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β-adrenergic receptors (β-ARs) play a major role in the physiological regulation of cardiac function through signaling

routes tightly controlled by G protein-coupled receptor kinases (GRKs). 
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1. Introduction

G-protein-coupled receptors (GPCR) represent one of the largest superfamilies of transmembrane receptors and are

involved in a wide variety of biological functions. Among the numerous GPCRs expressed in the cardiovascular system, β-

adrenergic receptors (β-ARs) represent the most powerful system that regulates cardiac function and acutely increases

the output of the heart . In the classical paradigm, acute stimulation of cardiac β-AR by catecholamines (adrenaline,

noradrenaline) induces the intracellular production of cyclic AMP (cAMP) and protein kinase A (PKA) activation, which

plays a key role in the regulation of the contraction and relaxation of cardiac myocytes . In addition to heterodimeric G

protein activation and their downstream effectors, GPCRs promote receptor phosphorylation by G protein-coupled

receptor kinases (GRKs) in an agonist dose-dependent fashion . This process induces receptor desensitization

through the binding of the scaffold protein β-arrestin (β-arr) to terminate receptor signaling.

Despite their capacity to confer sensitivity to acute adrenergic stimuli involved in physiological signaling, β-ARs also form

a crucial part of the stress response pathways linked to and involved in cardiovascular disease, including heart failure

(HF), a leading cause of death worldwide. Indeed, the excessive sympathetic nervous system activity observed in HF can

promote the continued stimulation of cardiac β-ARs, which triggers adverse effects including over proportional increases

in energy consumption, cell death, fibrosis, cardiomyocyte hypertrophy, and arrhythmia . β-AR blockers are a mainstay

in the therapy of HF, but the morbidity and mortality associated with HF still continue to rise. Therefore, it is important to

elucidate the molecular players that couple the β-AR signaling route to pathological cardiac remodeling leading to HF,

since novel findings might have therapeutic implications for novel treatment.

In addition to canonical receptor desensitization and downregulation, GRK2 and GRK5 are critical mediators of the

molecular alterations that contribute to HF. The exchange protein directly activated by cAMP 1 (Epac1) is coupled to β-

Ars, and various studies have revealed the involvement of this cAMP-binding protein in cardiac remodeling and HF 

.

2. Epac1 and GRK Molecular Complex Formation in Cardiac Remodeling

As previously mentioned, chronic β-adrenergic activation results in desensitization and internalization of β-AR, which is

accompanied by a decreased fight-or-flight response and detrimental changes, such as cardiomyocyte hypertrophy,

apoptosis, and inflammation. Both GRKs and PKA induce the phosphorylation of agonist-activated β-AR in order to

terminate signaling. This drives the recruitment of β-arr to the β-AR receptor, which sterically prevents further G-protein

coupling to the receptor while promoting β-AR internalization . Besides the desensitization and internalization of

activated receptors, β-arr also acts as a nodal point, and further initiates the activation of many intracellular signaling

routes independently of G protein activity through their function as scaffold proteins . In this regard, β-arr in the heart

may undergo GRK-arrestin signaling and play an important role in regulating normal and compromised cardiomyocyte

function. Here below, we will describe how macromolecular complexes composed of β-arr, Epac1 and other signaling

molecules regulate prohypertrophic signaling, and may be involved in the pathogenesis of HF.
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2.1. Epac1, CaMKII and β-Arrestin Complex

The formation of a β-arr–Epac1 complex was initially reported in the heart . Biochemical studies demonstrated that

Epac1 constitutively interacts through its RA domain with the scaffold protein β-arrestin2 (β-arr2) in the cytosol of

cardiomyocytes during basal conditions . Although both β1-AR and β2-AR activate Epac1, only β1-AR stimulation

allows the recruitment of Epac1-β-arr2 molecular complex to the plasma membrane, a process involving the activity of

microtubules . It is suggested that GRK-induced β1-AR phosphorylation resulting in β-arr recruitment might also

stabilize Epac1 at the plasma membrane . Consistent with studies showing that β-arr can facilitate binding to distinct

signaling partners , the interaction of β-arr with the C-terminal tail of the β1-AR but not β2-AR induces a

conformational change in β-arr that favors its interaction with Epac1 . In close proximity to the β1-AR complex, Epac1

promotes the activation of the Ca  sensitive protein CaMKII, which promotes the phosphorylation of the histone

deacetylase 4 (HDAC4). Phosphorylated HDAC4 is extruded out of the nucleus and relieves HDAC4 inhibition on the

hypertrophic transcription factor, myocyte enhancer factor 2 (MEF2) .

The involvement of PKA in CaMKII activation seems to depend on the length and intensity of the stimulus. Indeed, a

recent study using FRET-based biosensor showed that inhibition of PKA prevented acute stimulation of β1-AR-induced

CaMKII activation . However, CaMKII activity induced by prolonged activation of β-1AR was still maintained in the

presence of PKA inhibitors . Based on these observations, one could speculate that during chronic activation of cardiac

β1-AR, there is a switch of β1-AR signaling from physiological cAMP-PKA activity to Epac1-CaMKII activity that promotes

the development of cardiac remodeling and HF (Figure 1). Accordingly, expression and activity of CaMKII are increased

during cardiac hypertrophy and HF . In addition, chronic inhibition or gene deletion of CaMKII appears to have little

effect on basal cardiac function or on acute responses to β-adrenergic stimulation but confer protection against

pathological stresses known to be associated with chronic sympathetic activation .

Figure 1. Epac1 and GRK5 non-canonical hypertrophic signaling. Activation of the Gα  coupled receptor, α -adrenergic

receptor (α -AR), promotes the intracellular elevation of Ca  through the phospholipase C (PLC) and the subsequent

activation of calmodulin. GRK5 associates with Ca -calmodulin, leading to the translocation of GRK5 to the nucleus,

wherein it promotes HDAC5 phosphorylation and subsequent myocyte enhancer factor 2 (MEF2) activation. During the

chronic stimulation of β -adrenergic receptor (β1-AR), Epac1 interacts with GRK5 and the Epac1-GRK5 molecular

complex is exported to the nucleus of cardiomyocytes. There, GRK5 phosphorylates HDAC5, leading to its nuclear export,

and thereby derepressing MEF2 transcriptional activity. GRK5 also acts as a coactivator of the nuclear factor of activated

T cells (NFAT). MEF2 and NFAT are crucial transcription factors that promote cardiac hypertrophy.

Of particular importance, the interaction of Epac1 with β-arr2 is also regulated by the presence of the cAMP-specific

phosphodiesterase 4 (PDE4) variant, PDE4D5. Indeed, Epac1 and PDE4D5 compete by steric hindrance for binding to β-

arr2. Blocking the formation of the PDE4D5–β-arr molecular complex allows the translocation of the Epac1–β-arr complex

to the activated β2-AR. Consequently, the β2-AR signaling switches to a β1-AR-like pro-hypertrophic signaling, and

increases cardiomyocyte remodeling . These data indicate that the differential interaction of Epac1 with β-arr2

contributes to the specificity of β1-AR and β2-AR signaling, and Epac1 compartmentalization participates in the distinct

functions of the β-AR subtypes . Interestingly, the interaction of β-arr seems not to be limited to Epac1, since a more

recent study reported that the Epac2 isoform can directly interact with β-arr1 to regulate insulin secretion in pancreatic β

cells .
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As expected, Epac1 can undergo post-translational modifications, such as phosphorylation, that can regulate its activity.

In this line, it has been demonstrated that in dorsal root ganglion neurons GRK2 controls Epac1-to-Rap1 signaling by

phosphorylating Epac1 at Ser-108 in its DEP domain. This mechanism prevents the translocation of Epac1 to the plasma

membrane in response to cAMP elevation, and underlies the protective effect of GRK2 on chronic inflammatory pain .

Whether such a non-canonical effect of GRK2 on Epac1 activity occurs in the context of cardiac remodeling has yet to be

investigated.

2.2. Epac1 and GRK5

Since Epac1 and GRK5 are linked to hypertrophic signaling, recent studies have investigated their possible interaction in

the regulation of this process. Recently, Laudette and collaborators (2019) showed that cardiac remodeling induced by

chronic injection of the synthetic β-AR agonist, isoprenaline (ISO), increased GRK2 and GRK5 expression protein levels

in mouse hearts . Interestingly, the upregulation of GRK5, but not GRK2, was decreased in animals treated with AM-001,

a specific pharmacological inhibitor of Epac1, suggesting that Epac1 specifically targets GRK5 . At the molecular level,

ISO increased Epac1–GRK5 interaction and promoted GRK5 nuclear import, while Epac1 inhibition with AM-001

prevented GRK5 nuclear translocation, to induce the nuclear accumulation of HDAC5. GRK5 acted as a downstream

effector of Epac1 since the knock-down of GRK5 blocked the stimulating effect of Epac1 on prohypertrophic signaling.

Following β-AR stimulation, Epac1 activation induces GRK5 nuclear import and HDAC5 nuclear export to promote

prohypertrophic gene expression. Therefore, Epac1 seems to be required for non-canonical nuclear roles of GRK5 in

maladaptive cardiac remodeling (Figure 1). Interestingly, it has been reported that GRK4 promotes cardiomyocyte

apoptosis through the phosphorylation of HDAC4 during myocardial infarction . Whether Epac1 functions with GRK4 to

regulate cardiomyocyte death has yet to be investigated .

Adding complexity to the matter, a recent finding investigated the role of the synapse-associated protein 97 (SAP97) in β-

AR signaling . SAP97 is a multifunctional scaffold protein that binds to the C-terminal PDZ motif of β1-AR . Xu and

colleagues (2020) reported that the β1-AR-SAP97 molecular complex was reduced in HF. In addition, the authors

demonstrated that cardiac-specific deletion of SAP97 yielded to spontaneous development of cardiomyopathy and

exacerbated cardiac dysfunction induced by chronic β-AR stimulation and myocardial pressure overload in mice .

Mechanistic studies showed that loss of SAP97 as observed in HF promoted the recruitment of β-arr2 and CaMKII to β1-

AR and switched on the β1-AR signaling to Epac-dependent CaMKII activity . Yet, it was shown that GRK5 and not

GRK2 enhanced ISO-induced dissociation of SAP97 from β1-AR, thereby facilitating the activation of the Epac–CaMKII

axis and its detrimental functional and structural remodeling (Figure 2). At present, it is still unknown which Epac isoform

is involved in this process but given the ascertained role of Epac1 in cardiac hypertrophy, one could imagine that the

Epac1 isoform could be involved in this specific signaling.

Another direction worth pursuing would be to examine the precise molecular mechanisms by which Epac mediates the

activation of the Ca  sensitive protein, CaMKII, upon β1-AR stimulation. Does it depend on the activity of the downstream

effector of Epac, the small GTPase Rap? Interestingly, a few years after the discovery of Epac, a study performed in

HEK293 and neuroblastoma cells demonstrated that Epac activated the PLCε specifically through the Rap2 GTPase,

resulting in the generation of inositol-1,4,5-trisphosphate (IP3) and the subsequent release of Ca  from intracellular

stores . Further studies showed that the Epac1–Rap axis could activate PLC, causing a Ca  increase via the IP3

receptor (IP3-R), to promote the activation of the Ca -sensitive dependent transcription factors involved in cardiac

remodeling . Alternatively, other downstream effectors of Epac1, including Rit and c-Jun NH2-terminal kinase

(JNK), are activated by Rap1- and Rap2-independent mechanisms . Whether these effectors are involved in the

detrimental effect of Epac1 in cardiac remodeling has yet to be determined.

3. Conclusions

Evidence collected over the last decade indicates that GRK2, GRK5 and Epac1 contribute to the development and

progression of HF, as illustrated here by experimental studies on pathological cardiac remodeling. A significant component

of β-AR signaling is mediated through GRK and Epac1, and this pathway is particularly prominent under

pathophysiological conditions. These promising results in terms of therapeutic innovation have stimulated the search for

the identification of small molecules or peptides able to selectively inhibit the activity of a given GRK or Epac1 protein. In

this line, several strategies have provided a proof of concept of the beneficial effect of blocking GRK2, GRK5 or Epac1 in

animal models of HF. It is suggested that by normalizing β-AR signaling in human HF, GRK2-targeted therapeutic

inhibition would restore the myocardial adrenergic reserve and improve cardiac function. Blocking the non-canonical

action of GRK5 in the nucleus of cardiomyocytes prevents pathological hypertrophy. Finally, the pharmacological inhibition

of Epac1 also ameliorates cardiac contractility, and attenuates cardiac remodeling and arrhythmia episodes by
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normalizing Ca  cycling. Whether GRK2, GRK5 or Epac1 inhibition would have a synergic effect on cardiac remodeling

and HF has yet to be investigated. Therefore, further molecular studies are needed to characterize the GRK–Epac

interactome and signalosome in subcellular compartments, so as to better understand how these proteins cross-talk to

promote signaling alteration in HF.
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