

2 | MATERIALS AND METHODS
2.1 | Celllines

The human pancreatic cancer cell lines PANC-1 (cell number 1-4446) and
MIA PaCa-2 (cell number I-4311) were purchased from the Cell Resource
Center for Biomedical Research, Institute of Development, Aging and
Cancer, Tohoku University. PATC66 were a kind gift from Dr Paul J. Chiao,
The University of Texas, MD Anderson Cancer Center. PANC-1 and MIA
PaCa-2 were maintained in DMEM containing 10% FBS and 1% penicillin/
streptomycin. RPMI-1640 medium was used for PATC66. All cells were
incubated under a humidified atmosphere of 5% CO,/95% air at 37°C.

2.2 | Reagents

Gemcitabine (Eli Lilly Japan) was dissolved in DW and stored at
-20°C until use. N-acetylcysteine (FUJIFILM Wako Pure Chemical
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Corporation) was dissolved in DMSO and stored at -20°C until use.
14C-labeled C12 ceramide was chemically prepared from sphingosine
(Enzo Life Sciences) and [1-**C]lauric acid (Moravek Biochemicals) as

previously described for N-[**Coleoylsphingosine.?*

2.3 | Antibodies

Monoclonal antibodies specific to cleaved caspase-3 (#9664), cleaved
caspase-8 (#9496), cleaved PARP (#9546), GAPDH (#2118), and
phospho-Akt (#4060) were obtained from Cell Signaling Technology.
A mAb specific to AC (sc136275) was purchased from Santa Cruz
Biotechnology, and MnSOD (ab68155) was obtained from Abcam.

2.4 | Smallinterfering RNA transfection

Small interfering RNA against AC (siGENOME SMART pool; M-
005228-01-0005), siGENOME AC-Set of four Upgrade (MU-
005228-01-0002), and its nontargeting control (siScr, siGENOME
nontargeting siRNA pool #1; D-001206-13-20) were purchased from
Horizon Discovery. The target sequences of siAC-Set of four Upgrade
were as follows: siAC |, CACCAUAAAUCUUGACUUA; siAC I,
GGUCAUAACUGAGCAACUA; siAC I, UAUAUGAACUCGAUGCUAA;
and siAC IV, GAAAAUAGCACAAGUUAUG. The cultured cells
were transfected with each siRNA using Lipofectamine RNAIMAX
Transfection Reagent (Thermo Fisher Scientific) in accordance with the

manufacturer’s protocols.

2.5 | Plasmid transfection

For overexpression of AC, the cDNA encoding human AC?? was in-
serted into the pEF6/Myc-His mammalian expression vector at the Kpnl
and BamHl sites. The MIA PaCa-2 cells were then transfected with this
plasmid DNA using Lipofectamine 2000 Transfection Reagent (Thermo
Fisher Scientific) in accordance with the manufacturer’s protocols.

2.6 | Experimental treatment groups

To evaluate the antitumor effects, the cells were divided into four treat-
ment groups: siScr + DW, siAC + DW, siScr + GEM, and siAC + GEM.
To assess the role of ROS in the antitumor effect, the cells were divided
into three treatment groups: siScr, siAC, and siAC + NAC. The NAC
concentration was 5 mmol/L in accordance with the protocol of the
CellROX Deep Red Flow Cytometry Assay Kit (Thermo Fisher Scientific).

2.7 | Adeno-associated virus serotype 8

In a xenograft mouse model, a mammalian shRNA knock-

down AAVS8 vector (VectorBuilder) was used with either shAC or
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scramble shRNA, together with EGFP. The target sequence of AC was
GGTCATAACTGAGCAACTAAACTCGAGTTTAGTTGCTCAGTTATGACC.
A detailed map of the vector is presented in Figure S1. The scramble vec-
tor VB180117-1020znr was purchased from VectorBuilder. The experi-
ments using AAV vectors were approved by the Recombinant Gene Safety
Committee of Jikei University (approval no. R1-18-2) and the Committee
for Laboratory Biosafety of Jikei University (approval no. 11-1-52).

2.8 | Animal experimental protocol

A pancreatic cancer xenograft mouse model was created by sub-
cutaneous injection of 5 x 10 PANC-1 cells suspended in 100 uL
PBS in 4-week-old male mice (BALB/c nu/nu). When the average
tumor major axis reached 8 mm, the mice were randomly divided
into two groups, AAV8-shScr and AAV8-shAC. Vectors encoding
2 x 10 genome copies suspended in 20 uL PBS were directly in-
jected into the subcutaneous tumor. The mice were killed when the
tumor length reached 20 mm. Tumor volume was calculated as fol-
lows: (major axis) x (minor axis) x (minor axis)/2 (mm°®). The protocol
for this animal experiment was approved by the Institutional Animal
Care and Use Committee of Jikei University (approval no. 2019-015).
The study was carried out in accordance with the Guidelines for the
Proper Conduct of Animal Experiments of the Science Council of
Japan based on the Declaration of Helsinki.

2.9 | Western blot analysis

Protein extraction and western blot analysis were undertaken as de-
scribed in a previous study.23 After incubating the blots with each
primary Ab (1:200 dilution for AC and 1:1000 dilution for others) for
24 hours (48 hours for AC), the membranes were incubated with sec-
ondary Abs (1:10 000 dilution; Histofine; Nichirei Bioscience). The

protein bands were enhanced with Clarity Max (Bio-Rad Laboratories).

2.10 | Acid ceramidase enzymatic activity assay

The premix preparation and enzymatic reaction were undertaken as pre-
viously described,?? except that the reaction time was extended from
30 minutes to 2 hours in some experiments. Thin-layer chromatography
was carried out at 4°C for 20 minutes with a mixture of chloroform / meth-
anol / acetic acid (94:1:5, by volume). To calculate the enzymatic activities,
the radioactivities of the substrate and product on the plate were quanti-
fied using an image analyzer (Typhoon 9400; GE Healthcare) and a shield

box made of lead to increase the sensitivity of enzyme assays.

2.11 | Apoptosis analysis via flow cytometry

The Annexin V/FITC Kit (Miltenyi Biotec) was utilized to stain

cultured cells, which were analyzed using the Attune NxT Flow

Cytometer (Thermo Fisher Scientific) to evaluate the induction of
apoptosis in accordance with the manufacturers’ protocols.

2.12 | Cell proliferation assay

PANC-1, PATC66 (2 x 10° cells/well), and MIA PaCa-2 (1 x 10° cells/
well) cells were seeded into the wells of 96-well plates and trans-
fected with siRNA as described above. Cell proliferation was meas-
ured using the CCK-8 (Dojindo Laboratories) in accordance with the

manufacturer’s protocols.

2.13 | Liquid chromatography-tandem mass
spectrometry analysis of intracellular ceramide

Cells were homogenized with 100 pL distilled water. Cell lysate (50 uL)
was mixed with 45 pmol C17-ceramide (860517P; Avanti Polar Lipids)
as an internal control, and 1 mL extraction buffer (chloroform : metha-
nol = 2:1), and the mixture was shaken for 30 minutes at room tem-
perature. After centrifugation for 10 minutes, the lower layer was
collected, 10 pL of which was analyzed by HPLC equipped with a triple
quadrupole mass spectrometer (LCMS-8040; Shimadzu). A Synergi
MAX-RP (150 mm x 4.6 mm; Phenomenex) was used for separation.
The flow rate was 0.4 mL/min. Mobile phase A was distilled water
(Kanto Chemical) containing 2 mmol/L ammonium acetate (FUJIFILM
Wako Pure Chemical Corporation) and 0.1% formic acid (Nacalai
Tesque). Mobile phase B consisted of methanol (FUJIFILM Wako
Pure Chemical Corporation) including 2 mmol/L ammonium acetate
and 0.1% formic acid. The mobile phase gradients were as follows:
0-0.01 minute, 10% B; 0.01-1 minute, 10%-50% B; 1-1.01 minute,
100% B; 1.01-30 minutes, 100% B; and 30.01-30.5 minutes, 0% B.
Ceramide isoforms were quantified by multiple reaction monitoring
in positive ion mode. Transitions are listed below: C16 (d18:1/16:0);
m/z 538.2 > 264.2, C18 (d18:1/18:0); m/z 566.55 > 264.2, C24
(d18:1/24:0); m/z 650.45 > 264.25, C17 (d18:1/17:0); and m/z
552.45 > 264.2. The concentrations of those isoforms were calculated
by using a calibration curve of ceramide (860052P; Avanti Polar Lipids).

2.14 | Mitochondrial membrane potential analysis

The MMP was evaluated using the JC-1 MitoMP Detection Kit
(Dojindo Laboratories) in accordance with the manufacturer’s pro-
tocols. The stained cells were detected using a fluorescence micro-
scope, and quantitative analyses were undertaken using an Attune

NXT Flow Cytometer (Thermo Fisher Scientific).

2.15 | Quantitative analysis of intracellular ROS

The cells (1 x 10° cells) were seeded into a 100-mm dish trans-
fected with siRNA 12 hours later. After transfection for 24 hours,
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the medium was changed, and the cells were treated with or with-
out NAC for 72 hours. Subsequently, the cells were stained using
the CellROX Deep Red Flow Cytometry Assay Kit (Thermo Fisher
Scientific) to assess the induction of ROS and analyzed using an
Attune NxT Flow Cytometer (Thermo Fisher Scientific) in accord-

ance with the manufacturer’s protocols.

2.16 | Analysis of mitochondria-derived ROS

MitoSOX Red Mitochondrial Superoxide Indicator (Thermo Fisher
Scientific) was used in accordance with the manufacturer’s proto-
cols. The cells were stained with MitoTracker and MitoSOX Red and
observed under a fluorescence microscope. Quantitative analyses
were carried out using an Attune NXT Flow Cytometer (Thermo

Fisher Scientific).

2.17 | Statistical analysis

Data are expressed as mean + SD. As for tumor volume, data are ex-
pressed as mean + SE. Comparisons were carried out using the two-
tailed nonpaired t test or repeated measures ANOVA as appropriate.
A P value of less than .05 was considered statistically significant.
The log-rank test was used to evaluate overall survival in xenograft
mouse model.

3 | RESULTS

3.1 | Knockdown of AC induces antiproliferative
effects in pancreatic cancer cells and tumors

The AC levels of PANC-1, PATC66, and MIA PaCa-2 cells were de-
termined by western blot analysis (Figure 1A,B). The results indi-
cated that the AC expression was high in PANC-1 cells, moderate
in PATC66 cells, and low in MIA PaCa-2 cells. After western blot
analysis, enzymatic activity analysis, and quantitative analysis of
intracellular ceramide, LC-MS/MS was used to determine whether
AC was actually knocked down by siRNA and whether AC suppres-
sion induced the accumulation of intracellular ceramide, which is
known to induce cell apoptosis.?* In all cell lines, siAC transfection
suppressed AC expression (Figure 1C,D). The enzymatic activity of
AC was significantly suppressed in all cell lines (Figure 1E). Acid cer-
amidase inhibition increased the intracellular levels of C16, C18, and
C24 ceramides in all cell lines (Figure 1F). Following siScr transfec-
tion, the intracellular level of ceramide was lower than that of the
nontreatment group. These results indicate that siAC inhibited the
functional activity of AC and induced the intracellular accumulation
of several ceramide species.

Next, the effect of AC knockdown on cell proliferation and
apoptosis induction was evaluated. In all cell lines (PANC-1,
PATC66, and MIA PaCa-2), proliferation was suppressed by AC
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inhibition (Figure 2A). Western blot analysis was used to evaluate
the expression levels of the apoptosis markers caspase-8, cleaved
caspase-3, and cleaved PARP to investigate the effects of AC knock-
down on apoptosis of pancreatic cancer cells. The results revealed
that AC knockdown increased the levels of all apoptosis markers
(Figure 2B,C). Moreover, the results of the annexin assay indicated
an increase in the proportion of apoptotic cells in the siAC group
(Figure 2D). Furthermore, an AAV8-shAC vector (Figure S1) was
generated to evaluate the antitumor effect of AC knockdown in a
xenograft mouse model. The target sequence of AC was determined
by western blot analysis and LC-MS/MS analysis of intracellular cer-
amide using sSiGENOME AC-Set of four Upgrade (Figure S2), and the
sequence with the highest efficiency for the accumulation of cera-
mide was selected. The function of the AAV vector was confirmed
by western blot analysis, a cell proliferation assay, and fluorescence
microscopy for the detection of EGFP (Figure S3). The tumor volume
was significantly smaller, and overall survival was significantly longer
in the AAV8-shAC group compared with those of the AAV8-shScr
group (Figure 2E,F). The side-effects of AAV8 and AAV8-shAC were
also evaluated, which revealed no significant difference in the body
weight or blood data, such as AST and ALT, between the treatment
(AAV8-shScr and AAV8-shAC) and control (nontreatment) groups
(Figure 2G,H). These results indicated that AC suppression had anti-
proliferative effects by inducing apoptosis of pancreatic cancer cells

and tumors.

3.2 | Inhibition of AC induces mitochondrial
dysfunction accompanied by ROS accumulation
resulting in cell apoptosis

Ceramide is involved in cell death and tumor suppression through
mitochondrial dysfunction.?>2¢ Thus, the MMP following AC knock-
down was analyzed using the fluorescent dye JC-1 to evaluate the
effect of ceramide accumulation on mitochondrial function. JC-1
fluorescence changes from red to green upon MMP depolarization.
The results revealed that AC knockdown increased the proportion
of green fluorescence cells in all cell lines (Figure 3A,B). These data
indicate that AC inhibition elicits mitochondrial dysfunction.

To elucidate the mechanisms underlying cell apoptosis by AC in-
hibition, the levels of intracellular ROS, which is mainly generated by
dysfunctional mitochondria, were measured.?’ First, ROS was quan-
tified by flow cytometry, which indicated that AC inhibition gener-
ated high levels of ROS in all cell lines (Figure 3C). Next, fluorescent
staining showed that AC knockdown induced mitochondrial genera-
tion of ROS (Figure 3D). Contrarily, NAC reduced the generation of
siAC-induced ROS (Figure 3C). Similarly, NAC canceled cell apopto-
sis induced by AC knockdown, indicating that the accumulation of
ROS causes cell apoptosis (Figure 3E). These results suggest that the
generation of ROS due to ceramide accumulation by AC knockdown
was the main cause of cell apoptosis. We also used overexpression
model of AC in MIA PaCa-2 cells in which AC was knocked down to

validate the AC functions regarding the mitochondrial dysfunction
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FIGURE 1 Relative expression levels of acid ceramidase (AC) in pancreatic cancer cells. A, Western blot analysis. B, Densitometry
obtained from triplicate western blots. AC was certainly knocked down by siRNA. C, D, In all cell lines, siRNA against AC (siAC) transfection
suppressed AC expression (*P < .01; n = 3). E, The enzymatic activity of AC was significantly suppressed in all cell lines (*P < .01; n = 3).

F, Quantitative analysis of intracellular ceramide. The amount of intracellular ceramide was increased in each cell line after 72 h (*P < .01;

n = 3). NT, no treatment

and oxidative stress. Acid ceramidase overexpression in these cells
revealed ceramide degradation, resulting in the recovery of mito-
chondrial membrane potential and reduction of ROS (Figure S4).
These results reinforced that AC affected mitochondrial function
and oxidative stress.

Moreover, the effects of AC knockdown on the activities of the
ROS scavenger MnSOD were investigated. An interesting report
noted that ROS activated Akt, which resulted in the downregula-
tion of MnSOD.?® The results of the present study revealed that
AC knockdown enhanced p-Akt expression while decreasing the
MnSOD expression (Figure 3F), suggesting that ROS accumulation
induced by mitochondrial dysfunction was further enhanced by
MnSOD suppression.

3.3 | Acid ceramidase suppression and GEM have
additive effects on apoptosis

To evaluate whether AC suppression and GEM, a standard drug for
pancreatic cancer, have additive antitumor activities, cell prolifera-
tion and apoptosis were evaluated under the following two condi-
tions: siScr +GEM and siAC + GEM. The results revealed that siAC +

GEM reduced proliferation in all cell lines (Figure 4A). The results of
western blot analyses showed that siAC + GEM enhanced the levels
of the apoptosis markers (Figure 4B,C). Furthermore, the annexin
assay revealed that siAC + GEM promoted cell apoptosis (Figure 4D).
Collectively, these findings show that AC suppression and GEM have
additive antitumor effects.

4 | DISCUSSION
In the present study, gene therapy targeting AC had antitumor
effects not only in pancreatic cancer cells but also in tumors in a
pancreatic cancer xenograft mouse model. Moreover, AC inhibition
elicited mitochondrial dysfunction, ROS accumulation, and MnSOD
suppression, which resulted in apoptosis of pancreatic cancer cells
accompanied by ceramide accumulation (Figure 5). To the best of our
knowledge, this is the first report of the mechanisms underlying the
antitumor effects induced by AC inhibition in pancreatic cancer cells.
It presents a potential therapeutic strategy using the AAV8 vector
to inhibit AC.

Ceramide is known to induce cell death and tumor suppression

through several mechanisms, such as endoplasmic reticulum stress,
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cell cycle arrest, and mitochondria-mediated apoptosis.?’ With re-
gard to mitochondria-mediated apoptosis, ceramide activates Bcl-2
family proteins, which exist on the mitochondrial outer membrane,
resulting in alterations to mitochondrial outer membrane perme-
ability and ROS accumulation.’® Our data revealed that AC inhi-
bition induced ceramide accumulation, mitochondrial membrane

depolarization, and ROS accumulation. Next, MnSOD activities were

evaluated, as this enzyme degrades ROS, especially that localized in
the mitochondria. Western blot analysis revealed that AC inhibition
decreased MnSOD levels (Figure 3F). Reactive oxygen species ac-
cumulation is known to decrease MnSOD expression through Akt
activation.?® Moreover, our data indicated the activation of Akt
(Figure 3F). These results show that AC inhibition induced mitochon-

drial dysfunction and decreased MnSOD expression, which resulted
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FIGURE 2

Inhibition of acid ceramidase (AC) suppressed cell viability and induced cell apoptosis. A, Cell viability was decreased in the

siRNA against AC (siAC) group after 72 h (*P < .01; n = 4). B, C, Western blot analysis showed that protein expression levels of apoptosis
markers were enhanced in the siAC group after 72 h (*P < .01; **P < .05; n = 3). D, Flow cytometry using an annexin V/FITC kit revealed

an increase in apoptotic cells in the siAC group after 72 h (PANC-1, 21.4% + 3.5% vs 33.1% + 5.9%; PATC66, 14.0% + 1.1% vs 41.4% +

4.7%; MIA PaCa-2, 8.0% + 0.3% vs 23.6% + 6.4%; *P < .01; **P < .05; n = 4). Inhibition of AC using the adeno-associated virus serotype

8 (AAV8)-shAC vector induced antitumor effects in mice. E, Tumor growth was significantly suppressed in the AAV8-shAC group (AAV8-
shScr vs AAV8-shAC, 1546 + 741 vs 399 + 281 mmS; *P < .05; n = 5). F, Overall survival was significantly prolonged in the AAV8-shAC
group (*P <.05; n = 5). Day 0 was defined as the day of AAV8 injection into the tumors. G, There was no difference in the body weight
between the AAV8-shScr and AAV8-shAC groups (n = 5). H, There were no significant differences in the liver enzyme levels (aspartate
aminotransferase [AST] and alanine aminotransferase [ALT]) among the control (nontreatment), AAV8-shScr, and AAV8-shAC groups
(control, n = 3; AAV8-shScr and shAC, n = 5). |, H&E staining of the liver. There was no difference among the groups. N.S, not significant; NT,

no treatment
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FIGURE 3 A, Mitochondrial membrane potential (MMP) analysis by fluorescence microscopy after 72 h. In each cell line, green
fluorescence, which revealed abnormally decreased membrane potential, was enhanced, and red fluorescence, which represented normal
membrane potential, was weakened by siRNA against acid ceramidase (siAC), indicating decreased MMP. B, Quantitative analysis of MMP.
The red / green fluorescence ratio was decreased in the siAC group (*P < .01; n = 3). C, Quantitative analysis of intracellular reactive oxygen
species (ROS) assessed by flow cytometry (blue, scrambled siRNA [siScr]; yellow, siScr + N-acetylcysteine [NAC]; red, siAC). Intracellular ROS
was increased by AC suppression and reduced by NAC (*P < .01; n = 3). Quantitative assessment of the mean intensity of fluorescence (MIF).
D, Analysis of mitochondria-derived ROS assessed by fluorescence microscopy and quantitative analysis by flow cytometry. Mitochondria
were stained with MitoTracker, which revealed green fluorescence, and mitochondria-derived ROS were stained with MitoSOX Red, which
showed red fluorescence. Red fluorescence was increased and colocalized with green fluorescence in the siAC group, which suggested

that mitochondria-derived ROS were increased in the siAC group (*P < .05; n = 3). E, Flow cytometry using the annexin V/FITC kit revealed
increased apoptosis in the siAC group (PANC-1, 15.6% + 3.5% vs 23.4% + 4.8%; PATC66, 1.7% + 1.5% vs 13% + 2.4%; MIA PaCa-2, 12.6%

+ 1.7% vs 19.7 + 2.9%), which was reduced in the siAC + NAC group (PANC-1, 23.4% + 4.8% vs 17.0% + 2.2%; PATC66, 13% + 2.4% vs 9.8%
+ 1.8%; MIA PaCa-2, 19.7% + 2.9% vs 18.7% + 1.9%; *P < .01; **P < .05; n = é). F, Western blot analysis revealed increased p-Akt levels and
decreased manganese superoxide dismutase (MnSOD) levels in the siAC group

in ROS accumulation. In addition, NAC counteracted ROS-induced
cell apoptosis (Figure 3C,E), indicating that ROS generation is a di-

first to partially elucidate the mechanism underlying apoptosis of
pancreatic cancer cells induced by AC inhibition.

rect cause of cell apoptosis. A previous study of pancreatic cancer Acid ceramidase inhibitors have antitumor effects, although most
reported that AC inhibition decreased cell growth, although the cy- have been evaluated only in preclinical studies.® Carmofur, which is

totoxic mechanism was unclear.3! Therefore, the current study is the the only AC inhibitor approved for clinical use,"’ partially crosses the
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umol/L. A, Cell viability was decreased in the siRNA against AC (siAC)

+ GEM group (*P < .01; n = 4). B, C, Western blot analysis showed that expressions levels of apoptosis markers were enhanced in the siAC
+ GEM group (*P < .01; **P < .05; n = 3). D, Flow cytometry using the annexin V/FITC kit revealed increased apoptosis in the siAC + GEM
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FIGURE 5 Summary scheme showing the mechanism of
apoptosis through acid ceramidase (AC) inhibition in pancreatic
cancer cells. Inhibition of AC elicited ceramide-induced
mitochondrial dysfunction, reactive oxygen species (ROS)
accumulation, and manganese superoxide dismutase (MnSOD)
suppression, resulting in cell apoptosis

blood-brain barrier, which increases the risk for leukoencephalop-
athy. As the safety of carmofur is uncertain, a new administration
method is required for clinical application as part of an effective
therapeutic strategy to inhibit AC. Therefore, a novel AC inhibitor
that is both soluble and safe is needed. The AAV vector has potential

for cancer gene therapy,g'z'33 largely due to the lack of apparent
pathogenicity,34 which could overcome the safety and insolubility
issues of AC inhibitors. The various AAV serotypes have different
characteristics.®> Among them, the AAVS8 vector is reported to be
highly useful for delivery to the pancreas.>¢ Hence, we investigated
the antitumor effect of AC inhibition using the AAV8 vector in a pan-
creatic cancer xenograft mouse model. Our data revealed that AC in-
hibition by the AAV8 vector significantly suppressed tumor growth
and prolonged overall survival (Figure 2E,F). As the AAV8 vector also
has high transduction efficiency in the liver,>> we analyzed the liver
enzymes AST and ALT and pathological status to evaluate the po-
tential side-effects. The results revealed no significant changes in
AST, ALT, pathological tissue status, or body weight among the non-
treatment control, AAV8-shScr, and AAV8-shAC groups (Figure 2G-
1), suggesting that AC inhibition by the AAV8 vector did not result in
obvious side-effects. The animal experiments revealed that AC inhi-
bition by the AAV8 vector could be useful as a therapeutic strategy
against pancreatic cancer. In the current study, we used local injec-
tion of AAV8. However, a suitable delivery method will be required
to deliver the AAV8 to the cancer cells clinically. To overcome this
problem, creating AAV8 with high specificity to cancer cells is one of
our future challenges.

The antitumor effects of the combination of AC inhibition and

GEM, a standard drug for the treatment of pancreatic cancer, were
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also investigated. Our data revealed that the combination of AC inhi-

bition and GEM was superior to GEM alone (Figure 4), indicating that
the combination of GEM and AC inhibition using the AAV8 vector

could be useful for the treatment of pancreatic cancer.

In conclusion, the results of the present study showed that AC

inhibition elicits mitochondrial dysfunction and ROS accumulation,

resulting in cell apoptosis accompanied by ceramide accumulation.

Moreover, AC inhibition by the AAV8 vector could be a novel thera-

peutic option for pancreatic cancer.
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