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Abstract

BACKGROUND

The biochemical phenomenon defined as poly adenosine diphosphate (ADP)-
ribosylation (PARylation) is essential for the progression of pancreatic cancer.
However, the excessive accumulation of poly ADP-ribose (PAR) induces
apoptosis-inducing factor (AIF) release from mitochondria and energy depri-
vation resulting in the caspase-independent death of cancer cells.

AIM
To investigate whether sustained calcium supply could induce an anticancer
effect on pancreatic cancer by PAR accumulation.

METHODS

Two pancreatic cancer cell lines, AsPC-1 and CFPAC-1 were used for the study.
Calcium influx and mitochondrial reactive oxygen species (ROS) were observed
by fluorescence staining. Changes in enzyme levels, as well as PAR accumulation
and energy metabolism, were measured using assay kits. AIF-dependent cell
death was investigated followed by confirming in vivo anticancer effects by
sustained calcium administration.

RESULTS

Mitochondrial ROS levels were elevated with increasing calcium influx into
pancreatic cancer cells. Then, excess PAR accumulation, decreased PAR glyco-
hydrolase and ADP-ribosyl hydrolase 3 levels, and energy deprivation were
observed. In vitro and in vivo antitumor effects were confirmed to accompany
elevated AIF levels.

CONCLUSION
This study visualized the potential anticancer effects of excessive PAR accumu-
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lation by sustained calcium supply on pancreatic cancer, however elucidating a clear mode of
action remains a challenge, and it should be accompanied by further studies to assess its potential
for clinical application.

Key Words: Pancreatic cancer; Calcium; Reactive oxygen species; Poly adenosine diphosphate-ribose; Poly
adenosine diphosphate-ribosylation; Poly adenosine diphosphate-ribose polymerase; Apoptosis-inducing
factor; Nicotinamide adenine dinucleotide; Anticancer effect
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Core Tip: Accumulation of poly adenosine diphosphate-ribose (PAR) was induced by an increase in
reactive oxygen species following sustained calcium supply, which in turn led to the death of pancreatic
cancer cells by energy deprivation and apoptosis-inducing factor expression. Although calcium-mediated
accumulation of PAR would be a potential strategy for the treatment of pancreatic cancer, the association
with the mechanical role of calcium in enabling the inactivation of PAR-degrading enzymes needs to be
elucidated.
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INTRODUCTION

Recent literature emphasizes that the biochemical phenomenon defined as poly adenosine diphosphate
(ADP)-ribosylation (PARylation) is essential for the progression of cancer[1]. Poly ADP-ribose (PAR) is
synthesized by the biochemical reaction of PAR polymerase-1 (PARP-1), which catalyzes the polymer-
ization of ADP-ribose from the donor nicotinamide adenine dinucleotide (NAD+) to form a linear or
branched PAR polymer[2]. Because PARylation is implicated in the multistep process involving various
physiological maintenance factors and overcoming stress conditions for cancer cell survival, there might
be connections between PARP-1 function and pancreatic cancer progression as a bridgehead linked by
PARylation[1,2].

Although PARylation is essential for cancer survival, the excessive accumulation of PAR can mediate
apoptosis-inducing factor (AIF) release from mitochondria and its nuclear translocation, resulting in the
caspase-independent death of cancer cells[3]. The mode of action of the relationship between AIF and
PAR involved in cell death has not been elucidated, but AIF translocation to the nucleus leading to
chromatin condensation and large-scale DNA fragmentation is a well-established theory[3,4]. Cell death
following PAR accumulation was recently defined as parthanatos, which is considered another death
mechanism in a large category of apoptosis-type reactions[4]. Therefore, targeting ADP-ribosyl
hydrolase 3 (ARHS3), a type of PAR-degrading protein, and PAR glycohydrolase (PARG), a reversible
covalent-modifier targeting PAR, might be potential methods to induce anticancer effects via PAR
accumulation[5-7]. Although approaches to inhibit such enzymes through RNA interference or genetic
manipulation have been tried, there have been few studies of the relevant mechanisms targeting
pancreatic cancer[6,7].

Calcium is a key element in physiological signal transduction that enables the adjustment of energy
production to cellular demand[8]; however, some reports indicated that cancer cells were affected
during the influx of a high concentration of calcium resulting in excessive reactive oxygen species (ROS)
produced from mitochondria[9]. Furthermore, there was an association between PARP-1 and an
increase in ROS[1,10,11]. It was reported that the hyperactivation of PARP-1 was induced by an increase
in ROS caused by intracellular calcium influx, the activation of PARP-1 as a response to DNA damage,
or to drive an antioxidant program to protect cells from ROS[1,10,11]. This implies that excessive PAR
accumulation can be induced as a result of PARP-1 hyperactivation followed by PARylation, suggesting
the prospect of influencing pancreatic cancer cell survival by supplying high concentrations of calcium.
The study aimed to investigate whether a sustained calcium supply induced intracellular PAR accumu-
lation with an increase in ROS and to demonstrate the potential of this phenomenon to promote
anticancer effects on pancreatic cancer.
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MATERIALS AND METHODS

Cell lines and culture conditions

AsPC-1 and CFPAC-1 were obtained from the American Type Culture Collection (Manassas, VA,
United States). The cells were grown in Roswell Park Memorial Institute 1640 and Iscove’s Modified
Dubecco’s Medium supplemented with 10% fetal bovine serum (Welgene, Gyeongsan, Korea) and 1%
penicillin/streptomycin (Welgene, Gyeongsan, Korea). All cells were cultured under a humidified
atmosphere at 37 °C containing 5% CO,.

Reagents
Lactate calcium salt (CaLac) and calpeptin were purchased from Sigma-Aldrich (St. Louis, MO, United
States) and dissolved in distilled water. The solutions were stored at 4 °C until use.

Measurement of intracellular calcium

Calcium concentrations were measured using a confocal laser scanning microscope (Leica, Heidelberg,
Germany). Cultured pancreatic cancer cells were loaded with 10 uM Fluo-3/ AM (Invitrogen, Frederick,
MD, United States) dissolved in dimethyl sulfoxide (Sigma-Aldrich). Then the cells were incubated for
30 min at 37 °C. Fluo-3/ AM was excited at 488 nm and emitted fluorescence was measured at 515 nm.

Immunocytochemistry

Pancreatic cancer cells were fixed on bio-coated coverslips (BD bioscience, NJ, United States) using 4%
paraformaldehyde, and incubated for 15 h with the primary antibody against AIF (1:200, Santa Cruz
Biotechnology, Santa Cruz, CA, United States). Subsequently, the cells were incubated with an anti-
rabbit secondary biotinylated anti-body (1:5000, Abcam) and visualized with streptavidin conjugated to
fluorescein (Vector Laboratories, Burlingame, CA, United States). MitoSOX Red (Thermo Fisher
Scientific, Waltham, MA, United States) was used to detect mitochondrial superoxide production.
Fluorescence was measured using a confocal laser scanning microscope (Leica). Signal intensities were
quantified and analyzed using the Xenogen Imaging System (IVIS® 100 series, Caliper Life Science, MA,
United States).

Enzyme-linked immunosorbent assay

PARG, RNF-146, PAR, and AIF levels were quantified from 1 x 10° number of pancreatic cancer cells or
2 mm?® volume of tumor tissues using each assay kit (PARG assay kit: Trevigen, Gaithersburg, MD,
United States; RNF-146 ELISA kit: Abbexa, Houston, TX, United States; PAR ELISA kit: Cell Biolabs, San
Diego, CA, United States; AIF ELISA kit: Abcam, Cambridge, England), according to the manufacturer’s
instructions.

Adenosine triphosphate assay

The cell culture medium was supplemented with CaLac, and cultures were incubated for 24 h. 1 x 10°
cells were then sonicated. The cells were centrifuged at 1500 g for 20 min to remove insoluble material,
and the supernatant was collected. Adenosine triphosphate (ATP) was measured by ATP colorimetric
assay kit (Abcam) according to manufacturer’s instructions.

NAD+ and NADH assay

The cell culture medium was supplemented with CaLac, and the cultures were incubated for 24 h. 1 x
10° cells were then sonicated. The cells were washed twice with phosphate buffer solution (PBS), and
NAD+ and NADH levels were measured using the NAD/NADH quantitation kit (Sigma) according to
the manufacturer’s protocol.

Transferase-mediated dUTP nick end labeling assay

Pancreatic cancer cells were treated with CaLac for 24 h and then washed with cold PBS. The cells were
fixed with 4% paraformaldehyde for 30 min and washed twice with PBS for 2 min. Fixed cells in
permeabilization solution (0.1% Triton X-100 and 0.1% Sodium citrate) were washed. The tumors were
fixed in 10% neutral buffered formalin and embedded in paraffin. Tissue sections (4 pm) were made
from paraffin-embedded blocks on a microtome, and then the sections were deparaffinized and
rehydrated. To detect cell death, the DeadEnd™ Fluorometric transferase-mediated dUTP nick end
labeling (TUNEL) system kit (Promega, Madison, WI, United States) was used according to the
manufacturer’s instructions.

FACS analysis

Annexin V and propidium iodide (PI) staining was performed using an Annexin V-FITC Apoptosis
Detection Kit (BD Biosciences). 2.5 x 10° of AsPC-1 and CFPAC-1 cells were exposed to CaLac for 24 h.
The cells were resuspended in 100 pL of Annexin V-FITC binding buffer, and then 5 pL of Annexin V-
FITC conjugate and 10 pL of PI buffer were added. Annexin V and PI were analyzed using a FACS
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CaliburTM instrument (BD Biosciences).

Cell viability assay

Pancreatic cancer cells were cultured in a 96-well plate (3 x 10° cells/well) for 24 h, and then treated
with CaLac for 24 h at 37 °C. Then, 10 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide was added to each well, and the cells were incubated at 37 °C for 1 h in a humidified
environment containing 5% CO,. After the media was discarded, 200 pL of dimethyl sulfoxide (Cell
Signaling Technology, Danvers, MA, United States) was added to each well. The absorbance was read at
570 nm using a microplate reader (iMark Microplate Absorbance Reader, Bio-Rad, CA, United States).

Xenograft animal model

Twenty-eight male Balb/c nude mice (5 wk of age) were purchased from the Charles River Breeding
Laboratories (Wilmington, MA, United States). All animals were maintained on a 12 h light/dark cycle
(light on, 08:00) at 22-25 °C, with free access to food and water. To investigate the antitumor activity of
CalLac in vivo, a therapeutic strategy was devised to investigate its effect on the heterotopic xenograft
animal model. Fourteen mice were used for establishing a heterotopic xenograft model using AsPC-1
cells (5 x 10°) resuspended in 100 pL of phosphate-buffered saline. The cells were injected subcu-
taneously into the left flank of mice. Once the tumors reached a diameter of 8 mm, 7 mice were
randomly divided into the untreated group, and 7 mice were divided into the CaLac-treated group. 20
mg/kg of CaLac was subcutaneously injected daily for 21 d. Tumor growth was monitored three times
per week. To harvest tumors for histological and molecular biology analysis, carbon dioxide inhalation
was used for euthanasia at the end of the experiments.

Immunohistochemistry

The tumors were fixed in 10% neutral buffered formalin and embedded in paraffin. Tissue sections (4
pm) were made from paraffin-embedded blocks on a microtome, and then the sections were
deparaffinized and rehydrated. Endogenous peroxidase activity was blocked by 3% H,O, in distilled
water for 30 min. Antigen retrieval was induced by slide heating with 10 mmol/L citrate buffer (pH 6.0)
using a microwave oven. The sections were blocked using a blocking agent (Invitrogen, Frederick, MD,
United States) and incubated overnight with the primary antibodies at 4 °C. The primary antibodies
were as follows: Ki-67 (1:200, Santa Cruz Biotechnology) and proliferating cell nuclear antigen (PCNA,
1:200, Santa Cruz Biotechnology). The sections were then incubated with biotinylated anti-mouse
antibody (1:500, Vector Laboratories, Burlingame, CA, United States) for 1 h. After a PBST wash, the
sections were treated with 3,3’-diaminobenzidine substrate (Dako, Carpentaria, CA, United States) and
counterstained with hematoxylin (Thermo Fisher Scientific). A Leica DM 1000 LED microscope (Leica
Microsystems, Wetzlar, Germany) was used for image analysis.

Statistical analysis

Data are presented as the means + SD. Statistical significance was analyzed using the Student’s t-test or
one-way analysis of variance, depending on the normality of the data distribution. P < 0.05 was
considered as statistically significant. All statistical analyses were performed by Sigma Stat v3.5 (Systat
Software Inc., Chicago, IL, United States).

RESULTS

Calcium influx increases mitochondrial ROS in pancreatic cancer cells

The fluorescence intensity of fluo-3 by calcium reaction was increased in cells of both types of pancreatic
cancer, AsPC-1 and CFPAC-1, following CaLac treatment (Figure 1A). In a quantitative analysis of
fluorescence intensity, intracellular calcium levels were significantly increased by sustained calcium
supply to about 2.1- and 1.9-fold in AsPC-1 and CFPAC-1, respectively, compared with the untreated
group (Figure 1B). The increase in red fluorescence level in pancreatic cancer cells indicated increased
ROS generation in pancreatic cancer cells by sustained calcium supply, indicating that ROS originated
from mitochondria by the simultaneous use of a mitochondrial tracer showing green fluorescence
(Figure 1C). In an analysis of the mean fluorescence intensity (MFI), mitochondrial ROS levels detected
by MitoSOX™ were significantly increased by sustained calcium supply to about 2.33- and 2.63-fold in
ASPC-1 and CFPAC-1, respectively, compared with the untreated group (Figures 1D and E).

An increase in ROS causes the excessive accumulation of PAR and energy deprivation

In addition to the immediate association of PAR accumulation by increased ROS levels, PARG and
RNF-146 were supplementally investigated to confirm a change in the enzyme levels involved in PAR
accumulation. A decrease in the enzymatic activity of PARG and ARHS3 following calcium supply was
observed (Figures 2A and B), accompanied by the accumulation of PAR in pancreatic cancer cells
(Figure 2C). Changes in coenzyme factors involved in energy metabolism following the accumulation of
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Figure 1 Confirmation of mitochondrial reactive oxygen species generation by sustained calcium supply. A: Fluorescent calcium imaging
following lactate calcium salt (CaLac) treatment of pancreatic cancer cells (AsPC-1 and CFPAC-1). Scale bars: 100 ym; B: Quantitative analysis of the fluorescence
intensity of calcium; C: Confocal imaging of mitochondrial reactive oxygen species (ROS) in pancreatic cancer cells. Red dye: Mitochondrial superoxide indicator;
Green dye: Mitochondrial indicator. Scale bars: 25 um; D: Quantitative analysis of the fluorescence intensity of mitochondrial ROS in AsPC-1; E: Quantitative analysis
of the fluorescence intensity of mitochondrial ROS in CFPAC-1. The fluorescence intensity was calculated by the mean fluorescence intensity. The cells were treated
with 2.5 mM Calac for 72 h. Results represent the mean + SD. 2P < 0.001 vs untreated. Calac: Lactate calcium salt; MitoSOX: Mitochondrial superoxide indicator.
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PAR were also identified (Figures 2D and E). These results indicated that the excessive synthesis of PAR
resulted in reduced NAD+ levels (Figure 2D) and the increase of NADH levels (Figure 2E), which led to
a depletion of ATP (Figure 2F).

An increase in AIF expression induces the death of pancreatic cancer cells

The results of immunocytochemical staining for the co-expression of AIF with the mitochondrial tracker
in two types of pancreatic cancer cells indicated the calcium supply induced the translocation of AIF
from the cytoplasm into the nucleus, whereas only cytoplasmic co-expression was observed in the
untreated group (Figure 3A). Furthermore, it was quantitatively increased by calcium supply when the
expression of AIF only was confirmed as a separate result through MFI analysis (Figures 3B and C).
Then, the reaction ratio by TUNEL staining per total cells was significantly increased (Figures 3D and
E), and Annexin V labeled cells increased from 6.61% to 37.61% and from 4.8% to 26.91% in AsPC-1 and
CFPAC-1, respectively (Figure 3F). A decrease in cell viability by calcium supply was macroscopically

WJG | https://www.wjgnet.com 3426 July 21,2022 | Volume28 | Issue27 |



Jeong KY et al. Calcium-mediated PAR accumulation in pancreatic cancer

A B
1.2 7 Il Untreated (n=5) 1.5 7 Il AsPC-1 (n=5)
CaLac (n=5) CFPAC-1 (n=5)
c 1.0 4 =
S — S _ 12
52 =0
£ o8] £3
c © S 9 g9
Q © D © .
Q0 9 0o ©
C T 06 c
S = [
o £ o £ 06
2 D 04- D
< - X £
o < 03 a
0.2 a a ’ = a
0.0 T T 0.0 T T
ASPC-1 CFPAC-1 ASPC-1 CFPAC-1
C D
1.5 7 Il Untreated (n=5) 160 | wmm Untreated (n=5)
CaLac (n=5) 140 CaLac (n=5)
1.2 —_
s a 2 120
E T_’; T 4 © 100
= E 0.9 4 <o° a
8 © = 80 -
c 2 %
S5 %87 T 60 a
x < [a) T
< 40
o 0.3 Z
N b
00 , B 0 | |
ASPC-1 CFPAC-1 AsPC-1 CFPAC-1
E F
70 | mmmm Untreated (n=5) a 4.5 | mmmm Untreated (n=5)
60 Calac (n=5) . 4.0 Calac (n=5)
) a c 35
3 50 L 2
ou 'E '_uT 3.0
© 9
2 8
= O e a
= 30 g s 2.0 i
S =
z o = 15 a
2 2 E 2 d
g < 10
10 05
0 T . 0.0 T r
AsPC-1 CFPACA1 AsPC-1 CFPAC-1

Figure 2 Confirmation of enzyme change and poly adenosine diphosphate-ribose accumulation by calcium supply resulting in energy
crisis. A: Quantitative analysis of the enzyme levels of poly adenosine diphosphate (ADP)-ribose (PAR) glycohydrolase in pancreatic cancer cells (AsPC-1 and
CFPAC-1); B: Quantitative analysis of the enzyme levels of ADP-ribosyl hydrolase 3 in AsPC-1 and CFPAC-1; C: Quantitative analysis of PAR levels; D: Quantitative
analysis of nicotinamide adenine dinucleotide levels; E: Quantitative analysis of NADH levels; F: Quantitative analysis of adenosine triphosphate (ATP) levels. The
cells were treated with 2.5 mM lactate calcium salt for 72 h. Results represent the mean + SD. ?P < 0.001 vs untreated. Calac: Lactate calcium salt; PARG: Poly
adenosine diphosphate-ribose glycohydrolase; ARH3: Adenosine diphosphate-ribosyl hydrolase 3; NAD+: Nicotinamide adenine dinucleotide; ATP: Adenosine
triphosphate.

observed by microphotographs (Figure 3G), and the CaLac group (calcium supply) showed low cell
viability (mean 35.5%) when defining the total cell viability of the untreated group as 100% (Figure 3H).

An increase in PAR accumulation relates to calcium-dependent proteolytic enzyme activity in

pancreatic cancer cells

To elucidate an increase in PAR accumulation by sustained calcium supply, the calpain inhibitor,
calpeptin, was introduced. Changes in PARG, ARH3, PAR, and AIF were sequentially observed in
pancreatic cancer cells (Figure 4). Although PARG levels were significantly decreased by sustained
calcium supply, there was only a slight decrease (no significant difference) when combining calpeptin
with calcium supply (Figures 4A and B). Calpeptin itself did not directly change the levels of PARG
(Figures 4A and B) similar to that of ARH3 (Figures 4C and D). Furthermore, the levels of PAR and AIF
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Figure 3 Confirmation of the expression of apoptosis-inducing factor followed by an increase in apoptosis in pancreatic cancer cells

(AsPC-1 and CFPAC-1). A: Immunocytochemical staining for apoptosis-inducing factor (AIF) release from mitochondria and translocation into the nucleus. Red
dye: AIF; Green dye: Mitochondrial indicator. Scale bars: 10 ym; B: Quantitative analysis of the mean fluorescence intensity (MFI) of AIF in CFPAC-1; C: Quantitative
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analysis of the MFI of AIF in AsPC-1; D: Fluorescent microphotographs for colorimetric terminal deoxynucleotidyl transferase -mediated dUTP nick end labeling
(TUNEL) detection. Green dye: TUNEL staining. Scale bars: 50 ym; E: Quantitative analysis of the % ratio of TUNEL detected cells per total pancreatic cancer cells;
F: Representative flow cytometry plots using Annexin V-fluorescein-5-isothiocyanate/propidium iodide staining for apoptosis; G: Representative microphotographs to
compare cell condition after calcium supply; H: Quantitative analysis of the percent cell viability following calcium supply. The cells were treated with 2.5 mM lactate
calcium salt for 72 h. Results represent the mean + SD. 2P < 0.001 vs untreated. CaLac: Lactate calcium salt; AIF: Apoptosis-inducing factor; MFI: Mean fluorescence
intensity; TUNEL: Transferase-mediated dUTP nick end labeling.
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Figure 4 Confirmation of poly-adenosine diphosphate ribose accumulation in pancreatic cancer cells (AsPC-1 and CFPAC-1) by calcium-
mediated proteasomal activity. A: Quantitative analysis of poly adenosine diphosphate-ribose glycohydrolase (PARG) levels in AsPC-1; B: Quantitative analysis
of PARG levels in CFPAC-1; C: Quantitative analysis of ADP-ribosyl hydrolase 3 (ARH3) levels in AsPC-1; D: Quantitative analysis of ARH3 levels in CFPAC-1; E:
Quantitative analysis of PAR levels in AsPC-1; F: Quantitative analysis of PAR levels in CFPAC-1; G: Quantitative analysis of apoptosis-inducing factor (AIF) levels in
AsPC-1; H: Quantitative analysis of AIF levels in CFPAC-1. Calpeptin was used for proteasome inhibition. The cells were treated with 2.5 mM lactate calcium salt for
72 h. Results represent the mean + SD. 2P < 0.001 vs untreated. CalLac: Lactate calcium salt; PARG: Poly adenosine diphosphate-ribose glycohydrolase; ARH3:
Adenosine diphosphate-ribosyl hydrolase 3; AIF: Apoptosis-inducing factor.
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were increased by calcium supply, which was restored to a level similar to that of the untreated group
under culture conditions in which calpeptin was added (Figures 4E-H).

Sustained calcium administration induces anticancer effects on pancreatic cancer

Comparative results of tumor growth in heterotopic xenograft models demonstrated the inhibition of
pancreatic cancer growth by calcium administration (Figures 5Aand B, Figure 6). The tumor volume on
the last day of measurement was 830.37 + 138.36 and 431.41 + 91.98 in the untreated and the CaLac
groups, respectively. Tumor volume was reduced by about 48.1% in the CaLac group compared with
the untreated group (Figure 5B). There were few viable cells capable of discriminating the staining of
nuclei in tumor tissues of the CaLac group (Figure 5C), indicating an increase in PAR-dependent AIF
expression following sustained calcium-induced apoptosis (Figures 5D and E). The apoptotic signal in
tumor tissues was increased 5.13-fold in the CaLac group compared with the untreated group (Figures
5F and G). As a result of apoptosis, the malignancy indicators of tumors were significantly reduced
(Figure 5H) and the expressions of Ki-67 and PCNA were significantly reduced by about 64% and 68%,
respectively in the CaLac group (Figures 51 and J).

DISCUSSION

This study demonstrated that the accumulation of PAR was induced by an increase in ROS following
sustained calcium supply, which in turn led to the death of pancreatic cancer cells by energy
deprivation and AIF expression. CaLac is a small molecule generated by the reaction of lactic acid with
calcium carbonate and is characterized as a weak electrolyte with a neutralized charge[12]. Such a
characteristic of CaLac suggests it might readily cross cell membranes as a bound form. Therefore, the
accumulation of calcium was greatly increased in pancreatic cancer cells by the sustained treatment of
CaLac, which was in line with our direction of research targeting intracellular calcium accumulation. It
is well known that intracellular calcium uptake can promote ROS formation in mitochondria by
stimulating tricarboxylic acid cycle enzymes and electron transport chain activity[9]. The results
indicated that calcium accumulation by CaLac led to an increase in the mitochondrial ROS of pancreatic
cancer cells. An active calcium signal must operate within physiological levels, but when intracellular
calcium levels exceed this threshold, excessive ROS production can have a detrimental effect on cell
survival by disrupting mitochondrial bioenergetic regulation and cellular functions[13]. The main
reason for investigating an increase in PAR synthesis among the various biological phenomena
mediated by calcium-dependent excessive ROS is its key function as a protective mechanism for cancer
cell survival under hostile conditions[1,10,11,14]. ROS can be spontaneously generated during the
ceaseless process of the rapid growth of cancer cells, but excessive ROS can cause DNA damage by
irreversible oxidative stress[15]. PAR synthesis is defined as PARylation by PARP-1 recruits or modifies
several nuclear proteins during the DNA damage response against harmful oxidative stress; however,
the excessive synthesis of PAR can lead to cell death[1,14]. A sustained calcium supply causes the
accumulation of PAR to cope with long-lasting DNA damage along with an increase of ROS in
pancreatic cancer cells. Well-established phenomena induced by PAR accumulation include energy
deprivation and AIF release from mitochondria[3,4,16]. Because PAR is catalyzed for synthesis from
donor NAD+, excessive PAR accumulation causes a decrease in the intracellular level of NAD+, leading
to energy deprivation[8,17]. Furthermore, an increase in AIF release induces cell death by large-scale
DNA fragmentation defined as parthanatos, although a clear mechanism has not been elucidated[4,16].
The results indicated that AIF migrates from the mitochondria to the cytoplasm and nucleus in response
to the accumulation of PAR followed by inducing the death of pancreatic cancer cells. Therefore,
excessive PAR accumulation caused by an increase in ROS by sustained calcium supply can be
considered to mediate anticancer activity as the main mechanism with energy deprivation and AIF
release in pancreatic cancer cells. Cancer cells activate PAR erasing enzymes PARG and ARH3 to
hydrolyze ribose-ribose bonds, PAR itself, or O-acetyl-ADP-ribose resulting in the prevention of
excessive PAR accumulation[6,18]. These hydrolytic reactions form a biochemical mechanism to counter
the PAR-mediated death of cancer cells[4,19,20]. In this study, it was confirmed that the enzymatic
activities of PARG and ARH3 were significantly decreased after sustained calcium supply; however, the
activity was restored by treatment with calpeptin, a potent, cell-permeable calpain inhibitor. Calpain is a
break-down molecule and a calcium-dependent cysteine protease that can also induce ROS production
depending on its activation, and it may also damage ion channels, cell adhesion molecules, and cell
surface receptors as well as various enzymes[21,22]. On this basis, it is anticipated that calcium-
dependent calpain activation would directly induce the enzymatic inactivity of PARG and ARH
according to the results of calpeptin application on pancreatic cancer cells. However, the current
research outcome was unable to provide a clear mechanistic basis for the enzymatic inactivation of
PARG and ARH by calpain. Because PARG and ARH3 are directly related to the accumulation of PAR
in pancreatic cancer cells, we wish to investigate this further in more detail.
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Figure 5 Confirmation of the in vivo antitumor effect on pancreatic cancer following sustained calcium administration. A: Macroscopic
observation of the tumor mass; B: Comparison of tumor volume between the untreated and calcium-administered groups. Lactate calcium salt (CaLac): 20
mgl/kg/mouse, subcutaneous injection, daily for 21 d; C: Hematoxylin and eosin staining. Scale bars: 100 ym; D: Comparison of poly adenosine diphosphate ribose
expression in tumor tissues; E: Comparison of apoptosis-inducing factor expression in tumor tissues; F and G: % terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling expression to compare increased apoptosis in tumor tissues. Scale bars: 100 um; H and I: Comparison of Ki-67 expression in tumor tissues.
Scale bars: 50 um; J and K: Comparison of proliferating cell nuclear antigen in tumor tissues. Scale bars: 50 ym. 2P < 0.001 vs untreated. Results are the mean + SD.
PAR: Poly adenosine diphosphate ribose; AlF: Apoptosis-inducing factor; TUNEL: Transferase-mediated dUTP nick end labeling; PCNA: Proliferating cell nuclear
antigen; CalLac: Lactate calcium salt.

CONCLUSION

This study focused on the accumulation of PAR to induce energy deprivation and AIF release by
sustained calcium supply to investigate its potential anticancer effect on pancreatic cancer. We
demonstrated that an increase in ROS and inhibition of PAR-erasing enzymes might be the main
contributors to these effects. However, the connection to the mechanistic role of calcium in enabling the
inactivation of PAR-degrading enzyme needs to be elucidated, and additional studies to explore the
potential of clinical application are required.
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Research background

The excessive accumulation of poly adenosine diphosphate(ADP)-ribose (PAR) induces energy
deprivation and apoptosis-inducing factor (AIF) release from mitochondria resulting in the caspase-
independent death of cancer cells, and an increase in PAR is closely related to an increase in reactive
oxygen species (ROS).

Research motivation
Increasing ROS can be induced in cancer cells by calcium influx. Therefore, it would be possible to
expect the anticancer effect targeting pancreatic cancer through calcium-dependent PAR accumulation.

Research objectives
This study focused on the accumulation of PAR to induce energy deprivation and AIF release by
sustained calcium supply to investigate its potential anticancer effect on pancreatic cancer.

Research methods

Two pancreatic cancer cell lines, AsPC-1 and CFPAC-1 were used for the study. Calcium influx and
mitochondrial ROS were observed by fluorescence staining. Changes in enzyme levels, as well as PAR
accumulation and energy metabolism, were measured using assay kits. AIF-dependent cell death was
investigated followed by confirming in vivo anticancer effects by sustained calcium administration.

Research results

Mitochondrial ROS levels were elevated with increasing calcium influx into pancreatic cancer cells.
Then, excess PAR accumulation, decreased PAR glycohydrolase and ADP-ribosyl hydrolase 3 levels,
and energy crisis were observed. In vitro and in vivo antitumor effects were confirmed to accompany
elevated AIF levels.

Research conclusions

Accumulation of PAR was induced by an increase in ROS following sustained calcium supply, which in
turn led to the death of pancreatic cancer cells by energy deprivation and AIF expression. Calcium-
mediated accumulation of PAR would be a potential strategy for the treatment of pancreatic cancer.
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Research perspectives

Although this study visualized the potential anticancer effects of excessive PAR accumulation by
sustained calcium supply on pancreatic cancer, elucidating a clear mode of action remains a challenge,
and it should be accompanied by further studies to assess its potential for clinical application.
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