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Profiling of functional phosphodiesterase in mesangial cells
using a CRE-SEAP-based reporting system
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1 Phosphodiesterases (PDEs) are critically implicated in the regulation of mesangial cell function,
but profile of functional PDEs in mesangial cells is still unclear. In this study, we investigated roles of
individual PDEs in the regulation of mesangial cell behavior by the cAMP pathway.

2 Reporter mesangial cells that express secreted alkaline phosphatase (SEAP) under the control
of the cCAMP response element (CRE) were exposed to selective PDE inhibitors in the presence
or absence of cAMP, and activity of CRE, expression of CRE-regulated protein, mitogenesis and cell
survival were examined.

3 Exposure of reporter cells to cAMP-elevating agents resulted in time- and concentration-
dependent activation of CRE. Treatment of the cells with any PDE inhibitors alone did not induce
CRE activation. Under stimulation with 8-bromo-cAMP or 8-bromo-cGMP, however, inhibitors of
PDE2, PDE3, PDE4 and PDES5 enhanced activation of CRE. Inhibition of PDEI or PDEG6 did not
affect the CRE activation.

4 Among different combinations tested, only inhibitors of PDE3 and PDE4 cooperatively increased
the level of intracellular cAMP, activity of protein kinase A, activation of CRE, and CRE-regulated
protein, connexin43.

5 Concomitant inhibition of PDE3 and PDE4 attenuated mitogen-induced activation of
extracellular signal-regulated kinases and cell proliferation. Under serum deprivation, combinational
inhibition of PDE3 and PDE4 exclusively caused activation of caspase-3 and apoptosis.

6 The present data elucidated that PDE3 and PDE4 play critical roles in the regulation of mesangial
cell function. PDE3 and PDE4 were identified as the novel, antiapoptotic machinery that supports

survival of mesangial cells.
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Introduction

Cyclic adenosine 3',5 monophosphate (cCAMP) is an important
second messenger that mediates various cellular responses to
external stimuli. cAMP is synthesized by a family of cyclases
and degraded by phosphodiesterases (PDEs). The family of
PDE consists of at least 11 isozymes with different substrate
specificity, subcellular kinetics and sensitivity to effector
molecules (Beavo, 1995; Houslay & Milligan, 1997). PDEs
are expressed in various organs in tissue- and cell type-specific
manners, allowing PDEs as possible therapeutic targets for the
treatment of local diseases (Dousa, 1999). In the kidney,
mesangial cells express several PDEs including PDE1, PDE3,
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PDE4 and PDES5 (Matousovic et al., 1995; Dousa, 1999).
Previous reports showed that inhibition of some PDEs
suppressed proliferation, migration and production of reactive
oxygen metabolites in cultured mesangial cells (Chini et al.,
1994; 1997a, b; Matousovic et al., 1995; Dousa, 1998; 1999).
Tsuboi et al. (1996) demonstrated that in vivo administration
of PDE3 and PDE4 inhibitors prevented development of
mesangial proliferative glomerulonephritis in rats. Therapeutic
utility of PDE4 inhibitors was also reported in experimental
crescentic glomerulonephritis and endotoxin-induced acute
renal failure (Begany et al., 1996; Tam et al., 2000). Currently,
however, pathophysiological roles of individual PDEs in the
kidney have not been fully elucidated.
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Activity of cellular PDE is usually evaluated by the ability
of cellular extracts to hydrolyze cAMP or by the increase
in intracellular cAMP after exposure to PDE inhibitors
(Matousovic et al., 1995; Dousa, 1998; 1999). However,
alteration in the total cellular cAMP may not always reflect
the ability of PDEs to activate the protein kinase A (PKA)-
mediated signaling events. PDE inhibitors may cause accumu-
lation of cAMP in the local compartment without detectable
alterations in total cAMP (Matousovic et al., 1995; Dousa,
1998; 1999). It has been suggested that evaluation of PKA
activity or activity of downstream molecules may be more
sensitive indicators than measurement of total cAMP content
(Dufau et al., 1977; Chini et al., 1994).

Activation of PKA is followed by phosphorylation of cAMP
response element (CRE)-binding proteins and subsequent
activation of CRE, leading to expression of CRE-regulated
genes. In the present report, we established and used a CRE-
based reporter system to evaluate roles of individual PDEs
in the function of mesangial cells. In this approach, mesangial
cells were engineered to express secreted alkaline phosphatase
(SEAP) under the control of CRE.

The SEAP reporter system (Berger et al., 1988) has been
used for many years to investigate activity of known or
putative enhancer/promoter elements. Normally, alkaline
phosphatase is not secreted, but the recombinant SEAP
originated from placental alkaline phosphatase is efficiently
secreted from transfected cells. In SEAP-transfected cells, the
level of SEAP activity detected in culture media is directly
proportional to changes in SEAP mRNA and protein
(Berger et al., 1988; Cullen & Malim, 1992). This property
allows SEAP to serve as a quantitative reporter for gene
expression. As a reporter molecule, SEAP has several
advantages over other reporters including luciferase, green
fluorescent protein and f-galactosidase. Because preparation
of cell lysates is not required, it is possible to monitor the
activity of certain promoters/enhancers continuously using
identical cell cultures. The assay of SEAP is faster, easier and
more sensitive than assays using other reporter enzymes (Kasai
et al., 2004; 2005). Furthermore, in contrast to secrected
luciferase, the SEAP reporter system is also useful for in vivo
monitoring of certain regulatory elements (Hiramatsu et al.,
2005; Meng et al., 2005b).

In the present study, we investigated roles of PDEs in the
control of mesangial cell behavior using the CRE-SEAP-based
reporter system. Our data elucidated that, among various
PDEs, PDE3 and PDE4 play critical roles in the regulation
of mesangial cell function. Our data also disclosed that PDE3
and PDE4 function as the novel, antiapoptotic machinery that
supports survival of mesangial cells.

Methods
Reagents

PDE inhibitors used in this study were; vinpocetine [PDEI
inhibitor (IPDE1); 50uM], erythro-9-(2-hydroxy-3-nonyl)
adenine [PDE2 inhibitor (IPDE2); 100uM], cilostamide
[PDE3 inhibitor (IPDE3); 20 uM], rolipram [PDE4 inhibitor
(IPDE4); 20 uM], zaprinast [PDES inhibitor (IPDES); 100 uM]
and dipyridamole [PDE6 inhibitor (IPDEG6); 100 um]. Cilosta-
mide was purchased from Wako (Osaka, Japan), and others

were from Sigma (St Louis, MO, U.S.A.). Human platelet-
derived growth factor (PDGF)-BB was obtained from
Perro Tech Inc. (Rocky Hill, NJ, U.S.A.). Human recombi-
nant interleukin-14 (IL-18) and human recombinant tumor
necrosis factor-a (TNF-o) were generous gifts of Otsuka
Pharmaceutical Co. Ltd (Tokushima, Japan) and Dr Katsuo
Noguchi (Teikyo University School of Medicine, Tokyo,
Japan), respectively. All other reagents were purchased
from Sigma.

Establishment of reporter cells

Clonal mesangial cells (SM43) were established from isolated
renal glomeruli of a male Sprague-Dawley rat and identified
as being of the mesangial cell phenotype as described before
(Kitamura et al., 1994). Cells were maintained in Dulbecco’s
modified Eagle’s medium/F-12 (Gibco-BRL, Gaithersburg,
MD, U.S.A.) supplemented with 100 Uml™" penicillin G,
100 ugml~" streptomycin, 0.25ugml™' amphotericin B and
5% fetal bovine serum (FBS). Using a calcium-phosphate
co-precipitation method, SM/CRE-SEAPI15 cells were estab-
lished by transfection of SM43 cells with pCRE-SEAP (BD
Biosciences, Palo Alto, CA, U.S.A.) together with pcDNA3.1
(Invitrogen, Carlsbad, CA, U.S.A.), as described previously
(Meng et al., 2005a; Yao et al, 2005). pCRE-SEAP
encodes SEAP under the control of three copies of CRE.
Medium containing 1% FBS was generally used for studies,
except for experiments on cell survival in which serum-free
medium was used.

Western blot analysis

Extracted cellular proteins were separated by 10% sodium
dodecyl sulfate (SDS)—polyacrylamide gels and electrotrans-
ferred onto polyvinylidine difluoride membranes. After block-
ing with 3% bovine serum albumin in phosphate-buffered
saline (PBS), the membranes were incubated with anti-
vasodilator-stimulated phosphoprotein (VASP) antibody
(dilution 1:1000; Chemicon International, Temecula, CA,
U.S.A.), anti-connexin43 (Cx43) antibody (dilution 1:2000;
Sigma), anti-caspase-3 antibody (dilution 1:1000; Cell Signal-
ing, Beverly, MA, U.S.A.), or anti-phospho-mitogen-activated
protein (MAP) kinase antibody (dilution 1:1000; Cell
Signaling). After washing with PBS containing 0.1% Tween
20, the filters were probed with horseradish peroxidase-
conjugated anti-rabbit IgG or anti-mouse IgG, and the
bands were visualized by the enhanced chemiluminescence
system (Amersham Biosciences, Buckinghamshire, U.K.). To
confirm equal loading of proteins, the filters were soaked
in 62.5mM Tris-HCI (pH 6.8) containing 2% SDS and 100 mM
p-mercaptoethanol for 30min at 60°C and reprobed with
monoclonal anti-f-actin antibody (1:30,000 dilution; Sigma)
or anti-extracellular signal-regulated kinase (ERK) antibody
(dilution 1:1000; Cell Signaling). Densitometric analysis was
performed using Scion Image (Scion Corporation, Frederick,
MO, U.S.A).

Northern blot analysis
Total RNA was extracted by a single-step method, and

Northern blot analysis was performed as described before
(Kitamura et al., 1996; Yao et al., 2005). The SEAP cDNA
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(BD Biosciences) was radio-labeled and used as a probe.
Expression of glyceraldehydes-3-phosphate dehydrogenase
(GAPDH) was used as a loading control.

SEAP assay

Activity of SEAP was evaluated using the Great EscAPe™
Detection Kit (BD Biosciences) following the protocol
provided by the manufacturer. In brief, reporter cells in 96-
well plates were exposed to stimuli for 24 h, and culture media
were collected and centrifuged at 12,000 x g for 2min. Fifteen
microliters of dilution buffer was mixed with 5ul of the
sample, and the mixture was incubated at 65°C for 30 min to
eliminate endogenous alkaline phosphatase activity. Twenty
microliters of assay buffer was subsequently added to the
mixture and incubated for additional 10min at room
temperature. CSPD chemiluminescence substrate was diluted
with 20 x chemiluminescence enhancer to 1.25mM, and 20 ul
of the diluted substrate was added to each sample, followed
by 10min incubation at room temperature. The intensity of
chemiluminescent signal was determined by a luminometer
(Gene Light 55; Microtech Nition, Chiba, Japan). Assays were
performed in quadruplicate.

Assessment of cAMP

Confluent mesangial cells in 24-well culture plates were treated
with PDE inhibitors for 1h, and the cells were lysed and
assayed for cCAMP using cAMP Biotrak Enzymeimmunoassay
System (Amershan Biosciences) according to the instructions
provided by the manufacturer.

Assessment of cell growth

Mesangial cells in 24-well culture plates were exposed to
various PDE inhibitors in the presence or absence of PDGF
for 48 h. The cells were washed with PBS and trypsinized. The
cell number per well was counted.

Cytotoxicity assay

Cytotoxicity was evaluated by the release of lactate dehydro-
genase (LDH). LDH, a stable cytoplasmic enzyme, is released
into culture media upon damage of the cell membrane.
Confluent mesangial cells in 96-well culture plates were
exposed to PDE inhibitors for 24h, and culture media were
collected and assayed for LDH using LDH Cytotoxicity
Detection Kit (Takara Bio Inc., Otsu, Shiga, Japan).

Assessment of apoptosis

Mesangial cells seeded in 24-well culture plates were exposed
to stimuli for 12h under a serum-free culture condition.
Apoptosis was evaluated by staining with Hoechst33258
(Sigma), as described previously (Ishikawa & Kitamura,
2000; Hiramatsu et al., 2004). In brief, cells were fixed in 2%
formaldehyde for 10min, stained by Hoechst33258
(10 ugml1™") for 20min and subjected to fluorescence micro-
scopy. Apoptosis was identified using morphological criteria
including shrinkage of the cytoplasm and nuclear condensa-
tion/fragmentation.

Statistical analysis

Assays were performed in triplicate or quadruplicate, and
data were expressed as means+s.e. Statistical analysis was
performed using the one-way analysis of variance and the
Dunnett test. Comparison of two populations was performed
by Student’s z-test. P<0.01-0.05 was considered to be a
statistically significant difference.

Results

Responses of reporter mesangial cells to cAMP
and other stimuli

The reporter mesangial cell SM/CRE-SEAP1S was established
by stable transfection of SM43 cells with pCRE-SEAP that
introduces a SEAP gene under the control of CRE. Figure la
shows dose-dependent induction of SEAP mRNA in response
to forskolin in the established reporter cells. Modest induction
of SEAP was observed at 0.1 uM, and the induction was
peaked to maximum at 10-50 uM. Consistent with this result,
SEAP assay on culture medium revealed that activity of
SEAP was induced by forskolin in a dose-dependent manner
(Figure 1b). The level of SEAP increased approximately
50-fold by the treatment with 50 uM forskolin. The induction
of SEAP by forskolin was not observed in mock-transfected
cells that express neo alone (data not shown). Time-
lapse experiments revealed that the induction of SEAP was
detectable within 4-6h after the stimulation with 10uM
forskolin (Figure Ic). SM/CRE-SEAPI15 cells also responded
to other cAMP-elevating agents including cAMP analogue
8-bromo-cAMP  (8-Br-cAMP; 2mM) and nonselective
PDE inhibitor 3-isobutyl-1-methylxanthine (IBMX; 250 um)
(Figure 1d). The induction of SEAP by 8-Br-cAMP was
dose-dependent, and the minimum concentration required was
500 um (Figure le). Similarly, cGMP analogue §-Br-cGMP
that activates the cAMP signaling pathway via inhibition of
PDE3 and/or direct activation of PKA (Sausbier et al., 2000;
Osinski et al., 2001) significantly induced SEAP activity at
a relatively high concentration (2mM) (Figure 1f). In con-
trast, none of activators for the nuclear factor-«B pathway
(IL-18 and TNF-a), the protein kinase C — activator protein
1 pathway (12-O-tetradecanoylphorbol-13-acetate; TPA) and
the MAP kinase — ternary complex factor pathway (PDGF)
triggered induction of SEAP mRNA (Figure 1g) and SEAP
activity (Figure 1h), confirming the selectivity and specificity
of the response of the established reporter cells.

Profiling of functional PDEs in mesangial cells

Using the established reporter cells, we examined roles of
individual PDEs in the regulation of the cAMP pathway in
mesangial cells. The reporter cells were treated with selective
inhibitors of PDEs (IPDEI1-IPDES6), and activity of SEAP
in culture medium was evaluated. Under unstimulated
conditions, inhibition of individual PDEs alone did not induce
obvious activation of the cCAMP pathway (Figure 2a). Only
IPDES3 slightly increased the level of SEAP, but the induction
was only 1.54-fold. However, under modest activation of the
cAMP pathway by 500 umM 8-Br-cAMP (3.72+0.76 fold),
IPDE3 dramatically increased the level of SEAP (28.36+4.54

British Journal of Pharmacology vol 148 (6)



836 Y. Zhu et al Profiling of phosphodiesterase in mesangial cells

*

a b 200000 7 —_I__
SEAP .- e 5 Teon0
- *
GAPDH o e o @ o g —
m
FSK 0 0.1 1 10 50 (uM) & *
& 50000 ’—L‘
o = ) 1 v
0.1 1 10

0 50

Forskolin (M)

c d
z g x
£ 20 % 24 *
g g
2 g
- 15 o 18
s 2
ZE 10 § 12
S &
o
% 5 < 6
w w
7] w
g' : V] —1 - -
0 2 4 & 12 24 Control B-Br-cAMP IBMX
Hours
e * f 20,
— 204 —
8 B
g EIRLE
2 151 2
e =)
o] = *
o
g ol = 104
= 10 =
= =
g :
% ; %
5 ri
(2] w
o ' . . . v 0 v v v v v .
0 50 100 500 1000 2000 0 50 100 500 1000 2000
8-Br-cAMP (uM) 8-Br-cGMP (uM)
h = ¥
5 1
g R 24
=
B
o 18 1
SEAP ) 2
>
GAPDH @b &b ao & 3
b % [
o L
FERE LS £ o
C)o WA Q 7]
0 1 el .

Control FSK  IL-1p  TNF-« TPA PDGF

Figure 1 Responses of reporter mesangial cells to cAMP and other stimuli. SM/CRE-SEAPIS5 reporter cells were established by
transfection of SM43 mesangial cells with pCRE-SEAP that introduces SEAP under the control of the CRE. (a, b) Dose-dependent
induction of SEAP mRNA and SEAP activity by forskolin (FSK). Reporter cells were incubated with 0.1-50 uM forskolin for
12-24h, and the cells and culture media were subjected to Northern blot analysis (a) and SEAP assay (b), respectively. Expression
of glyceraldehydes-3-phosphate dehydrogenase (GAPDH) was shown as a loading control. RLU, relative light unit. (c) Kinetics of
SEAP activity. Reporter cells were exposed to 10 uM forskolin for indicated time periods, and culture media were subjected to
chemiluminescence assay to evaluate SEAP activity. (d) Induction of SEAP activity by other cAMP-elevating agents §-bromo-
cAMP (8-Br-cAMP) and IBMX. Reporter cells were exposed to 2mM 8-Br-cAMP or 250 um IBMX for 24 h, and culture media
were subjected to SEAP assay. (e, f) Dose-dependent induction of SEAP activity by 8-Br-cAMP (e) and 8-bromo-cGMP (8-Br-
cGMP) (f). (g, h) Influence of cAMP-unrelated stimuli on SEAP mRNA and SEAP activity. Reporter cells were incubated with
10 uM forskolin, 20 ngml~" interleukin-18 (IL-18), 250 Uml~' TNF-o, 107°M TPA, or 20ngml~' PDGF for 8-24h, and the cells
and culture media were subjected to Northern blot analysis (g) and SEAP assay (h), respectively. Data were shown as means +s.e.
Asterisks indicate statistically significant differences (P <0.01).

fold; Figure 2b). IPDE2, IPDE4 and IPDES also modestly IPDEG6 were ineffective. Consistently, under the stimulation
increased the level of SEAP (IPDE2: 7.24 +0.79 fold; IPDE4: with 1mM 8-Br-cGMP, IPDEs enhanced activation of the
5.64+1.16 fold; IPDES: 7.08 +0.72 fold), whereas IPDEI and cAMP pathway markedly by IPDE3, moderately by IPDE4

British Journal of Pharmacology vol 148 (6)



Y. Zhu et al

Profiling of phosphodiesterase in mesangial cells 837

30 4

25

20

SEAP activity (fold induction) &

0 1 -l — | | = —

o

0w

o
*

o |

25

20

SEAP activity (fold induction)
>

:_[Ilmﬂ ﬂﬂﬂ

0‘3‘\“0\ \90%\ \?0?} \?0(‘:5 \?0?'& \‘?D("‘J \?0?’6

30 &

25 il

20 *

SEAP activity (fold induction) (1]

g [

D@\t ?0(‘. ?0?:1 ?0‘63 ?0?. ?QGG-’ ?0‘?.6

Figure 2

i3 % ‘.) B
oot \iU ?0?. ?0€ \?0’& ?0?, \?oe ?0?,

oM
ZZ3 10 M
15 B 50 M
_— 100 M

SEAP activity (fold induction) o

IPDES

Influence of PDE inhibitors on the activity of the cAMP-CRE pathway. Reporter cells were treated with vinpocetine

[PDELI inhibitor (IPDE1); 50 uM], erythro-9-(2-hydroxy-3-nonyl) adenine [PDE2 inhibitor (IPDE2); 100 uM], cilostamide [PDE3

inhibitor (IPDE3); 20 um],

rolipram [PDE4 inhibitor (IPDE4); 20 um],

zaprinast [PDES5 inhibitor (IPDES); 100 uM] and

dipyridamole [PDEG6 inhibitor (IPDE6); 100 uM] for 24 h in the absence (a) or presence of 500 uM 8-Br-cAMP (b) or 1000 uM 8-Br-
cGMP (c, d), and activity of SEAP was evaluated by chemiluminescence assay. In (d), dose-dependent effects of IPDE2 and IPDES
were evaluated. Data were shown as means +s.e, and asterisks indicate statistically significant differences (P<0.01).

and IPDES, and modestly by IPDE2 (Figure 2c¢). Similar to the
result shown in Figure 2b, inhibition of PDEI or PDEG6 did not
affect the level of SEAP. Of note, neither IPDE1 nor IPDE6
exhibited cytotoxic effects at the concentrations tested, when
evaluated by release of LDH (data not shown).

Induction of the cAMP pathway by IPDE2 and IPDES, the
inhibitors of major cGMP-degrading enzymes, was unpredict-
able. The stimulatory effects could be due to nonselective
inhibition of PDEs caused by a relatively high concentration
of the inhibitors (100 uM). To exclude this possibility,
we examined effects of IPDE2 and IPDES5 at lower con-
centrations. As shown in Figure 2d, significant activation of
CRE by these inhibitors was still observed even at the
concentration of 10 uM.

As shown in Figure 2a, inhibition of any single PDE did not
substantially activate the cAMP pathway. However, IBMX, a
nonselective inhibitor of PDE, markedly increased the level of
SEAP in reporter mesangial cells (Figure 1d). We speculated
that cooperation of multiple PDEs may suppress the cAMP
pathway under the basal culture condition. To examine this
possibility, reporter cells were treated with couples of IPDEs.
All possible combinations were tested, and we found that
concomitant inhibition of PDE3 and PDE4 exclusively
activated the cAMP pathway (Figure 3a and b). In the
presence of IPDE3, for example, only IPDE4, but not
others, induced SEAP activity. The induction by IPDE3
plus IPDE4 was comparable to that by IBMX at the most
effective concentration (250 uM) (Figure 3a). Similarly, in
the presence of IPDE4, only IPDE3, but not others, induced
SEAP activity (Figure 3b). All other combinations tested
did not significantly induce activation of the cAMP pathway
(data not shown).

To confirm the cooperative roles of PDE3 and PDE4,
another PDE3 inhibitor milrinone and PDE4 inhibitor Ro20-
1724 were tested. Consistent with the results shown in Figure
3a and b, combinational treatment of reporter cells with these
inhibitors led to dramatic activation of CRE, the level of which
was comparable to that achieved by IPDE3 (cilostamide) and
IPDE4 (rolipram) (Figure 3c). In addition, the cooperative
effects of IPDE3 and IPDE4 was not caused by nonspecific
effects of these inhibitors used at a relatively high concentra-
tion (20 uM), because the significant activation of CRE was
still observed even at the low concentration, 1 uM (Figure 3d).

To further confirm the critical, combinational roles of PDE3
and PDE4 in the regulation of the cAMP pathway, levels
of intracellular cAMP were evaluated after exposure to PDE
inhibitors. As shown in Figure 4a, concomitant inhibition of
PDE3 and PDE4 exclusively increased the level of cAMP.
Inhibition of PDE3 or PDE4 alone had little influence on the
level of cCAMP. Concomitant inhibition of PDE2 and PDES
also did not alter the level of cAMP. Consistent with these
results, combinational inhibition of PDE3 and PDE4 exclu-
sively activated cAMP-dependent protein kinase, PKA. That
is, phosphorylation of a PKA substrate VASP at serine 157
was markedly induced exclusively by IPDE3 plus IPDE4
(Figure 4b). Inhibition of individual PDE (PDE1-PDE®6) alone
or PDE2 plus PDES did not cause VASP phosphorylation.

To examine whether combinational inhibition of PDE3 and
PDE4 indeed altered levels of molecules downstream of the
cAMP pathway, we examined the level of cAMP-inducible gap
junction protein Cx43 (Chanson et al., 1996; TenBroek et al.,
2001; Bailey et al., 2002). Western blot analysis showed that
treatment with IPDE3 or IPDE4 alone did not affect the basal
level of Cx43. However, concomitant inhibition of PDE3 and

British Journal of Pharmacology vol 148 (6)
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Figure 3 Activation of CRE by inhibition of PDE3 and PDE4. (a, b) Effects of combinational inhibition of PDEs on the activity
of CRE. Reporter cells were treated with IPDEI1, IPDE2, IPDE3, IPDE4, IPDES or IPDEG6 in the absence (Control) or presence of
IPDE3 (a) or IPDE4 (b) for 24 h. The culture media were subjected to SEAP assay. Treatment with nonselective PDE inhibitor
IBMX (250 uM) was used as a positive control. (c) Induction of CRE activation by different inhibitors of PDE3 and PDE4. Reporter
cells were treated with milrinone (PDE3 inhibitor; 20 uM), Ro20-1724 (PDE4 inhibitor; 20 uM), IBMX, milrinone plus Ro20-1724 or
cilostamide (IPDE3) plus rolipram (IPDE4) for 24 h, and the culture media were subjected to SEAP assay. (d) Dose-dependent
activation of CRE by concomitant inhibition of PDE3 and PDE4. Reported cells were exposed to the indicated concentrations of
IPDE3 and IPDE4. Data were shown as means +s.e, and asterisks indicate statistically significant differences (P<0.01).

PDE4 substantially increased the level of Cx43 protein (Figure
Sa and b). The similar effect was observed by IBMX, but not
by IPDE2 plus IPDES.

Regulation of mitogenesis and apoptosis of mesangial cells
by PDE3 and PDE4

Cx43 is involved in the control of cell growth and survival
(Goodenough et al., 1996; Kumar & Gilula, 1996). PDE3 and
PDE4 possibly regulate mitogenic responses and apoptosis of
mesangial cells. To examine this possibility, we first evaluated
effects of IPDE3 and IPDE4 on the mitogenic pathway.
PDGEF is a well-known mitogen that triggers the MAP kinase
pathway in mesangial cells (Shulz er al., 1988). As shown in
Figure 6a and b, treatment of mesangial cells with PDGF
markedly induced phosphorylation of ERKI1 and ERK2.
Treatment of the cells with IPDE3 plus IPDE4 attenuated the
PDGF-induced activation of ERKs, which was similar to the
effect of IBMX. To a lesser extent, IPDE3 alone also inhibited
the activation of ERKs. In contrast, treatment of IPDE4 alone
had little impacts. Consistent with this observation, combi-
national inhibition of PDE3 and PDE4 significantly inhibited
cell growth elicited by PDGF (Figure 6¢). Interestingly,
IPDE3 alone, which had little effects on intracellular cAMP,
PKA and activity of CRE and expression of Cx43, also
caused significant inhibition of mesangial cell growth. It was
contrastive to the lack of significant inhibition by IPDE4.

Previous reports showed that the cAMP pathway regulates
behavior of mesangial cells including cell shape and apoptosis
(Kreisberg et al., 1984; Glass et al., 1988; Muhl et al., 1996).
We next examined roles of PDE3 and PDE4 in the regulation
of mesangial cell survival. Reporter cells were serum-depleted
and treated with IPDE3, IPDE4, IPDE3 plus IPDE4, IPDE2
plus IPDES or IBMX for 4-12h. Microscopic analyses
revealed that treatment of the cells with IPDE3 plus IPDE4
induced dramatic morphological alteration from the spindle to
retracted shape (Figure 7a). This morphological change
occurred within 1h and peaked at 3—5h, which was mimicked
by the nonselective inhibitor of PDEs, IBMX. In contrast,
none of IPDE3, IPDE4, or IPDE2 plus IPDES induced any
morphologic changes. Similarly, inhibition of any other single
PDE or other combinational inhibition of PDEs did not
induce morphological alterations (data not shown). Hoechst
staining showed that the morphological change of the cells
was associated with nuclear condensation typical of apop-
tosis (Figure 7b). Quantitative analysis revealed that the
number of apoptotic cells significantly increased from 2.00 +
0.82% (untreated control) to 23.75+3.30% by the concomi-
tant inhibition of PDE3 and PDE4 (Figure 7¢). Apoptosis was
also induced to the same magnitude by the treatment with
IBMX. Furthermore, Western blot analysis revealed that
caspase-3 was activated by IPDE3 plus IPDE4 or IBMX, but
not by IPDE3 or IPDE4 alone (Figure 7d). IPDE2 plus IPDE5S
also had little impacts on the cleavage of procaspase-3.
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Figure 4 Induction of intracellular cAMP and activation of PKA
by inhibition of PDE3 and PDE4. (a) Effects of PDE inhibitors on
the level of cAMP. Mesangial cells were treated with IPDE3, IPDE4,
IPDE3 plus IPDE4, or IPDE2 plus IPDES5 for 1h, and cellular
extracts were subjected to assays for intracellular cAMP. Data were
shown as means+s.e. and an asterisk indicates a statistically
significant difference (P<0.01). (b) Phosphorylation of VASP, an
indicator for PKA activation, by PDE inhibitors. Mesangial cells
were treated with IPDEs individually or in indicated combinations
for 1 h, and cellular proteins were subjected to Western blot analysis
of phosphorylated VASP at serine 157. The level of f-actin was
shown as a loading control.

Activation of the cAMP pathway by ¢GM P-mediated
inhibition of PDE3

¢GMP is known to be a potent inhibitor of PDE3 (Osinski
et al., 2001). In mesangial cells, treatment with 8-Br-cGMP
significantly induced activation of the cAMP pathway
(Figure 1f). To confirm that the effect of cGMP was via
inhibition of PDE3, we compared effects of three different
cGMP-elevating agents including nitric oxide donor S-nitroso-
N-acetylpenicillamine (SNAP), 8-Br-cGMP and 8-(4-chloro-
phenylthio)-guanosine 3’,5'-cyclic monophosphate (8-pCPT-
c¢GMP) on the activation of CRE. Like 8-Br-cGMP, 8-pCPT-
¢GMP is known to activate protein kinase G but does not
interact with PDE3 (Osinski et al., 2001). As shown in
Figure 8a, SNAP, 8-Br-cGMP and 8-pCPT-cGMP mimicked
the promoting effect of IPDE3 on the cAMP-induced
activation of CRE. However, the effect of 8-pCPT-cGMP
that does not inhibit PDE3 was significantly lower than that of
8-Br-cGMP. The difference between 8-Br-cGMP and §-pCPT-
c¢GMP was observed at all concentrations tested ranging from
10 to 500 uM (Figure 8b). In the presence of IPDE4, activation
of the cAMP pathway by IPDE3 was mimicked by 8-Br-
c¢GMP (Figure 8c). Similarly, in the presence of 8-Br-cAMP,
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Figure 5 Induction of Cx43 by inhibition of IPDE3 and IPDE4.
Mesangial cells were treated with IPDE3, IPDE4, IPDE3 plus
IPDE4, IBMX or IPDE2 plus IPDES for 24h and subjected to
Western blot analysis of Cx43 (a). Densitometric analysis of the data
is shown in (b). Asterisks indicate statistically significant differences
(P<0.05).

enhanced activation of CRE by IPDE3 was reproduced by the
treatment with 8-Br-cGMP. Additional treatment with IPDE3
did not further enhance activation of CRE by §8-Br-cGMP plus
8-Br-cAMP (Figure 8c). These results suggested that cGMP
induced activation of the cAMP pathway, at least in part, via
inhibition of PDE3 in mesangial cells.

Discussion

cAMP is an important intracellular second messenger respon-
sible for a variety of cellular responses to external stimuli.
Most of the biological actions of cAMP are mediated by
activation of PKA. In many cases, the cAMP pathway
generates negative/inhibitory signals that counteract positive/
stimulatory signals triggered by cytokines and growth factors
(Dousa, 1998; 1999). Because of this reason, previous studies
demonstrated beneficial effects of cAMP-elevating agents, for
example, inhibitors of PDEs, on the treatment of various
diseases (Dousa, 1998; 1999). However, therapeutic utility of
nonselective PDE inhibitors may be limited due to their
systemic, unfavorable effects. For the purpose of therapeutic
intervention, use of selective PDE inhibitors targeting parti-
cular cell types will be essential. Profiling of functional PDEs
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Figure 6 Effects of PDE inhibition on PDGF-induced activation
of extracellular signal-regulated kinase (ERK) and cell proliferation.
(a) Mesangial cells were pretreated with IPDE3, IPDE4, IPDE3 plus
IPDE4, or IBMX for 1h, and exposed to 20ngml™' PDGF for
Smin. Cellular proteins were subjected to Western blot analysis of
phosphorylated ERK1 (pERKI1) and ERK2 (pERK2). Protein
levels of ERKs were shown at the bottom as loading controls.
Densitometric analysis of the data is shown in (b). (c¢) Mesangial
cells seeded in 96-well culture plates were treated with PDGF in the
presence of IPDE3, IPDE4, IPDE3 plus IPDE4, or IBMX in the
presence of PDGF for 48 h, and the number of cells was evaluated.
Data were shown as means+s.e. and asterisks indicate statistically
significant differences.

in individual tissues and cell types is, therefore, required for the
development of effective therapies. In the present report, we
attempted profiling of PDEs in the control of mesangial cell
function. Using reporter mesangial cells that secrete SEAP

under the control of CRE, we examined effects of selective
inhibitors for individual PDEs on the activity of the cAMP
pathway under basal and stimulated conditions. We found
that treatment of mesangial cells with the nonselective
PDE inhibitor IBMX markedly induced activation of CRE,
suggesting that PDEs play crucial roles in the suppression of
the cAMP pathway in unstimulated mesangial cells. However,
treatment with individual PDE inhibitor did not induce
activation of CRE. Subsequent experiments revealed that,
among different combinations tested, concomitant inhibition
of PDE3 and PDE4 exclusively and markedly increased
intracellular cAMP and PKA activity, triggered activation of
CRE and caused induction of CRE-regulated protein Cx43.
Our results elucidated that cooperation of PDE3 and PDE4
plays a crucial role in the regulation of the cAMP pathway and
downstream gene expression in mesangial cells.

In contrast to the response under the basal culture condi-
tion, inhibition of PDE2, PDE3, PDE4 or PDES significantly
enhanced activation of CRE under the 8-bromo-cAMP- or
8-bromo-cGMP-stimulated conditions. These results indicated
distinct roles of individual PDEs in mesangial cells under
unstimulated and stimulated conditions. That is, under
unstimulated situations, only PDE3 and PDE4 cooperatively
regulate mesangial cell function, whereas under stimulated
conditions, PDE2, PDE3, PDE4 and PDES5 can exert
substantial regulatory effects individually and independently.
In contrast to PDE2-PDES, we did not obtain any evidence
that PDE1 and PDEG6 were functional in mesangial cells under
either unstimulated or stimulated conditions.

Given PDE2 and PDES can be activated by the increase in
¢GMP (Dousa, 1998), the pronounced activation of CRE by
IPDE2 or IPDES in the presence of cGMP indicates existence
of functional PDE2 and PDES5 in mesangial cells. These
enzymes, once being activated, may play important roles in the
regulation of cAMP signaling.

One of major findings in the present study is the dramatic
activation of the cAMP pathway by concomitant inhibition of
PDE3 and PDE4. It was closely correlated with the induction
of the major gap junction protein Cx43. In general, gap
junction is critically involved in the regulation of cell growth,
migration, survival and differentiation (Goodenough et al.,
1996; Kumar & Gilula, 1996). In mesangial cells, Cx43 may be
involved in the suppression of mitogenesis and induction of
differentiation (Yao et al., 2000; 2006). For example, short-
term exposure of mesangial cells to PDGF caused rapid and
reversible inhibition of gap junctional communication via
phosphatidylinositol 3-kinase (Yao et al., 2000), which is also
involved in PDGF-induced mitogenesis of mesangial cells
(Choudhury et al., 1994). Recently, we also demonstrated
that long-term exposure of mesangial cells to PDGF (in the
presence of cAMP-elevating agents) significantly increased the
level of Cx43 and that it was accompanied by reduction of
a-smooth muscle actin, a de-differentiation marker of mesan-
gial cells (Yao et al., 2006). These previous data, together with
our current findings, suggested a possibility that PDE3 and
PDE4 may cooperatively regulate mesangial cell mitogenesis
and differentiation under unstimulated situations. Indeed,
simultaneous inhibition of PDE3 and PDE4 attenuated
PDGF-induced activation of ERKs and abrogated PDGF-
induced mesangial cell proliferation, as shown in this report.
It is consistent with previous reports showing the involve-
ment of PDE3 and PDE4 in the mitogenesis of mesangial
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Figure 7 Regulation of cell survival by PDE3 and PDE4. Mesangial cells in serum-free medium were treated with IPDE3, IPDE4,
IPDE3 plus IPDE4, IPDE2 plus IPDES5, or IBMX for 4-12h and subjected to phase-contrast microscopy (a), Hoechst33258
staining (b, ¢) and Western blot analysis of caspase-3 (d). Percentages of apoptotic cells were assessed quantitatively by fluorescence
microscopy (c). Data were expressed as means +s.e. and asterisks indicate statistically significant differences (P<0.01). In (d), the
top band represents procaspase-3 (M, 35,000), and the bottom band indicates its cleaved, mature form (M, 17,000).

cells (Matousovic et al., 1995; Dousa, 1998; Cheng et al.,
2004). Interestingly, IPDE3 alone, which had little influences
on cAMP, PKA, CRE and Cx43, also caused significant
inhibition of mesangial cell proliferation, which was not
observed by IPDE4. The differential regulation of mesangial
cell proliferation by PDE3 and PDE4 inhibitors has also
been reported by Cheng et al. (2004). These inhibitors have
the different potential for suppression of the Ras—Raf-

MAP kinase pathway because of different compartmentaliza-
tion of cAMP pools. It is, however, still unclear why
suppression of mesangial cell growth by IPDE3 was not
accompanied by obvious increase in Cx43, the level of which
is inversely correlated with cell proliferation (Goodenough
et al., 1996; Kumar & Gilula, 1996). Further investigation
will be required to clarify mechanisms involved in this
phenomenon.
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The cAMP pathway is known to regulate survival of various
cells. cAMP has been regarded as a bifunctional regulator of
apoptosis; for example, cCAMP induces apoptosis in lymphoid
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cells, whereas it protects other cell types (e.g., neutrophils and
eosinophils) from drug- or cytokine-triggered apoptosis (Roger
et al., 1995; Chang et al., 2000; Usher et al., 2002). Similarly,
both pro- and anti-apoptotic potential of cAMP has been
reported in mesangial cells (Muhl ez al., 1996; Manderscheid
et al., 2002). We found that, under serum deprivation,
inhibition of PDEs by a nonselective inhibitor IBMX led to
morphological changes and apoptosis, and it was mimicked
exclusively by concomitant inhibition of PDE3 and PDE4.
This result suggested that, in addition to their effects on cell
proliferation and differentiation, PDE3 and PDE4 may also be
involved in the antiapoptotic machinery that supports survival
of mesangial cells.

In the present study, we identified PDE3 and PDE4 as the
major PDEs in the regulation of mesangial cell function.
However, as shown in Figure 2b, IPDE3, but not IPDE4,
strongly activated the cAMP pathway in the presence of
8-Br-cAMP. Previous reports showed that, although PDE4
was more potent in hydrolysis of cAMP than PDE3, inhibition
of PDE3 induced higher activation of PKA than that by
inhibition of PDE4 (Matousovic et al., 1995; Chini et al.,
1997a; Dousa, 1998; 1999). This may be due to the fact that
different cAMP pools are present in mesangial cells, in which
the PDE3-regulated cAMP pool is more closely associated
with activation of PKA (Matousovic et al., 1995; Chini et al.,
1997a; Dousa, 1998; 1999). The distinct cooperation of IPDE3
and IPDE4 with 8-Br-cAMP, demonstrated in this report,
might be explained by this concept. In addition, cAMP
induced by IPDE3 or IPDE4 could be highly compartmenta-
lized and insufficient to increase total cellular cAMP (Aizawa
et al., 2003). This may explain the failure to detect a significant
change in cAMP after single inhibition of PDE3 or PDE4.

¢cGMP is known to activate the cAMP pathway via
inhibiting PDE3 and/or direct activation of PKA at high
doses (Sausbier et al., 2000; Osinski et al., 2001). Using the
CRE-SEAP reporting system, we demonstrated that (1)
cGMP-clevating agents induced activation of the cAMP
pathway, (2) compared with 8-Br-cGMP, 8-pCPT-cGMP, a
c¢GMP analogue that does not interact with PDE3, was less
effective, (3) the effect of IPDE3 was reproduced by 8-Br-
c¢GMP, and (4) IPDE3 did not enhance activation of the
cAMP pathway by 8-Br-cGMP. These results revealed that
¢GMP induced activation of the cCAMP pathway, at least in
part, via inhibition of PDE3 in mesangial cells. However,
mechanisms other than PDE3 inhibition should also be

<
Figure 8 Activation of the cAMP pathway by cGMP-mediated
inhibition of PDE3. (a) Effects of cGMP-elevating agents on the
activation of CRE. Reporter cells were treated with IPDE3 or
cGMP-elevating agents including 150 uM SNAP, 500 um 8-Br-
¢cGMP and 500 um 8-pCPT-cGMP in the absence (Control) or
presence of 500 uM 8-Br-cAMP for 24h. Activity of SEAP was
evaluated by chemiluminescence assay. (b) Dose-dependent effects
of 8-Br-cGMP and 8-pCPT-cGMP on the activation of CRE.
Reporter cells were treated with 8-Br-cGMP or 8-pCPT-cGMP at
indicated concentrations in the presence of 500 uM 8-Br-cAMP for
24 h, and activity of SEAP was evaluated. (c) Combinational effects
of IPDEs, cAMP and cGMP on the activation of CRE. Reporter
cells were treated with IPDE3, IPDE4, 500 uM 8-Br-cAMP and
1000 uM  8-Br-cGMP wusing indicated combinations for 24h
and subjected to SEAP assay. Data were expressed as means+s.e.
and asterisks indicate statistically significant differences. NS, not
significant.
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involved in the cGMP-c¢licited CRE activation, because (1) 8-
pCPT-cGMP, which does not interact with PDE3, also
triggered significant activation of CRE, and (2) inhibition of
the major cGMP-degradating enzymes, PDES and PDE2, also
significantly potentiated the effect of cGMP on CRE. Because
IPDES3 did not fully activate CRE even at high concentrations,
inhibition of PDE3 by cGMP alone may not be sufficient for
induction of CRE activation.

Previous reports showed that the cGMP signaling pathway
is involved in the regulation of mesangial cell function (Garg &
Hassid, 1989; Craven et al., 1997; Yao et al., 1998). cGMP-
elevating agents, such as nitric oxide, exert multiple biological
effects on mesangial cells (Garg & Hassid, 1989; Craven et al.,
1997; Yao et al., 1998). Our results suggested that activation of
the cAMP pathway via inhibition of PDE3 could be involved
in the effects of cGMP-elevating agents on mesangial cells. The
CRE-SEAP-based reporter system may provide a convenient
and useful tool to further analyze and elucidate interactions
between the cAMP and cGMP signaling pathways.

Activity of PDE:s is usually evaluated by analyzing ability of
cell lysates to hydrolyze specific nucleotide (c(AMP or cGMP)
in the presence or absence of specific PDE inhibitors. The
levels of PDE isozymes can also be evaluated by Northern and
Western blot analyses. In contrast to these conventional
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