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Abstract

In cardiac myocytes activation of an exchange factor activated by cAMP (Epac) leads to activation
of phospholipase Ce (PLCe)-dependent hydrolysis of phosphatidylinositol 4-phosphate (P14P) in
the Golgi apparatus a process critical for development of cardiac hypertrophy. Here we show that
B-adrenergic receptor (BAR) stimulation does not stimulate this pathway in the presence of the
broad spectrum phosphodiesterase (PDE) inhibitor IBMX, but se/ective PDE3 inhibition revealed
BAR-dependent P14P depletion. On the other hand, selective inhibition of PDE2 or PDE9A
blocked endothelin-1 (ET-1) and cAMP-dependent P14P hydrolysis by PLCe. Direct activation of
protein kinase A (PKA), protein kinase G (PKG), or the atrial natriuretic factor (ANF) receptor
abolished P14P hydrolysis in response to multiple upstream stimuli. These results reveal distinct
pools of cyclic nucleotides that either inhibit PLCe at the Golgi through PKA/PKG, or activate
PLCe at the Golgi through Epac. These data together reveal a new mechanism by which ANF and
selective PDE inhibitors can protect against cardiac hypertrophy.
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Introduction

Heart failure is a leading cause of morbidity and mortality in the western world. In response
to stressors, such as hypertension or myocardial infarction, the heart undergoes pathological
changes, including alterations in gene expression, increased protein synthesis, and cell
growth. These changes lead to cardiac hypertrophy and ventricular remodeling, ultimately
resulting in decompensation and finally heart failure. These effects are, at least in part,
mediated by alterations in the circulating concentrations of neurohumoral regulators, such as
epinephrine or endothelin-1 (ET-1), which signal through G-protein coupled receptor
(GPCR) pathways in cardiac myocytes (1). Both Gs and Gq signaling pathways in cardiac
myocytes downstream of GPCRs have been implicated in cardiac hypertrophy (1-3).

Previous studies, by our group and others, have shown that phospholipase C isoforms
(PLCs), PLCp and PLCe, are involved in cardiac hypertrophy driven by Gq coupled
receptors, including a-adrenergic receptors (PLCB and PLCe) (4, 5), and ET-1A receptors
(PLCe) (6, 7). PLCB is the canonical GPCR-regulated phospholipase activated by Gaq
liberated from the G-protein heterotrimer by receptor activation, whereas PLCe is a novel
member of the family activated by small GTPases (Rho, Ras and Rap family members) and
GBy dimers from GPCR activation (8-11).

PLCe is scaffolded at the nuclear envelope by direct binding to muscle-specific A kinase
anchoring protein p (MAKAPB) in cardiac myocytes (6). ET-1 activates PLCe at this
location via GPy dimers (12), and perhaps other upstream regulators, to regulate cardiac
hypertrophy via PLCe-mediated hydrolysis of the alternate PLC substrate
phosphatidylinositol-4-phosphate (P14P) at the closely associated Golgi apparatus (7).
Generation of diacylglycerol by this pathway leads to activation of protein kinase D (7),
enabling phosphorylation of histone deacetylase 5 (HDACS5) and export out of the nucleus,
and consequent expression of hypertrophic genes (13).

MAKAPR scaffolds multiple proteins at the nuclear envelope including the cAMP
responsive Rap exchange factor, exchange factor activated by cAMP (Epac) (14, 15).
Stimulation of cardiac myocytes with the Epac-selective cAMP analogue, 8-(4-
chlorophenylthio)-2"-O-methyladenosine-3”,5 -monophosphate (cpTOME), causes PLCe-
dependent P14P hydrolysis due to direct activation of PLCe by Rap1l (7). Epac has also been
implicated in cardiac hypertrophy, with increased expression being seen in animal models of
heart failure and Epacl-deficient animals being protected from cardiac hypertrophy (16, 17).
This suggests that BAR could regulate hypertrophy in part by its ability to regulate PLCe-
dependent P14P hydrolysis in a cAMP-Epac dependent manner.

cAMP has been shown to be both prohypertrophic and protective depending on where and
how the cAMP is generated in myocytes (18). Key to the maintenance of distinct
compartments of CAMP in cardiac myocytes are the phosphodiesterase enzymes (PDES)
(18). This eleven-member family hydrolyzes both cAMP and cGMP, regulating their
concentration and leading to the localization of cyclic nucleotide signals. PDEs have
different affinities for cAMP and cGMP dependent on their isoform. PDEs 1,2,3, 10 and 11
have dual specificity for cAMP and cGMP, PDEs 4, 7 and 8 are selective for cAMP, whereas
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PDEs 5A, 6 and 9A are cGMP selective (19). PDE3 and PDE4 are the major isoforms in the
heart responsible for regulating cyclic nucleotides (20) but PDE2, 5, 8, 9A and 10 have all
been shown to be expressed in the heart (18, 19). PDE3 and PDE4 play a major role in the
negative regulation of signals with knockout animal and pharmacological inhibition of PDE3
and PDE4 showing increases in cardiac hypertrophy (21-24). Conversely, the inhibition of
PDEZ2, PDE5 and PDE9A have been shown to protect against cardiac hypertrophy (20, 25—
31), with this effect being dependent on protein kinase A signaling in the case of PDE2, and
PKG signaling in the case of PDE5 and PDE9A. This demonstrates that the balance of
compartmentalized cyclic nucleotide signals is crucial for the maintenance of healthy
myocardium.

Previously, we had demonstrated that PI4P hydrolysis in cardiac myocytes is induced by
pharmacological Epac activation, and with ET-1 stimulation. ET-1 stimulation of PI4P
hydrolysis required G protein fy-mediated activation of PLCe (12). The physiological
mechanism by which Epac is stimulated in this pathway, and whether Gs stimulation of
cAMP production can induce PI14P hydrolysis has not been explored. In this study, we
demonstrate that endogenous cCAMP signals downstream of B-adrenergic stimulation activate
Epac-PLCe-dependent Golgi PI14P hydrolysis through a pathway regulated by PDE3 and
PDE4. In addition, we show that an opposing cAMP/cGMP pathway, regulated by PDE?2
and PDE9A inhibits P14P hydrolysis by PLCe to oppose development of hypertrophy. These
data reveal a new mechanism by which compartmentalized cyclic nucleotides can promote
and inhibit localized PLC activity to regulate hypertrophic signaling. Additionally, it
presents further evidence for PLCe as a central player in cardiac hypertrophy and indicates
that targeting PLCe signaling could lead to a new paradigm for treating heart failure.

Materials and Methods

Isolation of neonatal cardiac myocytes and adenoviral transduction

Briefly, hearts were excised from 2—4 day old Sprague-Dawley rats, ventricles separated and
minced thoroughly before digestion with Collagen type Il (Worthington) in Hanks buffered
saline solution (HBSS) without Ca2* or Mg?*. Following digestion, cells were collected by
centrifugation into Dulbecco Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM glutamine
and 2 pg/mL vitamin B12. Contaminating cells were removed by preplating cells onto tissue
culture plastic for a minimum of 1hr at 37°C. NRVMs were then plated onto either glass-
bottom tissue culture plates or 12 well plates coated with 0.2% gelatin and cultured in
DMEM (composition as above, with additional 10 pM cytosine arabinoside). 48 hours later,
cells were transferred into media supplemented with 1% FBS.

Measurement of PI4P hydrolysis

After preparation and culture of myocytes, cells were and transduced with adenovirus (50
MOI) expressing GFP-FAPP-PH overnight. The following day, expression was confirmed by
epifluorescence microscopy. Imaging of GFP-FAPP-PH fluorescence was performed at
room temperature on either a Nikon Eclipse TE2000U with a 40x oil-immersion lens or a
LEICA DMi8 with a 100x 1.4 NA oil-immersion lens. EGFP was excited at 488 nm with an
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X-Cite Xled1 light source and emission monitored imaged on a backlit CMOS Photometrics
Prime 95B camera. Analysis was performed using ImageJ unless otherwise stated. Data is
presented as percentage of fluorescence remaining after agonist stimulation.

Measurement of myocyte cell size

NRVMs were plated into gelatin-coated 12 well plates and allowed to grow overnight. The
following day, cells were infected overnight with adenovirus containing YFP, along with
adenovirus expressing either Sacl-K2A, the RA1 domain of PLCe, control LacZ or PLCe
shRNA or control random shRNA and maintained in serum free DMEM. Subsequently,
NRVMs were stimulated with hypertrophic agonists for 48 hours, as indicated. Following
stimulation, cells were fixed in 4% (w/v) paraformaldehyde. Fluorescent images were taken
at 20x magnification and cell area measured using NIH ImageJ software from over 50 cells
from 3 separate experiments.

Measurement of Protein Synthesis

NRVMs were plated into gelatin-coated 96-well plates and allowed to grow overnight. The
following day, cells were infected overnight with adenovirus containing PLCe shRNA or
control random shRNA and maintained in serum free DMEM for 48hrs. NRVMs were
stimulated with the indicated agonists for 48hrs. Prior to fixing the cells were treated with O-
propargyl-puromycin for 2hrs. Protein synthesis assay was performed according to kit
instructions (Click-iT Plus OPP Alexa Fluor 594, Invitrogen). Fluorescent images were
obtained at 10x magnification and cell fluorescence was measured using NIH ImageJ
software from 3 separate experiments.

Measurement of PLCe activation in COS-7 cells

COS-7 cells were plated into 12 well plates at a density of 1x10° cells/well. Cells were
transfected the following day using 250 ng of each cDNA construct, unless indicated, along
with a 3:1 ratio of lipofectamine 2000 reagent overnight. The following day, cells were
incubated for 24 hours with 1.5 uCi of [3H]myo-inositol in inositol-free, serum-free media.
The PLC assay was initiated with 10 mM LiCl incubated for 1 hour. The reaction was
stopped by aspiration of media and addition of ice cold 50 mM formic acid. Total inositol
phosphates (IPs) were separated by anion exchange chromatography using AG 1-X8 200-
400 pm mesh, formate form, eluted with 1.2 M Ammonium Formate/100 mM Formic acid
and quantitated by liquid scintillation counting. Protein expression levels were determined in
parallel wells which were not radioactively labeled.

CAMP ELISA

NRVMs were plated onto 96 well plates and grown for a minimum of two days before
stimulation. Cells were washed twice with HBSS (+Ca2*/Mg2*) and treatments, as
indicated, were performed in HBSS buffer for 10 min before termination of assay with 0.1
M HCI. cAMP assay was performed according to kit instructions (Direct CAMP ELISA,
Enzo Life Sciences)
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Immunocytochemistry for a-actinin expression

Results

NRVMs were fixed for 10 min in a solution of 4% paraformaldehyde (Sigma-Aldrich) in
PBS. After blocking and permeabilization in 0.3% Triton X-100 solution containing 5%
normal goat serum for 1 hour at room temperature. Primary antibody (rabbit anti-a-actinin
[Sigma-Aldrich]) was incubated at a dilution of 1:500 in PBS overnight at 4°C. After three
washes in PBS, cells were incubated with the secondary antibody (goat anti-rabbit Alexa
Fluor 488 [Life Technologies, Grand Island, NY]) at a 1:1000 dilution in PBS for 1 h at
room temperature. Cells mounted using ProLong Gold mounting media containing DAPI.
Fluorescence images were captured by confocal microscopy.

Endogenous cAMP can induce Pl4P hydrolysis in NRVMs

Our previous observation that the Epac selective activator cpTOME induces P14P hydrolysis
in NRVMs suggests a simple pathway where cell surface B-adrenergic receptors (BARS)
generate diffusible cAMP that can activate Epac/PLCe at the NE-Golgi interface. To assess
the role of endogenous cAMP in regulation of P14P signaling, NRVMs were infected with
an adenovirus expressing FAPP-PH-GFP which selectively binds to P14P in the Golgi as we
and others have shown previously (7, 32) (Fig. 1A). Cells were stimulated with various
compounds and the rate of depletion of PI4P associated fluorescence was measured (Fig
1A-D). As expected, cpTOME induces PI4P hydrolysis in NRVMs, as does the adenylate
cyclase activator, Forskolin (Figs 1A, B and C). Surprisingly, however, activation of BARS
with Isoproterenol (Iso) does not affect PI4P associated fluorescence (Fig. 1D). This is
despite Isoproterenol being able to both generate cAMP (Fig. 2A) and induce PKA-
dependent phosphorylation of VASP at Ser 157 (Supplemental Figure 1B) Similarly, other
agonists that raise CAMP in NRVMs, including Adenosine and PGE2, had no effect on
Golgi associated P14P fluorescence (Supplemental Figure 2).

P14P hydrolysis is induced by PDE3 and PDE4 inhibition in NRVMs

To understand why Forskolin generated cAMP activates P14P hydrolysis but BAR activation
does not, we explored the possibility that PDEs may prevent cCAMP generated by BARs from
accessing the mAKAPB-Epac-PLCe complex. The broad specificity PDE inhibitor isobutyl-
methyl xanthine (IBMX) did not affect P14P hydrolysis either alone or in the presence of
isoproterenol, despite strongly increasing the level of cAMP (Figures 2A and B).
Surprisingly, however, treatment with selective PDE inhibitors, Rolipram for PDE4 or
Cilostamide for PDE3, induced PI4P hydrolysis on their own (Figure 2C), despite raising
CAMP to a lesser extent than IBMX (Figure 2D). Treatment with Cilostamide, but not
Rolipram, was synergistic with 1so at early time points (Figure 2E). Again, this is unrelated
to the amount of cAMP generated, as the amount of cCAMP generated by Iso + Cilostamide
was much lower than that for Iso+IBMX (Figure 2F). The effects of Fsk, Cilostamide and
Rolipram on P14P hydrolysis, are all blocked by the selective Epacl and 2 inhibitor
HJCO0726 (33) (Figure 2G). These data indicate that PDE3 and PDE4 regulate a cAMP pool
that controls Epac-dependent induction of PI4P hydrolysis, but that PDE3 specifically
controls a BAR regulated pool of cAMP necessary for 1so-dependent signaling to P14P
hydrolysis.
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Isoproterenol, PDE3, and PDE4 inhibitors induce cardiac hypertrophy in a PI4P and Golgi
PLCe-dependent manner

Previous reports have indicated that Iso, Rolipram and Cilostamide induce hypertrophy of
NRVMs (20). To determine if hypertrophy induction by Rolipram and Cilostamide require
the PLCe-Golgi P14P hydrolysis pathway we assessed the effects of depleting or inhibiting
components of this pathway on the ability of Rolipram and Cilostamide to drive increases in
NRVM cell area and protein synthesis. As we have previously shown, treatment with PLCe
SiRNA blocked Iso-dependent increases in cardiomyocyte cell area and protein synthesis
(Figure 3A and B) (6, 7). Similarly, Cilostamide and Rolipram increased NRVM cell area
and protein synthesis, which was abrogated by PLCe knockdown (Figure 3A and B).
Interestingly, IBMX, which does not cause Golgi PI4P hydrolysis, does not cause NRVM
hypertrophy. In addition to this, depleting PI4P with a Golgi targeted PI14P phosphatase, Sac
I or inhibition of PLCe-mAKAP binding with overexpression of the RA1 domain of PLCe
also inhibits increases in cell size by either Isoproterenol, Rolipram or Cilostamide
(Supplemental Figure 3A and B). Taken together, this data suggests that a pool of cAMP
maintained by PDE4 and PDE3 can induce NRVM hypertrophy through P14P hydrolysis by
PLCe at the Golgi apparatus when these PDE’s are inhibited.

Pharmacological activation of either PKA or PKG inhibits PI4P hydrolysis

A conundrum raised by data showing that selective inhibition of PDE3 and 4 stimulates
P14P hydrolysis, is that the broad spectrum PDE inhibitor IBMX does not affect P14P
hydrolysis. To explain these observations, we hypothesized that in addition to cAMP
signaling pathways that promote PI14P hydrolysis through Epac, there may be a parallel
pathway, dependent on a separate pool of cCAMP that inhibits P14P hydrolysis. A prime
candidate for mediating this inhibition is PKA. Preincubation of NRVMs with either the
PKA inhibitor, PKI (Figure 4A), or PKG inhibitor, rp-cGMPS (Figure 4B) reveals an IBMX
dependent activation of P14P, suggesting that IBMX treatment activates PKA, PKG and
Epac, but that PKA or PKG activation is inhibitory and counters stimulation of PI14P
hydrolysis by Epac. We tested whether direct activation of PKA or PKG inhibits PI4P
hydrolysis using sp-cAMPS and 8-Br-cGMP, nonhydrolyzable cyclic nucleotide analogues
which activate PKA and PKG, respectively. Treatment with sp-cAMPS to activate PKA
completely inhibited PI14P hydrolysis in response to either ccTOME (Figure 4C) or ET-1
(Figure 4D). Similarly, treatment with 8-Br-cGMP to activate PKG inhibited both cpTOME
and ET-1-dependent PI4P hydrolysis (Figure 4E and F). Since cpTOME and ET-1 activate
PLCe and PI14P hydrolysis through different mechanisms it indicates that PKA and PKG
must act by inhibiting a common factor in the pathway, such as PLCe itself.

PDE2 and PDE9A control a pool of cyclic nucleotides that inhibit PI4P
hydrolysis at the Golgi—In addition to regulating signals that induce hypertrophy,
particular PDE isoforms regulate cyclic nucleotide pools that restrict hypertrophic signaling
(20, 25). Inhibition of the dual specificity PDE2 promotes antihypertrophic signaling in a
PKA-dependent manner. Inhibitors of the cGMP specific PDE9A are antihypertrophic in
several cell and animal models. Based on this data, we hypothesized that these PDEs may
control cyclic nucleotide pools which inhibit PI14P hydrolysis as part of their
antihypertrophic mechanism of action. In support of this hypothesis, preincubation of
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NRVMs with BAY60-7550, a selective PDE2 inhibitor completely inhibited stimulation of
P14P hydrolysis stimulated by either ET-1 or Forskolin (Figure 5A and B). Similarly,
inhibition of PDE9A with PF04449613, prevented P14P hydrolysis by ET-1 (Figure 5C).
Interestingly, Forskolin-stimulated P14P hydrolysis at early times (5 min) was not affected
by PDE9A inhibition but sustained P14P hydrolysis (20-30 min) was completely blocked.
(Figure 5D). Inhibition of PDES5, which controls NO-regulated cGMP, does not affect P14P
hydrolysis (Supplemental Figure 2).

Atrial Natriuretic Factor (ANF) protects against hypertrophy via stimulation of the ANF
receptor, which generates cGMP via its innate guanylate cyclase activity. ANF stimulation
of NRVMs strongly inhibited PI4P hydrolysis stimulated by ET-1 at all time points (Figure
5E). Similar to PDE9A inhibition, ANF inhibited Forskolin-mediated PI14P hydrolysis at
later times (Figure 5F). The basis for this delayed inhibition time course for Forskolin is not
clear. Taken together, this data indicates that the generation of cCAMP and cGMP, by both
pharmacological inhibition of PDEs and receptor-mediated guanylate cyclase activation,
inhibit prohypertrophic stimulation of P14P hydrolysis at the Golgi.

PKA or PKG differentially inhibits PLCe by multiple upstream activators—The
data presented thus far implicate select pools of cyclic nucleotides that activate PKA and
PKG leading to phosphorylation events that inhibit PLCe-dependent P14P hydrolysis at the
Golgi apparatus. The diverse nature of the stimuli, ET-1A action at the cell surface working
through GB-y or cpTOME acting intracellularly through Epac and Rap, suggest that a
component shared by these pathways, such as PLCe itself, is the target of PKA or PKG
phosphorylation and inhibition. To test this, we cotransfected PLCe into Cos-7 cells along
with the upstream activators in a standard assay that measures total inositol phosphates (IP)
generation as a measure of PLC activation. This system is used to routinely assess the effects
of regulators of PLC’s on their function and we used it here as a more direct way to
determine if PLCe regulation by upstream activators can be inhibited by PKA or PKG (10,
34). Cotransfection of PLCe along with GBy (Figure 6A), constitutively active small
GTPases, Rho G14V (Figure 6B), H-Ras G12V (Figure 6C), or Rapla G14V (Figure 6D) all
led to strong activation of PLC activity over that seen with transfection of the individual
components. Transfection of these components along with active PKA catalytic domain
inhibited PLCe activation by all of these components suggesting that PKA-mediated
phosphorylation of PLCe inhibits its ability to be activated by upstream regulators (Figure
6A-D). Transfection with constitutively active PKG, on the other hand, had no effect on
activation by GB-y, H-Ras or Rapl, however, activation by Rho is partially inhibited in a
manner similar to that seen with PKA (Figure 6E—F). Taken together, this data suggests that
effects of PKA PLCe activation may be direct and that many of the effects of PKG on PLCe
activation are indirect.

Discussion

Here we sought to understand how cAMP generating agonists regulate the prohypertrophic
Epac-PLCe-Golgi P14P hydrolysis pathway. Prior to these studies we had shown that Iso-
induced cardiac hypertrophy in NRVMs is blocked either by deletion of PLCe by siRNA or
disruption of scaffolding of PLCe to mMAKAP (6). The most straightforward hypothesis was
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that CAMP generated by the BAR at the sarcolemma would diffuse to NE localized Epac to
initiate the PLCe-PI4P hydrolysis pathway. Here we show that this is much more complex
and that cAMP and cGMP signaling from distinct pools regulate this pathway in opposing
ways. It is well established that functionally and spatially distinct pools of cyclic nucleotides
exist in cardiac myocytes that are controlled by distinct localized pools of PDEs (31). Here
we demonstrate that two functionally distinct pools impinge on PLCe-mediated P14P
hydrolysis at the Golgi, a pathway we have recently shown is important for regulation of
cardiac hypertrophy. Our model for how these pathways operate in the cardiac myocytes is
shown in Figure 7.

Inhibition of PLCe signaling as mechanism for PDE protection against hypertrophy

One of the most exciting parts of this study is the revelation that inhibition of PLCe activity
at the NE-Golgi interface may be a potential antihypertrophic target for PDE2 and PDE9A
inhibition, as well as for cGMP generation by the ANF receptor. These agents have all been
shown to have antihypertrophic actions /in vivo and are potential antihypertrophic agents in
humans (20, 25). A proposed mechanism for action for cGMP-dependent cardiac protection
in response to PDES5 inhibition is through PKG dependent phosphorylation and activation of
RGS?2 to suppress hypertrophic Gq signaling in the heart (35). We see no effect of PDE5
inhibition on PI4P hydrolysis, yet ANF strongly inhibits this indicating that cGMP generated
from ANF has a mechanism of action that may be independent of RGS2. The mechanisms
for how ANF treatment, or PDE2 or PDE9A inhibition, protects against hypertrophy in a
cardiac myocytes are not well defined (19). We propose that ANF treatment and PDE2
inhibition, oppose hypertrophy, at least in part, by blocking the prohypertrophic PLCe
pathway. Further proof of this hypothesis will require defining the phosphorylation sites on
PLCe responsible for its inhibition and showing that these sites must be phosphorylated in
vivo for ANF or PDE inhibitors to impart cardioprotection.

How does PKG activation inhibit PLCe?

We show that cotransfection of PKA with PLCe leads to inhibition of its ability to be
activated by multiple upstream regulators. This implies that PLCe is phosphorylated in a
PKA-dependent manner to inhibit its activation in the face of prohypertrophic signaling
pathways that would activate PLCe. The phosphorylation site on PLCe mediating these
effects remains to be determined but the data suggests a direct mechanism for how PLCe is
inhibited by specific subcellular pools of cAMP. PKG on the other hand is more limited in
its ability to inhibit PLCe regulation by upstream factors with a specific effect on Rho
signaling thus the inhibition by PKG is likely to be indirect and that PKG and PKA have
different mechanisms for inhibition of P14P hydrolysis.

How does Iso regulate hypertrophy if Epac is protected by PDE?

A question that arises from this study is how Iso stimulates PLCe-dependent hypertrophy if
PLCe-Golgi signaling is not observed except under conditions where PDE 3 is inhibited.
Some possible explanations are that hypertrophy of cardiac cells proceeds over the course of
a 48h treatment while our measurements of PI14P hydrolysis is over the course of 30 min. It
has been shown that during hypertrophy development PDEs change both with respect to the
level of expression and their localization, changing the nature of the cyclic nucleotide pools
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(36-38). It is possible that during 48h of chronic BAR stimulation that cAMP that previously
could not access Epac at the NE could gain access to this subcellular compartment due to
reorganization or changes in expression of PDEs.

Epac regulation of hypertrophy

Previous work has suggested that Epac overexpression and/or stimulation is
prohypertrophic. Knockout mice with cardiomyocyte specific deletion of Epacl are
protected from isoproterenol induced cardiac hypertrophy (39) (17). In these studies, it was
suggested that the mechanism for this protection was through prevention of cAMP induced
autophagy. As has been discussed, we have shown that PLCe pathway at the Golgi-NE
interface is a critical pathway involved in promoting hypertrophy (6, 7). Since this pathway
is strongly activated by Epac in cardiac myocytes we believe that this is another potential
mechanism by which BAR signals can promote hypertrophy.

In summary, we have shown that opposing prohypertrophic and antihypertrophic pools of
cyclic nucleotides control the recently identified prohypertrophic PLCe-PI14P hydrolysis
pathway at the Golgi apparatus. These data suggest a previously unappreciated potential
mechanism of action for agents that protect against hypertrophy including ANF, and
inhibitors of PDE9A and PDE2. A limitation to this study is that while neonatal myocytes
are relatively simple to manipulate, and recapitulate many aspects of cardiac hypertrophy,
they do not represent a fully differentiated adult myocyte. We previously demonstrated that
ET-1 stimulates Golgi P14P hydrolysis in adult myocytes, but more work will be required
extend the observations from this work to differentiated adult myocytes. Overall,
understanding this mechanism in more detail may lead to novel approaches to treatment of
heart failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. We demonstrate how compartmentalized cyclic nucleotides may impact
cardiac hypertrophy through regulation of phospholipase C dependent
phosphoinositide hydrolysis in the Golgi apparatus. We identified a pool of
cyclic nucleotides that regulate PLC activation and a separate pool of cyclic
nucleotides that oppose PLC activation. We propose that nucleotide pools
opposing PLC activation are anti-hypertrophic.
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Figure 1. cpTOME and Forskolin stimulate PI4P hydrolysis in NRVMS, but Isoproterenol does
not

NRVMs were transduced with GFP-FAPP-PH adenovirus overnight before imaging in 1%
FBS containing media. A) Representative images of Fsk (10uM)- and cpTOME (10uM) -
induced PI14P hydrolysis. Bar-10um B) Average data cpTOME (10uM), C) Average data Iso
(1 uM), D) Average data Fsk (10uM), induced PI4P hydrolysis. Images taken from n=6 cells
each from 6 separate preparations of NRVMs. All time course graphs are presented as mean
+ standard error. Agonist treatments were compared to vehicle control performed on the
same day and were added where indicated by the arrow. All data was analyzed by two way
unpaired ANOVA with Sidak’s post-hoc test. ** p<0.001 *** p<0.0001 **** p<0.00001
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Figure 2. Rolipram and Cilostamide stimulate P14P hydrolysis in NRVMs, with Isoproterenol
stimulation increasing the rate of Cilostamide-induced P14P hydrolysis

NRVMs were transduced with GFP-FAPP-PH adenovirus overnight before imaging in 1%
FBS containing media. A) Time course of IBMX (300uM) or Iso (1 pM) plus IBMX
induced PI14P hydrolysis. Arrow indicates time of stimulant addition. B) cCAMP
accumulation by PDE inhibitors. NRVMs were grown for 48hrs before being serum starved
overnight and stimulated with either 1so (10 uM), IBMX (300 pM) or Iso (1 uM) plus IBMX
for 15 min. Cells were then lysed and ELISA for cAMP performed according to
manufacturer’s instructions. Data are representative of experiments performed three times.
C) Time course PDE4 inhibitor Rolipram (10uM) or PDE3 inhibitor Cilostamide (10uM)
induced PI14P hydrolysis. Phosphodiesterase inhibitors were added as indicated by arrow. D)
NRVMs were grown for 48hrs before being serum starved overnight and stimulated with
either Cilostamide (10uM), Rolipram (10uM) or IBMX (300uM) for 15 min and assayed for
cAMP accumulation as in B. E) Time course Rolipram (10uM) or Cilostamide (10uM)
induced PI14P hydrolysis in the presence of Isoproterenol (1uM). Isoproterenol and
phosphodiesterase inhibitors were added simultaneously as indicated by arrow. F) NRVMs
were grown for 48hrs before being serum starved overnight and stimulated with either
Cilostamide (10uM), Rolipram (10uM) or IBMX (300uM) for 15 min in combination with
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Isoproterenol (1uM) and assayed for cAMP accumulation as in B. G) Epac inhibition blocks
PDE effects. The Epac inhibitor HIC0726 (1uM) was added for 15 min before imaging.
Forskolin (10 uM), Rolipram (10uM) or Cilostamide (10uM) were added at the arrows and
P14P hydrolysis was measured. For all experiments Data taken from at least 3 cells from 3
separate preparations of NRVMs. All graphs are presented as mean + standard error. All data
was analyzed by two way unpaired ANOVA with Sidak’s post-hoc test. *p<0.05 ** p<0.001
*** n<0.0001 **** p<0.00001
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Figure 3. Removal of PI14P or inhibiting PLCe inhibits NRVM hypertrophy in response to Iso,
PDE3 or PDE4 inhibition

A) NRVMs were infected with adenoviruses expressing either random control ShRNA (Ran
shRNA) or PLCe shRNA prior to stimulation with the indicated drugs for 48h and cell area
was measured. B) Experiments were performed as in A, except before fixation cells were
stained with O-propargyl-puromycin for 2hrs. NRVMs from at least 3 separate preparations
were fixed following stimulation with indicated compounds, as described in methods. Data
was analyzed using ImageJ software and size of myocytes presented in pixels2. All graphs
are presented as mean + standard error. All data was analyzed by two way unpaired ANOVA
with Sidak’s post-hoc test. *p<0.05 ** p<0.001 *** p<0.0001 **** p<0.00001. For the
random siRNA transduced cells, Isoproterenol, cilostamide and Rolipram all significantly
increased hypertrophy relative to the vehicle treated control for both cell area (P<0.01-
0.005) and protein synthesis measurements (all P<0.001).
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Figure 4. PKA or PKG activation inhibits P14P hydrolysis by cCAMP and GB+y-dependent
pathways

NRVMs were transduced with GFP-FAPP-PH adenovirus overnight before imaging. A)
Time course of IBMX (300uM added at the arrow) induced PI14P hydrolysis in the presence
of the PKA inhibitor myrPKI (1 uM) or B) PKG inhibitor, rp-cGMPS (10puM). C) Time
course of cpTOME (10 uM) or D) ET-1 mediated PI14P hydrolysis in the presence of either
vehicle DMSO or the PKA activator sp-cAMPs. E) Time course of cpTOME (10 uM) or F)
ET-1 mediated PI4P hydrolysis in the presence of either vehicle DMSO or cGMP analogue,
8-Br-cGMP. PKI, rp-cGMPs, sp-cAMPs, or 8-Br-cGMP were added 15 mins before
imaging. Data are from 4 cells from 4 separate preparations of NRVMs. All time course
graphs are presented as mean + standard error. All data was analyzed by two way unpaired
ANOVA with Sidak’s post-hoc test. *p<0.05 ** p<0.001 *** p<0.0001 **** p<0.00001.
Data is significantly different across complete time course or at each individual time point,
as indicated.
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Figure 5. BAY60-7550, PF04449613 and atrial natriuretic peptide (ANF) inhibit the ability of
ET-1 and Forskolin to stimulate P14P hydrolysis

A) Time course of BAY60-7550 (10 uM) or vehicle treated NRVMs after stimulation with
either ET-1 (100 nM,) or B) Forskolin (10 pM) and measurement of PI4P hydrolysis. Images
captured from at least n=4 cells from at least 4 separate preparations of NRVMs. C) Time
course of PF-04449613 (10uM) or vehicle treated NRVMs after stimulation with either ET-1
(100nM, left) or D) Forskolin (10 uM, right) and measurement of P14P hydrolysis. Images
captured from at least n=3 cells from at least 3 separate preparations of NRVMs. E) Time
course of either ET-1 (100 nM, left) or F) Forskolin (10 puM, right)-stimulated P14P
hydrolysis after incubation either ANF (10 nM) or vehicle control. Images and time courses
are from at least 5 cells from 5 separate preparations of cells. NRVMs were transduced with
GFP-FAPP-PH adenovirus overnight before imaging. BAY60-7550, PF04449613 and ANF
were added 15 mins before samples were transferred to microscopy stage for imaging. All
time course graphs are presented as mean + standard error. All data was analyzed by two
way unpaired ANOVA with Sidak’s post-hoc test. *p<0.05 ** p<0.001 *** p<0.0001 ****
p<0.00001.
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Figure 6. PKA can inhibit PLCe in COS-7 cells downstream of all activators, however, PKG only
inhibits Rho-dependent activation

COS-7 cells were Cotransfected with PLCe and GBy (A and E), Rho (B and F), H-Ras
G12V (C and G), Rapl (D and H), and PKA catalytic subunit (A,B,C and D) or
constitutively active PKG (E,F,G and H). Total IP production was measured 48 hours after
transfection as indicated in Materials and Methods. Data was generated from at least 3
experiments analyzed by two way unpaired ANOVA with Sidak’s post-fioc test. ***
p<0.0001 **** p<0.00001.
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Figure 7. Model for control of P14P hydrolysis by distinct inputs to PLCe signaling
In this model, p-adrenergic receptor stimulation of adenylyl cyclase (AC) generates pools of

CAMP that are differentially regulated by PDE2 and PDE3. PDES3 limits the ability of cAMP
to activate Epac-PLCe, while PDE2 limits cAMP dependent inhibition of PLCe through
PKA. Similarly, cGMP generated by activation of guanylyl cyclase (GC) inhibits PLCe
through PKG activation, but this pathway may be indirect, as indicated by the dashed lines.
PDE9 and possible PDE2 limit the ability of cGMP to act on this inhibitory PKG-dependent
pathway.
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