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Abstract

The cyclic adenosine 3’,5’-monophosphate signalling pathway is now recognised to transduce
signals in a compartmentalised manner such that individual stimuli only engage a subset of the
pathway components that are physically constrained within defined subcellular locales, thus
resulting in a precise functional outcome. As we are starting to appreciate the complexity of the
spatial organisation and of the temporal regulation of this pathway, it is becoming clear that
disruption of local signalling may lead to pathology and that local manipulation of cAMP signals
may offer alternative approaches to treat disease.
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Introduction

Adenosine 3’,5’-monophosphate (CAMP) acts as the intracellular message for numerous
hormones and neurotransmitters and regulates a large variety of cellular functions and
biological processes, including gene transcription, cell metabolism, proliferation,
development, as well as more specialised functions depending on the specific cell type. In its
simpler formulation, the cAMP signalling pathway involves a hormone (the “first’
messenger) that binds and activates a specific G protein-coupled receptor (GPCR) and in
turn activates adenylyl cyclases (ACs) to synthesise CAMP. The intracellular (or ‘second’)
messenger CAMP then binds to a limited number of intracellular effectors, most notably to
protein kinase A (PKA), which in turn is activated and phosphorylates downstream targets.
However, as it was realised very early on after its definition[1], the proposed model of a
linear pathway involving extracellular stimulus, transmembrane receptor, CAMP synthesis
and PKA activation, is too simplistic[2]. Most cells express at the plasma membrane
multiple GPCR that signal via generation of cAMP and each individual cell contains a
variety of components that can be phosphorylated by PKA. Yet, to attain coordinated
behaviour of the organism cells must respond accurately to individual extracellular cues and
this was envisaged to require a higher degree of sophistication[2]. Recent research has
revealed that cAMP-mediated signalling relies on an intricate network of multiple signalling
pathways within which a tight spatial control of signal propagation allows for the signal to
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be transduced along defined branches of the network, depending on the specific extracellular
stimulus[3]. Two properties of the system critically contribute to such spatial control: the
molecular components of the system are present in a multiplicity of isoforms or variants,
each exhibiting unique regulatory mechanisms, and such components are largely confined to
defined subcellular locations. As we are starting to unravel the structural basis of
compartmentalisation, it appears that hormone and neurotransmitter signalling needs re-
evaluation on the basis of a model where signal propagation is locally regulated. This new
perspective is leading to novel mechanistic insight into pathophysiological mechanisms and
is suggesting original avenues for therapeutic intervention. In this review, recent findings
highlighting the importance of local control of cCAMP signalling in health and disease are
discussed and how this knowledge may be used for therapy is illustrated.

Diversity and confinement

A key feature of the cCAMP signalling pathway is the high degree of diversity and unique
regulatory mechanisms of its multiple components. There are several hundred GPCRs, a
large subset of which signals through either Gag or Ga; and thus either induce or block
cAMP synthesis by ACs. Gy subunits of the heterotrimeric G proteins, which regulate the
activity of some AC isoforms, are also present in multiple types, with at least 5 G subunits
and at least 11 Gy subunits[4]. There are ten isoforms of AC, each displaying a unique
combination of regulatory mechanisms[5], with multiple isoforms often being expressed in
the same cell. While AC1-9 are plasma membrane-associated enzymes and generate cCAMP
in response to extracellular stimuli, AC10 is localized intracellularly, is insensitive to G-
proteins and is regulated by Ca?* and bicarbonate, thus acting as a metabolic sensor[6].
AC10 is particularly intriguing because, given its intracellular localization, represents a
potential local source of cAMP different from the plasma membrane and therefore apt to
selectively initiate signalling events that occur deep inside the cell. Although AC10 was
originally described in spermatozoa, its distribution appears to extend to other cell types,
albeit expression levels may be low, and a number of reports have recently suggested that,
for example, a nuclear AC10 may have a role in the phosphorylation cAMP response
element-binding protein CREB[7] whereas a subset of AC10 localized to mitochondria may
regulate oxidative phosphorylation[8¢]. Another mechanism that may allow for selective
activation of PKA subsets away from the plasma membrane is suggested by recent studies
showing persistent GPCR signalling to AC and generation of cCAMP after receptor
internalisation into endosomes. Interestingly, intracellular signalling by GPCRs appears to
have distinctive features compared to signalling through the same receptors at the plasma-
membrane, showing unique selectivity for ligands[9¢], different kinetics of the cAMP signal
generated[10+,11], unique coupling to downstream signalling pathways[12] and unique
modalities of signal inactivation[11], with some evidence suggesting that signalling through
intracellular GPCRs may lead to specific functional outcomes[9e,10e].

The amplitude and duration of the cAMP signal depends on the activity of the cCAMP-
degrading phosphodiesterases (PDEs). Eight different families of PDEs are responsible for
cAMP degradation (PDEL, 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
expressed. Most individual cells express multiple PDE variants with each isoform showing a
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unigue combination of subcellular localisation and regulatory mechanisms[13]. By locally
degrading cCAMP these enzymes shape local cAMP signals[14] with individual PDE
isoforms being functionally coupled to specific GPCRs to degrade cAMP selectively in
response to a given stimulus[15].

The main effector of CAMP, PKA, is a tetrameric complex including two regulatory (R) and
two catalytic (C) subunits, with three genes encoding for C (Ca, Cp and Cy) and four genes
encoding for R (Rla, RIB, Rlla, RIIB). Depending on the type of R subunit present (R or
RII), PKA holoenzymes are classified as type | and type 11, which show different sensitivity
to CAMP activation and different subcellular localisation. Spatial confinement of PKA to
organelles and subcellular structures is mediated by A kinase anchoring proteins (AKAPS) a
large and diverse family of scaffolding proteins with more than 50 members identified so
far[16]. AKAPs anchor PKA in proximity of its targets, thus allowing for their preferential
phosphorylation [17]. Through binding of other components of the cAMP signalling
pathways, including ACs[18], PDEs[19] and phosphatases[20], AKAPs organise signalling
complexes where the signal is generated, modulated and relayed to the appropriate target.
PKA can inhibit some AC isoforms and can activate some PDEs. Thus, the presence within
the same complex of AC, PKA and PDEs results in feed-back loops whereby an initial rise
in CAMP activates PKA which in turn can inhibit further cAMP synthesis (via inhibition of
the AC) and potentiate CAMP degradation (via activation of PDEs), producing a local pulse
of cCAMP[21].

Compartmentalised cAMP signalling

How does the cell make sense of such multiplicity of components and correctly relay
individual stimuli to achieve the appropriate functional outcome? Compartmentalisation,
which is the spatial confinement of multiple elements of the cAMP signalling pathway,
appears to be the answer. Spatial control not only involves the protein components of the
pathway but also cAMP itself (Fig 1), as directly demonstrated initially in cardiac
myocytes[22].

In heart cells, CAMP regulates the inotropic, chronotropic and lusitropic responses to
catecholamine stimulation. Early studies had shown that whereas activation of -adrenergic
receptors increases strength of contraction and affects metabolic enzymes, no such effects
are elicited by activation of the prostaglandin receptor, even when these two stimuli generate
a similar increase in intracellular cCAMP concentration [23]. How different hormones acting
via CAMP could elicit such different functional outcomes remained a puzzling question for
many years. Recent work using real time detection of cCAMP signals in intact cells[24]
showed that the B-AR and the prostaglandin receptor generate spatially distinct pools of
cAMP which in turn preferentially activate different subsets of AKAP-anchored PKA
enzymes, leading to the phosphorylation of different downstream targets[25ee]. Thus
catecholamines, but not prostaglandin, raise the phosphorylation level of key components of
the excitation-contraction machinery and increase myocyte contractility via generation of a
spatially confined pool of cCAMP that selectively affects these targets[25es].
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The diversity of the pathway components discussed above, coupled with a complex
interconnectivity of the cAMP pathway with other signalling pathways[26], provides the
basis for a sophisticated local control of cAMP signals. One example is the modulation of
CAMP by cGMP. cGMP is generated by NO-mediated activation of soluble guanylyl
cyclases (sGC) or activation of plasma membrane-bound, particulate guanylyl cyclases
(pGC) by natriuretic peptides. cGMP can modulate cAMP levels by regulating the activity
of CAMP-degrading PDEs. cGMP is a potent activator of PDE2 [27] and at the same time
cGMP acts as a competitive inhibitor of PDE3[28]. Through such regulatory mechanisms,
stimuli that elevate cGMP may either attenuate or amplify cAMP signals[29]. Cardiac
myocytes express both PDE2 and PDE3 and in these cells cGMP signals have opposing
effects on different local pools of CAMP with different effects on myocyte
contractility[30e¢]. The compartment-specific effect of cGMP depends on the different
subcellular localisation of PDE2 and PDE3 and on the specific stimulus (NO or natriuretic
peptides) that generates cGMP[30e¢]. As there is evidence that also cGMP, like cAMP, is
compartmentalised[31, 30e¢], a local generation of cGMP is likely to affect PDEs only
within a restricted microdomain. It is interesting to consider that the activity of
constitutively expressed isoforms of nitric oxide synthetase (eNOS and nNOS) are Ca?*-
dependent and that Ca2* signalling is also well known to be compartmentalised, thereby
providing a mechanism for local generation of NO, activation of sGC and cGMP production.
cGMP levels are in turn regulated by cGMP-degrading PDEs (such as PDES) that can be
spatially confined[32] and subject to their specific regulatory mechanisms. Clearly, the
integrated effects of these complex signalling networks are vast and spatial confinement of
signalling events allows for a specific branch of the pathway to be appropriately activated,
with other branches not being involved.

Temporal control of local signalling

Signal propagation is not only regulated in space but the signal at specific sites can also be
uniquely regulated in time. One interesting example is CAMP signalling in pancreatic islet 3-
cells. The cAMP/PKA pathway acts as an important amplifier of glucose-induced insulin
secretion via generation of Ca2* signals and promotion of exocytosis[33]. B-cells express
more that fifteen different GPCRs that signal either via an increase or a decrease of
intracellular cAMP levels[34]. Apart from the incretin hormones GLP1 and GIP, which
serve to augment insulin secretion following entry of food to the gut, a number of other
ligands, including lipids and a variety of peptides and biogenic amines, can either activate or
inhibit cAMP synthesis in B-cells. The level of such ligands may change independently of
food intake and could potentially interfere with appropriate levels of insulin secretion after a
meal. In addition, GLP1-stimulated cCAMP is also involved in regulating pancreatic p-cell
differentiation, growth and survival through PKA-mediated phosphorylation and enhanced
nuclear translocation of CREBJ[35]. Increase in B-cell mass, a mechanism thought to
counterbalance insulin resistance in peripheral tissues and to protect against hyperglycemia
and development of diabetes type 2[36], is unlikely to occur regularly as a consequence of
release of incretins. Thus B-cells must discriminate and integrate different cAMP signals and
appear to do so by operating a tight spatial and temporal control of CAMP levels. The
importance of local control of cCAMP signalling is evidenced by the fact that -cells express
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several AKAPs and disruption of PKA anchoring to AKAPs affects GLP1-induced insulin
secretion[37]. In addition, real time imaging of cAMP combined with detection of Ca*
signals showed that pulsatile secretion of insulin in response to GLP1 is sustained by Ca2*
oscillations that are tightly coupled to cAMP oscillations [38]. Brief cAMP transients were
found to be sufficient to trigger Ca2* signals whereas only prolonged elevation of [CAMP]
led to PKA catalytic subunit translocation to the nucleus[38], thus providing a mechanism
whereby short-lived cCAMP signals can activate cytoplasmic events, such as ion-channel
activity or exocytosis, whereas long-lasting cCAMP signals are required for regulation of
nuclear transcription factor activity. Interestingly, in the insulin-secreting cell line MING, the
oscillatory circuit involving cAMP and Ca2* was found to depend on oscillations of PKA
activity, with the level of PKA activation modulating the frequency of the oscillations[39].
The possibility that different information may be encoded by differences in oscillation
frequency combined with the subcellular localisation of PKA via anchoring to AKAPs
potentially affords for powerful diversification of downstream signalling.

Compartmentalisation and disease

The physiological relevance of compartmentalised cAMP/PKA signalling is documented by
numerous studies using a variety of experimental approaches, including knock out models
targeting spatially confined components of the pathway[40]. There is evidence that
mutations or genetic polymorphism involving a number of these components are responsible
for or associated with a variety of pathological conditions including long QT syndrome[41],
predisposition to cardiac dysfunction[42], familial breast cancer[43] and schizophrenia[44].
In addition, disruption of compartmentalised signalling may arise from more complex and
subtle changes in the intracellular environment that may affect anchoring and/or appropriate
local signalling. These may include changes in phosphorylation[45], protein stability or
other post-translational modifications[46] involving pathway components, or changes
affecting other signalling pathways that impact of cAMP signalling[47]. In support of the
view that disruption of compartmentalised cAMP signalling may lead to pathology, reduced
anchoring of PKA to AKAPs[48], disruption of 3-adrenergic receptor localisation[49e¢], and
reorganisation of multiple protein complexes involved in cAMP signalling[50¢] have been
shown in cardiac myocytes from failing hearts, suggesting that hampered
compartmentalisation may underpin the aberrant CAMP response typical of heart failure.

One particularly exciting aspect of cAMP/PKA compartmentalised signalling is that this
model allows us to think in terms ‘compartmentalised treatment’. Although GPCRs are a
favourite target for drug development, recent advances in receptor pharmacology have
revealed that the regulation of receptors and ligand-receptors interactions are more complex
than previously thought and that the specific nature of the signal transduced depends on the
nature of the ligand and on the dynamically changing intracellular environment[51], with
important implications for the development of specific drugs with minimal side effects. In
this context, targeting the signalling pathway distally from the receptor and closer to specific
intracellular effectors via selective modulation of cAMP signals at specific intracellular
locations may represent a valid alternative approach. Preliminary evidence suggests that
compartment-specific manipulation of cAMP signalling may be achievable.
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One example involves the enzyme PDE4DS5, one of over 20 distinct PDE4 isoforms that
interacts with a number of proteins and, as a consequence of being part of multiple
macromolecular complexes, regulates different cellular functions[52]. Drugs that inhibit
PDE4 enzymes cannot discriminate among the different PDE4 isoforms and for this reason
their therapeutic use is limited by serious side effects. However, the poor selectivity of
conventional inhibitors can be overcome by selective displacement of PDE4D5 from
individual macromolecular complexes using competing peptides. In one study, displacement
of PDE4D5 from a PDE4D5/RAK1/FAK complex using a peptide that selectively disrupts
the interaction of PDE4D5 with RAK1 was shown to result in a dramatic reduction of cell
polarisation and invasive phenotype in a cancer cell model, whereas selective displacement
of PDE4DS5 from a different complex, PDE4D5/B-arrestin, had no effect on this
phenotype[53e¢]. Interestingly, the functional consequence of displacing PDE4D5 from [3-
arrestin is different and results in increased PKA-dependent phosphorylation of the f2-
adrenegic receptor[54]. In another study, selective disruption of PDE4D5 interaction with
the small heat shock protein Hsp20 was shown to counteract the hypertrophic growth of
cardiac myocytes, an effect thought to be mediated by local increase of cAMP and PKA-
mediated phosphorylation of Hsp20[55¢]. Thus, selective displacement of PDE4D5 from
specific subcellular sites appears to result in local increase in cAMP levels and activation of
a unique downstream response.

Conclusions

Compartmentalisation is now largely accepted as the mechanism that allows individual
extracellular cues that signal via cAMP to mediate specific cellular events. However, most
of the particulars of how the cAMP/PKA signalling network components structure
themselves within the three-dimensional matrix of the cell remain to be elucidated. The
challenge ahead is to unravel the details and build a topographical map of cAMP signalling
where a link is established between individual GPCRs, the confined pools of CAMP that
result from their activation, the identity of the PDEs that regulate each cAMP pool and their
unique regulation, the effector(s) that each cCAMP pool activates and the downstream targets
that are affected by such activation. We can expect that different cell types will show a
unique topography of the network and that such topography will differ in normal and
pathological conditions. With this information at hand, it will then be possible to identify
domains where local manipulation of cAMP signals may affect accurately a specific
function and to investigate whether such local manipulation may be a valid therapeutic
approach.
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PKA-I

Fig 1. Compartmentalised cAMP signalling
The schematic shows two distinct cAMP pools (illustrated by a red shaded oval area)

generated by an AC anchored at the plasma membrane and activated by a GPCR exposed to
the extracellular environment and an AC associated to an internalised GPCR on the
cytoplasmic face of an endosome. PDEs, by degrading cAMP, limit its diffusion outside a
spatially confined microdomain and contribute to define the boundaries of the cAMP pools.
The two pools of cCAMP activate distinct subsets of PKA anchored to different AKAPs. It is
interesting to note that PKA-I and PKA-II have different sensitivity to CAMP activation,
thus providing a further opportunity for signal discrimination. Activation of an individual
subset of PKA results in the selective phosphorylation of the target that is coupled with the
specific microdomain. PKA subsets localised outside the cAMP pools do not sense an
increase in cCAMP concentration and therefore are not activated.

GPCR = G protein-coupled receptor

AC = Adenylyl cyclase

PKA-I, PKA-II = Isoforms | and Il of protein Kinase A

AKAP = A Kinase Anchoring Protein

PDE = Phosphodiesterase

P = phosphate group
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