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Abstract

Hypertrophy increases the risk of heart failure and arrhythmia. Prevention or reversal of the
maladaptive hypertrophic phenotype has thus been proposed to treat heart failure. Chronic -
adrenergic receptor (B-AR) stimulation induces cardiomyocyte hypertrophy by elevating 3/, 5'-
cyclic adenosine monophosphate (cCAMP) levels and activating downstream effectors such protein
kinase A (PKA). Conversely, hydrolysis of cAMP by phosphodiesterases (PDES) spatiotemporally
restricts CAMP signaling. Here, we demonstrate that PDE4, but not PDE3, is critical in regulating
cardiomyocyte hypertrophy, and may represent a potential target for preventing maladaptive
hypertrophy. We identify a sequence within the upstream conserved region 1 of PDE4D, termed
UCRIC, as a novel activator of PDE4 long isoforms. UCR1C activates PDE4 in complex with A-
Kinase anchoring protein (AKAP)-Lbc resulting in decreased PKA signaling facilitated by AKAP-
Lbc. Expression of UCRIC in cardiomyocytes inhibits hypertrophy in response to chronic B-AR
stimulation. This effect is partially due to inhibition of nuclear PKA activity, which decreases
phosphorylation of the transcription factor cAMP response element-binding protein (CREB). In
conclusion, PDE4 activation by UCRL1C attenuates cardiomyocyte hypertrophy by specifically
inhibiting nuclear PKA activity.
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1. Introduction

Cardiac hypertrophy, characterized by increased myocyte size, occurs in response to
pressure or volume stress. Under physiological conditions, this response is initially
beneficial due to a compensatory decrease in wall stress and increase in cardiac output.
However, in pathological cases, prolonged hypertrophic stimuli induce maladaptive
changes, which significantly increase the risk of cardiac failure and arrhythmia independent
of the underlying cause of hypertrophy [1, 2]. Prevention or reversal of maladaptive
hypertrophy has thus been proposed as a desirable therapeutic intervention [3]. It is well-
established that multiple pathological hypertrophic pathways converge on a set of
transcriptional regulators such as CREB, nuclear factor of activated T cells (NFAT), and
myocyte enhancer factor 2 (MEF2), which promote initiation of a developmental gene-
reprogramming paradigm, often termed fetal gene response [4-7]. These “fetal” cardiac
genes, whose activation accompanies cardiac hypertrophy, are thus called hypertrophic fetal
genes.

Localized regulation and integration of cAMP signaling is important for proper cardiac
function and perturbation of this signaling leads to heart failure. Upon chronic p-AR
stimulation, cardiomyocyte hypertrophy is induced via elevated CAMP and activation of its
downstream effectors, including PKA and Epac [8-10]. Mice lacking the PKA catalytic
subunit CB (PKA-Cp) are resistant to hypertrophy induction [11]. The first visualization of
cAMP microdomains in cardiomyocytes by fluorescent probes for cCAMP demonstrated the
presence of compartmental cAMP [12]. The subcellular distribution of cAMP signaling
components, including adenylyl cyclases (ACs), PDEs, PKA and Epac, is a well-appreciated
mechanism to spatiotemporally regulate cCAMP signaling in cardiomyocytes [10, 13, 14].
However many of the molecular components and cCAMP-signaling networks remain to be
defined. PDEs control cAMP signaling in a temporal and spatial manner by degrading
CAMP. There are 11 PDE families with more than 100 PDE enzyme variants with distinct
kinetic and regulatory properties [15]. Among those, PDE3 and PDE4 contribute up to 90%
of cAMP-hydrolyzing activity in cardiomyocytes [16]. Specific inhibition of PDE3 or PDE4
potentiates CAMP production in response to f-AR stimulation of cardiomyocytes [17]. The
importance of PDE4 in the myocardium is highlighted by the observation that PDE4D
ablation results in age-related hypertrophy, which predisposes mice to development of heart
failure [18, 19]. Additionally, abnormal PDE4 expression and activity are observed in
hypertrophied and failing hearts [20]. Thus, we hypothesized that PDE4 inhibits hypertrophy
and that PDE4 activation might be used as a potential therapeutic strategy for heart diseases

There are 4 separate genes encoding over 20 PDE4 isoforms, each possessing an N-terminal
regulatory domain and a C-terminal catalytic domain. Alignment of the N-termini of PDE4
long isoforms identified two conserved regions: Upstream Conserved Region 1 and 2
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(UCR1 and UCR2). UCR?2 itself inhibits PDE activity, which is counteracted by UCR1 [21].
Antiserum against UCR2 activates PDE4. Phosphorylation through multiple kinases
including PKA, MAPK-activated protein kinase 2 (MK2), AMP-activated protein kinase
(AMPK) and extracellular signal-regulated kinase (ERK) modulates PDE4 activity [21, 22].
For example, PKA phosphorylates a Ser in the UCR1 of PDE4 long isoforms (equivalent to
Ser54 of human PDE4D3) and increases catalytic activity via the UCR1-UCR2 module [23].
In contrast, ERK phosphorylation of a Ser in the catalytic domain inhibits PDE4 activity
(equivalent to Ser579 of human PDE4D3 [24, 25]. Moreover, molecules or proteins that
bind UCR1 or UCR2 also modulate PDE activity [10, 26]. For example, phosphatidic acid
binds to the UCR1 region of PDE4D3 and stimulates its activity [27]. Thus UCR1 and
UCR2 are critical domains that regulate PDE4 function.

Compartmentalized cAMP signaling is often facilitated by a family of structurally distinct
scaffold proteins called AKAPs. All members of the AKAP family possess a conserved
PKA anchoring domain as well as binding sites for additional signaling components,
including PDEs [28-30]. Importantly, AKAPs target signaling complexes to distinct
subcellular locations, thereby generating signaling specificity [31-33]. AKAPs perform a
critical role in mediating the effects of neurohumoral stimulation of the heart by integrating
PKA activity with additional enzymes [34—36]. Previously, we and others have
demonstrated a critical role for AKAP-Lbc in hypertrophy induction [37-39]. This
regulation occurs possibly due to AKAP-Lbc-facilitated PKA-mediated phosphorylation of
its substrates. PKA phosphorylates AKAP-Lbc at Ser 1565 to inhibit its Rho-GEF activity
[40, 41], and Ser 2737 to reduce PKD binding to AKAP-Lbc, promoting protein kinase C
(PKC)-mediated protein kinase D (PKD) activation [42]. Moreover, we showed that AKAP-
Lbc facilitates PK A-mediated phosphorylation and inhibition of tyrosine phosphatase Shp2
under hypertrophic conditions stimulated by isoproterenol (1SO) [37]. Additionally, AKAP-
Lbc modulates ERK signaling through PKA phosphorylation of kinase suppressor of Ras-1
(KSR-1) [43]. Despite this increased understanding of AKAP-Lbc in regulating PKA
signaling, the role of AKAP-Lbc-associated PDE4 in this regulation remains to be
determined.

Given the central importance of PKA in AKAP-Lbc signaling and PDE4 in controlling
cAMP levels in the heart, we examined the role of specific PDE4 activation in the AKAP-
Lbc complex and the resulting effect on hypertrophic PKA signaling. Here, we first
demonstrate that PDE4, but not PDE3, plays a critical role in preventing cardiac myocyte
hypertrophy. We also identify a short fragment derived from the conserved region of
PDEA4D long isoforms, termed UCR1C, which functions as a specific activator of PDE4 long
isoforms. Expression of UCR1C in neonatal rat ventricular myocytes (NRVMs) inhibits
ISO-induced hypertrophy suggesting that PDE4 activation may represent a novel approach
to prevent hypertrophy. This inhibition of hypertrophy is due in part to reduced nuclear PKA
activity. Finally, we demonstrate that UCR1C activates PDE4 associated with AKAP-Lbc,
which accounts for the reduced nuclear PKA activity.
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2. Materials and Methods

2.1. Chemicals and antibodies

GIBCO cell culture media, serum, and antibiotics were obtained from Invitrogen. All
chemicals were obtained from Sigma: a general PDE inhibitor IBMX (Cat# 15879); a
specific PDE4 inhibitor rolipram (Cat# R6520); a specific PDE3 inhibitor cilostamide (Cat#
C7971); B-AR agonist isoproterenol hydrochloride (1SO, Cat# 16504); PKA inhibitor
fragment 14-22, myristoylated trifluoroacetate salt (PKI, Cat# P9115); forskolin (FSK,
F6886); H89 dihydrochloride hydrate (H89, B1427), vehicle control dimethyl sulfoxide
(DMSO, Cat# D4540). Antibodies used were as follows: anti-a-actinin (clone BM-75.2,
Sigma, Cat# A5044), anti-Flag (M2, Sigma, Cat# F1804), anti-VSV-G (Sigma, Cat#
V4888,), anti-V5-agarose affinity gel (V5-10, Sigma, Cat# A7345), anti-Myc (4A6, EMD
Millipore, Cat# 05-724), anti-V5 (Invitrogen, Cat# R96025), anti-GFP (Clontech, Cat#
632375 and Cat# 632592), anti-phospho-CREB at Ser133 (87G3, cell signaling, Cat# 9198),
anti-CREB (48H2, cell signaling, Cat#3955). AKAP-Lbc polyclonal antibody VO96 were
previously described [44].

2.2. Cell culture, transfection and co-immunoprecipitation

Human embryonic kidney (HEK) 293T cells were cultured in DMEM plus 10% (v/v) FBS
and penicillin (10 1.U.)/streptomycin (100 pg/ml). Cells were transfected with using calcium
phosphate method and lysed in the phosphate buffer with protease inhibitor and phosphatase
inhibitor cocktail [39]. AKAP-Lbc siRNAs (Dharmacon, Cat# 4390824) and scramble
control siRNA (Dharmacon, Cat# 4390843) (10 nM of each) were transfected into
HEK?293T cells using Dharmafect 1 (GE Healthcare, Cat# T-2001). Seventy-two hours later,
cells were stimulated with adenylyl cyclase activator FSK for 20 min and then lysates
harvested. Cleared lysates were incubated with indicated antibodies and Protein A/G-
agarose (Millipore) for 2-16 h at 4°C with rocking. Immunoprecipitants were washed in 1ml
lysis buffer for 5 times, and then analyzed by Western blot or in vitro CAMP-PDE assays.

2.3. Molecular Cloning

A fragment encoding UCR1 (amino acid 17-136) or UCR1C (amino acid 80-136) of human
PDE4D3 was generated by PCR using GFP-PDE4D3 as a template. Forward and reverse
oligonucleotides containing restriction sites were used (5’Kpnl-UCRL1:
5GCGAATTCCTTTGATGTGGACAATGGCACATCY; 5EcoRV-UCRI1C:
5GCGAATTCCATACACGGAGATGACTTGATTGTGACY; 3’EcoRl-
UCR1:AAAGGTACCTCATCAGGCCTCCTCTGTTATGGTGGZ). The amplified
fragments were clone into Kpnl/EcoRI (for Cerulean-UCR1) and EcoRV/EcoRI (for
Cerulean-UCR1C) sites of FLAG-Cerulean vector digested with restriction enzymes EcoRI
(NEB Cat# R0101S)/Kpnl (NEB Cat#R0142) (for cerulean-UCR1), and EcoRI/EcoRV
(NEB Cat# R0195S) (for Cerulean-UCR1C) respectively. Using QuickChange I site-
directed mutagenesis kit (Cat# 200523) from Agilent Technology. UCR1C R/A mutants
were generated using complimentary primers
(5GTCTTGGCCAGTCTGGCAACTGTAGCAAACAACTTTGCTGCAZ). Cerulean was
replace with RFP to produce FLAG-RFP vectors of control, UCR1C, and UCR1C R/A. RFP
was amplified from TagRFP vector (Evrogen Cat #FP141) using primer set (5" primer:
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5GACAAGCTTATGGTGTCTAAGGGCGAAGAG3Z’; 3’ primer:
5’GATGAATTCGCTCTAGATCCGGTGGATCCCZ), and inserted into corresponding
Cerulean vectors digested with Hindlll and EcoRI. The clones were all confirmed by
sequencing.

2.3. Western blot analysis

Equal amount of cell lysates were fractionated on polyacrylamide gels and transferred to
nitrocellulose membranes. After 1 hour blocking with 10% (w/v) milk or 5% (w/v) BSA,
membranes were incubated with primary antibodies overnight at 4°C, followed by washing
of the membranes, and then incubation with the appropriate secondary mouse or rabbit
antibodies for 1 hour before imaging using ECL reagents.

2.4. Neonatal rat ventricular myocytes (NRVMSs) preparation, transfection and
immunochemistry

Primary NRVMs were prepared as described [45]. Freshly isolated myocytes were then
transfected with indicated plasmids either by electroporation using amaxa rat
cardiomyocyte-neonatal nucleofector kit (Lonza, Cat# VPE-1002) or by Jetprime (Polyplus
transfection, Cat# 114). The electroporated NRVMs were cultured in plating medium (70%
DMEM, 15% Medium 1999, 10% horse serum (HS), 5% FBS and 1x penicillin/
streptomycin) on chamber slides (Lab-Tec, Cat# 177437) coated with 1% gelatin (Sigma,
Cat# 1393). The following day cells were changed to maintenance medium (80% DMEM,
20% medium 199 and 1X penicillin/streptomycin) for treatment. For transfection using
Jetprime, freshly isolated NRVMs were cultured in plating medium for overnight. The
following day, the medium was changed to maintenance medium plus 4% horse serum
before transfection (according to the manufacturer’s protocol). Twenty-four hours after
transfection, cells were treated with isoproterenol (1SO, 10 uM) for 48 hours to induce
hypertrophy. Cells were then fixed in 3.7% paraformaldehyde (Fisher, Cat# S74337) for 10
min, permeabilized in 1% Triton X-100 (Fisher, Cat# BP151) for 10 min, then
immunostained with the specific cardiomyocyte marker a-actinin. Size of a-actinin and
Cerulean double positive myocytes was quantified using ImageJ. For measuring CREB
phosphorylation, cells were treated with vehicle (DMSO) or 1SO for 20 min before fixation,
permeabilization and subsequent immuno-staining with antibody against pCREB (Ser133).
The intensity of CREB phosphorylation was analyzed by MetaMorph software.

2.5. in vitro cAMP-PDE assay

PDE activity was measured as described [46] with the following modifications. Either cell
lysate or immunoprecipitates from transfected cells were incubated with 100,000 cpm 3H-
cAMP and 2 uM cAMP at 30°C for 5-20 min. The reaction was stopped by addition of
boiling water. The phosphodiesterase hydrolysis product, 5’ AMP, was further broken down
to adenosine by snake venom. Adenosine was separated from other compounds using an
ionic exchange resin. The activity was calculated using the formula (Counts-background)/
(SA*min*ml), SA is equal to CPM in 1ul of total/(pmol of cAMP in reaction). The specific
activity is defined as PDE activity/PDE expression in each IP, while the total activity is
defined as PDE activity/AKAP-Lbc expression in each IP
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2.6. Fluorescence resonance energy transfer (FRET)

HEK?293T cells were transfected using the calcium phosphate method and allowed to grow
for 12—24 hours before plating onto sterilized glass coverslips coated with 0.2% gelatin.
Immediately prior to imaging, cells were washed once with pre-warmed PBS, and placed in
L-15 imaging medium supplemented with 5% FBS at 37°C. FSK or H89 (a specific PKA
inhibitor) were added as indicated. Cells were imaged on Zeiss total internal reflectance
fluorescent (TIRF) microscope. The FRET sensor AKAR2.2 and nls-AKAR?2.2 utilized CFP
and Citrine with a 405 nm laser line for excitation of fluorescence. Fluorescence emission
was collected for CFP between 450 and 490 nm while emission for YFP was collected
between 520 and 590 nm. The ratio of fluorescence recorded using these wavelength bands
was normalized to the average of baseline ratios before stimulation and plotted against time
to illustrate changes of PKA activity. RFP is an indicator of UCR1C expression, and only
RFP-positive cells were chosen for analysis. Quantification of recorded time-series was
performed using Metamorph.

2.7. Statistical analyses

All data are shown as mean + standard error of the mean (s.e.m.). Significance was
determined using an unpaired two-tailed test using InStat or student T-test. A p-value less
than 0.05 was considered significant (*), a p-value less than 0.01 was considered very
significant (**), a p-value less than 0.001 was considered extremely significant (***); while
a p-value larger than 0.05 was considered not significant (n.s.).

3. Results

3.1. PDE4, but not PDES3, prevents ISO-induced cardiomyocyte hypertrophy

Chronic B-AR stimulation by ISO increased cellular size of NRVMs, which was reduced by
the specific PKA inhibitor myristoylated PKI 5-24 peptide (Fig. 1). This ISO-induced, PKA-
mediated cardiomyocyte hypertrophy was thus used as an in vitro cellular model to study
hypertrophic cAMP-PKA signaling. The general PDE inhibitor IBMX induced
cardiomyocyte hypertrophy (Fig. 1), suggesting an active role for PDEs in preventing
hypertrophy. PDE3 and PDE4 contribute to the majority of PDE activity in cardiomyocytes
[47]. Specific PDE4 inhibition of PDE4 by its specific inhibitor rolipram increased
cardiomyocyte size. In contrast, PDE3 inhibition by its specific inhibitor cilostamide, did not
affect cardiomyocyte size (Fig 1). These results indicated the critical and primary role of
PDE4 in actively preventing cardiomyocyte hypertrophy. This observation is consistent with
studies of PDE4D-deficient mice, which developed progressive cardiomyopathy, accelerated
heart failure and arrhythmias [18].

3.2. UCRIC peptide specifically activates PDE4 long isoforms

PDE4 activity is regulated through phosphorylation by kinases such as PKA, ERK, AMPK
and MK. However, PDE4 activity is also modulated through protein:protein interactions
[10]. Several regulators of PDE4 activity, including phosphatidic acid (PA),
phosphatidylserine (PS), X-associated protein 2 (XAP2), and Deleted in Schizophrenia 1
(DISC1), bind the conserved N-terminal regulatory domains UCR1 or UCR2 [27, 48-50].
Although the detailed mechanisms are unknown, it is clear that PDE activity is modulated
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by binding these regulatory domains. To explore the possibility of targeting PDE4 activation
as a potential approach to prevent cardiac hypertrophy, we developed a specific peptide
activator of PDE4 long isoforms. We hypothesized that a short fragment derived from
UCRL, termed UCR1C, would bind UCR2 and modulate the activity of PDE4 long isoforms
(Fig. 2C).

In humans, there are four PDE4 genes (A, B, C, and D) responsible for expression of over
20 isoforms due to splicing (Fig. 2A). UCR1 and UCR?2 are 100% conserved among the
long isoforms derived from the same gene. Sequence alignment of the different PDE4
isoforms reveals that UCR2 is highly conserved among the 4 genes products, with arrows
indicating conserved negatively charged amino acids thought to be important for UCR1
interaction (Fig. 2B). The cardiomyopathy phenotype of PDE4D-deficient mice prompted us
to use PDE4D as a template to design fragments that might alter PDE4D function by
interfering with UCR1/UCR?2 interaction. We identified one such fragment, UCR1C, which
spans amino acids 81-136 of human PDE4D3 and includes two positively charged Arg
residues that are highly conserved between different PDE4 isoforms and critical for
interaction with UCR2 (Figs. 2B, C, indicated by arrow) [51]. UCR1C bound PDE4D3 by
co-immunoprecipitation (Fig 2D), and increased its activity (Fig 2E). Mutation of Arg98 and
Arg101 of UCRL1 to Ala abolished the interaction of UCR1 with UCR2 [51]. Similarly, these
mutations in UCR1C (UCR1C R/A) abolished binding to PDE4D3 (Fig 2D) and
enhancement of PDE activity (Fig 2E). Similar results were observed with additional PDE4
long isoforms PDE4B3 and PDE4C2 in which UCR1C stimulated PDE4B3 and PDE4C2
activity, and Arg/Ala mutations reduced these effects (Fig 2G, H). UCR1C also bound and
activated rat PDE4AS5, a long isoform, but not rat PDE4AL, a super-short isoform that lacks
both UCR1 and UCR?2 (Fig 2F). This effect of UCR1C on PDE4AS5 activation but not
PDE4AL1 was not due to variance in UCR1C expression (Fig 2F). We also tested the effects
of UCR1C on endogenous PDE4 activity. UCR1C activated PDE4 long isoform (Fig 3A)
and PDE4B (Fig 3B). This effect was abolished by the Arg to Ala mutations in UCR1C
(Figs 3A, B). Together, these results suggest that UCR1C acts as an activator of PDE4 long
isoforms.

3.3. UCRIC prevents ISO-induced cardiomyocyte hypertrophy

The importance of PDE4 activation on cardiomyocyte hypertrophy was further investigated
by testing the effect of UCR1C expression on 1SO-induced cardiomyocyte hypertrophy.
Chronic ISO treatment increased cell size of NRVMs by 2 fold, and this effect was inhibited
by expression of UCR1C (Figs 4A, B). This result suggests a critical role for activation of
PDE4 long isoforms in preventing cardiomyocyte hypertrophy. As a note, UCR1C itself did
not alter the cell size of cardiomyocytes in the absence of 1SO.

3.4. PDE4 activation by UCR1C does not result in global PKA inhibition

Both PDE4 inhibition and PDE4D ablation prolong 1SO-induced cytoplasmic PKA
activation in cardiomyocytes, suggesting the critical role of PDE4 in modulating PKA
activity [52]. Thus, we postulated that activation of PDE4 long isoforms by UCR1C would
decrease CAMP levels and lower PKA activity. To address this possibility, we utilized a
novel FRET reporter of PKA activity AKAR2.2 (Fig 5A). An adenylyl cyclase activator
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FSK increased the FRET signal of AKAR2.2, which was reduced upon PKA inhibition with
H89 (Figs 5B, C). Surprisingly, UCR1C did not alter FSK-induced global PKA activation as
measured by AKAR2.2 (Figs 5B, C). In support of this result, Western blot analysis using a
phosphospecific PKA substrate antibody showed no difference in FSK-induced
phosphorylation of PKA substrates between control and UCR1C expressing cells (data not
shown), confirming that UCR1C does not affect global PKA activity. Moreover, UCR1C did
not modulate the overall phosphorylation of PDE4D3, consistent with the finding that
UCRI1C did not globally inhibit PKA (Fig 6). These observations raised the possibility that
UCR1C-mediated activation of PDE4 leads to localized inhibition of PKA activity.

3.5. UCRIC activates AKAP-Lbc associated PDE4 and inhibits AKAP-Lbc phosphorylation

Being a PKA binding protein, we tested the interaction of AKAP-Lbc with PDE. Multiple
proteomic screens using tandem MS to identify proteins associated with GST-tagged
AKAP-Lbc fragments identified PDE as an AKAP-Lbc associated protein [37]. Analysis of
immunoprecipitated AKAP-Lbc confirmed the presence of cAMP hydrolyzing activity,
which was abolished by the general PDE inhibitor IBMX and the specific PDE4 inhibitor
rolipram but not by PDE3-specific inhibitor cilostamide (Fig 7A). Furthermore,
immunoprecipitation of endogenous AKAP-Lbc from mouse heart revealed the presence of
associated PDE4D proteins, including long isoforms of PDE4D3, 5, 8, 9 (Figs 7B-F). These
results confirmed that AKAP-Lbc bound PDEA4, specifically PDE4 long isoforms. We next
tested the binding preference of AKAP-Lbc for PDE isoforms lacking the UCRs by
examining the interaction of AKAP-Lbc with PDE4BL1 long isoforms versus PDE4B2 short
isoform. In HEK293T cells, AKAP-Lbc co-immunoprecipitated endogenous PDE4B1 long
isoform but not PDE4B2 short isoform (Fig 7G).

Next we investigated whether UCR1C specifically modulates AKAP-Lbc-associated PDE
activity. Consistent with the observation that UCR1 mediates the binding of PDE4 to
AKAP-Lbc [53], UCR1C overexpression reduced PDE4D3 binding to AKAP-Lbc (Figs 8A,
B). Nevertheless, the specific activity of PDE4D3 associated with AKAP-Lbc was enhanced
by 3 fold in the presence of UCR1C (Fig 8C). Not surprisingly, UCR1C increased the total
PDE activity associated with AKAP-Lbc (Fig 8D). This increased PDE activity in the
AKAP-Lbc complex was reflected in a decrease in PKA-induced AKAP-Lbc
phosphorylation (Figs 8E, F). The inhibitory effect of UCR1C on PKA activity in the
AKAP-Lbc complex was not due to its modulation of PKA-RII binding to AKAP-Lbc as
UCR1C did not affect AKAP-Lbc/PKA-RII interaction either in the resting state or
following PKA stimulation (Fig 9). Together, these results suggest that UCR1C activates
AKAP-Lbc-associated PDE4, thereby, inhibiting PKA activation and subsequent AKAP-
Lbc phosphorylation by PKA.

3.6. UCRIC specifically decreases nuclear PKA activity

PKA activation by cAMP in the perinuclear region results in translocation of the PKA
catalytic subunits into the nucleus and phosphorylation of nuclear substrates, including
CREB [54]. Because AKAP-Lbc is also found in the perinuclear region [39], we
investigated whether AKAP-Lbc modulated nuclear PKA activity. Silencing AKAP-Lbc
reduced FSK-induced CREB phosphorylation at Ser 133 (Fig 10A) while AKAP-Lbc
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overexpression enhanced FSK-induced CREB phosphorylation (Fig 10B) suggesting that
AKAP-Lbc regulates nuclear PKA activation.

Given the ability of UCRIC to block PKA activity in the AKAP-Lbc complex, and the
ability of AKAP-Lbc to modulate nuclear PKA activity, we next tested whether UCR1C
inhibited nuclear PKA activity using a modified AKAR2.2 FRET reporter targeted to the
nucleus (nls-AKAR). FSK treatment led to a relatively slow increase in FRET, which was
reduced by UCR1C expression (Figs 11A, B). Consistent with this result, UCR1C, but not
the UCR1C R/A mutant, inhibited FSK-induced CREB phosphorylation (Figs 11C, D).
Finally, UCR1C expression in NRVMs reduced CREB phosphorylation following 1SO
stimulation (Fig 12). These results suggest that UCR1C specifically inhibits nuclear PKA
activity. Combined with the recent report that nuclear overexpression of PKA-C induces
cardiomyocyte hypertrophy [55], these findings suggest that nuclear PKA activity is critical
for cardiomyocyte hypertrophy.

4. Discussion

To better understand the importance of compartmentalized cAMP signaling in heart
functions, we investigated the role of localized PDE4 activation in reducing the hypertrophic
response. We have identified a peptide sequence derived from the UCR1 region of PDE4D
that inhibits cardiomyocyte hypertrophy by activating PDE4 long isoforms. Specifically,
UCRI1C activates PDE4 long isoforms associated with AKAP-Lbc, inhibits nuclear PKA
activity, and reduces hypertrophy in response to B-AR stimulation.

There are discrepant reports in the literature regarding the specific PDE isoforms and
activities present in hypertrophied heart [56-58]. However, as hearts progress toward
failure, expression and activity of PDE4 long isoforms decrease [56]. Changes in PDE4
levels from compensated hypertrophy to decompensated heart failure suggest the possible
involvement of PDE4 in hypertrophy and transition to heart failure. Consistent with this
possibility, PDE4D deficient mice developed dilated hypertrophy, which predisposes mice
to heart failure and arrhythmia [18]. Upon myocardial infarction, these PDE4D-deficient
mice progressed to heart failure, partly due to promotion of PKA-mediated hyper-
phosphorylation of ryanodine receptor 2 and phospholamban and a reduction of calcium
release [47, 59]. In this study, we provide several lines of evidence supporting a role for
PDE4 regulation of cardiomyocyte hypertrophy. First, PDE4 inhibition induces
cardiomyocyte hypertrophy, mimicking chronic B-AR stimulation with ISO. This result
suggests that basal PDE4 activity prevents cellular hypertrophy. Secondly, specific
activation of PDE4 by UCR1C alone does not affect cardiomyocyte size, but rather
attenuates the hypertrophic response to chronic 1SO stimulation, indicating that PDE4
activity is critical in the regulation of humoral stimulation-induced cardiac hypertrophy.
Thus, we propose that PDE4 activation may be efficacious in preventing hypertrophy.

Given the wide range of processes that are mediated by cAMP signaling and the fact that
PDEs are the sole cellular enzymes capable of hydrolyzing cAMP, the development of
reagents that modulate specific subcellular PDE activity (either inhibition or activation) is an
important goal. Here, we demonstrate that PDE4 is activated by the PDE4D-derived peptide
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UCRIC. This increase in activity is likely due to binding of UCR1C to UCR2 in PDE4 long
isoform as mutation of Arg98 and Arg101 to Ala disrupts the interaction of UCR1 with
PDE4 long isoforms and abrogates the effect of UCR1C on PDE activity. Several lipids (e.g.
PA/PS) and proteins (e.g. XIAP, DISC, antibody K116) are known to bind the UCRs of
PDE4 and modulate PDE activity. However, the mechanism by which UCR1C binding to
PDE4 results in activation is not clear. Partial endo-proteinase digestion (Lys-C) of PDE4D3
identified UCR2 as an autoinhibitory region that binds the catalytic subunit [21]. It has
therefore been speculated that XAP2 or DISC binding of UCR2 stabilizes the closed
conformation, blocking access of CAMP to the active site, thereby decreasing PDE
enzymatic activity [60]. PKA-mediated phosphorylation of Ser54 in UCR1 of PDE4D3 also
disrupts binding of UCR2 to the catalytic subunit, thereby releasing the auto-inhibitory
effects of UCR2 on PDE activity [21]. Thus, we speculate that UCR1C activates PDE4 long
isoforms by binding UCR2, stabilizing the open conformation. However, the possibility that
UCR1C may also compete with protein binding to UCR2 (e.g. XAP2, DISC) and abrogate
their inhibitory effects cannot be ruled out. While UCR1C activation of PDE4 does not
appear to be through PKA-mediated phosphorylation of PDE4 (Fig 6), it is also possible that
UCRI1C activates PDE4 through other protein kinases (e.g. AMPK), especially considering
MK2 can modulate PKA-mediated PDE4 activation [61]. Further structural studies of PDE4
binding to UCR1C will be required to determine the conformational change induced by
UCRI1C and provide clear insight into the molecular details of this activation mechanism.

Consistent with the observation that mice deficient in PKA-Cp are resistant to hypertrophic
stimuli [11], specific PKA inhibition abolishes 1SO-induced cardiomyocyte hypertrophy,
demonstrating the main contribution of PKA to ISO-induced cardiomyocyte hypertrophy.
UCRI1C inhibition of hypertrophic PKA signaling was investigated here. Although cAMP-
mediated Epac activation induces hypertrophy [62], we did not study the effect of UCR1C
on Epac activation. However, UCR1C may also impact Epac-activation and subsequent
Epac-mediated hypertrophic signaling.

Being a general activator of PDE4 long isoforms, we anticipated that UCR1C would inhibit
overall PKA activity. Unexpectedly, UCR1C did not inhibit global PKA activity, but rather,
specifically inhibited nuclear PKA. This result is consistent with the observations that PDE4
modulates nuclear PKA activity. PDE4 inhibition by rolipram or PDE4D gene ablation
enhances nuclear PKA activity [52]. Conversely, PDE4D3 overexpression inhibits nuclear
PKA activity [63]. Importantly, nuclear PKA plays a central role in the hypertrophic
response as nuclear PKA catalytic subunit overexpression in cardiomyocytes induces
hypertrophy [55]. This result is consistent with our observation that UCR1C reduces nuclear
PKA activity, which may explain the ability of UCR1C to inhibit ISO-induced hypertrophy.

Nuclear inhibition of cCAMP-PKA signaling by UCR1C may be due to its
compartmentalized specific activation of PDE4. Binding of PKA regulatory subunit (PKA-
R) by cAMP leads to the dissociation of catalytically active PKA-C from the holoenzyme.
PKA-C then translocates to the nucleus, resulting in increased nuclear PKA activity [54].
The perinuclear localization of AKAP-Lbc suggests its possible role in modulating nuclear
PKA activity. Indeed, we found that silencing of AKAP-Lbc inhibited PKA-mediated
phosphorylation of nuclear transcription factor CREB. Conversely, increasing AKAP-Lbc
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enhanced PKA-mediated CREB phosphorylation. These observations confirm the critical
role of AKAP-Lbc in modulating nuclear PKA activity. As UCR1C activates PDE4 long
isoforms associated with AKAP-Lbc and inhibits PKA-mediated AKAP-Lbc
phosphorylation, we speculate that UCR1C specifically activates PDE4 in the AKAP-Lbc
complex, inhibiting PKA activation at peri-nuclear sites and reducing nuclear PKA activity.
However, other possibilities cannot be excluded and will be studied in the future. For
example, UCR1C may activate PDE4 associated with other AKAPS such as mAKAP or may
directly activate nuclear PDE4 and inhibit nuclear PKA. Regardless, our data are consistent
with recent data and mechanistic modeling by Zhang and colleagues demonstrating the
spatiotemporal regulation of nuclear PKA activity by AKAPs and PDE4 [63].

In conclusion, the pleiotropic effects of cAMP may be specifically modulated by directly
targeting distinct PDE complexes. UCR1C represents a novel tool to study activation of
PDE4 on localized PKA signaling. In this paper, we have examined the role of UCR1C in
regulating hypertrophic PKA signaling. Our findings demonstrate that UCR1C specifically
activates PDE4 in the AKAP-Lbc complex. However, our results do not rule out the
possibility that UCR1C activates PDE4 associated with other complexes (i.e., B-AR) or in
other distinct locations (nucleus, mitochondrial, Golgi, sarcomere and etc.). Nevertheless,
this study demonstrates the utility of using UCRAC as a tool for studying spatial regulation
of PDE4 on localized cAMP signaling.
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3’, 5’-cyclic monophosphate

exchange protein directly activated by cAMP
protein kinase A
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B-AR {3-adrenergic receptor

CREB CAMP response element-binding protein

NFAT nuclear factor of activated T cells

MEF2 myocyte enhancer factor 2

PKA-CB PKA catalytic subunit CB

ACs adenylyl cyclases

NRVMs neonatal rat ventricular myocytes

KSR-1 kinase suppressor of Ras-1

PA phosphatidic acid

PS phosphatidylserine

XAP2 X-associated protein 2

DISC1 Deleted in Schizophrenia 1

ISO isoproterenol

FSK Forskolin

IBMX 3-isobutyl-1-methylxanthine

DMSO dimethyl sulfoxide

FRET Fluorescence resonance energy transfer
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Figure 1. PDE4 but not PDES3 actively prevents hypertrophy
Freshly isolated NRVMs were treated with PDE inhibitors [a general PDE inhibitor IBMX

(10 uM), a specific PDE4 inhibitor rolipram (7.5 uM), and a specific PDE3 inhibitor
cilostamide (1 uM)], vehicle control DMSO, a -AR agonist ISO (10 uM), and 1SO plus a
cell permeable PKA inhibitor PKI (1 uM). After 48 hours treatment, cells were fixed,
permeabilized, and immunostained for the cardiomyocyte marker a-actinin. Representative
images are shown in 1A. The sizes of NRVMs were quantified using NIH Image J software
and plotted in 1B. Data are expressed as mean + s.e.m.; the number of cells counted is
indicated. Student’s t-Tests were performed for statistical analysis. A p-value <0.001 was
highly significant (***) while a p-value > 0.05 was not significant (n.s.).
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Figure 2. Development of an activator of PDE4 long isoforms
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(A) Schematic presentation of human PDE4 isoforms. As a note, rat long isoform PDE4A5
is the homolog of human PDE4AL, and rat super-short isoform PDE4AL1 is the homolog of
human PDE4A4. (B) UCR1C and UCR2 alignment in human PDE4 long isoforms. Arrow
indicates the critical residues responsible for UCR1-UCR?2 interaction. As a note, UCR1C
and UCR2 are 100% conserved among different long isoforms from the same genes. Thus,
representative long isoforms for each PDE4 genes (PDE4D3, PDE4B3, PDE4A1 and
PDE4C2) were used for alignment. (C) Activation mode of PDE4 long isoforms: UCR1
binds UCR2 via electrostatic interactions between residues Arg98, and Arg101 of UCR1C
and residues Glu146, Glu147, Asp149 of UCR2N in human PDE4D3. UCRs form a
regulatory module, where UCR2 itself exerts an autoinhibitory effect on PDE activity.
Phosphorylation as well as interaction of UCRs with lipids and proteins [PA/PS, XAP2,
DISC1 and SH3 domains (Lyn and Fyn)] modulates PDE4 activity. Thus, we hypothesize
that UCR1C (amino acids 81-136, in gray) binds and modulates PDE4 long isoforms. (D)
Interaction of UCR1 and UCR1C with PDE4D3. HEK293T cells were co-transfected with
VSV-PDE4D3 and FLAG-UCRL1 expression constructs. Forty-eight hours later, cell lysates
were harvested for immunoprecipitation (IP) with FLAG antibody. Ponceau S staining
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shows the successful IP (middle panels). UCR1C binding to PDE4D3 was determined by
measuring the amount of VSV-PDE4D3 associated with the immunoprecipitants by Western
blot. Both UCR1 (amino acids 17-136) and UCR1C bind PDE4D3. Double mutation of
R98A and R101A (UCR1C R/A) abolished interaction. (E) UCR1C, but not UCR1C R/A,
enhances activity of PDE4D3. Lysates from 2C were used for in vitro cCAMP-PDE assay.
Western blot analysis was performed to ensure equal expression of PDE4D3 and expressed
of UCR1 mutants and control. The specific activity of PDE4D3 was calculated by
normalizing the cAMP-PDE activity to PDE4D3 levels. (F) UCR1C activates long, but not
short, PDE4A isoforms. HEK293T cells were co-transfected with GFP-tagged rat PDE4A
isoforms and FLAG-UCRLC constructs. The long isoform GFP-PDE4AS5 (homolog of
human long isoform PDE4AL1) and super short-isoform GFP-PDE4A1 (homolog of human
super-short isoform PDE4A4) were immunoprecipitated then subjected to in vitro PDE
assays and Western analysis. Specific activity was calculated from the cAMP-PDE assay
normalized to GFP-PDE4A levels. Expression of UCR1C and its vector control were also
shown for similar expression. InStat was used to perform for statistical analysis. A p-value <
0.05 was significant (*) while a p-value > 0.05 was not significant (n.s.). (G-H) UCR1C
activates long PDE4B and PDEA4C isoforms. HEK293T cells were co-transfected with
FLAG-UCRLC constructs and V5-tagged human PDE4B3 (G) or VSV-tagged human
PDE4C2 isoforms (H) respectively. The transfected lysates were used for in vitro PDE
assays and Western analysis. Specific activity was calculated from the cAMP-PDE assay
normalized to PDE4B3 or PDE4C2 respectively. Data represent the mean+ s.e.m from 2
independent experiments.
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Figure 3. UCR1C activates endogenous PDE4 long isoforms
HEK293T cells were transfected with cerulean-vector, cerulean-UCR1C, or cerulean-

UCR1C R/A. Forty-eight hours later, cell lysates were harvested, and 1.5 mg total protein
was applied for immunoprecipitation using protein A-agarose beads, and anti-PDE4B pan-
antibody or anti-UCR1 antibody. Relative PDE activities of endogenous PDE4 long
isoforms (anti-UCR1 IP) are shown in (A), and endogenous PDE4B (anti-PDE4B IP) in (B).
The data were shown as meanz s.e.m from two independent experiments.
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Figure 4. UCR1C prevents ISO-induced cardiomyocyte hypertrophy
UCR1C inhibits ISO-induced cardiomyocyte hypertrophy. NRVMs were transfected with

Cerulean-UCR1C or Cerulean control vector then treated with ISO for 48 hours to induce
hypertrophy. Cells were fixed, permeabilized, and stained with a-actinin (Red) for cell
imaging. Representative images are shown in 4A. Cardiomyocytes with both a-actinin
staining and Cerulean expression were selected for cell size measurements. The quantified
results are shown in 4B. Data are expressed as mean * s.e.m. The number of cells counted is
indicated. Differences in quantitative variables were examined by one-way analysis of
variance (ANOVA). A p-value < 0.001 was considered extremely significant (***) and <

0.05 was significant (*).
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Figure 5. UCR1C does not alter global PKA activity
(A) Diagram of A kinase activity reporter (AKAR2.2), adapted from [64]. In AKAR2.2,

PKA phosphorylation of the P sites results in binding to FHA, which induces the proximity
of CFP and citrine to increase the FRET ratio. AKAR2.2 was used to report the overall PKA
activity inside cells. HEK293T cells were co-transfected with AKAR2.2 and RFP-tagged
UCR1C or RFP control plasmid. Twenty-four hours later, cells were plated on slides and
imaged after another 24 hours. (B) Representative pseudo-color images of AKAR2.2 FRET
ratio change in response to adenylyl cyclase activator Forskolin (20 uM) stimulation and
subsequent PKA inhibition using H89 (20 uM). (C) Time-course of average AKAR FRET
ratio. Cells with similar RFP expression intensity were selected for analysis. Data are
expressed as mean * s.e.m.. Black squares represent cells expressing RFP vector (n=12
cells), open diamonds represent cells expressing RFP-UCR1C (n=12 cells).
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Figure 6. UCR1C does not modulate PKA-mediated PDE4D3 phosphorylation

Page 23

HEK?293T cells were co-transfected GFP-PDE4D3 with RFP-vector, RFP-UCR1C, or RFP-
UCR1C R/A. 48 hours later, cells were treated with FSK or DMSO control, and cells lysates
were harvested for PDE4D3 immunoprecipitation using protein A agarose beads and anti-
GFP antibody. Western blot was then performed to investigate the phosphorylation level of
PDE4D3. Image J quantification of two independent experiments on phosphor-PDE4D3/
total were shown as meanz s.e.m.. Successful expression of UCR1C, UCR1C R/A mutants

and vector in lysate and IP of PDE4D3 were also shown in the representative blot.
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Figure 7. AKAP-Lbc interacts with PDE4 long isoforms
(A) AKAP-Lbc immune complex contained cAMP-PDE4 activity. AKAP-Lbc was

immunoprecipitated from mouse heart extract (3 mg) and used to perform in vitro CAMP-
PDE assay. Specific PDE inhibitors were used to identify PDE activity in the AKAP-Lbc
complex. Prior to PDE assay, AKAP-Lbc immunoprecipitates were treated with a general
PDE inhibitor IBMX, a specific PDE3 inhibitor cilostamide, or a specific PDE4 inhibitor
rolipram. mAKAP immunoprecipitates were used as a positive control and 1gG
immunoprecipitates were used as a negative control. CAMP-PDE activities were displayed
mean + s.e.m. of three independent assays performed in triplicate. (B—F) Co-
immunoprecipitation (co-1P) of endogenous PDE4D with AKAP-Lbc purified from mouse
heart lysate. Endogenous AKAP-Lbc was immunoprecipitated from mouse heart lysate (2
mg). Control 1gG IPs were performed using an equal amount of heart lysate, demonstrating
the specific interaction of PDE4D with AKAP-Lbc. Western blots show identification of
PDEA4D (using a pan antibody that detects all family members, (B)), PDE4D3 (C), PDE4D5
(D), PDE4DS (E) and PDE4D?9 (F) that associate with AKAP-Lbc. (G) Endogenous
PDE4B1 long isoform, but not short form PDE4B2, binds AKAP-Lbc. HEK293T cells were
transfected with V5-AKAP-Lbc, 48 hrs later, cell lysates were prepared, and AKAP-Lbc
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was immunoprecipitated using VV5-agarose beads. PDE4B1 and PDE4B2 were detected by
immunoblotting using antibodies specific for either PDE4B1 or PDE4B2.
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Figure 8. UCR1C augments PDE4 activity and inhibits PKA in the AKAP-Lbc complex
(A-D) HEK293T cells were co-transfected with GFP-AKAP-Lbc, VSV-PDE4D3 and RFP-

UCRI1C or RFP control vector. Forty-eight hours later, cells were treated with FSK (20 uM)
or DMSO (vehicle control) for 20 minutes prior to AKAP-Lbc immunoprecipitation using
GFP antibody. Samples were split in half for cAMP-PDE assays and Western blot analysis
for quantification of protein levels. Representative Western blots are shown in 8A.
Quantification of PDE4D3 binding to AKAP-Lbc by Image J is shown in 8B. Specific
activity was calculated by normalizing PDE activities to levels of PDE4D3, and the result is
shown in 8C. Total activity in AKAP-Lbc complex was calculated by dividing PDE activity
to levels of AKAP-Lbc in IPs, and the result is shown in 8D. PDE activity is displayed mean
+ s.e.m. from three independent experiments performed in triplicate. (E-F) UCR1C inhibits
PKA-mediated AKAP-Lbc phosphorylation. HEK293T cells were co-transfected with V5-
AKAP-Lbc and Cerulean-UCR1C or control vector. Forty-eight hours later, cells were
treated with FSK, and then cell lysates were prepared and used for immunoprecipitation of
AKAP-Lbc usingV5-agarose beads. PKA-mediated phosphorylation of AKAP-Lbc was
measured by reactivity with an antibody to phospho-PKA substrates. Representative
Western blot data are shown in 8E and quantification of results using Image J is shown in 8F
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as mean + s.e.m.. InStat were performed for statistical analysis. A p-value < 0.05 was
significant (*), a p-value < 0.01 was highly significant (**), while a p-value > 0.05 was not
significant (n.s.).
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Figure 9. UCR1C does not modulate AKAP-Lbc and PKA-RII interaction
HEK?293T cells were transfected with cerulean-vector, cerulean-UCR1C, or cerulean-

UCRI1C R/A. After forty-eight hours, cells were treated with FSK or DMSO control, lysates
were harvested, and equivalent amounts of protein were used for AKAP-Lbc
immunoprecipitation using Protein A agarose beads and anti-AKAP-Lbc antibody (VO96).
Western blot was then performed to determine binding of PKA-RII to AKAP-Lbc. Image J
was used for quantification data from two independent experiments. Relative PKA-RII/
AKAP-Lbc IP is shown as meants.e.m. Representative Western blot shows equivalent
expression of UCR1C, UCR1C R/A mutants and vector in lysate, and equal
immunoprecipitation of AKAP-Lbc.
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Figure 10. AKAP-Lbc regulates PKA-mediated CREB phosphorylation
(A) AKAP-Lbc siRNA reduces PKA-mediated CREB phosphorylation. HEK293T cells

were transfected with AKAP-Lbc siRNA or negative control siRNA. Seventy-two hours
later, cells were treated with FSK, and cell lysates were harvested for Western blot.
Representative Western blots, Image J quantification of AKAP-Lbc expression levels, and
CREB phosphorylation level are shown. (B) AKAP-Lbc overexpression enhances PKA-
mediated CREB phosphorylation. HEK293T cells were transfected with VV5-RFP-AKAP-
Lbc or control TagRFP. Forty-four hours later, cells were treated with FSK for 30 min, and
cell lysates were harvested for Western blot. Representative blots, Image J quantification
results of AKAP-Lbc expression level, and CREB phosphorylation level are shown. A p-
value <0.05 was significant (*), and a p-value <0.001 was extremely significant (***).
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Figure 11. UCR1C decreases nuclear PKA activity
AKAR was amended with a nuclear localization signal (nls-AKAR) to specifically report

nuclear PKA activity in situ. (A) Representative pseudo-color images of nls-AKAR FRET
change in response to FSK stimulation. (B) Time course of average nls-AKAR FRET ratio
in response to FSK stimulation. Black squares represent cells expressing RFP vector control
(n=31 cells), open diamonds represent cells expressing RFP-UCR1C (n=37 cells). UCR1C
but not UCR1C R/A inhibits PKA-mediated CREB phosphorylation. (C) HEK293T cells
expressing Cerulean-UCR1, Cerulean-UCR1C R/A, or Cerulean vector control were
stimulated with FSK for 40 min, prior to SDS-PAGE and assessment of CREB
phosphorylation at PKA substrate site Ser133. (D) Quantification of CREB phosphorylation
level using Image J is shown as mean + s.e.m. from 3 independent experiments. InStat were
performed for statistical analysis. A p-value < 0.05 was significant (*), a p-value < 0.001
was extremely significant (***) while a p-value > 0.05 was not significant.
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Figure 12. UCR1C expression in NRVMs decreases 1SO-induced CREB phosphorylation
(A) Representative Image of 1SO-induced CREB phosphorylation in NRVMs. NRVMs

expressing Cerulean-UCR1C or Cerulean vector control were treated with 1SO (10 uM for
30 min). NRVMs were then fixed and immunostained for the cardiomyocyte marker a-
actinin (red) and phospho-CREB-Ser133 (green). (B) Quantification of CREB
phosphorylation. Cerulean-positive and a-actinin—positive NRVMs were selected to
determine phospho-CREB levels. Immunofluorescent signals were quantified using
Metamorph Software. Results represent the average pCREB signal from the number of cells
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indicated in each condition shown as meanz+ s.e.m. A p-value < 0.001 were extremely
significant (***), and a p-value < 0.05 were significant (*).
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