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Abstract

In the complex microcosm of a cell, information security and its faithful transmission are critical

for maintaining internal stability. To achieve a coordinated response of all its parts to any stimulus

the cell must protect the information received from potentially confounding signals. Physical

segregation of the information transmission chain ensures that only the entities able to perform the

encoded task have access to the relevant information. The cAMP intracellular signaling pathway is

an important system for signal transmission responsible for the ancestral ‘flight or fight’ response

and involved in the control of critical functions including frequency and strength of heart

contraction, energy metabolism and gene transcription. It is becoming increasingly apparent that

the cAMP signaling pathway uses compartmentalization as a strategy for coordinating the large

number of key cellular functions under its control. Spatial confinement allows the formation of

cAMP signaling “hot spots” at discrete subcellular domains in response to specific stimuli,

bringing the information in proximity to the relevant effectors and their recipients, thus achieving

specificity of action. In this report we discuss how the different constituents of the cAMP pathway

are targeted and participate in the formation of cAMP compartmentalized signaling events. We

illustrate a few examples of localized cAMP signaling, with a particular focus on the nucleus, the

sarcoplasmic reticulum and the mitochondria. Finally, we discuss the therapeutic potential of

interventions designed to perturb specific cAMP cascades locally.
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1. Introduction

More than half a century after its discovery (Rall and Sutherland, 1958) 3′–5′-cyclic

adenosine monophosphate (cAMP) remains the object of intense scientific interest (Beavo

and Brunton, 2002; Perera and Nikolaev, 2013; Scott et al., 2012). Cyclic AMP is known to
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regulate many diverse and at times opposing cellular functions including, among others,

gene transcription (Yamamoto et al., 1988), cell migration (Burdyga et al., 2013;

Zimmerman et al., 2013), mitochondrial homeostasis (Di Benedetto et al., 2013a; Valsecchi

et al., 2013), cell proliferation (Stork and Schmitt, 2002) and cell death (Suen et al., 2008;

Andersen and Kornbluth, 2013). The cAMP signaling pathway comprises multiple

components. G-protein coupled receptors (GPCRs) are activated at the plasma membrane on

ligand binding. An active G-protein is released and in turn activates a membrane bound

adenylyl cyclase (AC) to generate cAMP from ATP. cAMP can then bind and activate three

main effector proteins: the cyclic-nucleotide-gated ion channels (CNG) (Matulef and

Zagotta, 2003), the guanine-nucleotide exchange proteins activated by cAMP (EPAC)

(Kawasaki et al., 1998) and the cAMP-dependent protein kinase (PKA) (Walsh et al., 1968;

Taylor et al., 2013). The cAMP signal is then terminated by the actions of the cAMP-

degrading enzymes phosphodiesterases (PDEs) (Manganiello and Degerman, 1999) while

phosphatases can turn off the effects of PKA-mediated phosphorylation (Heijman et al.,

2013)(Sim and Scott, 1999). As the effects of hormone signaling via cAMP were uncovered

shortly after its discovery, it became obvious that the original view that receptors specify the

spectrum of hormonal sensitivity of a cell and the substrates available for phosphorylation

determine the response was too simplistic. It became clear instead that the same cell can

simultaneously express multiple receptors that signal via cAMP as well as multiple targets

of PKA, the phosphorylation of which can trigger very different functional outcomes. With

this realization, it also became clear that a linear cascade -cAMP generation in response to

external stimuli followed by activation of an effector and termination via degradation of the

messenger by the phosphodiesterases (PDEs) - is inadequate to explain the ability of cAMP

to convey the appropriate information with high fidelity in response to a multitude of

extracellular stimuli. Studies conducted in the early eighties in the heart clearly

demonstrated that cells can use cAMP to transduce the signal delivered by different

hormones into distinct cellular functions. The experimental evidence in essence was that

treatment with either prostaglandin E1 (PGE1) or the β-adrenergic receptor agonist

isoproterenol (ISO) caused cAMP elevation in the heart, but only ISO triggered the expected

effect (i.e. positive inotropy) whereas PGE1 had no effect on contractility, despite both

stimuli produced similar amounts of second messenger and comparable levels of PKA

activation. To explain these findings the hypothesis was put forward that the components of

the cAMP signaling pathway are organized in such a way that cAMP is generated into

specific intracellular spaces (Hayes et al., 1980).

These seminal studies first in whole tissue (Hayes et al., 1979, 1980) and then in cell

preparations (Buxton and Brunton, 1983), provided the first indirect evidence of

compartmentalized cAMP signals. Direct evidence for the existence and functional

relevance of subcellular cAMP signaling events (Zaccolo and Pozzan, 2002; Nikolaev et al.,

2006) came nearly 20 years later and consolidated the model of compartmentalized cAMP

signaling (Zaccolo and Pozzan, 2002; Di Benedetto et al., 2008). The development of

molecular tools for the detection of cAMP changes in real time in intact living cells (Berrera

et al., 2008; Gesellchen et al., 2011; Stangherlin et al., 2014) greatly contributed to establish

the notion of cAMP microdomains. Cyclic AMP and PKA-sensitive probes based on

Fluorescence Resonance Energy Transfer (FRET) revolutionized the studies on cAMP
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signaling. These sensors take advantage of the cAMP binding domains present in PKA

(Zaccolo et al., 2000; Zaccolo and Pozzan, 2002) or EPAC (Ponsioen et al., 2004; Nikolaev

et al. 2004) and combine sensitivity of detection within the physiological levels with very

high spatial and temporal resolution. Moreover, being genetically encoded, these tools can

be easily targeted to different cellular compartments making it possible to detect cAMP at

specific intracellular sites in real time. The high resolution of these probes allowed to

establish that cAMP achieves specificity of action by virtue of a precise organization of the

molecular components of its pathway in complex “signalosomes” located at defined cellular

locations (Stangherlin and Zaccolo, 2012).

2. Compartmentalization of the cAMP/PKA signaling pathway components

While the evidence in support of compartmentalized cAMP signaling is growing, the newly

developed technologies are unveiling an unanticipated level of sophistication of the

mechanisms that generate and regulate cAMP functional compartments. In fact, it is now

clear that generation of cAMP hotspots in subcellular microdomains involves a complex

coordination of events at every step of the cAMP signaling cascade (Zaccolo, 2009;

Houslay, 2010; Mika et al., 2012; Perera and Nikolaev, 2013).

2.1 G-protein coupled receptors

At any given moment cells are exposed to a myriad of extracellular stimuli, which act as

“first messengers” and are detected by G protein-coupled receptors (GPCRs) at the plasma

membrane. Upon ligand binding, GPCR undergo a conformational change resulting in

activation of their associated heterotrimeric guanosine-binding proteins (G proteins). On

activation, the Gα subunit of the trimeric G-protein is released and is free to associate and

modulate the activity of ACs. Depending on the type of their associated Gα subunit, GPCRs

can activate (Gαs) or inhibit (Gαi) cAMP production.

The large number of GPCRs confers significant level of diversity and specificity to cAMP

signaling. The cell-specific pattern of GPRC expression certainly defines the ability of a

particular cell to respond to extracellular stimuli as well as the intensity of the response.

However, there is evidence that, within the same cell, distinct localization of individual

GPCR at the plasma membrane may contribute to specificity of response. For example, in

cardiac myocytes β1 adrenergic receptors (β1AR) are found in both caveolar and non-

caveolar membrane fractions, whereas β2AR predominantly localize to caveolae. β2AR also

appear to be able to exit caveolae upon activation (Rybin et al., 2000), thus adding a further

potential element of dynamic regulation to the system (Patel et al., 2008; DiPilato and

Zhang, 2009). An elegant study by Nikolaev et al. combining cAMP-sensitive FRET probes

with scanning ion conductance microscopy showed that β1AR are evenly distributed on the

plasmalemma of cardiac myocytes, whereas β2AR are found mainly in T-tubules and are

absent from non-tubular areas of the membrane. This study also showed that β1AR generate

a diffuse cAMP signal whereas the signal generated by β2AR is highly confined (Nikolaev et

al., 2010). It is therefore tempting to speculate that the different localization of these

receptors at the plasmalemma together with their ability to generate intracellular cAMP

signals with distinct properties may contribute to the functional differences observed on

selective activation of these receptors, with persistent β1AR stimulation evoking toxic
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effects, including myocyte apoptosis and hypertrophy, and persistent β2AR stimulation

resulting in protective effects on the myocardium (Talan et al., 2011).

In addition to differential expression and compartmentalization of receptors at the plasma

membrane, the recently described ability of at least some GPCRs to signal after

internalization (Calebiro et al., 2009, 2010; Irannejad et al., 2013) provides a novel exciting

facet to the model of compartmentalized cAMP signaling. The canonical view is that

internalization of GPCRs is part of the receptor desensitization process and involves

receptor phosphorylation by G protein-coupled receptor kinases, recruitment of beta-arrestin

and consequent GPCR internalization (Kamal et al., 2012). Once internalized, GPCRs can

be re-exposed, in their inactive state, at the plasma membrane or, alternatively, can be

targeted for degradation (Zhang and Eggert, 2013). Recent studies, however, have

challenged this dogma by showing that internalized GPCRs maintain their ability to trigger

cAMP production (Calebiro et al., 2009; Ferrandon et al., 2009; Irannejad et al., 2013).

Calebiro et al. used intact thyroid follicles from a transgenic mouse with ubiquitous

expression of a cAMP FRET-based sensor to demonstrate that internalized thyroid-

stimulating hormone receptors (TSHR) produce cAMP signals that are distinct from those

generated via activation of TSHR exposed at the cell surface (Calebiro et al., 2009). A

further confirmation that GPCR-mediated signal transduction cascades are not triggered

exclusively at the cell surface was provided by studies where a series of conformation-

specific single-domain antibodies (nanobodies) able to discriminate between the active and

inactive states of the β2-AR receptor were used as biosensors to provide direct evidence that

internalized GPCRs are capable of generating cAMP signals in intact living cells (Irannejad

et al., 2013). In the context of the compartmentalized cAMP signaling model, generation of

cAMP by internalized GPCR is particularly attractive as it would provide a means to

generate cAMP from intracellular “hotspots” and it would resolve the conundrum posed by

the source of cAMP being localized at the plasma membrane and the requirement to

selectively activate PKA subsets localized deep inside the cell. However, whether signaling

from internalized GPCRs indeed leads to generation of cAMP microdomains and whether

these are linked to specific functional outcomes remains to be determined.

2.2 Adenylyl cyclases

Recent studies using cAMP-sensitive FRET reporters have also challenged the idea that ACs

are homogeneously distributed at the plasma membrane and that they constitute a uniform

source of cAMP. In fact, ACs are emerging as key players in the generation of cAMP

microdomains. There are ten distinct genes encoding for two classes of ACs, nine membrane

bound (TmAC1 to TmAC9) and a soluble adenylyl cyclase (sAC) (Cooper and

Crossthwaite, 2006; Tresguerres et al., 2011). A number of studies demonstrate that TmACs

are not interchangeable, as individual isoforms are uniquely regulated. For example,

TmAC1 and TmAC8 are Ca2+ activated whereas TmAC5 and TmAC6 are inhibited by Ca2+

(Cooper and Crossthwaite, 2006; Lefkimmiatis et al., 2009; Willoughby et al., 2012). Using

differentially localized cAMP sensitive FRET-based reporters Wachten et al. showed that, in

the pituitary cell line GH3B6, TmAC8 is not sensitive to vasoactive intestinal peptide (VIP)

and is activated by Ca2+, whereas TmAC5 and TmAC6 respond to VIP with increased

activity but their action is inhibited by Ca2+ (Wachten et al., 2010). Ca2+-dependent control
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is not the only mechanism involved in determining how TmACs link to downstream

signaling pathways, as suggested by the observation that although TmAC5 and TmAC6 are

both inhibited by Ca2+ deletion of tmAC5 appears to be protective against aging-induced

cardiomyopathy (Yan et al., 2007) whereas deletion of TmAC6 does not protect against β-

AR stimulation-induced cardiomyopathy and has been associated with increased mortality

during stress (Tang et al., 2013). Evidence suggests that key to TmAC specific function is

their organization in specific macromolecular complexes involving GPCRs (Dupré et al.,

2007) and scaffolding proteins (Bauman et al., 2006; Piggott et al., 2008; Li et al., 2012).

The specific interaction between TmAC and scaffolds belonging to the A-Kinase Anchoring

proteins (AKAPs, see below) family has received particular attention. For example, the

AKAP protein Yotiao was found to interact with a number of TmACs (AC1, AC2, and

AC9) and to differentially regulate at least two of them (AC2 and AC9). Yotiao binds to the

amino terminus of AC2 and this action does not alter the basal cyclase activity; however, it

was found to significantly decrease AC2 activity in the presence of activators such as

forskolin, Gαs or a combination of the two (Piggott et al., 2008). While interaction with

Yotiao doesn’t appear to affect the activity of AC9, it was recently proposed that Yotiao acts

as a facilitator for the formation of a macromolecular complex containing AC9 and the

PKA-regulated Iks potassium channel (Li et al., 2012). The interaction of AC9 with Yotiao

would thus bring the source of cAMP in close proximity to the final target, creating a truly

autonomous cAMP mirodomain (Li et al., 2012; Efendiev et al., 2013).

sAC is also regulated by Ca2+ but, in contrast to TmAC, is not regulated by G proteins and

is activated by bicarbonate (Tresguerres et al., 2011; Bitterman et al., 2013) and ATP

(Zippin et al., 2013). Early after its discovery it was shown that sAC is not only cytosolic

but can also localize at specific subcellular sites, including the nucleus, the midbody, the

centrioles and mitochondria (Zippin et al., 2003). Acin-Perez et al. provided biochemical

evidence that sAC is localized in the mitochondrial matrix and can produce cAMP in

response to metabolically generated bicarbonate (Acin-Perez et al., 2009). Subsequent

studies using cAMP-FRET reporters support the presence of sAC activity in the

mitochondrial matrix in response to both Ca2+ (Di Benedetto et al., 2013a) and bicarbonate

(Di Benedetto et al., 2013b; Lefkimmiatis et al., 2013). Given the impermeability of the

inner mitochondrial membrane to cAMP (Acin-Perez et al., 2009; Di Benedetto et al.,

2013b; Lefkimmiatis et al., 2013), these findings suggest that the mitochondrial matrix may

host a cAMP signaling pathway that responds to metabolic changes and is independent of

cytosolic cAMP signals.

2.3 Phosphodiesterases

Once generated, cAMP is degraded by a large and diverse family of enzymes called

phosphodiesterases (PDEs) (Omori and Kotera, 2007). As the only mechanism responsible

for termination of the cAMP signal, PDEs are critical components of the signaling cascade

and have been shown to play an important role in compartmentalization of cAMP.

Because of its hydrophilic nature cAMP is in principle highly diffusible, with a diffusion

coefficient experimentally calculated to be around 500μm2s−1 (Nikolaev et al., 2004). Fast

diffusion would be expected to result in simultaneous and global activation of all cAMP
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effectors and is therefore in contrast with the notion of cAMP microdomains (Zaccolo, 2009,

2011; Houslay, 2010). While cAMP buffering (Chen et al., 1999) and cytosol viscosity

(Feinstein et al., 2012) may have a role in slowing cAMP diffusion at particular subcellular

locations, an important role in restricting cytosolic propagation of cAMP is played by PDEs.

There are 8 different families of cAMP-degrading PDEs (PDE1, 2, 3, 4, 7, 8, 10, 11). Each

of these families may include multiple genes and a number of splice variants, thus

enormously increasing the number of isoforms (Conti and Beavo, 2007; Zaccolo, 2009;

Mika et al., 2012). Different PDE isoforms have different tissue distribution and most

individual cells express multiple isoforms. The catalytic domain located at the carboxy-

terminal region of each PDE gene (Conti and Beavo, 2007) is highly conserved. By contrast,

the amino- terminus of these proteins is very diverse and confers unique regulatory

properties and targeting sequences that result in tethering of individual PDEs to strategic

subcellular sites (Zaccolo, 2009, 2011; Mika et al., 2012).

Evidence of the involvement of PDEs in the generation of compartmentalized cAMP signals

was provided in the early nineties by Hohl and Li. These authors showed that roughly half of

the cAMP generated upon treatment of cardiac myocytes with ISO is found in the particulate

fraction whereas when ISO stimulation is combined with inhibition of PDEs, total cAMP

increases nearly 4 fold but, surprisingly, the fraction of messenger found in the particulate

fraction is reduced from 45% to about 20%. These findings were interpreted as the result of

confinement of cAMP to the particulate fraction as a consequence of a high cAMP

degrading activity in the cytosol and hinted to a role for PDEs in maintaining cAMP

microdomains (Hohl and Li, 1991). A more direct confirmation of the key role played by

PDEs in shaping intracellular cAMP microdomains came with the use of cAMP-sensitive

FRET-based sensors. Using such tools it was possible to visualize for the first time cAMP

gradients in living rat neonatal cardiomyocytes and to show that these gradients are

dependent on PDE activity (Zaccolo and Pozzan, 2002). Subsequent studies using isoform-

specific PDE inhibitors showed that, in cardiac myocytes, marginal inhibition of PDE4

produces a significant increase in the level of cAMP generated in response to

catecholamines whereas total inhibition of PDE3 is insufficient to produce similar cAMP

elevations, indicating preferential coupling of individual PDEs with the signaling cascade

triggered by specific GPCR (Mongillo et al., 2004). Functional coupling of localized PDEs

to the local cAMP signal generated by specific hormones was also demonstrated in HEK293

cells where the spatial displacement of endogenous PDE isoforms by exogenously expressed

catalytically inactive mutants of PDE enzymes was shown to be sufficient to disrupt cAMP

gradients, thus demonstrating the critical role of PDE tethering to specific subcellular sites

in shaping intracellular pools of second messenger (Terrin et al., 2006). In another study,

displacement of PDE4D3 from the centrosome resulted in selective increase in cAMP at that

site and alteration of cell cycle progression (Terrin et al., 2012).

2.4 A Kinase Anchoring Proteins (AKAPs)

The main effector of cAMP is PKA. In its inactive form PKA is a tetramer composed of two

regulatory (R) and two catalytic (C) subunits. There are four genes encoding for distinct

regulatory subunits (RIα, RIβ, RIIα and RIIβ) and three genes encoding the catalytic
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subunits (Cα, Cβ and Cγ). The latter are responsible for the enzymatic actions of PKA and

phosphorylate preferentially targets containing the [R/K][R/K/X]X[pS/pT] motif. In the

absence of cAMP a dimer of R subunits binds and suppresses the activity of two C subunits

(Taylor et al., 2013). cAMP binds to the R subunits causing a conformational change that

relieves the inhibitory effect on the C subunits allowing phosphorylation of PKA targets

(Taylor et al., 2005). The role of the R subunits is not limited to inhibition of the C

counterparts as they are also responsible for binding of the PKA holoenzyme to specific A

kinase-anchoring proteins (AKAPs). AKAPs serve a critical role in compartmentalized

cAMP signaling as they constrains PKA to specific subcellular locations in physical

proximity to PKA targets (Marx et al., 2002; Hulme et al., 2003; Kritzer et al., 2012; Scott et

al., 2012; Tröger et al., 2012).

The PKA-AKAP interaction occurs via binding of a relatively short amino acid sequence

called the dimerization-docking domain (D/D). This domain, located at the N-terminus of

the R subunit, binds to a cognate amphipathic domain found in the majority of known

AKAPs. This short (14–18aa) domain is the most conserved feature among the over 50

members identified to date of the AKAP family of proteins (Scott et al., 2012). These

scaffolding proteins function as the basis for the generation of focal cAMP signaling

domains or signalosomes, as they can anchor not only PKA but also multiple other

components of the cAMP pathway including receptors (Malbon et al., 2004; Malbon, 2007),

ACs (Piggott et al., 2008; Dessauer, 2009), phosphatases (Dodge-Kafka et al., 2010) and

PDEs (Scott et al., 2012). The majority of AKAPs preferentially bind the R subunits type II,

however there are also AKAPs that bind both RI and RII and AKAPs that selectively bind R

subunits type I (Kovanich et al., 2010; Means et al., 2011; Scott et al., 2012). An important

contribution to our understanding of the functional significance of signaling by AKAP-

anchored PKA subsets came from the development of a series of disruptor peptides that

have been used to displace PKA from its anchor sites on AKAPs and to assess the resulting

cellular effect (Carr et al., 1992). Of particular interest are peptides that can selectively

perturb the interaction between AKAP and either PKA type I or PKA type II. For instance,

the fragment called RIAD (RI anchoring disruptor) displays a 1000-fold higher affinity for

type I PKA over type II (Carlson et al., 2006) while the disruptor called SuperAKAP-IS is

10000-fold more selective for RII (Gold et al., 2006). More recent additions to the

experimental toolkit are disruptors peptides engineered with the aim to displace PKA from

individual AKAPs (Gold et al., 2013a). One important drawback for the use of these

inhibitor peptides is their limited diffusion and stability. In order to overcome these issues an

alternative strategy, involving small molecules such as terpyridines, has recently been

developed. Terpyridines and their derivatives can interfere with AKAP-PKA interactions,

they display higher cell permeability and have been shown to be more stable than peptides,

although the latter remain more selective (Christian et al., 2011; Tröger et al., 2012; Schäfer

et al., 2013).

Anchoring of PKA subsets to different AKAPs determines a unique phosphorylation pattern

downstream of the kinase, as demonstrated for example by work by Di Benedetto et al. In

these studies cAMP sensitive FRET-based sensors were targeted to RI- or RII-binding

AKAPs aiming to assess the extent of cAMP changes around these different PKA-AKAP
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signaling complexes in cardiac myocytes. Fluorescence recovery after photobleaching

(FRAP) was used to demonstrate that in these cells both PKA type I and PKA type II are

predominantly anchored to subcellular sites. Most importantly, it was found that ISO

stimulation generated a cAMP response that was selectively confined to PKA type II-

binding AKAPs. This response was associated to phosphorylation of phospholamban (PLN)

and troponin I and was sensitive to the PDE4-selective inhibitor rolipram, suggesting the

presence of PDE4 in the same compartment. In contrast, the domain defined by the PKA

type I-binding AKAPs responded to prostaglandin 1 and glucagon stimulation, was sensitive

to PDE2-specific inhibitors but activation of the PKA type I pool did not result in

phosphorylation of PLN and troponin I (Di Benedetto et al., 2008). Intriguingly, the location

of some AKAPs can change in response to cellular states altering the functional outcome of

cAMP signals. An interesting example with pathophysiological significance is the targeting

of AKAPs to lipid rafts. Under normal conditions these proteins are found within the lipid

rafts where they coordinate important cellular functions such as antigen presentation

(Schillace et al., 2011), AC activity (Delint-Ramirez et al., 2011) and cytoskeletal

remodeling (Su et al., 2013). During increased ROS production lipids are oxidized and their

biophysical properties drastically change (Jin et al., 2011) resulting in release of the AKAPs

from the lipid rafts with potential effects on downstream function. For example AKAP12

was shown to be important for membrane targeting and suppression of the metastatic effects

of the oncogenic src-tyrosine kinase (Su et al., 2013) and it has been suggested that

oxidative stress can alter AKAP12 and this may release src from lipid rafts thus enhancing

the metastatic potential of the cell.

Another mechanism through which oxidative stress may affect PKA signaling is via

formation of disulfide bonds in type I PKA and consequent cAMP-independent activation of

the enzyme (Brennan et al., 2006; Burgoyne and Eaton, 2009, 2013). Cyclic AMP-

independent activation of PKA has been proposed also for PKA type II. According to this

paradigm signaling via AKAP-tethered PKA provides the possibility for the C subunits to

phosphorylate a target protein without dissociating from the R subunits (Akimoto et al.,

2013; Taylor et al., 2013), a feature that would restrict the range of action of PKA and

would thus contribute to generate a compartmentalized signal. Evidence in support of this

mechanism was recently reported by Smith and collaborators using the AKAP18γ-PKA type

II complex as a model (Smith et al., 2013). Although the concept of cAMP-independent

activation of PKA is intriguing, its relevance to cell physiology remains to be established.

3. Cyclic AMP microdomains

As evidence is being unveiled of the specific cellular processes regulated by individual

cAMP pools, an emerging theme is that unique cAMP signaling domains are associated with

different organelles. This is perhaps not surprising, given that organelles are physical

compartments designated for very specific tasks. A few examples are discussed below.

3.1 Nucleus

One of the well recognized actions of cAMP is the regulation of transcription via PKA-

dependent activation of the cAMP-responsive element binding protein (CREB) (Yamamoto

et al., 1988; Altarejos and Montminy, 2011). The sequence of events that culminates with
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CREB activation involves cAMP binding to PKA holoenzyme, dissociation of active C

subunits and their translocation to the nucleus via diffusion (Harootunian et al., 1993). Once

in the nucleus, PKA phosphorylates CREB at serine 133 facilitating its interaction with

CREB binding protein and enhancing the transcription of its target genes. The signal is then

terminated by binding of the C subunit to protein kinase inhibitor (PKI), export of the

resulting complex from the nucleus (Taylor et al., 2005; Dalton and Dewey, 2006) and

dephopshorylation of CREB by Ser/Thr phosphatases (PP1 and PP2A) (Yamamoto et al.,

1988; Altarejos and Montminy, 2011). The kinetics of this process are predicted to be

relatively slow, due to the time required for C subunits to migrate to the nucleus.

The nucleus is promptly reached by cAMP generated at the plasma membrane by TmACs,

indicating that the nuclear envelope is not an obstacle to cAMP diffusion (Terrin et al.,

2006). Other studies, however, have suggested that sAC may be an alternative nuclear

source of cAMP (Zippin et al., 2003). Recently Sample and colleagues combined live cell

imaging techniques with computational modeling and provided evidence pointing to the

presence in the nucleus of HEK-293 cells of a sAC-responsive PKA subpopulation (Sample

et al., 2012). Based on these studies a model was proposed where in addition to translocation

of C subunits to the nucleus in response to TmAC-produced cAMP, the nucleus contains a

functional pool of dormant PKA; when cytosolic cAMP reaches the nucleus PDE4 keeps its

levels below the activation threshold of the local PKA holoenzyme but when cAMP is

produced locally and above that threshold, activation of the local PKA can occur resulting in

faster activation kinetics (Sample et al., 2012). However, another study in primary rat

neonatal cardiac myocytes failed to confirm the presence of a pool of nuclear PKA

holoenzyme that is activated by cAMP locally and provided evidence for the different

kinetics of nuclear PKA activity being limited by diffusion and PKI-dependent inhibition of

nuclear C subunits (Yang et al., 2013).

3.2 Sarcoplasmic reticulum

In the cardiovascular system cAMP generated via adrenergic stimulation increases the rate

and force of heart contraction and increases relaxation. A key function under the control of

the cAMP cascade in the heart is diastolic Ca2+ reuptake via the sarcoplasmic reticulum

(SR) Ca2+-ATPase (SERCA2) (Movsesian, 1998). cAMP does not exert its regulatory

actions directly on SERCA, but on its associated protein PLN. In resting conditions

SERCA2 is inhibited by unphopshorylated PLN. In the presence of catecholamines PLN is

phosphorylated by PKA and its inhibitory effect on SERCA2 is released, allowing more

efficient refilling of the SR and consequent faster decrease of free cytosolic Ca2+

(MacLennan and Kranias, 2003). Using a multidisciplinary approach Lygren and colleagues

demonstrated that PLN phopshorylation depends on a SR-located cAMP cascade organized

by AKAP18δ (Henn et al., 2004). These authors found that AKAP18δ acts as a scaffold to

tether PKA to the SR and in proximity to PLN and SERCA2 (Lygren et al., 2007). The

importance of SR-bound PKA was demonstrated by disrupting the AKAP18δ-PLN

interaction, resulting in a 50% decrease in the cAMP-dependent phosphorylation of PLN

and in a 50% decrease in the rate of Ca2+ re-uptake in the SR, demonstrating that SERCA2

regulation relies largely on the local pool of PKA (Lygren et al., 2007). An independent
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study by Kerfant and colleagues proposed that the cAMP signals that control SERCA2

activity are shaped by both PDE3 and PDE4 (Kerfant et al., 2007).

Mice deficient for PDE4 (PDE4−/−) display enhanced myocardial contractility and elevated

PLN phosphorylation suggesting that PDE4 participates in the regulation of local cAMP

levels and consequently SERCA2 activity (Beca et al., 2011). The role of PDE3 at this site

was also assessed in a recent study, using knock out mice deficient for PDE3A (PDE3A−/−)

or for PDE3B (PDE3B−/−). Pharmacological inhibition of all PDE3 isoforms in PDE3A−/−

mice had no effect on cardiac contractility whereas inhibition of PDE3 in the PDE3B−/−

animals showed an increase similar to their wild type littermates. These experiments suggest

that PDE3A is the PDE3 isoform contributing to the cAMP signals that regulate SERCA2

function (Beca et al., 2013). Immunoprecipitation and liquid chromatography-tandem mass

spectroscopy experiments showed that PDE3A is in complex with SERCA2 while co-

immunoprecipitation experiments confirmed that PDE3A interacts also with PLN, AKAP18,

PKA-RII and protein phopshatase type 2A (Beca et al., 2013). Taken together these studies

strongly support the existence at the SR of a localized cAMP microdomain designated to the

regulation of PLN phosphorylation and SERCA2 activity in response to adrenergic stimuli

(figure 1).

The SR hosts another cAMP signaling domain organized around mAKAP and including the

Ca2+ release channels ryanodine receptors, protein phopshatase 1, protein phosphatase 2A

and PKA type II (Marx et al., 2000) (figure 1). The functional role of this signaling domain

was suggested by experiments showing that genetic ablation PDE4D aggravates the post-

infarction cardiac phenotype and by the observation that in human failing hearts there is

reduced association of PDE4D3 with Ryanodine receptors (Lehnart et al., 2005).

3.3 Mitochondria

Another organelle at which cAMP signaling appears to be uniquely regulated is the

mitochondrion. In fact, every mitochondrial compartment, the outer mitochondrial

membrane (OMM), the inter membrane space (IMS) and the mitochondrial matrix,

potentially hosts a distinct and functionally segregated cAMP microdomain. Evidence shows

that these submitochondrial cascades differ in most of the defining aspects of local cAMP

signaling, including source of cAMP, effectors involved and terminators of the response

(figure 2).

In an early work DiPilato and colleagues used FRET-based cAMP sensitive sensors to

measure intramitochondrial messenger variations and concluded that cytosolic cAMP could

reach every mitochondrial compartment including the matrix (DiPilato et al., 2004). These

findings were later challenged by Acin-Perez and colleagues who, using a biochemical

approach, provided evidence that the inner mitochondrial membrane is not permeable to

cytosolic cAMP and proposed that the second messenger is generated in situ by a local

isoform of sAC (Acin-Perez et al., 2009). The notion that cytosolic cAMP cannot reach the

mitochondrial matrix was confirmed in more recent studies using FRET-based biosensors

showing that cAMP is generated locally in the matrix in response to bicarbonate or Ca2+ (Di

Benedetto et al., 2013b; Lefkimmiatis et al., 2013). Thus, the inner mitochondrial membrane

appears to act as a barrier to cAMP diffusion with the resulting possibility that cAMP
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signaling at the OMM and IMS may be independent from cAMP signaling in the matrix

(Lefkimmiatis et al., 2013; Valsecchi et al., 2013).

It has been proposed that mitochondria contain two of the cAMP effectors, EPAC and PKA

(Schwoch et al., 1990; Sardanelli et al., 2006; Chen et al., 2008). EPAC appears to localize

to the mitochondria in a cell cycle-dependent manner; however, its precise submitochondrial

localization and its actions are still unknown (Qiao et al., 2002). Recent data showing that

treatment of isolated mitochondria with EPAC-specific activators has no effect on oxygen

consumption and oxidative phosphorylation activity would suggest that this protein, if

present in the mitochondrial matrix, does not affect respiration (Acin-Perez et al., 2009).

PKA, on the other hand, has been described to be present in all mitochondrial compartments.

The localization at the OMM and IMS is achieved via binding to a number of different

AKAPs.

At least three different AKAPs have been found to associate with the outer mitochondrial

membrane: AKAP1 (which comprises a number of splice variants) (Affaitati et al., 2003;

Feliciello et al., 2005), Rab32 (Alto et al., 2002; Bui et al., 2010) and AKAP2 (Wang et al.,

2001). The presence of several AKAPs at this site suggests that OMM is an important

cAMP microdomain, an hypothesis that is supported by recent work showing that PKA

actions at the OMM persist longer than in the cytosol possibly as a consequence of local

enrichment in the kinase and/or of a lower phosphatase activity at this site (Lefkimmiatis et

al., 2013). PKA tethered to the OMM is activated by cytosolic cAMP and participates in the

control of both mitochondrial morphology and mitochondrial function. OMM-PKA has been

linked to a cell survival pathway via phosphorylation and inhibition of the pro-apoptotic

protein BAD (Harada et al., 1999). Additionally, PKA at the OMM is known to

phosohorylate Dynamin-1-like protein (Drp1), a large GTP-ase involved in regulating

mitochondrial fission-fusion balance (figure 2). PKA-mediated phosphorylation of Drp1 at

Ser637 blocks its ability to promote fission resulting in elongated mitochondria and

enhanced cell survival in a neuronal cell model (Chang and Blackstone, 2007; Cribbs and

Strack, 2007; Dagda et al., 2011; Merrill et al., 2011; Slupe et al., 2013; Merrill and Strack,

2014). The pro-survival actions of AKAP121-tethered PKA are also supported by its effects

on ROS production. In cardiac myocytes downregulation or displacement of AKAP121

resulted in mitochondrial dysfunction, increased ROS production and cell death (Livigni et

al., 2006; Perrino et al., 2010). Taken together these data suggest that OMM-tethered PKA

might be an important regulator of mitochondrial function.

Interestingly, it has been reported that during ischemia or acidosis sAC translocates to the

mitochondria where presumably it activates a local pool of PKA enhancing the activity of

the pro-apoptotic BAX protein (Kumar et al., 2009; Appukuttan et al., 2012), suggesting the

possibility that distinct mitochondrial pools of cAMP may have opposing effects on cell

death and survival.

A novel AKAP was recently described in the IMS (Means et al., 2011). This protein called

sphingosine kinase interacting protein (SKIP) was shown to interact specifically with PKA

regulatory subunits type I (Kovanich et al., 2010; Means et al., 2011). This feature is of

particular interest since the RI subunits have higher affinity for cAMP compared to RII
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subunits. As a consequence the IMS-PKA population might be responsive to levels of free

cAMP that are not sufficient to activate the OMM-tethered pool of PKA. IMS-PKA has

been shown to phosphorylate ChChd3, a mitochondrial protein that resides in the IMM

facing the IMS. Since ChChd3 is an important regulator of cristae maintenance and energy

production(Darshi et al., 2011) it will be interesting to understand how PKA

phosphorylation influences the actions of this protein.

4. Implications for drug development

It is now clear that localized cAMP signaling is critical for function in many cell types. It is

therefore expected that deregulation of compartmentalized cAMP signals might result in

disease. This prediction is supported by a number of in vitro studies (Nikolaev et al., 2010;

Perera and Nikolaev, 2013) and an increasing number of experiments in animal models

(MacLennan and Kranias, 2003; Beca et al., 2011, 2013). For instance, several common

pathologies have been associated with disruption of local AKAP/PKA signaling including

cataract, diabetes, cancer and cardiovascular disease, among others (Zakhary et al., 2000;

Chen et al., 2007; Wirtenberger et al., 2007; Gold et al., 2013b). As our understanding of the

mechanisms that underlie compartmentalized signaling builds up, ideas are also developing

about how to selectively manipulate this signaling pathway locally for therapeutic purposes.

For example, targeting the interface between interacting proteins at a specific site in order to

perturb the local branch of the signaling cascade would provide much greater selectivity

than perturbing the entire cascade by acting on the receptor at the cell surface (Houslay et

al., 2005; Zaccolo, 2011).

In the case of localized cAMP signalosomes interference with protein-protein interaction

could provide a way to fine-tune the local signal (Tröger et al., 2012). For instance

displacement of a resident PDE would result in augmentation of local cAMP concentrations

and increased activation of PKA, whereas removal of PKA would result in selective

decrease in the level of cAMP-dependent phosphorylation of neighboring targets

(Hundsrucker and Klussmann, 2008; Lee et al., 2013).

An example for the potential therapeutic value of manipulating localized cAMP signals is

provided by the study of the small heat shock protein 20 (Hsp20). During an ischemic insult

increased PKA-mediated phosphorylation of Hsp20 confers cardioprotection (Qian et al.,

2009). Recently it was shown that in cardiac myocytes Hsp20 phopshorylation is under the

control of a compartmentalized cAMP signaling cascade and that Hsp20 can directly

sequester components of the signaling pathway, namely members of the PDE4 family (Sin

et al., 2011). Disruption of the interaction between Hsp20 and PDE4 with a competing

peptide was shown to result in higher cAMP availability in the microenvironment

surrounding Hsp20 and in its increased phopshorylation by PKA. In the presence of

hypertrophic stimuli disruption of the interaction between Hsp20 and PDE4 isoforms was

sufficient to increase phopshorylation of Hsp20 at the PKA site serine 16 and to protect from

hypertrophy in an in vitro model (Sin et al., 2011).

The site of interaction with Hsp20 has been mapped within the catalytic domain of PDE4

and therefore a disrupting peptide could not distinguish between different PDE4 isoforms.
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This is not the case for a different class of peptides able to disrupt selectively the interaction

of the PDE4D5 isoform with its two interacting partner proteins, receptor for activated C-

kinase 1 (RACK1) and β–arrestin. In fact, disruptor peptides that selectively interfere with

the binding of PDE4D5 with either RACK1 or β–arrestin (Bolger et al., 2006; Smith et al.,

2007) have been used in a clinically relevant model of cancer cell polarity and migration.

RACK1 interacts with the protein focal adhesion kinase (FAK) at nascent protrusive

structures that form as cells spread onto extracellular matrix. The role of RACK1 would be

to act as an intermediary scaffold bringing PDE4D5 into the complex. Using selective

disruptors of the RACK1-PDE4D5 interaction it was shown that local PDE4D5 activity is

crucial for these cells to acquire an maintain a “spread” phenotype (Serrels et al., 2010). By

directly comparing the two peptides these authors found that contrary to the PDE4D5-β–

arrestin disruptor, that had no effect on the polarity and migration of cancer cells, the

PDE4D5-RACK1 disrupting peptide inhibited both cell polarity and migration (Serrels et

al., 2010).

Although peptides have proven invaluable research tools, their restricted membrane

permeability and poor oral availability limit their use for therapeutic purposes. The

limatations of disruptor peptides may be overcome by screening for small molecules that

selectively disrupt protein-protein interactions, an alternative strategy that has already been

employed to locally manipulate the cAMP/PKA signaling pathway (Christian et al., 2011).

Targeting protein-protein interactions is a promising therapeutic venue. However, a major

drawback to its development is the lack of a sensitive, potent assay to be used in a high

throughput setup. In the case of compartmentalized cAMP signalling such an assay would

be optimal if combined with sensitive live cell imaging tools. A challenge for the future is

therefore the development of robust reporters able to efficiently measure cAMP variations at

specific multi molecular complexes and their applications in high throughput systems. The

development of such tools would allow screening of large number of molecules for their

actions to different cAMP microdomains providing the means for the identification of

molecules with unprecedented specificity of action.

Pharmacological treatment targeting the cAMP signaling cascade has been so far largely

based on global inhibition or activation of the pathway and has often been associated with

adverse secondary off target effects. The accumulating information on the mechanisms that

underlie local signalling of this messenger provides now an opportunity for the development

of site and action specific therapeutic interventions.
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cAMP 3′–5′-cyclic adenosine monophosphate
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GPCRs G-protein coupled receptors

EPAC Guanine-nucleotide exchange proteins activated by cAMP

PKA cAMP-dependent protein kinase

PDEs Phosphodiesterases

FRET Fluorescence Resonance Energy Transfer

G proteins Heterotrimeric guanosine-binding proteins

βAR β adrenergic receptors

AKAPs A kinase-anchoring proteins

R PKA regulatory subunits

C PKA catalytic subunits

CREB Cyclic AMP-responsive element binding protein

PLN Phospholamban

SERCA2 Sarcoplasmic reticulum (SR) Ca2+-ATPase

Ca2+ Calcium

SR Sarcoplasmic reticulum

OMM Outer mitochondrial membrane

IMS Inter membrane space
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Figure 1. cAMP-PKA signalosomes at the Sarcoplasmic Reticulum
The schematic shows two signalosomes found at the SR, formed around AKAP18δ and

mAKAP (left side and right side respectively). AKAP18δ recruits PKA type II near the

complex SERCA/PLN. In basal conditions PDE3A and PDE4D maintain cAMP levels low

and PKA inactive. In response to increased cAMP levels (e.g. during catecolamine-

dependent signaling) PKA is activated and free to phosphorylate PLN. Phopshorylated PLN

can not efficiently repress the function of SERCA allowing for more efficient Ca2+ refill of

the SR. The local signal is terminated by the coordinated action of PDEs and protein

phopshatases (PP2A). Similarly, mAKAP acts as platform for a cAMP-responsive

signalosome comprised of PKA type II; PDE4D3; PP1 and PP2A. This multiprotein

complex was shown to localize in proximity and phophorylate the Ca2+-channel ryanodine

receptor.
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Figure 2. Mitochondrial AKAPs
The inter membrane space contains the PKA type I-specific AKAP named SKIP. PKA

tethered at the inter membrane space via SKIP can phopshorylate the protein chchd3. At the

outer mitochondrial membrane are found 3 different AKAPs, Rab32; AKAP2 and

AKAP121. AKAP2 and AKAP121 can form complexes with PKA type I and type II while

Rab32 can complex only with PKA type II. One of the well-characterized targets of

AKAP121-bound PKA is the fission regulator Drp1. Phopshorylated forms of Drp1 can not

promotes mitochondrial fission therefore high PKA activity at the outer mitochondrial

membrane blocks mitochondrial fission resulting in elongated organelles.
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