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Abstract

Cyclic GMP-selective phosphodiesterase type 5 (PDES5) has been traditionally thought to play little
role in cardiac myocytes, yet recent studies using selective inhibitors such as sildenafil suggest it can
potently modulate acute and chronic cardiac stress responses. To date, evidence for myocyte PDE5
expression and regulation has relied on small-molecule inhibitors and anti-sera, leaving open
concerns regarding non-specific immune-reactivity, and off-target drug effects. To directly address
both issues, we engineered a robust PDE5-gene silencing ShRNA (inserted into miRNA-155 cassette)
and DsRed-PDES5 fusion protein, both coupled to a CMV promoter and incorporated into adenoviral
vectors. PDE5 mRNA and protein knockdown eliminated anti-sera positivity on immunoblots and
fluorescent immuno-histochemistry in neonatal and adult cardiomyocytes, and suppressed PDES
enzyme activity. Stimulation of myocyte hypertrophy by phenylephrine was blunted by PDE5 gene
silencing in a protein kinase G dependent manner, and this effect was similar to that from sildenafil
with no additive response by both combined. DsRed-PDES fusion protein expression showed normal
z-band localization in adult myocytes but was diffuse in eNOS™- myocytes; echoing reported findings
with anti-sera. PDE5 over-expression increased enzyme activity and amplified natriuretic peptide
gene expression from phenylephrine stimulation. These data confirm PDES5 expression, activity, and
targeted inhibition by sildenafil in cardiomyocytes, as well as the role of this PDE in cardiomyocyte
hypertrophy modulation.
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Introduction

Intracellular cGMP is an important second messenger regulating a broad range of acute and
chronic cellular functions. In the vascular system, cGMP and its primary effecter kinase cGK
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play a pivotal role in regulating vascular tone, platelets, and endothelial function [1]. In the
heart, cGMP/cGK signaling appears to function more like a brake system, having less impact
on rest function but the capacity to counter acute and chronic stress responses and remodeling.
An example of acute modulation is its suppression of -adrenergic/cAMP stimulation by
altering phosphodiesterase type 2 activity [2] or cGK phosphorylation of calcium handling and
sarcomeric proteins (e.g. L-type calcium channel [3] and troponin | [4]). Chronic activation of
cGMP synthesis suppresses cardiac remodeling in response to pressure-overload [5], whereas
genetic deletion of its synthetic enzymes exacerbates the response [6].

Cyclic GMP is generated by guanylate cyclase(GC) coupled to either nitric oxide(NO) or
natriuretic peptide(NP) stimulation, and is hydrolyzed by members of the phosphodiesterase
(PDE) super-family (reviewed in [7]). In the cardiovascular system, the latter includes cGMP-
specific phosphodiesterase type 5 (PDE5) and possibly PDE9 [8], and dual substrate enzymes
-PDEL1, activated by calcium-calmodulin [9], and PDE2, activated by cGMP binding to
regulatory domains that enhance its hydrolysis of cAMP [2]. Of these, PDE5 was discovered
first and remains the best characterized [10]. It is the only PDE currently targeted for treating
clinical disease (erectile dysfunction and pulmonary hypertension) [11]. PDE5 was first found
in platelets, and later in vascular smooth muscle and endothelial cells, with high expression
levels reported in the corpus cavernosum and lung [12]. It has three isoforms, PDE5A1, 5A2
and 5A3, that differ only in the initial portion of exon 1 in the N-terminus, and there are no
known functional differences between them [10]. PDE5A1 and A2 mRNAs are detected in a
wide variety of tissues including heart [13], whereas PDE5AS3 is only expressed in vascular
smooth muscle.

Despite its expression, the importance of PDE5 for the heart and even more specifically for
cardiac muscle cells had long been considered minimal [12,14,15]. For one thing, PDE5 RNA,
protein expression and enzyme activity in heart are 2 orders of magnitude lower than in lung
[16]. Basal effects of small molecule PDES5 inhibitors such as sildenafil appear negligible in
both normal and failing myocardium and hearts [17-20], nor do they impact B-adrenergic
stimulated function in human or experimental heart failure [17,18]. However, more recent
studies revealed potent cardiac effects from selective PDES inhibitors in hearts subjected to
acute or chronic stress, suppressing B-adrenergic stimulated contractility in normal mammalian
hearts including human [16,17,21], ameliorating ischemia/reperfusion [22] and anthracycline
[23] induced myocardial damage, and blunting and reversing pressure-overload induced
hypertrophy, fibrosis, and chamber remodeling [24]. Adult and neonatal myocyte studies have
reported low level gene and protein expression as well as physiologic effects from PDE5
inhibitors [16,17,22,25]. Based on these and other data, the National Institutes of Health is to
commence a multi-center trial (RELAX) to test the utility of sildenafil for treating heart failure
with a preserved ejection fraction (diastolic heart failure).

While these results have renewed interest in PDE5 cardiac regulation, debate regarding its
myocyte expression and physiologic role in these cells persists [10,12], as all prior data have
depended upon the use of pharmacologic inhibitors and anti-sera. This has left open concerns
regarding tissue and antibody specificity, and possible off-target effects [10,12] such as
sildenafil-inhibition of PDE1 [11]. Though PDE5 has been known for >20 years, there are
remarkably no genetic studies yet reported involving gain or loss of expression. To address
these questions, we developed and tested genetic gain and deletion strategies to test whether
PDES is indeed expressed, active, and relevant to hypertrophic signaling in isolated cardiac
myocytes.
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Short-hairpin RNAs were designed based on mouse PDE5SA sequence (shRNAPDES-1899.
FORWARD 5'-
TGCTGTTTCAGAGCAGCAAACATGCAGTTTTGGCCACTGACTGACTGCATG
TTCTGCTCTGAAA-3' and REVERSE 5'-
CCTGTTTCAGAGCAGAACATGCAGTCAGTCAGTGGCCAAAACTGCATGTTTGCT
GCTCTGAAAC-3'; sShRNAPDES-2066 EORWARD 5'-
TGCTGAAATGATGGTGTTCCATGATGGTTTTGGCCACTGACTGACCATCATGGC
ACCATCATTT-3' and REVERSE 5'-
CCTGAAATGATGGTGCCATGATGGTCAGTCAGTGGCCAAAACCATCATGGAA-3)
and inserted into pcDNA 6.2-GW/EmGFP-miR-155 vector (Invitrogen) [26] retaining miRNA
regulatory sequences required for efficient ShARNA processing (Fig 1A). This was transferred
by recombinase cloning into pAd/CMV/V5-DEST™ vector (Invitrogen) to generate AdV-
gfp-shRNAPPESa AdV were CsCl purified and titered at 1.5-3.0¢1010 pfu /ml. Green
fluorescent protein (gfp) enabled transfection to be confirmed (AdV-gfp virus was the control),
and the miRNA construct allowed use of the CMV promotor enhancing gene knock-down. An
adeno-associated virus version AAV2/9 DsRed/shRNAPPESa (3 47x1012 GC/ml) was also
made (assisted by the AAV-core of University of Pennsylvania). A DsRed monomer-PDE5a
fusion protein vector was constructed by cloning PDE5A1 using mouse lung cDNA
(FORWARD : 5’ACGAACTCGAGTTATGGAACGAGCG GGCCCCAACT-3', REVERSE:
5-ATATTCCCGGGTCAGTCAGTCCCGCTTGC CCT-3') inserted into a shuttle vector
(Invitrogen), subcloned into a pDsRed-C1 vector (Clontech), and inserted into AdV type-V
driven by the CMV promoter (AdV/DsRed-PDE5a).

RNA and Protein Assays

RNA was extracted from rat neonatal myocyte using Trizol Reagent (Invitrogen) and then
cDNA was generated using Superscript First-Strand Synthesis System for RT-PCR
(Invitrogen). Real-time PCR reactions were carried out using SyberGreen Master Mix
according to the manufacturer's protocol (Applied Biosystems). Data were captured and
analyzed on Gene-Amp 5700 Sequence detection system (Applied Biosystems). The relative
concentration of BNP, ANP mRNA was calculated by dividing their concentration by that of
the GAPDH control gene. Primers are listed as following: rat ANP (Forward 5'-
ATACAGTGCGGTGTCCAACACAGA-3', Reverse 5'-
TGACCTCATCTTCTACCGGCATCT-3"), rat BNP (Forward 5'-
ATGCAGAAGCTGCTGGAG CTGATA-3', Reverse 5'-
CTTCTGCCCAAAGCAGCTTGAACT-3'), Rat GAPDH (Forward 5'-
GACATGCCGCCTGGAGAAAC-3', Reverse 5-AGCCCAGGATGCCCTTTAGT-3), rat
PDES5A (Forward 5'-AACTCGTGGCAGCCGAATTCTTTG-3', Reverse 5'-
TGTTCATTAGATCAGCGGGCTCCA-3). Protein was analyzed from frozen cell lysates
using PDE5a antibody (Cell Signaling).

In vivo gene transfer and confocal staining

Adult myocyte gene transfer was performed in intact hearts (n=2-3) by direct LV injection
(1.2x10° Pfu for AdV/DsRed-PDE5A1, 1011 GC for AAV2/9 DsRed/shRNAmiRPDES
followed by primary myocyte isolation 48 hrs (AdV) or 6 weeks (AAV2/9) later. Myocytes
(n=5-10/heart) were incubated overnight with anti-sera for a-actinin (1:500 dilution; Sigma-
Aldlich) or PDE5a (1:250 dilution; Cell Signaling), followed by incubation with secondary
anti-mouse and anti-rabbit Alexa 488(green) or Alexa 546(red) antibodies(Molecular Probes)
respectively for 1 hour. Cells were imaged on a Zeiss inverted epifluorescence microscope
with argon-krypton laser confocal scanning system (UltraVIEW; PerkinElmer Life Sciences).
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Cell culture studies

Rat neonatal cardiac myocytes (RNCM) were isolated from 1-2-day-old Sprague-Dawley rats
[24], and cultured cells stimulated with 20pM phenylephrine or 0.01-0.1uM Endothelin-1, with
or without 1uM sildenafil. Protein synthesis was assessed by [3H]leucine incorporation [9].
Total low-K, cGMP-PDE activity was assayed using a fluorescence polarization assay
(Molecular Devices) under linear conditions with and without PDESA inhibitor (sildenafil;
0.1-1uM).

Statistical Analysis

Quantitative assays were performed in triplicate and results expressed as means+SD. The
Student's t test and one way ANOVA was used to test for significance of differences between
groups.

Results

PDE5a gene silencing and Enzyme Activity and Anti-Sera Detection

Infection of RNCMs with gfp-shRNAPPES Jed to complete suppression of PDE5a mRNA
expression (Fig 1B). Over-expression of mouse PDE5a in HEK293 cells was markedly and
specifically suppressed by two different SsRNAPDPES2 (2066-mouse only; 1899- mouse and
rat), while intrinsic human PDE5a was unaffected (Fig 1C). Similar knock-down of
endogenous PDEDSa protein was achieved in RNCMs (Fig 1D) and accompanied by reduced
enzyme activity (Fig. 1E). Adult myocyte transfection was also achieved, though with
somewhat less robust gene knock-down efficiency (-50% after 4-days, Fig 1F). Both
shRNAPDESayere designed close to C-terminal of PDES, they silence all three PDESA variants
expression.

To test the specificity of immunohistochemistry for PDE5a staining, RNCMs were transfected
with sShRNAPDES and then probed with PDE5a anti-sera showed negative staining, unlike
controls transfected with AdV-gfp (Fig 2A). Adult myocytes were isolated from hearts
transfected in vivo with DsRed-shRNAPPESa yia an AAV vector. Infected cells identified by
DsRed fluorescence lacked PDES5a anti-sera staining (green), whereas non-transfected cells
remained positive for PDE5a (Fig 2B). Thus, the PDE5a immunohistochemistry signal is
specific to the protein.

PDEb5a gene silencing and myocyte hypertrophic signaling

To test the role of PDE5a in cardiomyocyte hypertrophic responses, ShRNAPPES2 was
expressed in RNCM and cells stimulated by phenylephrine (PE, 20uMx24hr). The induction
of hypertrophy signaling was indexed by A- and B-type natriuretic peptide gene expression,
and cell growth by 3H-leucine incorporation. PE increased BNP ~2.5 fold (Fig 3A), and this
was suppressed to a similar extent by PDE5a gene silencing or sildenafil. Combining both
yielded a similar level of suppression, indicating the specificity of sildenafil for PDE5a. The
reduced BNP expression was prevented by co-incubation with the PKG antagonist rp-8Br-
PET-cGMPs (30 uM) supporting the importance of PKG stimulation to the PDE5a silencing
effect. Similar results were obtained in ANP expression (Fig 3B). In additional studies, we
assessed 3H-leucine incorporation in cells exposed to endothelin-1, and found the increase was
also blocked by transfection with ShRNAPPES2 (Fig 4).

Myocyte PDEb5a overexpression stimulates hypertrophy

As recently reported [27], DsRed-PDESAL fusion protein localized to z-bands in adult
myocytes, while it was diffuse in eNOS”- myocytes(Fig 5A), consistent with prior evidence
based on immuno-fluorescence and immune-electron microscopy [16,28] The converse of anti-
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hypertrophic effects from blocking PDE5a is pro-hypertrophic effects from an increase in the
enzyme. To test this, RNCM were transfected with DsRed-PDE5a. The effect was a 6-fold
increase in enzyme activity (Fig. 5B). Stimulation by PE increased ANP and BNP gene
expression, but both rose much more in cells overexpressing PDE5a compared to cells
transfected with AdV-DsRed alone (Fig 5C).

Discussion

Growing evidence for a cardiac regulatory role of PDE5A in cardiac disease has countered
earlier presumptions that it was not expressed at sufficient levels and un-important in the heart.
However, controversy has persisted given the reliance on anti-sera and small molecule
inhibitors for all prior studies. The present study aimed to address both concerns. Using a novel
and robust gene silencing vector that greatly suppressed PDE5A gene transcription (all splice
variants), we provide strong evidence for the presence of native and active enzyme in cardiac
myocytes, and its relevance to stress modulation. The latter studies further support selective
targeting of sildenafil to PDESA for these effects.

While the sources of cGMP have long been well characterized, the specific PDE species
responsible for its hydrolytic regulation are only now being revealed with development of new
selective antagonists. Currently, several PDEs are proposed to contribute to this regulation in
the heart. One is the dual substrate Ca2*-calmodulin dependent PDEL1. It was first thought not
to be expressed in myocytes [29], but recently found (PDE1c) in human myocytes where it
appeared to contribute a large component of cAMP and cGMP hydrolytic activity in vitro
[9]. Its physiologic role in the intact cell and/or heart remains unknown. PDE2, another dual
substrate enzyme, is also expressed in heart and myocytes and can hydrolyze a cGMP pool
localized at the outer cell membrane in vitro [30]. It is also stimulated by cGMP to hydrolyze
cAMP, which appears to co-regulate myocytes responses to B-agonists [2].

Despite its cGMP selectivity, PDE5A was long considered a minor contributor in the heart
given low expression and activity in myocytes under rest conditions. Yet, evidence that
inhibitors such as sildenafil conferred protective effects against hypertrophy [24], ischemia
[31], and apoptosis led to re-emerging interest [32]. For ischemia/apoptosis, this effect appears
to involve NO signaling and mitochondrial protection [33], while anti-hypertrophic effects
involve suppression of transcriptional regulators such as NFAT (nuclear factor of activated T-
cells), and enzymes such as calcineurin, Rho-kinase, and Akt. Activation of cGK is though to
play an important role in all three conditions. The upregulation of PDE5A expression and
activity in hearts under stress may help explain an enhanced role in disease conditions [24,
25].

Almost all the cardiac work to date has been performed using sildenafil. While this is also the
most widely used agent clinically, it is not the most selective among small molecule inhibitors.
The most potent is vardenafil (ICsg <1 nM, compared to 7 nM for sildenafil), but tadalafil is
most selective for PDESA. All three also inhibit PDE1, with about a 2-order magnitude higher
ICsq over that for PDESA in the case of sildenafil and vardenafil, and >103 fold higher
concentration for tadalafil [34]. Given the wide expression of PDE1 in the cardiovascular
system and new evidence of its presence in myocytes, this potential cross-reactivity is relevant.
The sildenafil concentration most often used in cellular studies is 0.1-1 mM, above the ICsg
for both PDESA and near or higher that for PDE1, though intracellular concentrations maybe
lower. The present data showing sildenafil identically suppressed acute myocyte hypertrophic
stimulation (NP gene expression) as did PDE5A gene silencing, and that their combination
had no additive effect indicates this regulation does not involve PDE1. The ability of PDE5SA
expression to itself enhance hypertrophic stimulation is also consistent with a primary role.
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PDESA protein expression in the cardiac myocyte has been documented by several laboratories
using poly-clonal anti-sera [16,25,35,36] — though immunoblot protein levels have always been
low, somewhat out of proportion to that seen by immuno-fluorescent confocal imaging. Part
of the disparity may be due to sub-cellular localization of PDE5SA in particulate fractions,
specifically myocyte z-bands [16,28]. We have shown this localization requires NOS activity
[16] and more specifically, cGMP generated by NO-activated soluble guanylate cyclase [37],
and in their absence, the protein reversibly becomes more diffuse in the myocyte. This change
has functional consequences, for one reducing the effectiveness of PDE5A inhibition for
blunting acute b-adrenergic stimulation [16,17,37]. The present data provide key support to
the specificity of the polyclonal anti-sera that has been employed for both confocal imaging
and immunoblot analyses. Furthermore, migration of the dsRed-PDES5A fusion protein to z-
bands in wild-type cells, but diffuse localization in myocytes lacking NOS3 (eNOS) is
consistent with prior anti-sera derived findings.

The present study did not aim at elucidating new mechanisms underlying PDE5SA cardiac
regulation; such analysis is the subject of other ongoing investigations in ours and other
laboratories. It also leaves open the question of whether intact cardiac effects of PDE5SA
inhibitors principally involve myocyte targeting or reflect activity on other cell types such as
fibroblasts, smooth muscle cells, and endothelial cells. Clarification of this question will
require cell-specific gene targeting models in vivo, efforts that are also ongoing. However, the
findings do lend strong support to relevant myocyte PDE5SA expression and regulatory activity,
justifying such genetic models, and expanding our understanding of potential PDE5SA inhibitor
targets. They should help shift the prior paradigm, where PDE5A was considered only relevant
to the vasculature, to one that encompasses myocyte involvement as well.
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Figure 2.

A) fluorescent immunohistochemistry of RNCM infected with AdV containing gfp or gfp-
ShRNAPDESa  The latter shows suppression of anti-sera PDE5a immunostaining; B) Adult
myocytes infected in vivo with AAV encoding DsRed-shRNAPPE5a were isolated and stained
for PDEba. Transfected cells (red) no longer co-stained for PDE5a (green).
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Figure 3.

Cardiomyocyte hypertrophic signaling reflected by natriuretic peptide gene expression induced
by phenylephrine (PE) is suppressed similarly by PDE5a gene silencing and by sildenafil. The
effect of gene silencing is blocked by co-incubation with a PKG inhibitor; A) Results for BNP
stimulation, B) Results for ANP gene expression.
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Myocyte 3H-leucine incorporation from endothelin-1 stimulation is blocked by PDE5a gene

silencing.
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A) Localization of DsRed-PDEDba is at the z-band of the cardiac myocyte, similar to results
reported using anti-sera, while it became diffuse in eNOS”" cardiomyocytes. B) Over-
expression of DsRed-PDE5a in neonatal myocytes increases enzyme activity. C) Enhanced
PDEDba expression augments PE-induced stimulation of ANP and BNP gene expression.
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