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Abstract

In response to biological and mechanical injury, or in vitro culturing, vascular smooth muscle cells
(VSMCs) undergo phenotypic modulation from a differentiated “contractile” phenotype to a
dedifferentiated “synthetic” one. This results in the capacity to proliferate, migrate, and produce
extracellular matrix proteins, thus contributing to neointimal formation. Cyclic nucleotide
phosphodiesterases (PDEs), by hydrolyzing cAMP or cGMP, are critical in the homeostasis of
cyclic nucleotides that regulate VSMC growth. Here, we demonstrate that PDE1A, a Ca2*-
calmodulin—stimulated PDE preferentially hydrolyzing cGMP, is predominantly cytoplasmic in
medial “contractile” VSMCs but is nuclear in neointimal “synthetic” VSMCs. Using primary
VSMCs, we show that cytoplasmic and nuclear PDE1A were associated with a contractile marker
(SM-calponin) and a growth marker (Ki-67), respectively. This suggests that cytoplasmic PDE1A
is associated with the “contractile” phenotype, whereas nuclear PDE1A is with the “synthetic”
phenotype. To determine the role of nuclear PDE1A, we examined the effects loss-of-PDE1A
function on subcultured VSMC growth and survival using PDE1A RNA interference and
pharmacological inhibition. Reducing PDE1A function significantly attenuated VSMC growth by
decreasing proliferation via G arrest and inducing apoptosis. Inhibiting PDE1A also led to
intracellular cGMP elevation, p27KiPL upregulation, cyclin D1 downregulation, and p53 activation.
We further demonstrated that in subcultured VSMCs redifferentiated by growth on collagen gels,
cytoplasmic PDE1A regulates myosin light chain phosphorylation with little effect on apoptosis,
whereas inhibiting nuclear PDE1A has the opposite effects. These suggest that nuclear PDE1A is
important in VSMC growth and survival and may contribute to the neointima formation in
atherosclerosis and restenosis.
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Vascular smooth muscle cells (VSMCs) in response to injury and hormonal stimuli exhibit
phenotypic plasticity, changing from a differentiated (quiescent, contractile) phenotype to a
dedifferentiated (active, synthetic) one. This process was originally defined as “phenotypic
modulation.”2 Under normal conditions, VSMCs residing in the media of vessels are
quiescent with a very low turnover rate.3* Quiescent VSMCs are fully differentiated cells
that possess the “contractile” phenotype and function principally to maintain vascular tone.
If the vessel is injured or cells are placed in tissue culture, VSMCs respond by changing
from the “contractile” to the “synthetic” phenotype.* Synthetic VSMCs contribute to
neointima formation by downregulating contractile proteins and acquiring the capacity to
proliferate, migrate, and produce extracellular matrix proteins.® Therefore, phenotypic
modulation of VSMCs plays a key role in the pathogenesis of cardiovascular disorders such
as atherosclerosis, postangioplasty restenosis, bypass vein graft failure, and cardiac allograft
vasculopathy.®

The endothelium plays a critical role in determining the nature of the VSMC growth
response. Healthy endothelium synthesizes and secretes factors that relax VSMCs and
inhibit VSMC growth. Two major factors are prostacyclin and NO, which stimulate
production of cAMP and cGMP, respectively, in the underlying VSMCs. cAMP and cGMP
regulate many VSMC biological processes, including contraction, proliferation, migration,
and apoptosis.” cAMP and cGMP appear to function as a brake on VSMC growth.8 Cyclic
nucleotide phosphodiesterases (PDES), by catalyzing the hydrolysis of cAMP and cGMP to
5’AMP and 5’GMP, regulate the amplitude, duration, and compartmentalization of
intracellular cyclic nucleotide signaling. PDEs constitute a large superfamily of enzymes
grouped into 11 broad families based on distinct kinetic, regulatory, and inhibitory
properties.? Four major families of PDEs have been identified in VSMCs, including Ca2*/
calmodulin-stimulated PDE1, cGMP-regulated PDE3, cAMP-specific PDE4, and cGMP-
specific PDE5. PDE3 and PDE4 have been shown to account for the majority of the cAMP-
hydrolyzing PDE activity (>80%), whereas PDE1 and PDES5 contribute to the majority of
cGMP-hydrolyzing activity in VSMCs.10.11 Because the activity and expression of PDE
isoforms is tightly regulated, altered PDE function may have pathological consequences.

PDE1A is a Ca?*/calmodulin-stimulated PDE that preferentially hydrolyzes cGMP. The
PDEL1 inhibitor vinpocetine increased cGMP but did not affect CAMP levels in large arteries,
where PDE1A is the major PDE1 subfamily in VSMCs.12:13 This suggests that PDE1A is
important in regulating cGMP signaling in VSMCs. Several groups found that angiotensin Il
(Ang 11), via increasing intracellular Ca2* concentrations, rapidly activated PDE1A to
attenuate cGMP accumulation in VSMCs.10:14 Furthermore, the activity and expression of
the PDE1AL isoform were selectively induced in nitrate-tolerant vessels, which may be one
mechanism by which NO/cGMP-mediated vasodilation is desensitized and Ca2*-mediated
vasoconstriction is supersensitized.19 In this study, we report that PDE1A is predominantly
localized in the cytoplasm of “contractile” VSMCs found in the medial layer of arteries but
is in the nucleus of “synthetic” VSMCs found in neointima, atherosclerotic lesions, and
subcultured VSMCs. We also show that nuclear PDE1A controls the growth and survival of
“synthetic” VSMCs, whereas cytoplasmic PDE1A may regulate the contractility of
“contractile” VSMCs. Our findings suggest that nuclear PDE1A may play a critical role in
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cardiovascular diseases associated with VSMC proliferation such as atherosclerosis and
restenosis.

Materials and Methods

An expanded Methods section is available in the online data supplement, available at http://
circres.ahajournals.org.

VSMC Cell Culture

Results

Rat aortic VSMCs were prepared using enzymatic digestion of aortas from 10-week-old
Sprague-Dawley rats (Charles River Laboratories, Wilmington, Mass) as described
previously.1® Primary cultured VSMCs refer to cells that were freshly isolated from rat aorta
and cultured in vitro without undergoing passage. Subcultured VSMCs refer to those cells
that were repeatedly passaged. VSMCs were grown in DMEM containing 10% FBS in a
humidified incubator (37°; 5% CO,). To induce VSMC redifferentiation, cells were plated
onto fibrillar collagen for three days. Fibrillar collagen gels were made by diluting rat type 1
collagen (Cohesion) in 7xDMEM (Cellgro) and water according to the product instruction.

Differential Subcellular Localization of PDE1A in Medial and Neointimal VSMCs

PDE1A has been detected in both “contractile” and “synthetic” VSMCs in many different
species.1® To determine the roles of PDE1A in VSMCs with different phenotypes in vivo,
we examined the expression of PDE1A in “contractile” VSMCs found in the media and
“synthetic” VSMCs in the neointima of injured vessels. Using the rat balloon-injury model,
we found that PDE1A was predominantly detected in the cytoplasm of VSMCs in normal,
uninjured carotid arteries and in medial VSMCs of injured arteries (Figure 1A, left and
middle panels). However, in neointimal VSMCs, PDE1A was predominantly localized to
the nucleus (Figure 1A, middle panel). To confirm this observation, we used flow-dependent
remodeling in the mouse carotid, where decreased flow through the carotid causes neointima
formation.1” PDE1A was primarily expressed in the cytoplasm of medial VSMCs from
normal-flow arteries (Figure 1B, left panel) but was mostly nuclear in neointimal VSMCs
from low-flow arteries (Figure 1B, middle panel). Finally, we examined human coronary
arteries with restenosis lesions and found cytoplasmic PDE1A in medial VSMCs (Figure
1C, left panel) and nuclear PDE1A in intimal VSMCs (Figure 1C, middle panel). In these
examples of vascular remodeling, most cells in the neointima areas were SM-actin positive
(Figure 1A through 1C, right panels), suggesting they were VSMC-like cells. These findings
indicate that PDE1A subcellular locations correlate with VSMC phenotypes, cytoplasmic
PDE1A with “contractile” phenotype, and nuclear PDE1A with “synthetic” phenotype.

PDE1A Location Changes During Phenotypic Modulation of Primary Cultured VSMCs

Isolated adult VSMCs (primary culture), when plated on plastic substrates, undergo a
spontaneous change in phenotype from a “contractile” to a “synthetic” state, thereby gaining
the capacity to proliferate in response to mitogens such as serum.18 To study the relationship
between PDELA distribution and VSMC phenotypes, we compared PDE1A localization
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with the expression of smooth muscle calponin (SM-calponin), a specific marker for
differentiated VSMCs and a proliferation marker (Ki-67) in primary cultured VSMCs.19 As
shown in Figure 2A, we observed dramatic changes in PDE1A localization over 96 hours of
VSMC primary culture accompanied by morphological changes from “contractile” to
“synthetic” phenotype. PDE1A was expressed throughout the cytoplasm of freshly seeded
VSMCs with limited nuclear staining for the initial 6 hours. Within 24 hours of culture,
PDE1A began to accumulate in the nucleus and became primarily nuclear between 48 and
72 hours. Cells that expressed significant amounts of cytoplasmic PDE1A also expressed
high levels of SM-calponin (Figure 2A) but had little detectable Ki-67 (Figure 2B).
However, after culture for 96 hours, most cells had PDE1A predominantly in the nucleus,
accompanied by no detectable SM-calponin (Figure 2A), and high levels of Ki-67 (Figure
2B). Interestingly, PDE5, another cGMP-hydrolyzing PDE present in VSMCs, was
primarily found in cytoplasm and did not change its subcellular location during VSMC
phenotypic change (supplemental Figure S1).

Role of PDE1A in the Proliferation and Apoptosis of Primary Cultured VSMCs

Because nuclear PDE1A location is associated with the “synthetic” phenotype of VSMCs,
we attempted to determine the role of PDELA in regulating primary cultured VSMC growth
and survival. We used “loss of function” approaches, with a pharmacological inhibitor
(1C86340) to inhibit PDE1A activity or with adenovirus-mediated expression of a small
hairpin RNA (shRNA) to downregulate PDE1A expression. 1C86340 has an ICsq of 0.4
umol/L for PDE1 and 500 umol/L for PDES5 (another cGMP-hydrolyzing PDE present in
VSMCs), providing ~s1200-fold greater potency for PDEL1 inhibition (Table). Because
PDE1A represents the major member of the PDE1 family in rat aortic VSMCs, 18 the effects
of 1C86340 should be attributable to PDE1A inhibition. Expression of PDE1A shRNA
significantly reduced PDE1A protein levels in a dose-dependent manner but did not affect
the expression level of PDES5 protein (Figure 3A). The negative control, an shRNA that
targets green fluorescent protein (GFP), had no affect on PDELA protein expression (Figure
3A).

We examined the effects of IC86340 and PDE1A shRNA on cell proliferation and apoptosis
in primary cultured rat aortic VSMCs. Ki-67 and TUNEL were used for proliferative and
apoptotic indices, respectively. We found that the number of Ki-67—positive cells was
greatly decreased in the presence of either 1C86340 or PDE1A shRNA compared with
controls (Figure 3B). In contrast, the number of TUNEL-positive cells was significantly
increased by 1C86340 and PDE1A shRNA (Figure 3C). Because inhibiting PDE1A enzyme
activity and reducing PDE1A protein levels had similar effects, our data suggest that the role
of PDE1A in the regulation of VSMC proliferation and apoptosis is dependent on PDE1A
enzyme activity.

Role of Nuclear PDE1A in the Proliferation and Apoptosis of Subcultured VSMCs

To further understand the function of nuclear PDE1A in VSMC growth and survival, we
used subcultured VSMCs, in which PDE1A is highly enriched in the nuclear fraction
(Figure 4A and 4B). We first examined the effects of 1IC86340 and PDE1A shRNA on cell
growth and death curves. We found that inhibiting PDE1A with 1C86340 dose-dependently
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decreased the rate of cell growth (Figure 4C) and increased cell death (Figure 4D),
respectively. We obtained similar results when VSMCs were transduced with PDE1A
shRNA (Figure 4E and 4F).

To delineate the role of nuclear PDE1A in cell proliferation, we evaluated the ability of
PDE1A to regulate the cell cycle. We found that IC86340 caused a dose-dependent increase
in the amount of cells in G; and a decrease in cells in the S and G, phases (Figure 5A).
Similar effects were obtained in the presence of PDE1A shRNA (Figure 5A). In addition, by
analyzing the time course of cell cycle progression, we found that 1C86340 significantly
blocked G4/S transition (supplemental Figure S2).

To confirm the importance of nuclear PDE1A in promoting survival of VSMCs, we
examined the effects of PDE1A inhibition on annexin VV—positive cells (an early marker of
apoptosis).20 Inhibiting nuclear PDE1A activity by 1C86340 or reducing nuclear PDE1A
expression by shRNA significantly increased the number of apoptotic cells (Figure 5B).
These results strongly suggest that nuclear PDE1A is critical for both VSMC proliferation
and survival.

Role of Nuclear PDE1A in Cell Cycle Regulator Expression

PDE1A is an enzyme that preferentially hydrolyzes cGMP in intact vessels,13 and in
cultured VSMCs.10 We examined nuclear PDE1A-mediated regulation of cGMP by
measuring the total level of cellular cGMP after inhibiting PDE1A activity and expression in
subcultured VSMCs. We found that 1C86340 and PDE1A shRNA significantly elevated
intracellular cGMP levels (Figure 6A). However, CAMP levels were not significantly
affected by either treatment (data not shown). These results confirm that PDE1A plays a
critical role in the maintenance of basal cGMP homeostasis in VSMCs.

In mammalian cells, cyclins and cyclin-dependent kinases regulate the G; to S transition in
the cell cycle.21 In addition, cell cycle progression is regulated by expression of the cyclin-
dependent kinase inhibitors p21CiP1 and p27KiP1-2223 Because cGMP can influence the
expression of cell cycle regulatory proteins,24:25 we evaluated the effect of inhibiting
nuclear PDE1A on the expression of candidate cell cycle proteins. As shown in Figure 6B
and 6C, 1C86340 significantly blocked serum-induced p27XiP1 downregulation and cyclin
D1 upregulation.

It has been reported that the tumor suppressor p53 inhibits cell cycle progression and
promotes apoptosis of “synthetic” VSMCs, 26 indicating that p53 is a functional link between
cell proliferation and apoptosis in pathological VSMC growth.2” With this in mind, we
examined the consequences of inhibiting nuclear PDEL1A on p53 phosphorylation in
subcultured VSMCs. Phosphorylation of Serine 15 on p53 leads to increased accumulation
of active p53.28:29 As shown in Figure 6B and 6C, PDE1A inhibition increased
phosphorylated p53 levels. The changes of cyclin D1, p27, and p53 activation on PDE1A
inhibition are consistent with the observations that loss-of-PDE1A function has dual effects
on VSMC proliferation and apoptosis.
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Differential Roles of Nuclear Versus Cytoplasmic PDE1A in VSMCs

Subcultured VSMCs in plastic dishes are dedifferentiated and actively grow. Coating cell
culture dishes with fibrillar collagen inhibits VSMC growth and induces redifferentiation of
subcultured VSMCs.30:31 We found that subcultured VSMCs had predominant nuclear
PDE1A when grown on plastic dishes (Figure 7A, upper middle panel). However, VSMCs
grown on dishes coated with fibrillar collagen had significantly increased amounts of
cytoplasmic PDE1A and decreased nuclear PDE1A (Figure 7A, lower middle panel). This
change in PDE1A location was not attributable to altered PDE1A expression, as detected by
Western blotting (supplemental Figure S3). These observations indicate that VSMCs
cultured in collagen-coated and noncoated dishes are suitable to study cytoplasmic and
nuclear PDE1A functions, respectively.

To evaluate the differential roles of nuclear versus cytoplasmic PDE1A, we compared the
effects of 1C86340 on cell apoptosis and myosin light chain (MLC) phosphorylation at
serine 20 (an indicator of VSMC contraction). Interestingly, we found that in VSMCs
cultured in noncoated dishes, 1C86340 treatment caused a dramatic increase in the amount
of apoptotic cells (Figure 7A, upper left panel, and 7B), but this was not seen in VSMCs on
collagen-coated dishes (Figure 7A, lower left panel, and 7B). In contrast, IC86340
attenuated Ang ll-stimulated MLC phosphorylation in VSMCs from collagen-coated dishes
but not noncoated dishes (Figure 7C and 7D). Theses data strongly suggest that cytoplasmic
PDE1A in “contractile” VSMCs regulates cell contractility, and nuclear PDE1A in
“synthetic” VSMCs mainly controls cell proliferation and survival.

Discussion

The major finding of this study is that cytoplasmic and nuclear distribution of PDE1A
correlates with VSMC phenotypic modulation both in vitro and in vivo. Specifically, we
demonstrate in several vascular injury models that dedifferentiated “synthetic” VSMCs in
the neointima contain PDE1A predominantly in the nucleus, whereas differentiated
“contractile” VSMCs in the medial layer express PDE1A predominantly in the cytoplasm.
Using freshly isolated VSMCs, we further show the rapid change of PDE1A location from
the cytoplasm to the nucleus in response to phenotypic modulation. Because nuclear PDE1A
corresponds with the “synthetic” phenotype, and cytoplasmic PDE1A corresponds with the
“contractile” phenotype, we hypothesized that nuclear and cytoplasmic PDE1A may have
different physiologic consequences. We demonstrated that loss-of-PDE1A function leads to
decreased ability of “synthetic” VSMCs to grow because of the attenuation of cell
proliferation and the promotion of apoptosis. This suggests that nuclear PDE1A may play a
critical role in VSMC growth and neointima formation. A likely mechanism for the
proliferative and antiapoptotic effects of PDE1A involves decreased cGMP levels, increased
cyclin D1 expression, decreased p27iP! expression, and decreased p53 activation. Although
the function of cytoplasmic PDE1A deserves further investigation, our previous findings
suggest that PDE1A, in normal vessels, functions as a regulator of smooth muscle
contractility.10 This hypothesis is further supported by the experiments shown in Figure 7,
where we demonstrate that inhibiting cytoplasmic PDE1A does not induce apoptosis but
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does inhibit MLC phosphorylation. In contrast, inhibiting nuclear PDE1A had little effect on
MLC phosphorylation but significantly induced apoptosis.

Intracellular cGMP is produced by soluble guanylyl cyclases (in response to NO) or
particulate guanylyl cyclases (the receptors of natriuretic peptides) and plays a key role in
the regulation of VSMC contractility and growth.8:32 The contractile force of VSMCs is
primarily dependent on the status of MLC phosphorylation, which is regulated by the
balance of MLC kinase (MLCK) and MLC phosphatase (MLCP).32 MLCK is activated in a
Ca?*/calmodulin-dependent manner, and activation of MLCK leads to contraction. In
contrast, activation of MLCP produces relaxation. One of the ways in which cGMP inhibits
cell contraction is by activating cGMP-dependent protein kinase (PKG), which decreases
intracellular Ca* and MLC phosphorylation.32:33 cGMP/PKG may also induce MLCP
activity to attenuate MLC phosphorylation.32 We found that inhibiting cytoplasmic PDE1A
caused a decrease in Ang Il-induced MLC phosphorylation. However, inhibiting nuclear
PDE1A did not have a significant effect on MLC phosphorylation, suggesting that
cytoplasmic cGMP has different regulatory properties from nuclear cGMP. The potential
role of nuclear cGMP in the regulation of nuclear function has not been studied extensively,
although early reports showed nuclear cGMP, cGMP-regulating proteins, and cGMP-
mediated effects in the nucleus. For example, immunofluorescent staining has shown that
cAMP and cGMP have distinct staining patterns in a variety of cell types.34:35 cAMP is
largely confined to cytoplasmic domains, with very little nuclear staining, whereas cGMP is
found in nuclei, with some cytoplasmic localization. In addition, a nuclear guanylyl cyclase
has been identified in hepatocytes.38 In this study, we report the existence of a nuclear
cGMP-hydrolyzing PDE1A and show a functional role in VSMC proliferation and survival.
Thus, it is plausible that nuclear cGMP can be regulated locally by a set of nuclear-specific
enzymes, which may be important in the regulation of nucleus-directed events.

The 1C5q value of 1C86340 on PDE11 is 11.3 umol/L. Thus, it is possible that at the
concentrations used in this study, IC86340 may partially inhibit PDE11. However, we
believe that the 1C86340 effects on VSMCs are attributable to PDE1A inhibition because we
obtain virtually the same results with an shRNA that specifically targets PDE1A. In
addition, this is supported by the report from Loughney et al that found that PDE11 is not
expressed in rat VSMCs.3” PDE1C, a different Ca2*/calmodulin-stimulated PDE subfamily
member, hydrolyzes both cAMP and cGMP with high affinity. It has been shown that
PDELC was highly expressed in proliferating human VSMCs in culture and in human fetal
aorta but not in the quiescent VSMCs of intact adult human aorta.16:30 Induction of PDE1C
in human synthetic VSMCs promotes cell proliferation.30 It appears that the induction of
PDELC in proliferating VSMCs was restricted to human cells.18 However, PDE1A
preferentially hydrolyzes cGMP and has been detected in large vessels from many different
species.16 We observed phenotype-dependent alteration in PDE1A location in mouse, rat,
and human VSMCs, suggesting that the phenotypic change of PDE1A localization is not
species specific. We also found PDE1A expressed in the nuclei of some adventitial
myofibroblasts from injured vessels (data not shown), suggesting this phenomenon may be
common to vascular myofibroblast-like cells. In addition, we found distinct subcellular
localization of PDE1A and PDEIC in “synthetic” VSMCs of human coronary arteries. For
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example, PDE1A is predominantly concentrated in nuclei, whereas PDE1C is more
cytoplasmic (data not shown). These observations suggest that PDE1A and PDEIC play
distinct roles in the regulation of human VSMC cAMP and cGMP. The mechanisms by
which PDE1A and PDELC regulate cell growth in human cells are likely to be different;
however, this remains to be determined.

The molecular mechanisms responsible for alterations in PDE1A localization during
phenotypic modulation are not clear. There are several possibilities: (1) If the cytoplasmic
and nuclear PDE1A molecules are identical, then subcellular distribution may be dependent
on association with another protein that is differentially regulated during phenotypic
modulation. (2) The amino acid sequences of cytoplasmic and nuclear PDE1A molecules are
identical, but different post-translational modulations are responsible for differential
targeting to the cytoplasm and nucleus. (3) Cytoplasmic and nuclear PDE1A molecules have
different amino acid sequences that mediate localization. To resolve this question, it will be
necessary to clone PDE1A from contractile and synthetic VSMCs as well as to study the
protein interactions and modifications that determine PDE1A localization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PDE1A localization in vascular injury models. Immunostaining of PDE1A in various

vascular injury models. PDE1A staining was revealed by diaminobenzidine (brown) and
nuclei were counterstained with Methyl Green (Dakocytomation). Left panels show PDE1A
staining in a normal rat carotid artery (A), a normal mouse carotid artery (B), and in the
medial area of a human coronary artery (C). Middle panels show PDE1A staining in an
injured rat carotid artery (A), in the mouse partialligation model (B), and in an
atherosclerotic lesion of a human coronary artery (C). Right panels show SM-actin staining
(vector red) in an injured rat carotid artery (A), in a partially ligated mouse carotid artery
(B), and in the neointima of a human coronary artery (C). PDELA staining is predominantly
found in the cytoplasm of most VSMCs in the medial layer of both uninjured and injured
carotid arteries (arrowheads). However, PDE1A staining is predominantly nuclear in the
VSMCs of the neointima of injured vessels (arrows). Similar results were observed in at
least four different rat, mouse, and human vessel samples.
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Figure 2.

The subcellular distribution of PDE1A associates with the phenotypic modulation of freshly
isolated VSMCs during in vitro culturing. A, Freshly isolated VSMCs were cultured in
plastic dishes for 6, 24, 48, 72, and 96 hours and immunostained for PDE1A and SM-
calponin as described in the Methods section. Green, red, and blue staining represent
PDEL1A, calponin, and nuclei, respectively. At 72 hours, some cells with high levels of
cytoplasmic PDE1A staining have high levels of SM-calponin staining (arrows), whereas
others with high levels of nuclear and low levels of cytoplasmic PDE1A staining do not
have detectable SM-calponin (arrowheads). B, Freshly isolated rat aortic VSMCs were
cultured for 24 or 96 hours and immunostained for PDE1A or Ki-67. Green, red, and blue
staining represent PDE1A, Ki-67, and nuclei, respectively. Similar observations were
obtained from at least three experiments. DAPI indicates 4’,6-diamidino-2-phenylindole.
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Figure 3.
Effects of PDE1A inhibition on the proliferation and apoptosis of primary cultured VSMCs.

A, Effects of PDE1A shRNA on PDE1A and PDES5A protein expression. Subcultured
VSMCs were transduced with adenovirus containing PDE1A shRNA or GFP shRNA at
indicated multiplicities of infection (mois) for 72 hours. PDE1A and PDES5A protein levels
were detected by Western blotting. B, Effects of 1C86340 and PDE1A shRNA on
proliferation (percentage of Ki-67—positive cells). C, Effects of IC86340 and PDE1A
shRNA on the apoptosis (percentage of TUNEL-positive cells). Freshly isolated rat aortic
VSMCs were treated with 1C86340 or vehicle or transduced with adenovirus containing
PDE1A shRNA or GFP shRNA (50 mois). Cells were fixed and stained for TUNEL or
Ki-67 48 hours after seeding (for 1C86340 groups) or 72 hours after seeding (for sShRNA
groups because ShRNA takes 48 hours to elicit effects). TUNEL or Ki67 cells were counted
from 5 different fields from triplicates for each group. Data represent the mean of three
samples (mean+SEM). Similar results were obtained from at least three experiments. DMSO
indicates dimethyl sulfoxide.

Circ Res. Author manuscript; available in PMC 2014 July 29.



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

1duosnuely Joyny vd-HIN

Page 14

B. . 0, &
Nuc Cyto Nuc Cyto ﬁ’g 60 1
[q— ——— !4-PDE1A @ 5 50 1
20 4
| C— —_— |<-PCNA wE
<3 W0
] -_ ~ |«GaroH E@ 20
o 10 4
0 +
Cytoplasm Nucleus
C.. D._
o 70 "‘c 25
= Control - * o
*
= A = gt csum
5 4 IC1uM s
o ?g IC 5uM 3 " "
[ ~—— IC 5uM
= E — % *
= + @ T————4 1M
] & IC15uM E
H == ¥ E 5 4 Control
¥-1 @
= o
s 0 T T T E 04 T
= 0 1 2 3 :.=' 0 1 2 3
Time (Days) Time (Days)

b

Number of Alive Cells (x10 4)
8 &
Number of Dead Cells (x10 ‘)'
2 = B
l
|
|
|
[

PDE1A
GFP # ¥ T shRNA
50 5 shRNA

#
#
PDE1A
2 //,///i " shRNA

_F'—~I'

w
I
|
|
|
|
I
@
o
o

(=]
(=]
-
ra A
w

o 1 2 3
Time (Days) Time (Days)

Figure 4.
Effects of inhibiting nuclear PDE1A on growth and death of subcultured VSMCs.

Subcultured VSMCs grown in plastic dishes were fractionated into cytoplasmic and nuclear
fractions as described in the Methods section. A, Western blots showing the expression of
PDE1A, nuclear protein proliferating cell nuclear antigen (PCNA), and cytoplasmic protein
GAPDH. Nuc indicates nucleus; Cyto, cytoplasm. B, Quantified results of the Western blot
analyzed by densitometry in the linear range of film exposure using a scanner and NIH
Image J. Data were normalized to cytoplasm that was arbitrarily set to 1.0. Values are mean
+SEM from three different samples. *P=0.0002. Effects of IC86340 (C and D) or PDE1A
SiRNA (E and F) on cell growth (C and E) and death (D and F). Subcultured VSMCs were
pretreated with various doses of 1C86340 or vehicle or transduced with adenovirus
containing PDE1A shRNA or GFP shRNA (50 mois), followed by stimulation with 10%
serum for the indicated time points. The number of living (trypan blue exclusion) and dead
(trypan blue inclusion) cells was counted as described in the Methods section. Data
represent mean of triplicates (mean+SEM), *P<0.01 vs vehicle; #P<0.01 vs GFP shRNA.
Similar experiments were repeated at least three times.
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Figurebs.
Effects of nuclear PDE1A inhibition on cell cycle progression and apoptosis. A, Effects of

1C86340 and PDE1A shRNA on cell cycle progression. Subcultured VSMCs were growth-
arrested by serum starvation for 48 hours and pretreated with 1C86340 or vehicle at the
indicated doses or with adenovirus containing PDE1A shRNA or GFP shRNA (50 mois),
followed by 10% serum stimulation. Cells were then collected and subjected to flow
cytometry as described in the Methods section. B, Effects of 1C86340 and PDE1A shRNA
on annexin V—positive cells. Subcultured cells were treated as described above and stained
with annexin V and analyzed with flow cytometry. Data represent mean of triplicates (mean
+SEM); *P<0.01 vs vehicle; #P<0.01 vs GFP shRNA. Similar experiments were repeated at
least three times.
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Figure®6.
Effects of PDE1A inhibition on intracellular cGMP and cell cycle regulatory protein

expression. A, Effects of 1IC86340 and PDE1A shRNA on intracellular cGMP levels.
Subcultured VSMCs were treated with C-type natriuretic peptide (CNP) at indicated doses
for 15minutes (as positive controls), various doses of 1C86340 (15 pmol/L) for 15 minutes,
or transduced with adenovirus containing PDE1A shRNA or GFP shRNA (50 mois) for 48
hours. Total cellular cGMP levels were measured with ELISA. Data were normalized to
control (without treatment), which was arbitrarily set to 1.0. Data represent mean of three
samples (mean+SEM); *P<001 vs vehicle; #P<0.01 vs GFP shRNA. Similar experiments
were repeated twice. B and C, The effects of 1C86340 on p27, cyclin D1, and
phosphorylated p53 protein levels. Subcultured VSMCs were serum starved for 48 hours,
pretreated with 1C86340 (15 pmol/L) for 30 minutes, and stimulated with 10% serum for
various times up to 24 hours. We found that there are dynamic changes in p27, cyclin D1,
and p53 in the cell cycle. B, Representative Western blots of p27 (8 hours), cyclin D1 (8
hours), and p53 (12 hours). C, Quantified data of Western blots analyzed by densitometry
using a scanner and NIH Image J, which were normalized to control (no treatment) that was
arbitrarily set to 1.0. Values are mean+SEM (n=3); *P<0.05.
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Role of nuclear and cytoplasmic PDE1A in apoptosis and MLC phosphorylation.
Subcultured VSMCs were grown in fibrillar collagen-coated or in noncoated plastic dishes
for three days. A and B, PDE1A localization and effects of 1C86340 on cell apoptosis. A,
Subcultured cells grown on noncoated dishes (top panels) or coated dishes (bottom panels)
were treated with 1C86340 (15 umol/L) or vehicle for 48 hours followed by PDE1A (left
panels) or TUNEL staining (middle panels). B, Quantified data of percentage of TUNEL-
positive cells (mean+SEM; n=3); *P<0.01. Similar experiments were repeated twice. C and
D, Effects of 1C86340 on MLC phosphorylation. Subcultured cells grown on noncoated
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dishes (C) or coated dishes (D) were pre-treated with 15 pmol/L 1C86340 or vehicle (30
minutes) before stimulation with or without Ang Il for 3 minutes, followed by Western
blotting analysis using MLC serine 20 phosphospecific antibody. Quantified data of the
Western blots were normalized to the control (no treatment) arbitrarily set to 1.0. Values are
mean+SEM (n=3); *P<0.05.
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Table

Potency and Selectivity of 1C86340

PDE Name |Cspvalue (UM)  Sdlectivity
PDE1C1 0.06 1.0X
PDE1C3 0.06 1.0X
PDE1B1 0.21 3.4X
PDE1A3 0.44 7.3X
PDE11A1 11.30 185.0X
PDE9A1 100.00  1640.0X
PDE10A 117.00  1930.0X
PDE4B2 23200  3815.0X
PDE7A 272.00  4470.0X
PDESA 298.00  4905.0X
PDE3A 356.00  5850.0X
PDE2A 489.00  8040.0X
PDE5SA 499.00  8215.0X

Circ Res. Author manuscript; available in PMC 2014 July 29.

Page 19



