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Abstract

Background/Aims: The present study investigated adenosine-induced apoptosis in human
malignant pleural mesothelioma cells. Methods: MTT assay, TUNEL staining, flow cytometry
using propidium iodide and annexin V-FITC, real-time RT-PCR, Western blotting, and assay
of caspase-3, -8, and -9 activities were carried out using malignant pleural mesothelioma cell
lines such as NCI-H28, NCI-H2052, NCI-H2452, and MSTO-211H cells, and p53 or A, adenosine
receptor was knocked-down by transfecting each siRNA into cells. Results: Adenosine
induced apoptosis in all the malignant pleural mesothelioma cells used here, independently
of caspase activation. The adenosine effect was prevented by the adenosine transporter
inhibitor dipyridamole, the adenosine kinase inhibitor ABT-702, or the A, adenosine receptor
inhibitor MRS1191. Adenosine upregulated expression of the p53 mRNA and protein, that is
abolished by ABT-702, but not by knocking-down A, adenosine receptor. Adenosine-induced
apoptosis in NCI-H28 cells was significantly inhibited by knocking-down p53 and in part by
knocking-down A, adenosine receptor. Conclusion: The results of the present study show
that AMP converted from intracellularly transported adenosine upregulates p53 expression to
induce caspase-independent apoptosis in malignant pleural mesothelioma cells and that A,
adenosine receptor also participates partially in the apoptosis by the different mechanism.

Copyright © 2012 S. Karger AG, Basel
Introduction

Malignant pleural mesothelioma, a highly aggressive neoplasm, has been increasing
in incidence and is strongly associated with asbestos exposure [1]. Malignant pleural
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mesothelioma is characterized by insidious growth and clinical presentation at an advanced
stage of disease. In spite of extensive and intensive challenges, the treatment of malignant
pleural mesothelioma has been still limited to marginally effective chemotherapy and morbid
surgery.

Higher concentrations of extracellular adenosine are recognized to induce apoptosis in
a variety of cancer cells via diverse signaling pathways. The underlying pathways are largely
divided into two pathways, i.e., intrinsic and extrinsic pathways. For the intrinsic pathway,
the initial step is uptake of extracellular adenosine into cells through adenosine transporters.
Intracellularly transported adenosine is converted to AMP by adenosine kinase and activate
AMP-activated protein kinase (AMPK), thereby inducing apoptosis in GT3-TKB human lung
cancer cells and HuH-7 human hepatoma cells [2, 3]. Intracellularly transported adenosine/
converted AMP downregulates expression of c-Fas-associated death domain protein (FADD)-
like interleukin-1B-converting enzyme inhibitory protein (c-FLIP) to neutralize caspase-8
inhibition due to c-FLIP, resulting in the activation of caspase-8 and the effector caspase-3, to
induce HuH-7 cell apoptosis [4]. Intracellularly transported adenosine, alternatively, activates
caspase-3 by neutralizing caspase-3 inhibition due to inhibitor of apoptosis protein (IAP) as a
result of decreased IAP2 expression and reduced IAP activity in response to increased DIABLO
expression and DIABLO release from damaged mitochondria in HuH-7 cells, regardless of
caspase-9 activation [5]. Moreover, intracellularly transported adenosine induces caspase-
independent apoptosis in MCF-7 human breast cancer cells by accumulating AMID in the
nucleus [6] or adenosine induces HuH-7 cell apoptosis in a caspase-independent manner
by upregulating expression of AMID [7]. Adenosine also upregulates expression of mRNAs
for tumor necrosis factor (TNF), TNF receptor 1-associated death domain protein (TRADD),
TNF-related apoptosis inducing ligand receptor 2 (TRAIL-R2), receptor-interacting protein
kinase 1 (RIPK1), and FADD in HepG2 human hepatoma cells, which suggests that adenosine
induces HepG2 cell apoptosis by activating caspase-8 through a TNFR1/TRADD/RIP1/FADD
pathway and the effector caspases-3 [8].

For the extrinsic pathway, adenosine receptors such as A, A, , A, , and A, receptors
mediate apoptosis. Adenosine induces apoptosis in CW2 human colonic cancer cells by
activating caspase-3, -8, and -9 via A, adenosine receptor linked to G, protein [9]. Adenosine
induces RCR-1 astrocytoma cell apoptosis by activating caspase-3/-9 in partvia A, adenosine
receptor [10]. Adenosine induces apoptosis in Caco-2 human colonic cancer cells by activating
caspase-9/-3 via A, adenosine receptor linked to G_protein [11] or HepG2 cell apoptosis
by downregulating Bcl-X, expression and upregulating Bid expression, causing activation of
caspase-9/-3, via A, adenosine receptor [12]. A, adenosine receptor, that is linked to G, or
G, protein, mediates apoptosis in human lung cancer cells, hepatocellular carcinoma cells,
thyroid cancer cells, and breast cancer cells [13-16]. A study shows that adenosine prevents
malignant pleural mesothelioma cell growth via A, adenosine receptor [17]. Little, however,
is known about adenosine-induced apoptosis in malignant pleural mesothelioma cells.

The present study was designed to explore adenosine-induced apoptosis in human
malignant pleural mesothelioma cells and to understand the underlying mechanism. We
show here that for amain pathway AMP converted from intracellularly transported adenosine
upregulates expression of p53, to induce caspase-independent apoptosis in malignant
pleural mesothelioma cells and that for a branch pathway A, adenosine receptor mediates
the apoptosis by the different mechanism.

Materials and Methods

Cell culture

Human malignant pleural mesothelioma cell lines such as NCI-H28, NCI-H2052, NCI-H2452, and
MSTO-211H cells, originated from the epithelium, were purchased from American Type Culture Collection
(Manassas, VA, USA). Cells were grown in RPMI-1640 medium supplemented with 10% heat-inactivated
FBS, 0.003% L-glutamine, penicillin (final concentration, 100 U/ml), and streptomycin (final concentration,
0.1 mg/ml), in a humidified atmosphere of 5% CO, and 95% air at 37 °C.
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Table 1. Primers used for real-time RT-PCR

PCR primers  Oligonucleotide sequence

AIF Sense: 5"-CACAAAGACACTGCGATTCAAACAGT-3’
Anti-sense: 5 -GTTGCTGAGGTATTCGGGGAGGAT-3”
AMID Sense: 5"-GGGTTCGCCAAAAAGACATTCATTT-3"
Anti-sense: 5 -CCTCTGTGCCTTTGTCCGTCTGC-3"
p53 Sense: 5"-GCCATCTACAAGCAGTCACAGCACAT-3"
Anti-sense: 5 -GGCACAAACACGCACCTCAAAGC-3’
GAPDH Sense: 5"-GACTTCAACAGCGACACCCACTCC-3”

Anti-sense: 5 -AGGTCCACCACCCTGTTGCTGTAG-3"

Assay of cell viability
Cell viability was evaluated by the method using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) as previously described [2].

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining

TUNEL staining was performed to detect in situ DNA fragmentation as a marker of apoptosis using
an In Situ Apoptosis Detection Kit (Takara Bio, Otsu, Japan). Briefly, fixed and permeabilized cells were
reacted with terminal deoxynucleotidyl transferase and fluorescein isothiocyanate (FITC)-deoxyuridine
triphosphate for 90 min at 37 °C. FITC signals were visualized with a confocal scanning laser microscope
(LSM 510, Carl Zeiss Co., Ltd., Oberkochen, Germany).

Apoptosis assay

Cells were suspended in a binding buffer before and after treatment with adenosine and stained
with both propidium iodide (PI) and annexin V-FITC, and loaded on a flow cytometer (FACSCalibur, Becton
Dickinson, Franklin Lakes, USA) available for FL1 (annexin V) and FL2 (PI) bivariate analyisis. Data from
10,000 cells/sample were collected, and the quadrants were set according to the population of viable,
unstained cells in untreated samples. CellQuest analysis of the data was used to calculate the percentage of
the cells in the respective quadrants.

Real-time reverse transcription-polymerase chain reaction (RT-PCR)

Total RNAs of cells were purified by an acid/guanidine/thiocyanate/chloroform extraction method
using the Sepasol-RNA I Super kit (Nacalai, Kyoto, Japan). After purification, total RNAs were treated with
RNase-free DNase I (2 units) at 37 °C for 30 min to remove genomic DNAs, and 10 pg of RNAs was resuspended
in water. Then, random primers, dNTP, 10x RT buffer, and Multiscribe Reverse Transcriptase were added
to an RNA solution and incubated at 25 °C for 10 min followed by 37 °C for 120 min to synthesize the
first-strand cDNA. Real-time RT-PCR was performed using a SYBR Green Realtime PCR Master Mix (Takara
Bio) and the Applied Biosystems 7900 real-time PCR detection system (ABI, Foster City, CA, USA). Thermal
cycling conditions were as follows: first step, 94 °C for 4 min; the ensuing 40 cycles, 94 °C for 1 s, 65 °C for 15
s, and 72 °C for 30 s. The expression level of each mRNA was normalized by that of GAPDH mRNA. Primers
used for real-time RT-PCR are shown in Table 1.

Construction and transfection of siRNA

The siRNA to silence human p53-targeted gene (p53 siRNA) was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), the siRNA to silence GATA-2-targeted gene (GATA-2 siRNA) from
Cosmo Bio Co. Ltd. (Tokyo, Japan), and the siRNA to silence the A, adenosine receptor-targeted gene (A,R
siRNA) and the negative control siRNA (NC siRNA) from Ambion (Austin, TX, USA).

The p53 siRNA, the GATA-2 siRNA, the A,R siRNA, or the NC siRNA was reverse-transfected into cells
using a Lipofectamine reagent (Invitrogen, Carlsbad, CA, USA). Cells were used for experiments 48 h after
transfection.

Separation into the nuclear and cytosolic components

Cells were suspended in buffer A [25 mM MgCl,, 0.1 % (v/v) Triton X-100, 1 mM dithiothreitol, and 10
mM HEPES, pH 7.6] containing 1% (v/v) protease inhibitor cocktail, and then centrifuged at 3,500 rpm for
5 min at 4 °C. The pellet and supernatant were used as nuclei- and cytosol-enriched components. Whether
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Fig. 1. Cell viability. NCI-H28 (A),
NCI-H2052 (B), NCI-H2452 (C), and 120
MSTO-211H cells (D) were treated
with adenosine at concentrations as
indicated for 24-72 h, and cell viability
was quantified with an MTT assay. In
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the nuclear and cytosolic components were successfully separated was confirmed by Western blotting using
an anti-Lamin A/C antibody, a nuclear marker.

Western blotting

Cells were lysed with 1% (w/v) sodium dodecyl sulfate (SDS). Proteins were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) using a TGX gel (BioRad, Hercules, CA, USA) and then
transferred to polyvinylidene difluoride membranes. Blotting membranes were blocked with TBS-T [150
mM NaCl, 0.1% (v/v) Tween20 and 20 mM Tris, pH 7.5] containing 5% (w/v) bovine serum albumin and
subsequently incubated with an anti-AIF antibody (Santa Cruz Biotechnology), an anti-AMID antibody
(Santa Cruz Biotechnology), an anti-p53 antibody (Cell Signaling, Beverly, MA, USA), an anti-GATA-2
antibody (Santa Cruz Biotechnology), an anti-A, receptor antibody (Santa Cruz Biotechnology), or an anti-
B-actin antibody (Sigma, St Louis, MO, USA). After washing, membranes were reacted with a horseradish
peroxidase-conjugated goat anti-mouse IgG or goat anti-rabbit IgG antibody. Immunoreactivity was detected
with an ECL kit (GE Healthcare, Piscataway, NJ, USA) and visualized using a chemiluminescence detection
system (GE Healthcare). Protein concentrations for each sample were determined with a BCA protein assay
kit (Pierce, Rockford, IL, USA).

Enzymatic assay of caspase-3, -8, and -9 activities

Caspase activity was measured using a caspase fluorometric assay kit (Ac-Asp-Glu-Val-Asp-MCA for
a caspase-3 substrate peptide; Ac-Ile-Glu-Thr-Asp-MCA for a caspase-8 substrate peptide; and Ac-Leu-Glu-
His-Asp-MCA for a caspase-9 substrate peptide) as previously described [11]. Briefly, NCI-H28 cells were
harvested before and after treatment with adenosine, and then centrifuged at 1,200 rpm for 5 min at 4 °C.
The pellet was incubated on ice in cell lysis buffer for 10 min, and reacted with the fluorescently labeled
tetrapeptide at 37 °C for 2 h. The fluorescence was measured at an excitation of wavelength of 380 nm
and an emission wavelength of 460 nm with a fluorometer (Fluorescence Spectrometer, F-4500, HITACHI,
Japan).

Statistical analysis
Statistical analysis was carried out using unpaired t-test and Dunnett’s test.

Results

Extracellular adenosine induces apoptosis in malignant pleural mesothelioma cells via

both the extrinsic and intrinsic pathways

In the MTT assay, extracellular adenosine reduced cell viability for all the malignant
pleural mesothelioma cells used here such as NCI-H28, NCI-H2052, NCI-H2452, and MSTO-
211H cells in a concentration (0.01-10 mM)- and treatment time (24-72h)-dependent
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Fig. 2. TUNEL staining. TUNEL staining was carried out in NCI-H28 (A), NCI-H2052 (B), NCI-H2452 (C), and
MSTO-211H cells (D) untreated (Cont) and treated with adenosine (Ado)(3 mM) for 24 h. DIC, differential
interference contrast. Bars, 100 um. TUNEL-positive cells were counted in the area (0.4 mm x 0.4 mm)
selected at random. In the graphs, each column represents the mean (+ SEM) TUNEL-positive cell percentage
of whole cells (n=4 independent experiments). P values, unpaired ¢-test.
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Fig. 3. Flow cytometry. NCI-H28 (A), NCI-H2052 (B), NCI-H2452 (C), and MSTO-211H cells (D) were
untreated [Ado (-)] and treated with adenosine (3 mM) for 24 h [Ado (+)], and then flow cytometry using
PI and annexin V-FITC was carried out. Typical profiles are shown in the upper panels. In the graphs, each
column represents the mean (+ SEM) percentage of cells in 4 fractions against total cells (n=4 independent
experiments). P values, Dunnett’s test.

manner, with the order of the potential for: NCI-H2452 cells>NCI-H28 cells>MSTO-211H
cells>NCI-H2052 cells (Fig. 1A,B,C,D). This indicates that adenosine induces cell death in
malignant pleural mesothelioma cells, although the potential varies depending upon the cell
types.

To see whether the adenosine-induced cell death is due to necrosis or apoptosis,
we carried out TUNEL staining. Treatment with adenosine (3 mM) for 24 h significantly
increased the number of TUNEL-positive cells as compared with that before adenosine
treatment commonly for all the malignant pleural mesothelioma cells examined here with
the degree varying among cell types (Fig. 2A,B,C,D). This indicates that adenosine induces
apoptosis in malignant pleural mesothelioma cells.

To obtain further evidence for adenosine-induced apoptosis, we carried out flow
cytometry using PI and annexin V-FITC. PI is a marker of dead cells and annexin V, detecting
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externalized phosphatidylserine residues, is a marker of apoptotic cells [18]. For all the cell
types, 24-h treatment with adenosine (3 mM) markedly decreased the population of PI-
negative and annexin V-negative cells, but otherwise it significantly increased the population
of PI-negative and annexin V-positive cells and the population of Pl-positive and annexin V-
positive cells, each corresponding to early apoptosis and late apoptosis/secondary necrosis
[19](Fig. 3A,B,C,D). Collectively, these results provide evidence for adenosine-induced
apoptosis in malignant pleural mesothelioma cells.

For all the malignant pleural mesothelioma cells used here, adenosine-induced cell
death was significantly inhibited by 3-ethyl 5-benzyl-2- methyl-6-phenyl-4-phenylethynyl-
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1,4-(t)-dihydropyridine-3,5-dicarboxylate (MRS1191), an inhibitor of A, adenosine
receptors, while it was not affected by 8-cyclopentyltheophylline (8-CPT), an inhibitor of A,
adenosinereceptors, 3,7-dimethyl-1 propargylxanthine (DMPX), aninhibitor of A, adenosine
receptors, or N-(4-acetylphenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-purin-
8-yl)phenoxy]acetamide (MRS1706), an inhibitor of A, adenosine receptors (Fig. 4A,B,C,D).
This indicates that A, adenosine receptor participates in malignant pleural mesothelioma
cell death, i.e., adenosine induces apoptosis in malignant pleural mesothelioma cells through
an extrinsic pathway.

Adenosine-induced cell death for malignant pleural mesothelioma cells, alternatively,
was neutralized by dipyridamole, an adenosine transporter inhibitor (Fig. 4A,B,C,D),
indicating the participation of intrinsic pathway too in adenosine-induced malignant pleural
mesothelioma cell death. The adenosine-induced cell death was also significantly suppressed
by 4-amino-5-(3-bromophenyl)-7-(6-morpholino-pyridin-3-yl)pyrido[2,3-d] pyrimidine
(ABT-702), an inhibitor of adenosine kinase to phosphorylate adenosine and convert to AMP,
but it was not affected by Compound C, an inhibitor of AMPK (Fig. 4A,B,C,D). This interprets
that AMP converted from intracellularly transported adenosine mediates adenosine-induced
apoptosis in malignant pleural mesothelioma cells, without AMPK activation. Moreover, the
adenosine-induced cell death was not inhibited by erythro-9-(2-hydroxy-3-nonyl) adenine
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Fig. 7. p53 expression. NCI- .
H28 cells were treated with A B il
adenosine (3 mM) for periods 0 1 6 h
of time as indicated, followed 3+ ps3 — —
by real-time RT-PCR (A) and B-actin
Western blotting (B). (A)
Signal intensities for the p53
mRNA was normalized by
the intensity for the GAPDH
mRNA. In the graph, each P S
point represents the mean 0 2 4 6 8 10 12
(¥ SEM) normalized p53 Treatment time (h)
mRNA intensity (n=4 g ————
independent  experiments). 0 1 2 3 4 5 86
*P<0.01 as compared with Treatment time:(h)
basal levels (0 h), Dunnett’s test. (B) Signal intensities for p53 protein were normalized by the intensity for
B-actin. In the graph, each point represents the mean (* SEM) ratio against p53 signal intensities at 0 h (n=4
independent experiments). **P<0.001 as compared with basal levels (0 h), Dunnett’s test.
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(EHNA), an inhibitor of adenosine deaminase (Fig. 4A,B,C,D), indicating that the adenosine
effect is not caused by adenosine metabolites such as hypoxanthine and inosine.

Adenosine-induced apoptosis in NCI-H28 cells is largely independent of caspase activation

We next attempted to understand the intracellular signaling underlying adenosine-
induced apoptosis in malignant pleural mesothelioma cells. To address this question, we
picked up NCI-H28 cells with a moderate adenosine effect among 4 cell lines and used them
for the following experiments.

Adenosine-induced NCI-H28 cell death was little inhibited by the pan-caspase inhibitor
Z-VAD-fmk (Fig. 5A), suggesting caspase-independent apoptosis.

To further clarify this, we enzymatically assayed activities of caspase-3, -8, and -9. No
apparent activation of caspase-3, -8, or -9 in NCI-H28 cells was obtained with adenosine
(Fig. 5B), supporting the note that adenosine induces apoptosis in NCI-H28 cells largely in a
caspase-independent manner.

In our earlier study, adenosine induces caspase-independent apoptosis in HuH-7 human
hepatoma cells by upregulating AMID [7]. For a caspase-independent apoptotic pathway,
AMID as well as AIF are the major executioners. AIF, that is localized within the mitochondrial
membrane under the normal conditions, is released from the mitochondria in response to
lethal signals, translocated into the nucleus, and binds to the nuclear DNA, thereby causing
chromosomal condensation, margination, and large-scale DNA fragmentation [20-22].
Likewise, AMID induces apoptosis by accumulating in the nucleus [23-28]. In the present
study, adenosine increased expression of mRNAs for AIF and AMID in a bell-shaped treatment
time (1-12 h)-dependent manner in NCI-H28 cells (Fig. 6A). Strangely, adenosine did not
alter expression of proteins for AIF and AMID in NCI-H28 cells (Fig. 6B). Additionally, no
translocation of AIF or AMID from the cytosol into the nucleus was found with adenosine (Fig.
6C). Overall, these results indicate that adenosine induces caspase-independent apoptosis in
NCI-H28 cells, regardless of AIF or AMID.

Adenosine induces NCI-H28 cell apoptosis in a p53-dependent manner

The tumor suppressor protein p53 is well-recognized to induce cancer cell apoptosis
via transcription-dependent and -independent pathways. Then, our final attempt was to see
whether p53isimplicated in adenosine-induced apoptosis here. For NCI-H28 cells, adenosine
increased expression of the p53 mRNA in a bell-shaped treatment time (1-12 h)-dependent
manner (Fig. 7A) and p53 protein in a treatment time (1-6 h)-dependent manner (Fig. 7B).
This accounts for adenosine-induced upregulation of p53 expression in NCI-H28 cells.
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Expression of p53 protein for NCI-H28 cells transfected with the p53 siRNA was significantly
attenuated as compared with the expression for cells transfected with the NC siRNA (Fig.
8A), confirming p53 knock-down. Adenosine-induced NCI-H28 cell death was significantly
prevented by knocking-down p53 (Fig. 8B). In addition, adenosine-induced increase in
TUNEL-positive cells was also significantly suppressed by knocking-down p53 (Fig. 8C).
Taken together, these results indicate that adenosine induces NCI-H28 cell apoptosis by
upregulating p53 expression.

We have earlier found that adenosine upregulates p53 expression by targeting GATA-2,
thereby activating caspase-3, -8, and -9 to induce HepG2 cell apoptosis [29]. To see whether
adenosine-induced upregulation of p53 expression in NCI-H28 cells is regulated by GATA-
2, the GATA-2 siRNA was transfected into cells. Expression of GATA-2 protein for NCI-H28
cells transfected with the GATA-2 siRNA was significantly reduced as compared with the
expression for cells transfected with the NC siRNA (Fig. 9A), confirming GATA-2 knock-
down. Adenosine-induced upregulation of p53 mRNA expression in NCI-H28 cells was not
affected by knocking-down GATA-2 (Fig. 9B). This indicates that adenosine promotes the
p53 transcription in NCI-H28 cells in a GATA-2-independent manner.

For NCI-H28 cells transfected with the A,R siRNA, expression of A, adenosine receptor
protein was significantly suppressed as compared with the expression for cells transfected
with the NC siRNA (Fig. 9C), confirming A, adenosine receptor knock-down. Adenosine-
induced upregulation of p53 mRNA expression in NCI-H28 cells was not influenced by
knocking-down A, adenosine receptor (Fig. 9D). This indicates that A, adenosine receptor is
not implicated in the upregulation of p53 expression for NCI-H28 cells.
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Amazingly, adenosine-induced upregulation of p53 mRNA expression in NCI-H28 cells
was drastically inhibited by the adenosine kinase inhibitor ABT-702 (Fig. 9E). This implies
that AMP serves as a critical regulator for the p53 transcription.

Adenosine-induced reduction in NCI-H28 cell viability and adenosine-induced increase
in TUNEL-positive cells was also inhibited by knocking-down A, adenosine receptor, but with
alesser degree as compared with that for knocking-down p53 (Fig. 10A,B). This suggests that
A, adenosine receptor in part mediates NCI-H28 cell apoptosis by the mechanism distinct
from AMP-mediated p53 upregulation.

Discussion

The results of the present study clearly demonstrate that extracellular adenosine
induces apoptosis in malignant pleural mesothelioma cells such as NCI-H28, NCI-H2052,
NCI-H2452, and MSTO-211H cells in a concentration (0.01-10 mM)- and treatment time (24-
72h)-dependent manner, although the potential varies depending upon the cell types.

Accumulating evidence has shown that adenosine induces apoptosis in variety of cancer
cells mainly through two pathways, i.e., an intrinsic pathway relevant to adenosine uptake
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into cells and the ensuing signaling and an extrinsic pathway relevant to adenosine receptors
that include A, A, , A, , and A, receptor. Adenosine-induced apoptosis in malignant pleural
mesothelioma cells used here was almost reversed by the adenosine transporter inhibitor
dipyridamole or the adenosine kinase inhibitor ABT-702. This interprets that extracellular
adenosineinduces apoptosisin malignant pleural mesothelioma cells via an intrinsic pathway;,
i.e.,, adenosine uptake into cells through adenosine transporters and ensuing conversion to
AMP catalyzed by adenosine kinase. AMPK is shown to function downstream AMP, to induce
apoptosis in GT3-TKB human lung cancer cells and HuH-7 human hepatoma cells [2, 3]. The
adenosine effect here was not affected by the AMPK inhibitor Compound C. This suggests
that AMPK is not a downstream target of AMP converted from intracellularly transported
adenosine, responsible for adenosine-induced apoptosis in malignant pleural mesothelioma
cells. Moreover, the adenosine effect was not inhibited by the adenosine deaminase inhibitor
EHNA4, indicating no participation of adenosine metabolites such as hypoxanthine and
inosine in adenosine-induced malignant pleural mesothelioma cell apoptosis.

Adenosine-induced apoptosis in malignant pleural mesothelioma cells, alternatively,
was significantly inhibited by the A, adenosine receptor inhibitor MRS1191, while the A,
adenosine receptor inhibitor 8-CPT, the A, adenosine receptor inhibitor DMPX, or the
A,, adenosine receptor inhibitor MRS1706 had no effect. This indicates that extracellular
adenosine also induces apoptosis in malignant pleural mesothelioma cells via an extrinsic
pathway, i.e., via an A, adenosine receptor.

Two major pathways for apoptosis include caspase-dependent and -independent
pathways. In the present study, adenosine-induced NCI-H28 cell death was not significantly
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inhibited by the pan-caspase inhibitor Z-VAD-fmk. In addition, no remarkable activation
of caspase-3, -8, and -9 was found with adenosine for NCI-H28 cells. Likewise, adenosine-
induced cell death for the other cell lines NCI-H2052, NCI-H2452, and MSTO-211H cells was
not significantly prevented by Z-VAD-fmk, and adenosine did not activate caspase-3, -8, and
-9 in those cells (data not shown). Collectively, extracellular adenosine is likely to induce
malignant pleural mesothelioma cell apoptosis mainly in a caspase-independent manner.

Then, one would ask the question how extracellular adenosine induces malignant
pleural mesothelioma cell apoptosis. For a caspase-independent apoptotic pathway, AIF
and AMID are recognized to serve as the major executioner. AIF and AMID induce apoptosis
by accumulating in the nucleus [20-28]. We have earlier found that extracellular adenosine
induces caspase-independent apoptosis in MCF-7 human breast cancer cells by accumulating
AMID in the nucleus [6] or in HuH-7 cell apoptosis by upregulating expression of AMID [7].
In the present study, adenosine did not affect expression of proteins for AIF and AMID or
intracellular distribution of AIF and AMID in NCI-H28 cells. This suggests no implication of
AIF or AMID in adenosine-induced apoptosis in malignant pleural mesothelioma cells.

To explore the mechanism underlying adenosine-induced malignant pleural
mesothelioma cell apoptosis, we highlighted p53, a tumor suppressor protein, bearing
apoptosis in a wide variety of cancers. Amazingly, adenosine increased expression of the
p53 mRNA and protein in NCI-H28 cells, and adenosine-induced NCI-H28 cell apoptosis
was significantly prevented by knocking-down p53. Adenosine-induced upregulation of
p53 expression and p53-dependent apoptosis were still obtained with the other cell lines
NCI-H2052, NCI-H2452, and MSTO-211H cells (data not shown). These results raise the
possibility that adenosine induces apoptosis in malignant pleural mesothelioma cells by
upregulating p53 expression. In our earlier study, adenosine upregulated p53 expression
under the control of GATA-2, responsible for adenosine-induced HepG2 cell apoptosis
[29]. Adenosine-induced upregulation of p53 expression in NCI-H28 cells, however, was
not affected by knocking-down GATA-2, indicating that adenosine here upregulates p53
expression, independently of GATA-2. Furthermore, the adenosine effect was not also
inhibited by knocking-down A, adenosine receptor, indicating no mediation of the receptor
in the p53 transcription for malignant pleural mesothelioma cells. The most striking finding
in the present study is that adenosine-induced upregulation of p53 expression in NCI-H28
cells was completely inhibited by the adenosine kinase inhibitor ABT-702. This strongly
suggests that AMP converted from intracellularly transported adenosine is engaged in the
promotion of the p53 gene transcription. To our knowledge, this is the first suggesting AMP
as a critical regulator for the p53 gene transcription.

Adenosine-induced apoptosis in NCI-H28 cells were still suppressed by knocking-down
A, adenosine receptor, with the inhibition being lesser than that for knocking-down p53.
This suggests that A, adenosine receptor in part mediates malignant pleural mesothelioma
cell apoptosis by the mechanism independent of p53 upregulation.

In conclusion, the results of the present study show that for a main pathway extracellular
adenosine is transported into cells and in turn, converted to AMP, which upregulates p53
expression to induce caspase-independent apoptosis in malignant pleural mesothelioma
cells, and that for a branch pathway A, adenosine receptor participates in adenosine-induced
apoptosis in malignant pleural mesothelioma cells. The results also suggest that AMP
converted from intracellularly transported adenosine promotes the p53 gene transcription,
responsible for malignant pleural mesothelioma cell apoptosis.
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