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Abstract

Cyclic nucleotide phosphodiesterases (PDES) regulate the intracellular concentrations and effects
of adenosine 3’,5’-cyclic monophosphate (cAMP) and guanosine 3’,5’-cyclic monophosphate
(cGMP). The role of PDEs in malignant tumor cells is still uncertain. The role of PDEs, especially
PDEZ2, in human malignant melanoma PMP cell line was examined in this study. In PMP cells, 8-
bromo-cAMP, a cAMP analog, inhibited cell growth and invasion. However, 8-bromo-cGMP, a
cGMP analog, had little or no effect. PDE2 and PDEA4, but not PDE3, were expressed in PMP
cells. Growth and invasion of PMP cells were inhibited by erythro-9-(2-Hydroxy-3-nonyl) adenine
(EHNA), a specific PDE2 inhibitor, but not by rolipram, a specific PDE4 inhibitor. Moreover, cell
growth and invasion were inhibited by transfection of small interfering RNAs (siRNAs) specific
for PDE2A and a catalytically-dead mutant of PDE2A. After treating cells with EHNA or
rolipram, intracellular cAMP concentrations were increased. Growth and invasion were stimulated
by PKA14-22, a PKA inhibitor, and inhibited by N6-benzoyl-c AMP, a PKA specific CAMP
analogue, whereas 8-(4-chlorophenylthio)-2’-O-methyl-cAMP, an Epac specific cCAMP analogue,
did not. Invasion, but not growth, was stimulated by A-kinase anchor protein (AKAP) St-Ht31
inhibitory peptide. Based on these results, PDE2 appears to play an important role in growth and
invasion of the human malignant melanoma PMP cell line. Selectively suppressing PDE2 might
possibly inhibit growth and invasion of other malignant tumor cell lines.

© 2014 Published by Elsevier Inc.

"Corresponding author. Department of Oral and Maxillofacial Surgery, Department of Clinical Sciences, Medical Life Science, Mie
University Graduate School of Medicine, 2-174 Edobashi, Tsu, Mie 514-8507, Japan. Tel.: +81-59-232-1111; fax: +81-59-231-5207.
skasumi@clin.medic.mie-u.ac.jp (K. Shimizu).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest
The authors declare that they have no competing interests.

Authors’ contributions
T.M. designed the experiments; K.H., T.M., and K.S. carried out the experiments; K.H., T.M., and K.S. analyzed the data; K.H., T.M.,
and K.S. wrote the manuscript. All authors have read and commented on the manuscript.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hiramoto et al. Page 2

Keywords
Human malignant melanoma; Phosphodiesterase 2; Cell growth; Invasion; Cyclic AMP

1. Introduction

Cyclic nucleotide phosphodiesterases (PDES) play an important role in signal transduction
by modulating intracellular levels of cyclic nucleotides. These ubiquitous enzymes lower the
intracellular concentrations of cyclic nucleotides by hydrolyzing adenosine 3°,5’-cyclic
monophosphate (CAMP) and guanosine 3’,5’-cyclic monophosphate (cGMP) to their
respective 5’nucleoside monophosphates [1]. The PDE superfamily represents 11 gene
families (PDE1 to PDE11), which differ in their biochemical properties, their regulation, and
their sensitivity to pharmacological agents [2]. PDE inhibitors affect many pathological
conditions, but their use as anticancer agents has not been completely developed.

cGMP-stimulated phosphodiesterase (PDE2), a homodimer of two 105-kDa subunits, is
found in association with intracellular membranes as well as in cytosolic fractions. PDE2
enzymatic activity was first described in rat liver extracts [3] and was subsequently purified
to apparent homogeneity from various tissues, including bovine heart and adrenal gland [4],
calf liver [5], bovine brain [6], rat liver [7], and rabbit brain [8]. Although cGMP is the
preferred substrate and effector molecule for this enzyme, PDE2 hydrolyzes both cGMP and
cAMP with positively cooperative kinetics. At physiological concentrations of cyclic
nucleotides, PDE2 responds to elevated cGMP with increased hydrolysis of CAMP.
Therefore, PDE2, which is sometimes referred to as a cGMP-stimulated cAMP PDE, can
provide crosstalk between cAMP and cGMP signaling pathways [9].

CAMP is a positive intracellular signal for cell proliferation in many differentiated cells
[10,11]. In many tumor cells, however, cAMP is a negative messenger for proliferation, with
lower basal cCAMP concentrations in some tumor cells than in normal cells [11]. Various
agents that increase CAMP have previously been found to inhibit tumor cell growth in vitro.
However, PDE inhibitors, especially those of the methylxanthine type, display growth
inhibition only at rather high concentrations [11-18]. Elevation of intracellular cAMP levels
can regulate the metastatic ability of tumor cells either positively [19-21] or negatively [22—
25], depending upon the cell type.

cGMP regulates smooth muscle relaxation, platelet aggregation, and neurotransmission. It
has been reported that increasing intracellular cGMP induces apoptosis in a colon tumor cell
line [26]; however, it has also been reported that the cGMP analogs did not inhibit
proliferation in a malignant glioma cell line [25].

cAMP and cGMP exist in all cells; by catalyzing hydrolysis of these second messengers,
PDEs are thought to play important roles in regulation of their signals. However, the role of
PDE?2 is still unclear in malignant tumor cells. In this study, the role of PDE2 in growth and
invasion of a malignant melanoma cell line was examined using a specific PDE2 inhibitor
and PDE2A small interfering RNAs (SiRNAS).
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2. Materials and methods

2.1. Cell culture

Human malignant melanoma PMP cells [27] were established from a 65-y-old patient with
primary palatal malignant melanoma who was treated in our department in 1986. PMP cells
had a polygonal shape and were amelanotic. PMP cells were maintained in RPMI 1640
medium (Invitrogen, Carlsbad, CA) supplemented with 5% fetal bovine serum (FBS)
(Sigma, St. Louis, MO). HMG cells (which expressed PDE3A, PDE3B and PDE4D, and
were used as positive control for PDE3A, PDE3B and PDE4D RT-PCR) were maintained in
RPMI 1640 medium supplemented with 10% FBS, and KB cells (which expressed PDE4A
and were used as positive control for PDE4A immunoblots) were maintained in RPMI 1640
medium supplemented with 10% FBS at 37°C in a humidified 5% CO, atmosphere.

2.2. Cell growth assays

Cells were plated at 400 cells/well in 96-well plates, allowed to adhere for 24 h, and then
cultured in the absence or presence of different concentrations of reagents for 3 or 5 days.
MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] assays were performed using CellTiter 96 Aqueous One Solution Cell
Proliferation Assay (Promega, Madison, WI), and cell numbers were calculated.

2.3. In vitro invasion assays

PMP cells (4 x 10% cells) in RPMI 1640 medium containing 0.1% FBS were transferred to 8
um pore Matrigel pre-coated inserts (BD Bioscience, Bedford, MA). The inserts were placed
in companion wells containing RPMI 1640 medium supplemented with 10% FBS as a
chemoattractant. Following 16 h incubation, the inserts were removed, and the noninvading
cells on the upper surface were removed with a cotton swab. Cells on the lower surface of
the membrane were fixed and stained with May-Griinwald-Giemsa stain or Diff-Quik™
(Sysmex, Kobe, Japan). The number of stained cells was counted under a microscope or
calculated using a MacSCOPE X image processing software (Mitani Corp., Fukui, Japan).

2.4. cAMP PDE activity assays

PMP cells were seeded at 1.5 x 108 cells/100-mm dish. After 3 days, the cells were washed
twice with PBS, harvested with a rubber policeman, and homogenized in 1 ml of ice-cold
homogenization buffer [100 mM TES (pH 7.4), 10 pg/ml each of pepstatin, leupeptin, and
aprotinin, 1 mM benzamidine, 0.5 mM pefabloc, 1 mM EDTA, 0.1 mM EGTA, 5 mM
MgSO,, 10% glycerol]. cAMP PDE activity was assayed using a modification of a
previously described procedure [28]. Samples were incubated at 30°C for 10 min in a total
volume (0.3 ml) containing 50 mM Hepes (pH 7.4), 0.1 mM EGTA, 8.3 mM MgCl,, and 0.1
UM (3H)cAMP (18,000 cpm) with or without each PDE inhibitor: a specific PDE2 inhibitor
erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA); a specific PDE3 inhibitor (cilostamide); a
specific PDE4 inhibitor (rolipram); and cGMP (which stimulates PDE2 and inhibits PDE3).
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2.5. Reverse transcription-PCR

Cells were seeded at 1 x 106 cells/25-cm? flask. After 3 days, total RNA was isolated with
the QuickGene RNA kit for cultured cells (Fuji Photo Film Co., Tokyo, Japan). First-strand
cDNA was synthesized using total RNA with TagMan reverse transcription reagents
(Applied Biosystems, Foster City, CA). PCR was performed with specific primer pairs for
PDEZ2, PDE3, and PDE4 isoforms (Table 1). The reverse transcription (RT) product (2 ul)
was added to a PCR reaction, which included PCR buffer [10 mM Tris-HCI (pH 8.3), 50
mM KCI, 1.5 mM MgCl,, 0.01% gelatin], 0.2 mM dNTPs, 1 uM primers, and 5 units of Taq
DNA polymerase (Applied Biosystems). Thirty PCR cycles were followed by denaturation
at 94°C, annealing at 55°C, and extension at 72°C with a 2720 thermal cycler (Applied
Biosystems). Reaction products were analyzed by electrophoresis of 5 ul samples in 2%
agarose gels. The amplified DNA fragments were visualized by SYBR Green | staining.

2.6. Western blotting

Human full-length PDE3A recombinant protein was synthesized by a previously described
procedure [29]. PDE3B recombinant protein and PDE4D recombinant protein (Signal
Chem, Richmond, Canada) were purchased. PMP and KB cells were suspended in NUPAGE
LDS sample buffer (Invitrogen). Gel electrophoresis [NUPAGE 4-12% Bis-Tris gel
(Invitrogen)] was carried out in XCell SureLock Mini-Cell (Invitrogen). Following
electrophoresis, proteins were transferred to iBlot Transfer stack PVDF membranes using
iBlot (Invitrogen) or Trans-Blot®Turbo™ Transfer System transfer Pack (PVVDF
membranes) using Trans-Blot®Turbo™ Transfer System (Bio-Rad labo. Hercules, CA), and
the membranes were blocked by incubation with PBST (0.1% Tween 20 in PBS) or
supplemented with 2% ECL Advance blocking agent (GE Healthcare UK Ltd., Little
Chalfont, Bockinghamshire, UK) for 1 h. The blots were incubated with each primary rabbit
polyclonal antibody; PDE2A (FabGennix, Frisco, TX), PDE3A and PDE3B (from Dr.
Manganiello), PDE4A (Abcam plc, Cambridge, UK), PDE4B (FabGennix), PDE4C and
PDE4D (Abcam) overnight at 4°C or B-actin (Millipore, Billerica, MA) for 1h at RT and
rinsed five times with PBST. Rinsed blots were incubated with horseradish peroxidase-
conjugated donkey anti-rabbit IgG (GE Healthcare UK Ltd.) for 1 h and rinsed with PBST.
Immunoreactivity was detected by chemiluminescence using ImmunoStar®LD (Wako Pure
Chemical Industries Ltd., Osaka, Japan) or ECL Advance western blotting detection kits
(GE Healthcare UK Ltd.). The protein content was determined using BCA protein assay Kkits
(Pierce, Rockford, IL).

2.7. siRNA transfections

Silencer Pre-designed siRNAs (Applied Biosystems) specific for PDE2A (siRNA ID #4336
and #143734) were used in this study. Silencer negative control #1 siRNA (Applied
Biosystems) was also used as a control siRNA. Transient transfection of SiRNA was carried
out using Lipofectamine RNAIMAX (Invitrogen). Diluted siRNA (final concentration 5 nM)
in 100 pl Opti-MEM® | reduced-serum medium (Invitrogen) and 1 pl of Lipofectamine
RNAIMAX were added to 24-well plates which were incubated for 20 min at room
temperature to ensure complex formation. Into each well, cells were plated at 2.5 x 104
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cells/well in 0.5 ml of RPMI 1640 medium with 5% FBS. The cells were assayed after 2
days.

2.9. Quantitative real-time PCR

After transfection with siRNA, total RNA was isolated from PMP cells with the QuickGene
RNA kit for cultured cells. cDNA synthesis was performed using 200 ng of total RNA
primed with random hexamers as described in the TagMan Gold RT-PCR kit (Applied
Biosystems). The expression of PDE2A mRNA was quantified using real-time quantitative
PCR (Applied Biosystems 7300 real-time PCR system, Applied Biosystems). Experiments
were performed using TagMan Universal PCR Master Mix (Applied Biosystems) with each
primer and probe set (TagMan Gene Expression Assays, Applied Biosystems). Expression
of 18S rRNA was used as an internal control; 18S rRNA expression was not significantly
different between control and treatments (data not shown).

2.10. cAMP content of PMP cells

PMP cells were plated at 1 x 10* cells/well in 96-well plates, and allowed to adhere for 24 h.
The cells were then incubated with medium containing indicated concentrations of EHNA
and rolipram for 15 min. Intracellular cAMP content was determined using the cAMP
Biotrak enzyme immunoassay (EIA) system (GE Healthcare UK Ltd.).

2.11. Transfection of monomeric red fluorescent protein (mMRFP)-tagged dnPDE2A

The catalytically dead mutant of PDE2A (dnPDE2A) was a kind gift from Manuela Zaccolo,
Institute of Neuroscience and Psychology, University of Glasgow, Glasgow, Scotland, UK
[30]. PMP cells were seeded at 2 x 10° cells/12.5 cm? flask. After 2 days, transfection of the
plasmids was carried out using Lipofectamine 2000 (Invitrogen). The plasmids (6.6 pg) and
Lipofectamine 2000 (16.5 pl) in 330 pul Opti-MEM® | reduced-serum medium (Invitrogen)
were added to 12.5 cm? flask, and incubated for 48 hours at 37°C in a humidified 5% CO,
atmosphere. After 48 hours, the cells were harvested with trypsin solution (Invitrogen). Cell
number was counted under fluorescence microscope and the efficiency of transfected of
plasmid DNA into PMP cells was calculated.

2.12. Immunocytochemistry

PMP cells were seeded at 2 x 103 cells/chamber in 8 Chamber Polystyrene Vessel Tissue
Culture Treated Glass Slide (BD, Bedford, MA). After 5 days, the cells were washed 3 times
with PBS (-) at 4°C, fixed in methanol for 5 min at -30°C, and then washed 3 times with
PBS (-). The fixed cells were incubated with 3% H,0O, for 10min, and washed 3 times with
PBS (-) at RT. To block endogenous biotin, Biotin Blocking System (Dako, Glostrup,
Denmark) was used. The cells were incubated with Avidin Solution for 10 min, washed 3
times with PBS (=) at RT, and then incubated with Biotin Solution for 10 min, washed 3
times with PBS (=) at RT. Slides were preincubated in 5% skim milk in PBS (=) for 10min
at RT, and incubated with primary antibodies diluted in PBS (=) overnight at 4°C, washed 3
x 5 min with PBS (=), incubated with secondary antibody for 10 min at RT, and washed 3 x
5 min with PBS (). To visualize, DAB (diaminobenzidine) was used. The nuclei were
stained with hematoxylin.
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2.14. Statistical analysis

All experiments were repeated three times. The difference in multiple group comparisons
were analyzed using Tukey-Kramer multiple comparisons test, and the difference in two
group comparisons were analyzed using Student’s t-test. Significance was defined as a
calculated P value of less than 0.05.

3. Results

3.1. Effects of 8-bromo-cAMP and 8-bromo-cGMP on cell growth and invasion

8-bromo-cAMP (8-Br-cAMP) suppressed cell growth and cell invasion in a dose-dependent
manner (Fig. 1A and B). However, 8-bromo-cGMP (8-Br-cGMP) had no significant effect
on cell growth or cell invasion (Fig. 1C and D).

3.2. Identification of PDEs in PMP cells

Total cCAMP PDE activity in PMP cell homogenates was inhibited about 20% by EHNA, but
was stimulated about three-fold by cGMP, indicating the presence of PDE2. This increase
was suppressed by EHNA, a PDE2 inhibitor. PDE activity was minimally affected by
cilostamide (PDE3 inhibitor), but was inhibited by about 55% by rolipram (PDE4 inhibitor)
(Fig. 2A). Therefore, PMP cells exhibited PDE2 and PDE4 activities, but PDE3 activity was
very low. Stimulated PDE activity was suppressed about 40% by 0.1 mM 8-Br-cAMP, 80%
by 0.5 mM 8-Br-cAMP and 90% by 1 mM 8-Br-cAMP (Fig. 2B). Total cAMP PDE activity
was suppressed about 45% by 0.1 mM and 0.5 mM 8-Br-cAMP, and 60% by 1 mM 8-Br-
cAMP. 8-Br-cAMP did not add to the inhibitory effect of rolipram on PDE activity (Fig.
2C). Furthermore, RT-PCR was performed to ascertain the expression of PDE2, PDE3, and
PDE4 mRNAs (Fig. 2D). Bands were seen for PDE2A, 4A, 4B, and 4C mRNAs. However,
bands for PDE3A, 3B, and 4D were not seen.

3.3. Western blotting of PDE3s and PDE4s

To confirm PDE3 and PDE4 mRNA findings we performed western blotting (Fig. 3). Bands
were seen for PDE4B (~84 kDa and ~58 kDa) and 4C (~64 kDa), but not PDE3A, 3B and
4D, suggesting little or no expression of these isoforms (Fig. 3A, 3B, 3F). Except for
PDEA4A, these findings were consistent with the mRNA findings. PDE4A was not detected
using western blotting (Fig. 3C). PDE4A antibody reacts with the C-TERMINAL region of
PDEA4A, and this region was detected using RT-PCR (data not shown). Taken together, these
data suggested that expression of PDE4A was minimal in PMP cells. Since PDE4B and
PDEA4C in PMP cells were short forms which do not contain PKA phosphorylation sites, this
may explain why cAMP PDE activity was not stimulated by 8-Br-cAMP (Fig. 2B, 2C).

3.3. Suppressive effects of PDE2A siRNA

The suppressive effects of PDE2A siRNA on PDE2 expression were investigated.
Quantitative real-time PCR was performed to quantitatively measure the expression of
PDE2A mRNA after transfecting cells with PDE2A siRNA (Fig. 4A). PDE2A siRNA
significantly suppressed the expression of PDE2A mRNA by about 75%. Similar results
were obtained using two types of PDE2A siRNA. The expression of PDE2 protein was also
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ascertained using western blotting and PDE activity (Fig. 4B, 4C). The expression of
PDEZ2A protein was decreased by siRNA transfection, thus demonstrating that the
expression of PDE2 protein was suppressed, using two types of PDE2A siRNA.
Furthermore, PDE2 activity were decreased by siRNA transfections, but PDE3 and PDE4
activities were not changed by the siRNAs (Fig. 4C). PDE activity stimulated by cGMP
before and after sSiRNA treatments was suppressed by 8-Br-cAMP (Fig. 4D).

3.4. Effects of PDE inhibitors and siRNA on cell growth

The effects of specific inhibitors of PDE2 and PDE4, as well as PDE2A siRNA, on cell
growth were investigated. EHNA suppressed cell growth in a dose-dependent manner (Fig.
5A). Additionally, PDE2A siRNA significantly suppressed cell growth (Fig. 5B). Similar
results were obtained using the two types of PDE2A siRNA, #4336 and #143734. However,
rolipram (50 uM) had no significant effects on cell growth (Fig. 5C). The combined effect of
EHNA and rolipram was also assessed. Rolipram (10, 50 uM) did not potentiate the
suppressive effect of EHNA (1, 10 uM) (Fig. 5D). These findings demonstrate that PDE2
inhibition suppresses cell growth, but PDE4 inhibition does not result in marked changes in
cell growth.

3.5. Effects of PDE inhibitors and siRNA on cell invasion

The effects of specific inhibitors of PDE2 and PDE4, as well as PDE2A siRNA, on cell
invasion were examined. EHNA suppressed cell invasion in a dose-dependent manner (Fig.
6A). In addition, PDE2A siRNA transfection suppressed cell invasion. When compared to
control siRNA transfection, the number of invading cells for the two types of PDE2A
SiRNA was significantly lower (44% and 30%, Fig. 6B). However, rolipram (50 uM) had no
significant effects on cell invasion (Fig. 6C). These results show that PDE2 A inhibition
suppresses PMP cell invasion, but PDE4 is not involved with cell invasion.

3.6 Effects of PDE inhibitors on intracellular cAMP concentrations

Although 8-Br-cAMP suppressed PMP cell growth and invasion, rolipram did not.
Therefore, in order to verify the efficacy of rolipram, intracellular cAMP content was
measured after treating cells with EHNA or rolipram. After 15 min, intracellular cAMP
concentrations were significantly increased by 50 uM EHNA or rolipram at 10 and 50 uM.
With rolipram, the increase was about 2.4-fold with 10 uM and 2.6-fold with 50 uM (Fig. 7).
These results suggest that although rolipram suppresses PDE4 and increases intracellular
cAMP, the cAMP “pool” controlled by EHNA/PDE2, not PDE4, seems to be important in
regulation of growth and invasion of PMP cells.

3.7. Effect of mRFP-tagged dnPDEZ2A on cell growth and invasion

To recapitulate the effect of PDE2 siRNAs, we examined the effect of mRFP-tagged
dnPDE2A on cell growth and invasion (Fig. 8). mRFP-tagged dnPDE2A, which is
catalytically inactive, decreased the growth and invasion of PMP cells.
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3.8. Immunocytochemistry of PDE2A

To confirm the location of PDE2A in PMP cells, we carried out immunocytochemistry (Fig.
9). The cytoplasm was stained by PDE2A antibody, suggested that PDE2A was not located
in a specific region of PMP cells.

3.9. Effects of agents which regulate PKA and activate Epac on cell growth

The effects of PKA-related reagents and a cAMP analogue which stimulated Epac were
investigated. The PKA inhibitor PKl14_9, increased cell growth (Fig. 10A), but the cAMP
analogue N6-Benzoyl-cAMP, which specifically activates PKA, decresed cell growth (Fig.
10B). However, INCELLect™ AKAP St-Ht31 Inhibitor Peptide (Promega, Madison, WI)
and 8-pCPT-2’-O-Me-cAMP, a cCAMP analogue which activates Epac, had no significant
effects on cell growth (Fig. 10C, 10D).

3.10. Effects of agents which regulate PKA and activate Epac on cell invasion

The effects of PKA related reagents and a cAMP analogue which activates Epac were
investigated. The PKA inhibitor PK114-22 increased cell invasion (Fig. 11A), but the cAMP
analogue N6-Benzoyl-cAMP, which specifically activates PKA, decreased cell invasion
(Fig. 11B). INCELLect™ AKAP St-Ht31 Inhibitor Peptide (Promega) increased cell
invasion (Fig. 11C). However, the cAMP analogue 8-pCPT-2’-O-Me-cAMP, which
activated Epac, had no significant effects on cell invasion (Fig. 11D).

4. Discussion

Both cell growth and invasion play important roles in the progression of cancer, and new
anticancer therapies that block them are required. First, we investigated the effects of cAMP
and cGMP on growth and invasion of human malignant melanoma PMP cells. When PMP
cells were treated with a cAMP analog, growth and invasion were suppressed. Although
there was some degree of crosstalk between cGMP and cAMP, a cGMP derivative had no
marked effects on cell growth and invasion. Of the various PDEs that regulate the
intracellular concentrations of cAMP and cGMP, studies have shown that a PDE4-specific
inhibitor hinders the growth of murine melanoma cells, human mammary carcinoma cells
[31], and osteosarcoma cells [32], while a PDE3-specific inhibitor (cilostamide) hinders the
growth of human neoplastic submandibular gland cells [33] and squamous cell carcinoma
cells [34]. Since PDE2 and PDE4, but not PDES3, are relatively highly expressed in PMP
cells, their role in growth and invasion of PMP cells were investigated.

Specific inhibitors of different PDE isozymes have allowed researchers to study the
expression and function of different isozymes in cells. Growth and invasion of PMP cells
were suppressed by EHNA, a PDE2-specific inhibitor. Although PDE2A, and not other PDE
families, is selectively inhibited by EHNA with an ICgq value of 1 uM [9], EHNA also
inhibits adenosine deaminase (ADA, [Kj] = 7 nM) [35]. Therefore, it is difficult to be certain
if effects of EHNA in intact cells are related to inhibition of PDE2 or ADA. Although ADA
has been considered a marker of malignancy, and decreased ADA activity has been found in
several carcinomas, recent data suggest that the correlation with cancer progression is not
absolute [36]. Furthermore, 10 uM EHNA did not increase cCAMP content in PMP cells.
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Therefore, studies using only EHNA cannot demonstrate the function of PDE2. For this
reason, the present study examined the effects of EHNA, PDE2A siRNA and calalytically-
dead mutant of PDE2A. The function of target genes can be clarified by hindering specific
gene expression using SiRNA. In the present study, PDE2A siRNA and calalytically-dead
mutant were used to block PDE2, and the results showed that PMP cell growth and invasion
were suppressed. On the other hand, rolipram, a PDE4-specific inhibitor, did not affect cell
growth or invasion. This suggests that PMP cell growth and invasion were suppressed via
cAMP-PDE signals involving PDE2.

cAMP can induce cell growth arrest by blocking the cell cycle of non-neoplastic and
neoplastic cells [11]. Various studies have been conducted on the suppressive effects of
cAMP on tumor cell growth [37,38]. It has been shown that cAMP can inhibit the
expression of growth-associated genes such as c-myc and the transferin receptor gene
[39,40], and can induce negative growth regulator genes such as the transforming growth
factor 2 gene [41]. However, previous studies on the relationship between PDE2 and tumor
cell growth have only shown that a high level of EHNA (50 uM) suppressed the growth of
colon cancer cells [42].

Furthermore, studies have reported that tumor cell invasion is suppressed by an increase in
intracellular cAMP [19-21,25]. However, the mechanism has remained unclear. It has been
reported that an increase in intracellular cAMP induces the expression of tissue inhibitors of
metalloproteinases (TIMPs) in human fibrosarcoma cells [43], but not in human malignant
glioma cells. To the best of our knowledge, there have been no studies investigating the
relationship between invasion and PDEs, and the present study is the first to report that
cancer cell invasion is suppressed by the selective inhibition of PDE2.

Although rolipram increases accumulation of CAMP, it has little or no effect on inhibition of
cell growth and invasion, suggesting that PDE2 and PDE4 regulate different intracellular
pools of cAMP, and that the cAMP-signaling microdomain(s) regulated by PDE2, not
PDE4, is intimately involved in growth and invasion of PMP cells. By
immunocytochemistry of PDE2A, it was suggested that PDE2A localized in cytoplasm.
Furthermore, reagents which directly regulated PKA affected growth and invasion in PMP
cells. It would be of interest to study the subcellular localization of PDE2 and its interacting
partners within this microdomain(s).

The role of PDE2 in malignant tumor cells has received little attention. The present study is
the first to use specific inhibitors, siRNA, and a dominant negative PDE2A mutant to
demonstrate that PDE2 is involved in growth and invasion of human malignant melanoma
PMP cells. By selectively suppressing PDE2, it may be possible to suppress the growth and
invasion of other melanoma and malignant tumor cell lines. Further investigations of these
mechanisms are warranted.

5. Conclusion

We have reported that PDE2 appears to play an important role in the growth and invasion of
human malignant melanoma PMP cells.
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Fig. 1.
Effects of 8-Br-cAMP or 8-Br-cGMP on cell growth and invasion. Cell growth was

measured using the MTS assay. Cells were cultured in the absence or presence of 8-Br-
cAMP (0.1 to 1 mM) or 8-Br-cGMP (0.1 to 1 mM) for 5 days. Cell invasion was examined
by in vitro Matrigel invasion assays. Cells were transferred to 8 um pore Matrigel pre-coated
inserts, and 8-Br-cAMP (0.1 to 1 mM) or 8-Br-cGMP (0.1 t 1 mM) was added. After a 16 h
incubation, invaded cells were stained with May-Griinwald-Giemsa stain and counted. Data
in graphs are means of three independent experiments, each performed in duplicate. (A)
Effect of 8-Br-cAMP on cell growth. (B) Effect of 8-Br-cAMP on cell invasion. (C) Effect
of 8-Br-cGMP on cell growth. (D) Effect of 8-Br-cGMP on cell invasion. The error bars
represent means + SD, n = 3. The treatments that differ significantly from control are noted
(*, P<0.01).
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Fig. 2.
Expression of PDEs and effects of 8-Br-cAMP on PDE activity in PMP cells. Data in graphs

are means of three independent experiments, each performed in triplicate. (A) PDE activities
were analyzed by cAMP PDE activity assay with or without each specific PDE inhibitor.
The error bars represent means + SD (n = 3). The concentrations of each reagents were:
EHNA, 20 uM; cGMP, 10 uM; cilostamide, 0.5 pM; rolipram, 10 uM. (B) Effect of 8-Br-
cAMP on cGMP-stimulated PDE activity in PMP cells. cGMP (10 pM) and 8-Br-cAMP (0.1
to 1 mM) were used. The error bars represent means + SD, n = 3. (C) Effect of 8-Br-cAMP
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with or without rolipram on PDE activity in PMP cells. Rolipram (10 uM) and 8-Br-cAMP
(0.1 to 1 mM) were used. (D) Expression of PDE mRNAs in PMP cells. RT-PCR analysis
for PDE2, PDE3, and PDE4 mRNAs were performed. HMG cells derived from human
gingival malignant melanoma were used as the positive control (PC) for PDE3A, 3B, and
4D mRNAs. Experiments were repeated three times, and similar results were obtained. 2A =
PDE2A; 3A = PDE3A,; 3B = PDE3B; 4A = PDE4A; 4B = PDE4B; 4C = PDE4C; 4D =
PDE4D; M = molecular markers.
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Western blotting of PDE3s and PDE4s. Experiments were repeated two times, and similar
results were obtained. (A) Western blotting of PDE3A. Positive control (P.C.) was human
full-length PDE3A recombinant protein. (B) Western blotting of PDE3B. Positive control
(P.C.) was human PDE3B recombinant protein from Signal Chem.. (C) Western blotting of
PDE4A. Positive control (P.C.) was KB cells. (D) Western blotting of PDE4B. (E) Western
blotting of PDE4C. (F) Western blotting of PDE4D. Positive control (P.C.) was human
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PDE4D recombinant protein from Signal Chem.. The positions of marker proteins and their
sizes in kDa are given left on each panel.
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Fig. 4.
Effect of PDE2A siRNA transfection (5 nM of siRNA). Data in graphs are means of three

independent experiments, each performed in triplicate. (A) Expression levels of PDE2A
MRNA analyzed by quantitative real-time PCR. The error bars represent means + SD, n= 3.
A significant treatment effect is noted (*, P < 0.01 compared with control sSiRNA treatment).
(B) Expression of PDE2 protein analyzed by western blotting. Experiments were repeated
three times, and similar results were obtained. (C) Effect of PDE2A siRNA on PDE activity
in PMP cells. The concentrations of each reagents were: EHNA, 20 uM; cGMP, 10 uM;
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cilostamide, 0.5 pM; rolipram, 10 uM. (D) Effect of 8-Br-cAMP on PDE2 A siRNA
inhibited PDE activity in PMP cells. cGMP (10 mM) and 8-Br-cAMP (0.1 to 1 uM) were
used.
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Fig. 5.
Effects of EHNA, rolipram, or PDE2A siRNA transfection on cell growth. Data in graphs

are means of three independent experiments, each performed in triplicate. (A) Effect of
EHNA on cell growth. PMP cells were cultured in the absence or presence of EHNA (1 to
100 pM) for 5 days. The error bars represent means + SD, n = 3. The treatments that differ
significantly from control are noted (*, P < 0.01 ). (B) Effect of PDE2A siRNA on cell
growth. Cells were transfected with 5 nM siRNA, and, after 48 h, plated at 400 cells/well in
a 96-well plate. The error bars represent means + SD, n = 3. A significant treatment effect is
noted (*, P < 0.01 compared with control siRNA treatment). (C) Effect of rolipram on cell
growth. Five days after the addition of rolipram, the number of cells was measured. The
error bars represent means + SD, n = 3. (D) Combined effects of EHNA and rolipram on cell
growth. Five days after addition of EHNA (1, 10 uM) and rolipram (10, 50 uM), the number
of cells was measured.
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Fig. 6.
Effects of EHNA, rolipram, or PDE2A siRNA transfection on cell invasion. Data in graphs

are means of three independent experiments, each performed in triplicate. (A) Effect of
EHNA on cell invasion examined by in vitro Matrigel invasion assays. The error bars
represent means = SD, n = 3. The treatments that differ significantly from control are noted
(*, P <0.01). (B) Effect of PDE2A siRNA on cell invasion. Cells were transfected with 5
nM siRNA, and cell invasion was examined after 2 days. The error bars represent means +
SD, n = 3. A significant treatment effect is noted (*, P < 0.01 compared with control sSiRNA
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treatment). (C) Effect of rolipram on cell invasion. The error bars represent means + SD, n =
3.
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Fig. 7.
Effect of EHNA and rolipram on intracellular cAMP content. PMP cells were incubated

with medium containing EHNA (10 and 50 pM) or rolipram (10 and 50 uM) for 15 min, and
intracellular cAMP content was determined using the enzyme immunoassay kit. Data are
means of three independent experiments, each performed in triplicate. The error bars
represent means + SD, n = 3. A significant treatment effect is noted (*, P < 0.01 compared
with control).
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Fig. 8.
Effects of mRFP-tagged dnPDE2A (catalytically dead mutant) on cell growth and invasion.

Data in graphs are means of three independent experiments, each performed in triplicate. (A)
Effects of mRFP-tagged dnPDE2A on cell growth. Cells were transfected with mRFP-
tagged dnPDE2A, and, after 48 h, plated at 400 cells/well in a 96-well plate. The error bars
represent means + SD, n = 3. A significant treatment effect is noted (*, P < 0.01 compared
with Mock treatment). (B) Effects of mRFP-tagged dnPDE2A on cell invasion. Cells were
transfected with mRFP-tagged dnPDE2A, and cell invasion was examined after 16 h. The
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error bars represent means + SD, n = 3. A significant treatment effect is noted (*, P < 0.01
compared with mock treatment).
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control

PDE2A

Fig. 9.

Immunocytochemistry of PDE2A. Immunocytochemistry was performed as described in
Material and methods. Experiments were repeated two times, and similar results were
obtained.
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Fig. 10.
Effects of PKA related reagents and 8-pCPT-2’-O-Me-cAMP on cell growth. Cells were

cultured in each reagent for 5 days. Cell growth was analyzed by MTS assay. (A) Effect of
PKl14_p7 on cell growth. (B) Effect of N6-Benzoyl-cAMP on cell growth. (C) Effect of
HT-31 on cell growth. (D) Effect of 8-pCPT-2’-O-Me-cAMP on cell growth. Data in graphs
are means of three independent experiments, each performed in triplicate. The error bars
represent means = SD, n = 3. The treatments that differ significantly from control are noted
(*, P<0.01).
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Fig. 11.
Effects of PKA related reagents and 8-pCPT-2’-O-Me-cAMP on cell invasion. Cell invasion

was examined by in vitro Matrigel invasion assays. Cells were transferred to 8 um pore
Matrigel pre-coated inserts, and each reagents was added. After a 16 h incubation, invaded
cells were stained with Diff-Quik™ and counted. Data in graphs are means of three
independent experiments, each performed in triplicate. (A) Effect of PKl14_57 on cell
invasion. (B) Effect of N6-Benzoyl-cAMP on cell invasion. (C) Effect of HT-31 on cell
invasion. (D) Effect of 8-pCPT-2’-O-Me-cAMP on cell invasion. The error bars represent
means + SD, n = 3. The treatments that differ significantly from control are noted (*, P <
0.01).
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Sequences of specific primer pairs for PDE2, PDE3, and PDE4 used in RT-PCR analysis.

Table 1

Gene Sequence of primer pairs
PDE2A 5-GCA TGT GTC ATG ACC TGG AC-3’
5’-AGC ATG CGC TGA TAG TCC TT-3’
PDE3A 5’-TCA CCT CTC CAA GGG ACT CCT-3’
5’-CAG CAT GTA AAA CAT CAG TGG C-3’
PDE3B 5°-AAT TCT TCC AAC CAT CGA CC-3’
5’-GCA TGT AGC ACA TCT GTG GC-3’
PDE4A 5’-AAC AGC CTG AAC AAC TCT AAC-3’
5’-CAA TAA AAC CCA CCT GAG ACT-3’
PDE4B 5’-AGC TCA TGA CCC AGA TAA GTG-3’
5’-ATA ACC ATCTTC CTG AGT GTC-3’
PDE4C 5°-TCG ACA ACC AGA GGA CTT AGG-3’
5’-GGA TAG AAG CCC AGG AGA AAG-3’
PDE4D 5’-CGG AGA TGA CTT GAT TGT GAC-3’

5’-CGT TCC TGA AAA ATG GTG TGC-3’
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