
Abstract. The activity, expression and function of phospho-
diesterase 4 (PDE 4) were investigated in the HMG human
gingiva-derived malignant melanoma cell line. A specific
PDE4 inhibitor, rolipram, inhibited PDE activity in homo-
genates of HMG cells, and PDE4B and 4D mRNAs were
detected by RT-PCR in RNA from HMG cells. Two specific
PDE4 inhibitors, rolipram and Ro-20-1724, and an adenylate
cyclase activator, forskolin, increased intracellular cAMP in
HMG cells. Cell growth induced by rolipram, Ro-20-1724,
and forskolin was inhibited by the H-89 protein kinase A
(PKA) inhibitor. However, in contrast to effects of H-89, two
other PKA inhibitors, KT5720 and PKI, did not inhibit
rolipram-induced cell growth. A cAMP analogue that
selectively activates Epac, 8-pCPT-2'-O-Me-cAMP, also
promoted the growth of HMG cells. These findings suggested
that PDE4, PDE4B and/or 4D regulate cell growth through
cAMP targets in the HMG malignant melanoma cell line.
There have been no previous studies of positive regulation of
cell growth by PDE4 inhibition, suggesting that it may be
possible to target PDE4 in therapy for human malignant
melanoma.

Introduction

cAMP acts as a second messenger in cells and modulates
many physiological processes. Intracellular cAMP content
is regulated through synthesis by adenylate cyclase and
degradation by PDEs. cAMP binds to cAMP-dependent protein
kinase (PKA) and regulates many functions primarily by
activation of PKA (1). In mammals, type I and type II PKA
exist, the localization of which varies in different tissues and
cells, and the two types are considered to function individually
(2). The discovery of a new cAMP target, Epac (cAMP-GEF),
which is activated by direct binding of cAMP (3,4), has

modified somewhat the established theory that most
physiological functions of cAMP are exerted through the
activation of PKA.

Eisinger and Marko succeeded in culturing melanocytes
from epidermal single-cell suspensions using a culture medium
containing phorbol ester and cholera toxin (CT) (5), and
Halaban et al reported a synergistic effect of isobutylmethyl
xantine (IBMX), a non-specific PDE inhibitor, and/or CT on
the growth stimulation of neonatal melanocytes in combination
with 12-O-tetradecanoylphorbol-13-acetate (TPA) (6). IBMX
and CT increase intracellular cAMP, suggesting that cAMP
plays an important role in melanocyte growth. As IBMX
inhibits several PDEs, it is not clear which PDE is involved
in melanocyte growth.

The PDE enzyme family catalyzes the hydrolysis of intra-
cellular cAMP and cGMP (1). PDEs are currently classified
into 11 types on the basis of their affinity for these cyclic
nucleotides, sensitivity to inhibitors, and primary structures.
Most families are composed of more than one, but related,
isogenes. Different mRNAs can be generated from the same
gene by the use of multiple transcription initiation sites or by
alternative mRNA splicing. PDE4 is a distinct multi-gene
PDE family that is defined by sequence homology and is a
low Km cAMP-specific enzyme that is inhibited by the anti-
depressant rolipram (7). There are four subfamilies of PDE4
(PDE4A, 4B, 4C, and 4D), and there are multiple splicing
variants of each gene (8). PDE4s are expressed in various
normal cells, including immuno/inflammatry cells, and regulate
many physiological functions (1,8,9). Furthermore, PDE4 is
expressed in several types of tumor cells, and PDE4-specific
inhibitors have been reported to inhibit cell growth (10).
However, the role of PDE4 in human malignant melanoma
cells is unknown. Herein, we provide the first evidence that
PDE4 is expressed in these cells, and we show that specific
inhibitors of PDE4 promote the growth of human malignant
melanoma cells.

Materials and methods

Cell culture. Human gingiva-derived malignant melanoma
HMG cells (11) were maintained in RPMI-1640 (Invitrogen
Corp., Carlsbad, CA) containing 20% fetal bovine serum
(Invitrogen Corp.) with a condition of humidified atmosphere
of 5% CO2 in air at 37˚C. Cells were collected using 0.05%
trypsin and 0.53 mM EDTA solution (Invitrogen Corp.); a
subculture was then performed every week.
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Preparation of cell extracts for cAMP PDE assay. The cells
were seeded at 1x106 cells/25 cm2 flask (Nunc, Roskilde,
Denmark). After 3 days, cells were washed twice with
phosphate-buffered saline (PBS), harvested with a rubber
policeman, and homogenized in 2 ml of ice-cold homo-
genization buffer (100 mM TES, pH 7.4, 10 μg/ml each of
pepstain, leupeptin, and aprotinin, 1 mM benzamidine, 0.5 mM
Pefabloc®SC(AEBSF), 1 mM EDTA, 0.1 mM EGTA, 5 mM
MgSO4, 10% glycerol).

cAMP PDE assay. cAMP PDE activity was assayed by a
modification of a previously described procedure (12).
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 MgCl2, and 0.1 μM (3H) cAMP (18,000 cpm) with
or without each PDE inhibitor. PDE inhibitors used are a
specific inhibitor of PDE 1, 8-methoxymethyl-3-isobutyl-1-
methylxanthine (8-Me-IBMX); a specific inhibitor of PDE 2,
erythro-9-(2-hydroxy-3-nonyl)adenine (EHMA); a specific
inhibitor of PDE 3, cilostamide; and a specific inhibitor of
PDE 4, rolipram.

RT-PCR for PDE4 isoforms. The cells were seeded at
1x106 cells/25 cm2 flask (Nunc). After 3 days, cells were
harvested with trypsin-EDTA solution and stored at -80˚C.
Total RNA was isolated with QuickPrep® Total RNA extraction
kit (Amersham Biosciences, Corp., Piscataway, NJ). First-
strand cDNA was synthesized using 1 μg total RNA with the
SuperScript™ preamplification system (Invitrogen). PCR
was performed with specific primer pairs for PDE4 isoforms
(13) (Table I). These primers are able to detect all isoforms
from a particular subfamily. RT product (2 μl) was added to a
PCR reaction, which included PCR buffer (10 mM Tris-HCl,
pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 0.01% gelatin), 0.2 mM
dNTPs, 1 μM primers, and 5 units of Taq DNA polymerase
(Applied Biosystems, Foster City, CA). Thirty PCR cycles
were followed by denaturation at 94˚C, annealing at 55˚C
and extension at 72˚C with a GeneAmp 2400 thermal cycler
(Applied Biosystems). Reaction products were analyzed by
electrophoresis of 5 μl samples in 2.5% agarose gels. The
amplified DNA fragments were visualized by ethidium
bromide staining.

RT-PCR for splicing variants of PDE4B and 4D. This was
performed on HMG RNA using specific primers (14,15)
(Tables II and III) and the methodology described in RT-PCR
for PDE4 isoforms.
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Table I. Primer sequence for PDE4.
–––––––––––––––––––––––––––––––––––––––––––––––––

Primer Product 
size (bp)

–––––––––––––––––––––––––––––––––––––––––––––––––
PDE4A 5'-AAC AGC CTG AAC AAC TCT AAC-3' 907

5'-CAA TAA AAC CCA CCT GAG ACT-3'

PDE4B 5'-AGC TCA TGA CCC AGA TAA GTG-3' 625

5'-ATA ACC ATC TTC CTG AGT GTC-3'

PDE4C 5'-TCG ACA ACC AGA GGA CTT AGG-3' 289

5’-GGA TAG AAG CCC AG AGA AAG-3’

PDE4D 5'-CGG AGA TGA CTT GAT TGT GAC-3' 641

5'-CGT TCC TGA AAA ATG GTG TGC-3'
–––––––––––––––––––––––––––––––––––––––––––––––––

Table II. Primer sequence for PDE4B.
–––––––––––––––––––––––––––––––––––––––––––––––––

Primer Product 
size (bp)

–––––––––––––––––––––––––––––––––––––––––––––––––
PDE4B1 5'-GGA GAG GGA GAA GGT GC-3' 661

5'-TGT GTC AGC TCC CGG TTC AGC-3'

PDE4B2 5'-AGC GGT GGT AGC GGT GAC TC-3' 680

5'-GCA GCG TGC AGG CTG TTG TG-3'

PDE4B3 5'-CTC CAC GCA GTT CAC CAA GGA AC-3' 598

5'-TGT GTC AGC TCC CGG TTC AGC-3'
–––––––––––––––––––––––––––––––––––––––––––––––––

Figure 1. Effect of PDE inhibitors on PDE activity. Homogenates were
prepared and assayed for PDE activity with or without each PDE-specific
inhibitor as described in Materials and methods. Data are mean ± SEM of
three different experiments. Total (without PDE inhibitor), PDE1 (with
8-Me-IBMX), PDE2 (with EHNA), PDE3 (with cilostamide), PDE4 (with
rolipram).

Figure 2. RT-PCR for PDE4 isoforms. Total RNA was extracted as
described in Materials and methods. cDNA was generated from 1 μg total
RNA and amplified by PCR using oligonucleotide primer sets based on
sequences from PDE4A, B, C and D. The products were separated on
agarose gels and photographed after ethidium bromide staining. PDE4A
(4A), PDE4B (4B), PDE4C (4C), PDE4D (4D), absence of RT (no RT),
molecular markers (M). HOSM-1 cells were used as positive controls of
PDE4A and PDE4C (9).
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Growth experiments. The cells were plated at 0.5x104 cells/
well in 24-well plate and allowed to adhere for 24 h. The
cells were cultured in the absence or presence of different
concentrations of reagents for 7 days. 3-(4,5-dimethylthiazol-
2-yl)-2,5-dipfenyl tetrazolium bromide (MTT) assays were
performed and cell numbers were calculated. Each reagent
was resolved in DMSO as vehicle. The growth and morphology

of the cells were not affected by the 0.05% concentration of
DMSO used in these experiment.

cAMP concentration in HMG cells. HMG cells were plated at
5x104 cells/60-mm dish and allowed to adhere for 24 h. Then,
the cells were incubated with medium containing indicated
concentrations of reagents for 30 min. Intracellular cAMP
content was determined using the cAMP Biotrak enzyme
immunoassay (EIA) system (Amersham Biosciences).

Results

cAMP PDE activity. In homogenates of HMG cells, PDE
activities were inhibited by the PDE1-specific inhibitor, 8-Me-
IBMX, the PDE3-specific, cilostamide, and the PDE4-specific
inhibitor, rolipram, suggesting the presence of PDE1, 3 and 4
enzymes. However, PDE activities were not inhibited by the
PDE2-specific inhibitor, EHNA (Fig. 1). Furthermore, we
found that PDE activity in HMG cells was not stimulated by
cGMP, and PDE2 mRNAs were not detected in RNA extracted
from HMG cells using RT-PCR (data not shown).

Expression of PDE4 isoforms and splicing variants of PDE4B
and 4D. RT-PCR was performed using human PDE4A-, 4B-,
4C- and 4D-specific primers. PDE4B and 4D mRNAs, but
not PDE4A or PDE4C, were detected in RNA extracted from
HMG cells (Fig. 2), and their sequences were identical to those
reported for human PDE4B (16) and 4D (17). Previous studies
have confirmed the presence of 3 and 8 splicing variants of
PDE4B and 4D, respectively, in humans (14,15,18,19). In
HMG cells, 3 splicing variants of PDE4B (PDE4B1, 4B2,
and 4B3) and 4 of PDE4D (PDE4D1, 4D2, 4D3, and 4D5)
were detected (Fig. 3A and B). PDE4D6, 4D7 and 4D8 were
not investigated in this study.

Effect of reagents on HMG cell growth. The PDE4-specific
inhibitor, rolipram, promoted the growth of HMG cells in a
concentration-dependent manner (Fig. 4A). Another specific
PDE4 inhibitor, Ro-20-1724, exhibited a similar effect
(Fig. 4B). In addition, an adenylate cyclase activator,
forskolin, promoted cell growth at concentrations of ≥1 μM
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Table III. Primer sequence for PDE4D.
–––––––––––––––––––––––––––––––––––––––––––––––––

Primer Product 
size (bp)

–––––––––––––––––––––––––––––––––––––––––––––––––
PDE4D1 5'-CTT TCC CTG TCT CTT CGC-3' 175

5'-TCA GAG AGA TGG GTG AGC-3'

PDE4D2 5'-AAG GAG CAG CCC TCA TGT-3' 201

5'-TCA GAG AGA TGG GTG AGC-3'

PDE4D3 5'-GAC AGA AGA TCT GCG AAC-3' 572

5'-TCA GAG AGA TGG GTG AGC-3'

PDE4D4 5'-ATC GCG GCT ACT CGG ACA-3' 646

5'-TCA GAG AGA TGG GTG AGC-3'

PDE4D5 5'-ATG GCT CAG CAG ACA AGC-3' 770

5'-TCA GAG AGA TGG GTG AGC-3'
–––––––––––––––––––––––––––––––––––––––––––––––––
The primer pair for PDE4D2 detect PDE4D1 (287 bp) and PDE4D2 (201 bp).
–––––––––––––––––––––––––––––––––––––––––––––––––

Figure 3. RT-PCR for splicing variants of PDE4B and PDE4D in HMG
cells. (A) PDE4B, (B) PDE4D. Total RNA was extracted as described in
Materials and methods. cDNA was generated from 1 μg total RNA and
amplified by PCR using oligonucleotide primer sets based on sequences
from PDE4B and 4D splicing variants. The products were separated on
agarose gels and photographed after ethidium bromide staining. PDE4B1
(B1), PDE4B2 (B2), PDE4B3 (B3), PDE4D1 (D1), PDE4D2 (D2), PDE4D3
(D3), PDE4D4 (D4), molecular markers (M).

A

B

Table IV. Effect of rolipram, Ro-20-1724 and forskolin on
the cAMP content of HMG cells.
–––––––––––––––––––––––––––––––––––––––––––––––––

cAMP concentration (fmol/well)
–––––––––––––––––––––––––––––––––––––––––––––––––
Control 229.8 ±41.4

Rolipram 421.6 ±60.8

Ro-20-1724 304.4 ±33.8

Forskolin 1524.4 ±275.0
–––––––––––––––––––––––––––––––––––––––––––––––––
The cells were plated at 5x104 cells/60-mm dish and cultured with vehicle
(control), rolipram (20 μM), Ro-20-1724 (0.5 μM) or forskolin (0.5 μM)
reagents for 30 min. The intracellular cAMP concentration was determined
as described in Materials and methods. Data are mean ± SEM of three different
experiments.
–––––––––––––––––––––––––––––––––––––––––––––––––
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(Fig. 4C). However, the PDE1-specific inhibitor, 8-Me-IBMX,
the PDE2-specific inhibitor, EHMA, and the PDE3-specific,
cilostamide, did not promote the growth of HMG cells (data
not shown). No effect was observed of combination of
rolipram and forskolin on the growth of HMG cells (Fig. 5).

Effect of PKA inhibitors on HMG cell growth. The promotion
of HMG cell growth by rolipram, Ro-20-1724, and forskolin
was significantly inhibited by the PKA inhibitor H-89, at a
concentration of 20 μM (Fig. 6A), but not 0.5 μM KT5270
(Fig. 6B) and 0.5 μM PKI14-22 (Fig. 6C). Treatment with
20 μM H-89, 0.5 μM KT5270 or 0.5 μM PKI14-22 alone did
not affect HMG cell growth (data not shown).

cAMP concentration in HMG cells. To determine whether
rolipram, Ro-20-1724 and forskolin would affect cAMP
concentration in HMG cells, we assessed intracellular cAMP
concentration after 30 min of incubation with each reagent.
These reagents increased cAMP content of HMG cells
(Table IV).

Effect of an Epac-selective cAMP analog on HMG cell growth.
In order to clarify the mechanism of the specific growth
promotion in HMG cells, we studied the effect of an Epac-
specific cAMP analog, 8-pCPT-2'-O-Me-cAMP, on growth
of HMG cells. 8-pCPT-2'-O-Me-cAMP promoted HMG cell
growth at concentrations of ≥10 μM (Fig. 7).

Discussion

Normal melanocytes were previously difficult to culture;
however, the use of CT and/or IBMX, which lead to an
increase in cAMP, has allowed culturing of such cells (5,6).
CT is considered to activate adenylate cyclase and increase
the intracellular cAMP concentration, while IBMX is a
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A

B

C

Figure 4. Effect of reagents on HMG cell growth. Cells were plated at
0.5x104 cells/well in 24-well plates and cultured with different concen-
trations of reagent. After 7 days, MTT assays were performed and cell
numbers were calculated. Each reagent stimulated the growth of HMG cells
dose-dependently. Data are mean ± SEM of three different experiments.
Significantly different from the control (*p<0.05). (A) rolipram, (B) Ro-20-
1724, (C) forskolin.

Figure 5. Effect of combination of rolipram and forskolin on HMG cell
growth. Cells were plated at 0.5x104 cells/well in 24-well plates and
cultured with different concentrations of reagents. After 7 days, MTT assays
were performed and cell numbers were calculated. Data are mean ± SEM of
three different experiments. Significantly different from the control
(*p<0.05).

1133-1139  29/3/07  13:19  Page 1136



non-specific inhibitor of PDEs and is considered to increase
the intracellular cAMP concentration by inhibiting cAMP
hydrolysis. As IBMX is a non-specific inhibitor of PDEs, it
is necessary to determine which PDE isoform regulates
melanocyte growth.

Since malignant melanoma is considered to originate
from activated or genetically altered melanocytes (20), signal
transduction pathways related to melanocyte growth may be
preserved in at least some types of malignant melanoma.
Hence, the analysis of signals common to melanocytes and
malignant melanoma is very useful for understanding the
properties of these cells. Forskolin, which increases the cAMP
concentration in HMG cells, was shown to stimulate HMG
cell growth, suggesting that cAMP-mediated signaling pathway
for cell growth are present in HMG cells, as in normal
melanocytes.

PDE4 is formed by four gene groups and has been detected
in various tissues and cells (1). Expression of PDE4 has been
demonstrated in several types of malignant tumor cells, and
growth inhibition of normal and tumor cells by PDE4 inhibitors
has been reported (9,13). Although PDE4 activity has been
detected in B16 murine melanoma cells by Mono-Q exchange
chromatography and a specific PDE4 inhibitor, DC-TA-46,
was shown to inhibit cell growth (10), it is not known which
PDE4 isoforms are expressed in these cells. Futhermore, there
have been no studies of involvement of PDE4 in the growth
of human malignant melanoma cells. When the HMG cell
lysate was treated with rolipram, ~50% of total PDE activity
was inhibited, confirming the presence of PDE4. Using specific
oligonucleotide primers, PDE4B and PDE4D mRNAs were
detected by RT-PCR in RNA from HMG cells. These results
were consistent with the inhibition of HMG PDE activity by
polipram and Ro-20-1724.

There are multiple splicing variants of each of the PDE4A,
4B, 4C, and 4D genes. Currently, at least three PDE4B splice
variants (4B1, 4B2, and 4B3) and eight PDE4D splice variants
(4D1, 4D2, 4D3, 4D4, 4D5, 4D6, 4D7, and 4D8) have been
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B

C

Figure 6. Effect of PKA inhibitors on rolipram, Ro-20-1724 and forskolin
induced cell growth. Cells were plated at 0.5x104 cells/well in 24-well plates
and cultured with different concentrations of reagent. After 7 days, MTT
assays were performed and cell numbers were calculated. Data are mean ±
SEM of three different experiments. Significantly different between reagent
and reagent plus H-89 (*p<0.05). (A) H-89, (B) KT5720, (C) PKI14-22.

Figure 7. Effect of Epac-selective cAMP analog on HMG cell growth. Cells
were plated at 0.5x104 cells/well in 24-well plates and cultured with
different concentrations of 8-pCPT-2'-O-Me-cAMP. After 7 days, MTT
assays were performed and cell numbers were calculated. Data are mean ±
SEM of three different experiments. Significantly different from the control
(*p<0.05).

1133-1139  29/3/07  13:19  Page 1137



identified (14,15,18,19). Since mRNAs for PDE4B and
PDE4D were detected in HMG cells, the presence of each
splice variant was examined. RT-PCR analysis was performed
using primers specific for each splice variant, and PDE4B1,
4B2, and 4B3 and PDE4D1, 4D2, 4D3, and 4D5 mRNAs
were detected. PDE4D6, 4D7, and 4D8 mRNAs were not
investigated in the present study. The roles of the PDE4B and
PDE4D isoforms in cells are not yet fully understood. Huston
et al found that alternatively spliced PDE4B regions determine
changes in the maximal catalytic activity of the isoforms, their
susceptibility to inhibition by rolipram, and their mode of inter-
action with particulate fractions (14). Differences in PDE4D
isoform activation by PKA-dependent mechanisms and
expression in tissues have also been reported (19).

cAMP acts as a second messenger in cells and is involved
in various physiological processes. The cAMP concentration
is regulated through synthesis by adenylate cyclase and
degradation by PDEs (1). In HMG cells, forskolin, rolipram
and Ro-20-1724 elevated the intracellular cAMP concentration,
and both PDE4 inhibitors, rolipram and Ro-20-1724, promoted
HMG growth. Since promotion of cell growth by PDE4
inhibitors has not previously been reported, this finding
suggests a function of PDE4 in these cells; the negative
regulation of cell growth.

cAMP mainly binds to cAMP-dependent protein kinase
(PKA) and regulates many processes by the activation of PKA.
The PKA inhibitor H-89, partially inhibited rolipram-induced
promotion of HMG cell growth; however, other PKA
inhibitors, KT5720 and PKI14-22, exhibited almost no
inhibitory effect on rolipram-induced promotion of HMG cell
growth. In addition to inhibition of PKA, H-89 has been
reported to inhibit several protein kinases, such as S6K1,
MSK1, and ROCK-II, at a concentration similar to or lower
than that required for the inhibition of PKA (21). It is not clear
whether roliplam-induced promotion of HMG cell growth is
regulated by PKA. Epac (cAMP-GEF) was identified in 1998
as a protein that directly binds to cAMP and exhibits GEF
activity on Rap1 (3,4). A cAMP analog that has a higher
affinity for Epac than for PKA, 8-pCPT-2'-O-Me-cAMP, has
been developed (22), and, we found that 8-pCPT-2'-O-Me-
cAMP promotes the growth of HMG cells, suggesting that
Epac activation is also involved in HMG cell growth.

It has been reported that B-raf, which activates the MEK-
ERK cascade involved in cell growth, is mutated in malignant
melanoma at a high frequency and may be one of the causative
genes for malignant melanoma (23). B-raf is activated by
cAMP in melanocytes (24), while, in rat phaeochromocytoma
PC12 cells, Rap1 activates B-raf (25). Both cell types are
derived from the neural crest (26). Based on these findings,
cAMP-bound Epac might activate B-raf after it activates
Rap1 in these cells, resulting in the activation of the MAP
kinase cascade. It is of interest to confirm the mutation of
B-raf in HMG and investigate the activation of B-raf by
PDE4 inhibitors.

We have previously confirmed the expression and activity
of PDE3 in HMG cells, but a specific PDE3 inhibitor,
cilostamide, did not alter cell growth, indicating that PDE3 is
not involved in HMG cell growth (27). In HMG cells PDE4,
but apparently not PDE1 and PDE3, regulates cell growth. This
finding is consistent with the concept of compartmentalization,

through which PDE3 and PDE4 regulate different cAMP
signaling pathways (28).

Based on the above, cAMP may play an important role in
the growth of HMG cells, as well as in melanocytes, and
PDE4B and/or 4D may be involved in cAMP regulation in
HMG cells. If PDE4B and/or 4D negatively regulate cell
growth, either enzyme may be a new target for melanoma
therapy through the introduction of genes for growth inhibition.
For the development of such an approach, it will first be
necessary to determine whether PDE4B or 4D is involved in
the signaling associated with negative growth regulation.
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