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Cyclic AMP 

Cyclic adenosine monophosphate (cAMP) is a universal second messenger which is 
produced in response to a wide range of extracellular signals and regulates pivotal 
processes in distinct cell systems [1]. cAMP modulates a variety of cellular functions, 
including metabolism, gene expression, cell growth, apoptosis and secretion 
(reviewed in [1]) upon engagement of diverse intracellular signaling pathways. 
Formation of cAMP is initiated by the stimulation of Gs-protein-coupled receptors 
(GsPCR), such as β2-adrenergic and prostanoid receptors (Fig. 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Model of cAMP signaling in airway smooth muscle. Stimulation of Gs-coupled 
receptors for example by β2-agonists or prostaglandin E2, activates adenylyl cyclase (AC), 
which in turn produces cAMP from ATP. Intracellular cAMP levels are regulated by 
phosphodiesterase (PDE), which degrades cAMP in 5'-AMP. cAMP regulates cellular 
functions, including contraction, inflammation and cell proliferation, presumably via 
activation of protein kinase A (PKA) and exchange protein directly activated by cAMP 
(Epac). Membrane clustering of GsPCR, AC and PDE to caveolae seems to play a role in 
cAMP signaling regulation. cAMP signaling specificity is mediated by the formation of A-
kinase anchoring protein (AKAP)-dependent complexes, which bind Epac and PKA, and 
target them to specific cellular effectors. See text for further details. 
 
After receptor ligand binding, the α subunit of the Gs-protein activates adenylyl 
cyclases (ACs) which results in the generation of cAMP from adenosine 
triphosphate (ATP) (Fig. 1) [2]. Cellular levels of cAMP are tightly controlled by the 
action of phosphodiesterases (PDEs), which degrade cAMP to 5'-AMP (Fig. 1) and 
thereby terminate signaling by cAMP [3]. Membrane clustering of ACs and PDEs to 
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lipid rafts and caveolae (Fig. 1) [4, 5] and (co)localization of distinct cAMP effectors 
to specific cellular compartments [6] causes a dynamic regulation of cAMP 
signaling [7]. Indeed, spatiotemporal organization of cAMP signals in the heart has 
provided new insights for the development of specific therapeutic strategies [8]. 
Until recently, most cAMP effects have been attributed to the activation of protein 
kinase A (PKA) [9]. However, several cAMP-mediated cellular events appeared to 
be insensitive to PKA inhibition, and have prompted investigators to look for novel 
cAMP targets [10, 11].  
In 1998, exchange protein activated by cAMP (Epac) was identified upon a database 
search aimed to unravel cAMP-dependent, but PKA-independent activation of the 
small GTPase Rap1 [12]. Epac is a cAMP-regulated guanine nucleotide exchange 
factor (GEF) that favors GDP/GTP exchange on small Ras-like GTPases, thereby 
inducing their activation [12]. Although our knowledge of Epac signaling properties 
has substantially increased over the last decade, studies on the functional role of 
Epac in organ systems such as the respiratory system are lacking and require further 
investigation. 
 
cAMP effectors: Epac and PKA 

PKA 

PKA is composed of two catalytic (C) and two regulatory (R) subunits, the latter 
known to sequester the C subunits in an inactive heterotetrameric holoenzyme [13]. 
Based on their regulatory subunits (RI and RII), PKA is subdivided into two classes: 
type I and type II [14]. The R subunits bear two cAMP-binding domains (CBDs): A 
and B [15]. Upon cAMP binding to the B site, an intramolecular steric change 
allows the domain A to interact with cAMP, causing the dissociation of the enzyme 
into an R subunit dimer and two C subunit monomers [16]. Once released, the C 
subunit is fully active and affects a wide range of cellular processes upon 
phosphorylation of cytoplasmatic and nuclear enzymes and transcription factors, on 
serine and/or threonine residues [17]. Distinct genes encode for three catalytic 
subunits (α, β and γ) and four regulatory subunits (RIα, RIβ, RIIα, and RIIβ) which 
are differentially expressed in tissues and exhibit distinct subcellular localization [18, 
19]. Whereas RIα and RIIα subunits are ubiquitously expressed , RIIβ is primarily 
expressed in endocrine tissues, brain, fat and reproductive tissues, and RIβ is mainly 
found in the brain (Reviewed in [20]). 

 
Epac 

Two isoforms of Epac (Epac1 and Epac2) encoded by two distinct genes have been 
identified. Moreover, Epac2 exists in two splice variants, Epac2A and Epac2B [21]. 
Epac is a multi-domain protein consisting of an N-terminal regulatory region and a 
C-terminal catalytic region. The N-terminal region contains a Dishevelled - Egl-10 - 
Pleckstrin (DEP) domain responsible for membrane association, and a CBD site 
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homologous to the B domain of PKA, which is required for Epac activation by 
cAMP. Only Epac2A contains an additional low-affinity CBD site, which confers 
plasma membrane localization and has been associated with Epac2A-mediated 
hormone secretion [21]. A Ras-exchange motif domain localizes between the 
regulatory and the catalytic region and may confer stability to the CDC25 homology 
catalytic domain, which in turn promotes the GDP/GTP exchange on GTPases. A 
Ras association domain allows specifically Epac2 to directly interact with Ras [22]. 
Cristallographic studies showed that the CBD domains exert auto-inhibitory effects 
by maintaining the protein in a closed structure, thereby hindering GTPases-binding 
to the catalytic site [23, 24]. Binding of cAMP relieves the catalytic domain from the 
inhibitory constraints, allowing GTPases interaction and activation [23, 24].  
Epac1 and Epac2 exhibit distinct tissue and cellular expression patterns. Epac1 is 
ubiquitously expressed in all human tissues as well as pheripheral blood cells 
(reviewed in [25]); Epac2A is mainly – but not exclusively - expressed in pancreatic 
islets and the cerebral cortex, whereas Epac2B is restricted to adrenal glands [21]. 
Alterations of Epac1 and Epac2 expression in the heart, brain, kidneys and lungs of 
mice at different stages of development [26], suggest that Epac proteins 
differentially contribute to fetal and adult organ function. Distinct subcellular pools 
of Epac1 are present at the plasma membrane, the nucleus and nuclear membrane, 
the microtubule cytoskeleton, the mitochondria and the cytoplasm (reviewed in [25]). 
Epac2A is mainly localized at the plasma membrane, the cytosol, the Golgi 
apparatus and the actin cytoskeleton [25], whereas Epac2B is predominantly 
cytosolic [21]. In particular, studies in HEK293 and COS1 cells demonstrated that 
subcellular distribution of Epac1 is subject to cell-cycle and cytoskeleton-dependent 
dynamics [27]. Recently, Epac-based fluorescence resonance energy transfer cAMP 
sensors visualized the dynamic nature of cAMP elevations and Epac activation [28, 
29]. In addition, redistribution of Epac1 to specific cellular compartments upon 
cAMP-binding seems necessary for its activation and the maintenance of its specific 
functions [30].  
Although Epac and PKA can act independently [31, 32], most cAMP-dependent 
processes driven by Epac are also modulated via PKA, suggesting interconnectivity 
between these two effectors. Indeed, Epac and PKA have been shown to antagonize 
[33] as well as synergize with each other [34, 35]. As Epac and PKA exhibit similar 
affinities for cAMP (Kd~2.9 µM) [36], cellular compartmentalization of cAMP 
formation and relative abundance, distribution and localization of its effector 
proteins may contribute to Epac and/or PKA activation in response to moderate 
cellular cAMP increases. In this regard, A-kinase anchoring proteins (AKAPs) have 
been identified as cAMP-responsive multiprotein complexes, able to locate cAMP 
signaling to specific cellular microdomains by binding distinct enzymes such as ACs 
and PDEs as well as cAMP effector proteins, including Epac and PKA (Fig. 1) [20, 
37-40]. Such tightly controlled spatio-temporal regulation of cAMP formation 
allows cAMP to integrate specific signals into unique cellular responses. 
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Tools to study Epac and PKA signaling 

Cell-permeable cAMP analogs, such as 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP, 
are generally accepted as specific pharmacological tools to study Epac- and PKA-
driven biological effects. Thus, N6-derivatives of cAMP, such as the 6-Bnz-cAMP, 
have been shown to selectively activate PKA (Table 1) [41]. On the other hand, 
structural studies showed that substitution of the oxidrilic group in the 2' position of 
the cAMP ribose structure with a methoxy group increases nucleotide selectivity 
towards Epac. Introduction of a phenylthio group to the 8’ position of the purine ring 
further increases the affinity for Epac and also renders these cAMP derivatives more 
membrane permeable (Table 1) [42]. These considerations resulted in the 
development of 8-pCPT-2’-O-Me-cAMP, nowadays the most widely used Epac 
activator [23, 43]. As a negative control for 8-pCPT-2’-O-Me-cAMP, a cGMP 
analog with identical substitutions, namely 8-pCPT-2’-O-Me-cGMP, has been 
developed (Table 1), which neither activates PKG, PKA nor Epac [31]. To further 
increase membrane permeability, an acetoxymethyl (AM)-esther was introduced, 
generating 8-pCPT-2’-O-Me-cAMP-AM (Table 1) [44]. As recent studies indicated 
that 8-pCPT-2’-O-Me-cAMP may act via its metabolic products generated by PDE 
hydrolysis [45], the PDE-resistant and cell permeable Epac activator Sp-8-pCPT-2’-
O-Me-cAMP has been developed (Table 1) [41, 45].  
Studies on Epac-driven signaling suffer from evident limitations as the currently 
available Epac activators do not differentiate between Epac1 and Epac2. In addition, 
the read-outs for Epac activation measuring GTP-loading of Ras-like GTPases using 
pull-down techniques are still characterized by technical limitations when studying 
primary cell cultures and whole organ systems. Moreover, a recent publication 
showed that various cyclic nucleotides, including 6-Bnz-cAMP and 8-pCPT-2’-O-
Me-cAMP, might cause secondarily elevations of cAMP or cGMP upon inhibition 
of PDEs [41]. Hence, caution should be taken into consideration in the interpretation 
of dissected Epac- and PKA-driven signaling by solely using cyclic nucleotides and 
such strategy should be accompanied by additional specific approaches to selectively 
inhibit the two cAMP-routes. Indeed, PKA inhibitors such as Rp-8-CPT-cAMPS, 
Rp-cAMPS and Rp-8-Br-cAMPS allowed to demonstrate that Epac analogs act 
independently of PKA (Table 2) [41, 46, 47].  



Chapter 1 
 

 12 

Table 1. Cyclic nucleotides used to study Epac- and PKA-driven signaling 

Compound Characteristics References 
 

N6-benzyladenosine-3',5'-cyclic 
monophosphate (6-Bnz-cAMP), 
selective and membrane-
permeable PKA activator 

[41, 42, 51, 186] 

 
8-(4-chlorophenylthio)-2'-O-
methyl-cAMP (8-pCPT-2'-O-
Me-cAMP), selective and 
membrane-permeable Epac 
activator 

[41, 51, 69, 186] 

 

Acetoxymethyl 8-pCPT-2'-O-
Me-cAMP (8-pCPT-2’-O-Me-
cAMP-AM), see above 

[44] 

 
8-(4-chlorophenylthio)-2'-O-
methyladenosine-3',5'-cyclic 
monophosphorothioate, Sp-
isomer (Sp-8-pCPT-2'-O-Me-
cAMPS), selective and 
membrane-permeable Epac 
activator, insensitive to PDEs 

[41, 45] 

 

8-(4-chlorophenylthio)-2'-O-
methyl-cGMP (8-pCPT-2'-O-
Me-cGMP), negative control for 
8-pCPT-2'-O-Me-cAMP 

[31] 
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Table 2. Cyclic nucleotides used to antagonize PKA-driven signaling 

Compound Characteristics References 
 

8-(4-chlorophenylthio)-
adenosine-3',5'-cyclic 
monophosphorothioate, Rp-
isomer (Rp-8-CPT-cAMPS), 
site selective inhibitor* of PKA 
type I and type II 

[41, 42, 47] 

 
 
 

Adenosine-3’,5’-cyclic 
monosphopshorothiorate, Rp 
isomer (Rp-cAMPS),  
competitive inhibitor of PKA 
type I and type II 

[46] 

 

 
 
 

8-Bromoadenosine-3’, 5’-
cyclic monophosphorothiorate,  
Rp-isomer (Rp-8-Br-cAMPS), 
site selective inhibitor* of PKA 
type I, 2 times more liphophilic 
compared to Rp-cAMPS 

[47] 

 

*Site-selective inhibitors occupy cAMP binding sites on PKA regulatory subunits and 
prevent the kinase holoenzyme from dissociation and thus from activation. 
 
Unfortunately, pharmacological inhibitors of (individual) Epac isoforms are not 
available. In vitro, suppression of Epac protein expression using silencing RNA has 
been successfully utilized to elucidate several Epac-related functions [31, 32]. In 
addition, Epac1 and Epac2 knock-out mice have recently been developed and 
revealed a novel crucial role for Epac2 in the regulation of insulin release and the 
development of pancreatic β-cells [48]. Future investigations in this direction would 
definitely help to elucidate Epac-specific functions in vivo and to address the 
contribution of Epac in organ development, physiology and pathophysiology. 
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Biological functions of Epac and PKA 

Since its discovery in 1998, numerous Epac-mediated pathways and targets have 
been identified and Epac has been associated with several PKA-dependent and -
independent functions induced by cAMP [25, 43, 49-52]. In particular, novel Epac-
driven signals are described to mediate the cAMP-induced regulation of 
inflammation, contractility, cell proliferation and differentiation in several cell types. 
 
Inflammation 

cAMP modulates several steps of the inflammatory process, including vascular 
permeability, immune-cell adhesion, inflammatory mediator release and immune 
defence-cell phagocytosis [25, 52]. Vascular permeability depends on the formation 
of cell-cell junctions and on the contractile force generated by the actin cytoskeleton, 
and is essential in the regulation of extravasation of leukocytes during inflammation 
[53]. cAMP strenghtens the endothelial barrier by activating PKA, which inhibits 
actin-myosin contractility by inhibiting Rho [54]. Recent evidence suggest that Epac 
signaling may also regulate endothelium integrity upon recruitment of junctional 
protein to sites of cell-cell contacts and suppression of vascular cadherins-mediated 
adhesion and redistribution in response to inflammatory stimuli [55-57]. Moreover, 
in the presence of permeability-increasing agents, Epac reduces endothelial 
permeability upon activation of the small GTPase Rac and inhibition of Rho [58]. As 
the actin cytoskeleton functionally interacts with the microtubule network, the 
described interplay between Epac and microtubules may also account for its effects 
on endothelial permeability [59].  
Besides regulating the vascular permeability, cAMP also modulated the release of 
inflammatory cytokines, a response being previously solely assigned to PKA [60, 
61]. This response appear cell-type and stimulus-dependent and similar actions have 
been reported for Epac. In fact, in vascular endothelial cells, Epac1-Rap1 inhibited 
activation of the interleukin-6 (IL-6) receptor trans-signaling complex [62]. 
Moreover, Epac seems to trigger the prostaglandin E2 (PGE2)-mediated inhibition of 
lipopolisaccaride (LPS)-induced interferon-β (IFN-β) expression from macrophages 
and the PGE2-mediated inhibition of cytokine expression and production from 
activated dendritic cells [63, 64]. On the other hand, activation of Epac resulted in 
the up-regulation of interleukin 1-β (IL-1β) and IL-6 transcripts in a murine 
macrophage cell line [65]. 
Epac1 and Rap1 are also involved in the recruitment and migration of leukocytes 
and in their adhesion to the endothelium and subsequent transmigration towards the 
site of inflammation [66, 67]. Leukocyte transmigration relies on the stimulation of 
integrin-mediated cell-adhesion, which in turn occurs through increased affinity and 
avidity of integrins [68]. Recent studies reported that activation of Epac enhances 
integrin-mediated monocyte adhesion to the extracellular matrix components (ECM) 
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laminin [69] and fibronectin [66], and promotes chemotaxis in a human 
promonocytic cell line and primary monocytes [66].  
Finally, elevation of cAMP inhibits the activation and phagocytic activity of distinct 
leukocytes, a process which requires cell-type specific activation of Epac and/or 
PKA [60, 70]. In human monocytes, PKA inhibits Fc receptor-mediated 
phagocytosis and subsequent respiratory burst activity [70]. Differentiation into 
macrophages, however, was paralleled by increased Epac expression and suggest a 
contribution of Epac in macrophage responses [70].  
 
Contractility 

Elevations in cAMP dramatically alter contractile responses of cardiomyocytes and 
smooth muscle (ASM) cells. Until recently, cAMP-dependent positive 
ionotropic/chronotropic effects in the heart and relaxant effects in the airways have 
been assigned to activation of PKA. In the heart, cAMP effects are driven by PKA-
dependent increase in intracellular Ca2+ upon phosphorylation of L-type Ca2+ 
channels, the type II ryanodine receptor, myofilament proteins and phospholamban, 
an inhibitor of Ca2+ reuptake in the sarcoplasmatic reticulum (reviewed in [71]). 
Recent findings in cardiomyocytes revealed that Epac may affect excitation-
contraction coupling via direct interaction with the type II ryanodine receptors and 
the Ca2+-ATPases on the sarcoplasmatic reticulum [72, 73]. Epac-driven 
phospholipase C-ε (PLCε) activation and subsequent increase in intracellular Ca2+ 
have also been reported in cardiomyocytes [72, 74, 75]. Furthermore, Epac may 
trigger accumulation of connexin 43, a process known to be required for gap 
junction formation, proper ion transfer and for the generation of contractile force 
[76].  
Contraction of the ASM depends on Ca2+, which activates myosin light chain (MLC) 
kinase. [77]. MLC kinase-dependent phosphorylation of the 20 kDa regulatory MLC 
is crucial for smooth muscle contraction, and this process is counterbalanced by 
MLC phophatase (MLCP) [78]. Inhibition of MLCP by the small GTPase Rho and 
subsequent MLC phosphorylation promotes ASM contraction [79]. cAMP-relaxant 
properties have been attributed to PKA-dependent effects on K+ channels, Na+/K+ 
ATPases, Ca2+ sequestration, sensitivity of myosin and IP3 formation (reviewed in 
[80]). However, a study in intact guinea pig ASM reported on cAMP relaxant 
properties independent of PKA [11]. Given these obervations, Epac might represent 
a novel cAMP relaxant factor in the airways.   
 
Cell proliferation  

cAMP plays an important role in cell proliferation. Several studies demonstrated the 
ability of cAMP to stimulate as well as inhibit cell division, depending on the 
cellular context [81]. Cell proliferation is triggered by Ras-mediated activation of 
mitogen activated protein kinase (MAPK) family members, such as extracellular 
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signal regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs) and 
phosphoinositide-3-kinase (PI3K) effectors protein kinase B (PKB)/Akt and p70S6 
kinase (p70S6K) [82]. The anti-proliferative role of PKA is underpinned by inhibition 
of the Ras/Raf1/ERK1/2 pathway, a process being both dependent and independent 
of Rap1 [83, 84]. In addition, PKA inhibits mitogen-induced JNK and p70S6K 
phosphorylation [85, 86]. Furthermore, cAMP and PKA interfere with more distal 
signaling targets, such as cell-cycle regulators. Thus, PKA inhibits cyclin D1 
expression by acting on its promoter region and by enhancing its proteosomal 
degradation [87, 88] and in Jurkat-T cells, PKA increases expression of the cell-
cycle inhibitor p27Kip1 and favors cell-cycle arrest in the G1 phase [89]. Recent 
evidence suggests that at least some of the cAMP-mediated effects also involve 
activation of Epac. Rap1 appears to be the key effector of Epac in these responses, 
due to its ability to modulate ERK activity [84]. Rap1 can inhibit and activate 
ERK1/2 via Raf-1 and B-raf, respectively [84]. Epac modulates ERK1/2 
phosphorylation and cell proliferation in a cell-type specific manner, probably due to 
the availability of distinct effectors and the targeting to distinct cellular 
compartments. In particular, Epac drives pro-proliferative processes in thyroid cells, 
macrophages, endothelial cells and osteoblasts (reviewed in [25]), whereas it inhibits 
proliferation of ASM cells and lung fibroblasts [31, 32, 90]. Activation of pro-
mitogenic signals including Ras and ERK1/2 by Epac has also been associated with 
Rap2-dependent activation of PLCε in HEK293T and N1E-115 neuroblastoma cells 
[91]. In addition, Epac has been associated with the microtubule network in 
interphase and mitotic cells, suggesting a role for Epac in microtubule-dependent 
cell division [27]. 
 
Cell differentiation and phenotypic regulation 

Cell differentiation plays an important role in development, but also contributes to 
pathogenic alterations of cells and such processes are often accompanied by 
characteristic cellular phenotypical and functional changes. cAMP is required for 
normal development and differentiation of the Drosophila eye disc, ovary and 
embryo in vivo and this process seems to involve Epac and Rap1 [92, 93]. In 
addition, activation of PLCε mediated by the Epac effector Rap2 participates in 
Wnt-β-catenin signaling pathway in the early development of Xenopus [94]. 
Importantly, Rap1 is able to reverse morphology and hyperproliferative phenotype 
of a Ras-tranformed subline of NIH/3T3 cells [95] and cAMP/Epac/Rap1 activation 
seems to drive similar actions in pancreatic cancer cells [96]. cAMP stimulates 
specialized functions in thyroid cells, melanocytes, neuronal cells and adipocyte 
(reviewed in [49]). Recent work on the adipose conversion of a pre-adypocitic cell 
line has demonstrated a role for Epac in this process [35]. In neuronal PC12 cells, 
Epac converts the cAMP effect from proliferation to differentiation, resulting in 
neurite outgrowth [97]. Furthermore, the novel Epac effector Rit regulates neurite 
outgrowth and terminal differentiation in pheochromocytoma PC6 cells [98]. 
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Given the substantial contribution of Epac to pivotal cAMP-dependent processes, it 
is not a surprise that attention has been focused on Epac as a potential effector in 
lung physiology and as a possible future therapeutical target of intervention in 
airway diseases.   
 
Asthma and COPD 

Asthma and chronic obstructive pulmonary disease (COPD) are among the leading 
causes of morbidity and mortality worldwide and their prevalence is expected to 
increase due to lifestyle factors and occupational or environmental exposure to 
various pollutants [99, 100]. Both diseases are chronic inflammatory disorders. 
Although distinctive patterns of inflammation are associated with the two diseases, 
the degree of inflammation correlates with decline in lung function and disease 
severity in both asthma [101] and COPD [102, 103]. Asthma is further characterized 
by variable and reversible airway obstruction, whereas in COPD airway obstruction 
is only partially reversible and lung function progressively declines. Both diseases 
are associated with increased responsiveness of the airways to environmental stimuli 
(airway hyperresponsiveness) as well as structural changes in the airways (airway 
remodeling) [103, 104].  
Chronic inflammation in asthma and COPD is the result of massive infiltration of the 
airways and/or peripheral lung tissue by distinct activated inflammatory cells, which 
in turn amplify inflammation by releasing inflammatory mediators such as cytokines 
and growth factors [105]. Beside inflammation, cytokines and growth factors affect 
other cellular functions, such as contraction and proliferation of structural cells, and 
contribute to airway remodeling [106]. Airway remodeling encompasses epithelial 
changes, goblet cell and submucosal gland hyperplasia and increased airway smooth 
muscle mass [103]. Although the nature and the anatomic site of the alterations 
differ between asthma and COPD, remodeling in both diseases eventually impairs 
lung function and sensitizes the system to react to external insults [107, 108]. Indeed, 
structural alterations - such as increased ASM mass - play an important role in the 
severity of the disease and in the development of airway hyperresponsiveness (AHR) 
[109]. Although with distinct mechanisms and expression, AHR is present in both 
asthmatics and COPD patients, defined as exaggerated responsiveness of the airways 
to non specific stimuli, resulting in airway obstruction [110]. AHR has been 
associated with the development of respiratory symptoms and is considered an 
important risk factor in subjects with established asthma and COPD [110, 111]. 
Severe AHR is associated with a more rapid decline in lung function in asthma [112, 
113] and in both asthma and COPD a relationship exists between the degree of 
airway inflammation and the severity of AHR [110, 114].  
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Pathogenic features of asthma 

Asthma symptoms encompass wheezing, cough, chest tightness and dyspnea, which 
are intermittent and variable and caused by exposure to environmental allergens, 
cold or exercise. Indeed, IgE-mediated response to common allergens represent the 
most widespread form of asthma [115]. Asthma is characterized by an early onset 
(often in childhood) and shows potential inheritance patterns [116, 117]. 
 
Inflammation 

Allergen-induced athma attacks are underpinned by an acute inflammatory response 
which encompasses an early-phase and a late-phase reaction. The early stage is 
initiated by activation of mast cells, bearing allergen-specific IgE and by the release 
of pro-inflammatory mediators, which cause ASM contraction, mucus production 
and vascular leakage with exudation of plasma in the airways [118], thereby 
contributing to airway obstruction. The late phase involves the recruitment and 
activation of eosinophils from the peripheral blood [119]. Eosinophils amplify 
inflammation, and together with other inflammatory and structural cells, contribute 
to airway obstruction and airway remodeling by releasing cytokines and growth 
factors [107, 120, 121]. In addition, CD4+ T lymphocytes are believed to play a 
pivotal pathogenic role in asthma. They elicit a Th2-driven inflammatory response 
with up-regulation of cytokines such as IL-4, IL-5, IL-13, eotaxin and monocyte 
chemoattractant protein 1, which collectively result in allergic sensitization and 
inflammatory cell recruitment [122]. 
 
Airway obstruction 

In asthma, airway narrowing is due to the exagerated contraction of the muscle, and 
is mostly associated with eosinophilic airway inflammation [105]. In fact, the 
presence of enhanced eosiniphilic inflammation in the asthmatic airways correlates 
with the increased  airway resistance and increased airway responsiveness [123]. 
Moreover, the walls of the conducting airways in asthma are significantly thicker 
compared to normal and this contributes to the airflow limitation, further 
compromised by excessive mucus admixed with inflammatory exudates [103]. 
Increased ASM mass is believed to be the most important abnormality responsible 
for the increased airflow resistance observed in response to bronchoconstricting 
stimuli [109] and correlates with the severity of AHR [124] and the need of therapy 
[125]. 
 
Airway remodeling 

In asthma, airway remodeling may start early in the childhood [103, 126] and 
involves both large and small airways. Remodeling encompasses mucus cell 
hyperplasia, deposition of ECM underneath the airway epithelium (subepithelial 
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fibrosis) and within the smooth muscle layer, increased ASM mass, and 
angiogenesis [103, 127]. The increased ASM mass is caused by both hypertrophy 
and hyperplasia [128]. The main consequence of remodeling are airway wall 
thickening, mucus hypersecretion and airway smooth muscle hypercontractility, 
which profoundly affects airway function [129].  
 
Pathogenic features of COPD 

In COPD, respiratory symptoms such as wheezing, cough, chest tightness and 
dyspnea are slowly progressive and partially reversible, not necessarily associated 
with inhalation of noxious particles [130]. COPD has a very slow progressive onset, 
and afflicts middle-aged and elderly people [131], who usually bear a history of 
heavy smoking [132, 133]. Indeed, long-term exposure to smoke (especially 
cigarette smoke) represents the main risk factor in the development of COPD 
although less than 25% of smokers develops COPD and at least 15% of COPD-
related mortality occurs in never-smokers, suggesting that other factors may be 
important as well [132-134]. 
 
Inflammation 

The pathogenesis of COPD is related to a chronic abnormal inflammatory response 
to inhaled toxic particles and gases [102]. Inflammation in COPD patients 
predominantly affects small airways and lung parenchyma [105]. The main 
inflammatory cells in COPD are neutrophils, macrophages, natural killer cells, 
dendritic cells as wells as CD4/CD8 T cells [102], which promote release of an 
impressive array of pro-inflammatory cytokines, including IL-8, IL-1, tumor 
necrosis factor-α (TNF-α), leukotriene B4 and interferon γ (IFN γ). Thus, 
inflammation leads to vascular leakage, mucus hypersecretion, ASM contraction, 
epithelial damage, AHR and airway structural alterations [105, 120].  
 
Airway obstruction 

In COPD, airway obstruction is mostly driven by the ongoing structural changes in 
the small airways and disruption of the alveolar attachments (emphysema), which 
result in increased airway resistance and air trapping [135]. Moreover, the reduced 
expiratory flow that defines COPD [114], results from reduction of the lumen by 
peribronchiolar fibrosis, thickening of the small-airway walls and occlusion of the 
lumen of the small conducting airways by exudates containing mucus [102]. 
Although the occurrance of AHR in COPD is debated, a considerable amount of 
COPD patients have been shown to exhibit higher responsiveness to contractile 
stimuli and the severity of AHR appears to be a good predictor of the rapid decline 
in lung function in patients with COPD [110, 136, 137]. ASM mass increases 
significantly in the small airways in COPD [138-141] and this increase is believed to 
be a main contributor to AHR [109]. Data from animal models and humans also 
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support the hypothesis that in COPD, changes at the level of cholinergic 
parasympathetic control of the smooth muscle result in increased 
bronchoconstriction in response to vagal stimulation, leading to AHR [142]. 
 
Airway remodeling 

In COPD, airway remodeling appears later in adult life [103, 126] and 
predominantly affects small airways and lung parenchima [103, 126]. Airway 
remodeling in COPD is inextricably linked to the inflammatory cell infiltration into 
lung tissue and encompasses emphysema, enlargement of the bronchial mucus 
glands, increased mucus content in the airway lumen, fibrosis, increased epithelial 
cell proliferation, increased mucous, squamous cell metaplasia and increased ASM 
mass [102]. In COPD, there is excessive activity of proteases and an imbalance 
between proteases and endogenous antiproteases [143]. Several proteases, including 
matrix metalloproteinases (MMPs) are likely to be involved in the development of 
emphysema [144, 145], which seriously contributes to the airflow limitations by 
decreasing the elastic recoil pressure available to drive air out of the lung during 
forced expiration. This tissue destruction begins in the respiratory bronchioles in 
very close proximity to the small conducting airways that indeed become the major 
site of obstruction in COPD [102]. Fibrosis around the small airways is also believed 
to play a major role in the irreversible airway narrowing in COPD [146]. Moreover, 
in surgically resected lung tissues, increased accumulation of inflammatory exudates 
with mucus in the small airways was noted to correlate with the severity of disease 
[147]. In COPD, ASM mass increases only in the small airways [103, 127] but may 
represent an important determinant of disease severity [109]. Vascular remodeling 
due to inflammatory infiltration of the vessels, is also a characteristic feature of 
COPD and may generate pulmonary hypertension [148]. 
 
Airway smooth muscle phenotype and function  

Due to their intrinsic contractile capability, ASM cells regulate the airway luminal 
diameter and respiratory function and represent the main players of AHR in asthma 
and COPD (Fig. 2) [149]. New evidence suggests that next to contraction, ASM 
cells may also exert synthetic and proliferative functions, thereby participating in 
inflammation and development of airway remodeling in airways diseases (Fig. 2) 
[150, 151]. Regulation of ASM functions is provided by cytokines and growth 
factors secreted from inflammatory cells. Alternatively, cellular and structural 
components of the airway wall, including the airway epithelium, the airway nerves 
and the ECM, interact with the ASM bundle and control its functions under 
inflammatory conditions (Reviewed in 152). ASM cells are multifunctional cells 
capable of expressing dynamic phenotypic plasticity. This term refers to the 
(co)existence of distinct phenotypic states characterized by specific cellular 
functions, such as contraction, proliferation and synthesis of pro-inflammatory 
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molecules (Fig. 2) [153]. The effect of contractile agonists, inflammatory mediators, 
growth factors and ECM components on ASM phenotype has been extensively 
studied in vitro and ex-vivo.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Airway smooth muscle phenotype plasticity. In a healthy state, airway smooth 
muscle cells have a contractile phenotype, which is involved in the regulation of airway tone. 
Chronic stimulation by inflammatory mediators and growth factors in airway diseases may 
reversibly shift airway smooth muscle cell phenotype to a more proliferative and synthetic 
phenotype, causing increased airway smooth muscle mass, inflammation and fibrosis. Hence, 
such phenotypic plasticity may underpin the role of airway smooth muscle cells in the 
development of airway hyperresponsiveness, airway remodeling and inflammation. See text 
for further details. 
 
Thus, mitogenic stimuli shift the ASM contractile phenotype to a 
proliferative/synthetic phenotype, characterized by high proliferative rates and low 
contractile abilities, accompanied with low contractile marker and caveolae 
expression [154]. In agreement with the reversibility of such processes, removal of 
growth factors results in the formation of a contractile phenotype of ASM cells with 
elongated morphology, higher shortening capability and increased expression of 
contractile markers and caveolae [155]. Moreover, ASM cells can even be pushed 
towards a hypercontractile phenotype upon prolonged serum deprivation or in the 
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presence of insulin or laminin-2 [155-157]. Although phenotypic plasticity has not 
yet been demonstrated in vivo, it is likely to play an important role in physiological 
processes, such as development, tissue repair and inflammation, as well as in the 
pathogenesis of asthma and COPD [158]. These phenotypic states (contractile, 
synthetic and proliferative) may coexist in vivo and such heterogeneity of ASM cells 
might contribute to the altered airway responsiveness and inflammation (Fig. 2) 
[159]. In fact, several studies have indicated that differences in contractile and 
proliferative responses exist between ASM cells from asthmatic compared to healthy 
subjects. Thus, asthmatic ASM cells contract with greater velocity and maximum 
shortening capacity compared with healthy ASM [160], probably due to the higher 
expression of contractile markers, which also correlates with methacholine 
responsiveness in subjects with asthma [161]. Asthmatic ASM cells also proliferate 
faster compared with healthy control cells [162], but the exaxt mechanisms which 
regulate these responses are still not completely defined. 
Obviously, ASM cells importantly participate in the development of asthma and 
COPD and therefore represent a key therapeutic target for both diseases. 
 
cAMP-elevating agents in the treatment of airway diseases 

Given the ability of cAMP to regulate crucial cellular functions (Fig. 1), is not a 
surprise that pharmacological manipulation of cAMP levels has been therapeutically 
exploited in a wide range of diseases. Based on their ability to induce ASM 
relaxation, β2-agonists represent central medications in the management of asthma 
and COPD [114]. However, responses to β2-agonists vary among patients and this is 
partially associated with the severity of the disease [163]. Multiple mechanisms may 
modulate clinical responses to β2-agonists. In general, asthmatic airways have a 
reduced capacity to dilate following administration of β2-agonists both in vitro and 
vivo [164]. Decreased responsiveness of the β2-adrenergic receptor (β2-AR) – known 
as receptor desensitization - is mediated by phosphorylation of the receptor with 
subsequent uncoupling from signal transduction, internalization of cell-surface 
receptor and down-regulation of the production of new receptor (reviewed in [165]). 
These mechanisms have been shown to occur in human ASM and are initiated by 
agonist-binding to the β2-AR (homologous desensitization) as well as by substances 
which (in)directly enhance cAMP intracellular levels, such as inflammatory 
cytokines, contractile agonists and prostanoids (heterologous desensitization) 
(reviewed in [165]). Mechanistic studies have shown that β2-AR desensitization in 
ASM is mediated by PKA- and/or G-protein coupled receptor-kinases (GRKs)-
dependent phosphorylation on serine/threonine residues on the receptor [166, 167]. 
In addition, a variety of inflammatory and contractile agonists counteract β2-AR 
response by activating the inhibitory G-protein subunit Giα, which inhibits adenylyl 
cyclase and impairs cAMP formation and signaling [168]. Furthermore, genetic 
and/or epigenetic factors that affect the β2-agonist receptor function and/or its 
downstream signaling may account for altered responsiveness. Single nucleotide 
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polimorphisms (SNPs) in the coding region of the β2-AR may impact asthma 
severity and response to therapy and influence receptor desensitization [165, 169, 
170]. Genetic alterations of cAMP signaling regulatory molecules such as PDEs, 
may also contribute to altered β2-agonists responsiveness [170]. The downstream 
molecular mechanisms by which β2-agonists elicit their effects are still not 
completely defined and recent studies in vitro indicate that activated β2-AR might 
couple to Gi-proteins, resulting in inhibition of ACs and subseqent cAMP production 
and stimulation of the MAPK pathway [171].  
Next to their bronchodilatory properties, β2-agonists have been reported to have anti-
proliferative and anti-inflammatory effects in vitro, mainly associated with PKA-
dependent phosphorylation of cAMP responsive element binding protein (CREB) 
and subsequent regulation of gene transcription [165]. However, only minimal 
effects of β2-agonists on airway remodeling and inflammation in vivo have been 
reported so far [172, 173], probably due to the cytokine-dependent desensitization of 
the β2-AR. β2-agonists may also cause pharmacologically predictable side effects 
including mild tachycardia, rhythm disturbancies, tremor and metabolic effects 
mainly observed with prolonged high-level dosing and due to activation of 
secondary targets (reviewed in [174]). Moreover, several studies have confirmed that 
chronic use of β2-agonists can result in increased AHR [174-176] and frequency of 
exacerbations, which are related to the epidemics of morbidity and mortality 
associated with β2-agonists therapy [177]. Treatment with β2-agonists for 7 days has 
also been shown to have adverse effect on the late asthmatic response to allergen, 
with increased sputum eosiniphilic content [178, 179], suggesting that β2-agonists 
may potentiate allergic inflammation in the airways. Hence, alternatives have been 
considered for the therapeutic treatment of airway diseases. Some of the beneficial 
effects of β2-agonists are mimicked by other cAMP-elevating agents, such as PDE 
inhibitors and prostaglandin E2 (PGE2) [180, 181]. However, PGE2 has been shown 
to cause ASM contraction at low dose and to enhance release of some inflammatory 
cytokines [182, 183]. On the other hand, selective PDE inhibitors have entered 
clinical trials to determine their efficacy/usefulness in the treatment of asthma and 
COPD although their usage is limited by their systemic side effects [184, 185]. 
Hence, given the importance of cAMP signaling in the (patho)physiology and 
treatment of airway diseases, investigations into its mechanisms of action is of 
scientific and clinical relevance. 
 
Epac in the lung 

As a newly discovered effector in the cAMP signaling cascade able to modulate 
universal pivotal processes [186], researchers have started to speculate on the 
importance of Epac in lung physiology and its contribution to disease development. 
In the last years, expression of Epac1 and Epac2 in several lung cell types has been 
successfully evaluated. Epac1 and Epac2 mRNA expression was found in lung 
mesenchyme and airway epithelium of mouse embryos at different developmental 
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stages [25]. In human pulmonary fibroblasts, mRNA and protein expression for 
Epac1, but not Epac2, was detected [31, 32]. Epac1 is also expressed in human and 
rat alveolar macrophages and mice dendritic cells [187]. Studies of Epac expression 
under pathophysiological conditions are limited although the COPD-associated 
fibrogenic factor transforming growth factor-β (TGF-β) was shown to down-regulate 
Epac1 expression in human lung fibroblast, which leads to the induction of fibrosis 
[188]. Importantly, recent studies have shown an anti-proliferative effect of Epac in 
both ASM cells and pulmonary fibroblasts, via yet unknown mechanisms [31, 32, 
90].  
Furthermore, Epac positively regulates endothelial barrier function in pulmonary 
artery endothelial cells via Rap-induced activation of Rac and inhibition of Rho [58]. 
Epac/Rap also regulates cell adhesion to the ECM protein laminin-5 [69], which acts 
as an adaptor for growth factor-induced invasive growth in lung cancer [189]. In 
models of inflammation, Epac was shown to mediate the anti-inflammatory effects 
of the Gs-coupled A2a adenosine receptor [190]. This response involved Epac-
dependent inhibition of nuclear factor-κB and modulation of gene expression upon 
activation of the ECM protein hyaluronan [190]. Finally, activation of Epac 
suppressed phagocytosis in alveolar macrophages and inhibited the release of 
inflammatory chemokines by lipopolisaccaride upon activation of PKB/Akt and 
subsequent inhibition of glycogen synthase kinase-3 (GSK3) [60, 63, 64]. 
Importantly, activation of Epac in a mouse macrophage cell line increased the 
production of pro-inflammatory mediators [65], indicating that effects of Epac might 
be cell type-dependent.  
Despite the growing body of data on Epac signaling in the lung, only few reports 
have addressed the role of Epac in β2-agonists/cAMP mediated responses such as 
regulation of inflammation and cell proliferation. Moreover, no studies have 
unraveled the potential role of Epac in ASM contraction. In fact, although Spicuzza 
et al. described the relaxant effect of the β2-agonist isoproterenol in intact guinea pig 
ASM as PKA-independent, the authors did not address the contribution of Epac in 
this effect [11]. Compartmentalization and/or clustering of Epac to cAMP-signaling 
complexes in the airways has not been studied yet and the role of Epac in ASM 
phenotype and function remains mostly unexplored. Hence, such studies are 
warranted to identify novel pathways of cAMP signaling which may mediate β2-
agonists effects in the lung, and might eventually help to obtain a safer and more 
targeted intervention in airway diseases. 
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Scope of the thesis 

Based on the above-mentioned observations, we started to characterize Epac 
signaling in ASM, its role in ASM phenotype and function and its interconnectivity 
with PKA. To this aim, we used a combination of in vitro and ex-vivo settings. 
Cellular and tissue effects of Epac and PKA in ASM contractile, proliferative and 
secretory functions and phenotypic regulation in different species including human 
were compared to the effects of intracellular or extracellular cAMP-elevating agents. 
Dissection of Epac and PKA-driven signaling was achieved upon specific 
activation/inhibition of the two effectors, by using various pharmacological and 
molecular tools. The distinct roles of Epac and PKA in the regulation of ASM 
responses were embedded into physiological and pathophysiological settings using 
human primary ASM cells and tissues and airway samples from COPD patients. 
 
Chapter 2 highlights the multi-faceted effectors and diverse biological functions 
driven by Epac proteins that might explain certain controversial signaling properties 
of cAMP in inflammation and cell proliferation. 

Chapter 3 provides the characterization of Epac expression and signaling properties 
in human ASM and bronchial epithelial cells. Activation of Rap GTPases and other 
downstream effectors, such as ERK1/2, JNK, and MMP-9, by Epac was also 
evaluated in both cell types, and phoshorylation of PKB/Akt and GSK-3 was 
analyzed in ASM cells. Moreover, the capability of Epac to signal to regulators of 
inflammatory, proliferative and contractile responses was evaluated by kinome 
peptide microarray analysis. These findings delineate the potential contribution of 
Epac to lung physiology and pathophysiology. 

Potential contributions of Epac and PKA to airway inflammation in asthma and 
COPD are described in chapters 4 and 5, respectively. To this aim, human ASM 
cells were stimulated with the asthma-associated inflammatory mediator bradykinin 
or with with the COPD-associated pathogenic factor cigarette smoke, both known to 
induce IL-8 from ASM cells [191, 192]. The role of the two cAMP effectors was 
investigated by pharmacological inhibition (PKA) and by silencing RNA (Epac), and 
the effects of Epac and PKA were assessed by using selective activators. Moreover, 
the potential signaling mechanisms involved were investigated as well as the 
interconnectivity between the two cAMP effectors. The effect of cigerette smoke on 
mRNA and protein expression of Epac and PKA in immortalized and primary 
human ASM cells was also assessed (chapter 5). Importantly, these latter findings 
were translated into a pathophysiological context, by using lung samples derived 
from COPD patients and asymptomatic smokers. 

In chapter 6, the issue of cAMP-signal compartmentalization in human ASM cells 
was addressed. Subcellular localization and (re)distribution of Epac was 
characterized in resting and stimulated ASM cells. The involvement of AKAPs and 
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caveolae in cAMP compartmentalization and potential functional consequences on 
IL-8 release from ASM cells were investigated. 

Chapter 7 describes the anti-spasmogenic role of Epac in pre-contracted guinea pig 
tracheal preparations. Molecular mechanisms of this effect were investigated by 
studying the activation of Rac1 and RhoA and the phosphorylation of MLC upon 
methacholine treatment in the absence or presence of the Epac activator 8-pCPT-2′-
O-Me-cAMP. Importantly, the functional role of Epac in regulating ASM tone and 
the molecular mechanisms involved were also studied using human ASM strip 
preparations and cultured immortalized and primary human ASM cells. 

Chapters 8 and 9 address the roles of Epac and PKA in regulating PDGF-induced 
modulation of ASM phenotype and function, characterized by reduced contractility 
and contractile protein expression and increased cell proliferation [154]. In chapter 
8, the effects of Epac and PKA on PDGF-induced phenotypic modulation of bovine 
tracheal smooth muscle (BTSM) were evaluated. To this aim, BTSM strips were 
cultured for 4 days with or without  PDGF in the presence of selective Epac and 
PKA activators, and contractility and contractile protein expression were determined. 
In addition, cultured BTSM cells were treated under similar conditions, to study the 
impact of Epac and PKA on mitogen-induced cell proliferation. Moreover, potential 
signaling mechanisms involved (ERK1/2 and p70S6K) in the phenotypic changes 
were investigated. In chapter 9, some of the findings observed in bovine 
preparations were translated into human preparations. Thus, the effect of prolonged 
treatment of isolated human tracheal smooth muscle preparations with the selective 
Epac and PKA activators in the presence of PDGF was evaluated, and contractile 
and proliferative functions were assessed.  
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Abstract 

Epac1 (also known as cAMP-GEF-I) and Epac2 (also known as cAMP-GEF-II) are 
cyclic AMP-activated guanine nucleotide exchange factors for Ras-like GTPases. 
Since their discovery about ten years ago, it is now accepted that Epac proteins are 
novel cAMP sensors that regulate several pivotal cellular processes, including 
calcium handling, cell proliferation, cell survival, cell differentiation, cell 
polarization, cell-cell adhesion events, gene transcription, secretion, ion transport, 
and neuronal signaling. Recent studies even indicated that Epac proteins might play 
a role in the regulation of inflammation and the development of cardiac hypertrophy. 
Meanwhile, a plethora of diverse effectors of Epac proteins have been assigned, such 
as Ras and Rho GTPases, phospholiase C-ε, phospholipase D, mitogen-activated 
protein kinases, protein kinase B/Akt, ion channels, secretory-granule associated 
proteins and regulators of the actin-microtubule network, the latter probably 
involved in the spatiotemporal dynamics of Epac-related signaling. This review 
highlights multi-faceted effectors and diverse biological functions driven by Epac 
proteins that might explain certain controversial signaling properties of cAMP.  
 
Introduction 

Members of the Ras superfamily of small GTPases are now considered to be pivotal 
regulators of fundamental cellular processes, such as cell proliferation, cell 
differentiation, cell maturation, cell migration, apoptosis, cytoskeletal 
rearrangements and contraction [1-3]. Based on sequence homology the Ras 
superfamily is divided now into five different branches, namely Ras (including Rap1 
and Rap2), Rho, Rab, Ran and Arf, and each branch is characterized by distinct 
signaling properties [1-3]. Small GTPases are activated upon stimulation of 
signaling pathways by extracellular stimuli and function as molecular switches, 
cycling between an inactive GDP-bound state and an active GTP-bound state. 
Guanine nucleotide exchange factors (GEFs) stimulate the GDP/GTP exchange 
activity of Ras-like GTPases and activate the switch, whereas GTPase-activating 
proteins (GAPs) accelerate the slow intrinsic GTPase activity of Ras-like GTPases 
and inactivate the switch [4-7]. Spatiotemporal dynamics of small GTPases, GEFs 
and GAPs likely provide a mechanism for the generation of distinct biological net 
outcomes of Ras signaling [8-10]. Several members of the GEF family sense the 
universal second messengers calcium and cyclic AMP (cAMP) [7, 11-15]. Since 
their discovery about ten years ago, much attention has been focused on Epac 
(exchange protein directly activated by cAMP) proteins, GEFs specific for Ras-like 
GTPases directly activated by cAMP [13, 14, 16]. Epac proteins seem to control 
several effector proteins and to regulate pivotal processes, including calcium 
handling, cell proliferation, cell survival, gene transcription, vesicle trafficking, 
secretion, exocytosis, ion transport, and neuronal signaling. Recent studies indicate 
that Epac proteins might play a role in inflammation and in the development of 
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cardiac hypertrophy [17-20]. Epac proteins seem to exert their biological function 
either alone and/or in concert with the major cAMP regulated effector protein kinase 
A (PKA), and A-kinase anchoring proteins (AKAPs), known to interact with PKA 
and cAMP phosphodiesterases (PDEs), seem to coordinate Epac-driven signaling 
[14, 21] (Fig. 1). It has been reported that Epac1 interacts with PDE4D3 within a 
cAMP-responsive multiprotein complex, which contains mAKAP, PKA, PDE4D3 
and Epac1 [22, 23]. In this review, we will discuss our current knowledge regarding 
effectors and biological functions of Epac proteins. The reader is also referred to 
several recent excellent reviews on this topic [13, 14, 16, 24, 25].  
 
Epac proteins 

Two isoforms of Epac, namely Epac1 (also known as cAMP-GEF-1) and Epac2 
(also known as cAMP-GEF-II), have been identified so far. Epac1 and Epac2 exhibit 
a distinct expression pattern in mature and developing tissues. In particular, Epac1 
mRNA is expressed ubiquitously, whereas Epac2 mRNA is predominantly 
expressed in the brain and endocrine tissues [26]. Epac2 is currently undetectable in 
all hematopoietic cell types [27], while Epac1 has been found to be expressed in 
human monocytes and macrophages [28], B and T cells [27], eosinophils, 
neutrophils, platelets and CD34-positive hematopoietic cells [17]. Epac proteins are 
localized to the plasma membrane, perinuclear regions, the nuclear membrane and 
mitochondria, and subcellular redistribution of Epac proteins appears to be tightly 
regulated during the cell cycle [29]. These findings indicate that cellular 
compartmentalization might play a prominent role to exert the diverse signaling 
properties of Epac proteins. Epac1 and Epac2 are multi-domain proteins consisting 
of an N-terminal regulatory region and a C-terminal catalytic region (Fig. 1). The N-
terminal regulatory domain bears a Dishevelled, Egl-10, Pleckstrin (DEP) domain 
implicated in membrane association and a high-affinity cAMP-binding domain 
(cAMP-B). Recently the cAMP-B domain of Epac1 has been found to interact with 
microtubules [30], while the entire N-terminal region might serve to direct Epac to 
mitochondria [29]. Epac2 additionally contains a second low-affinity cAMP-A 
domain of uncertain biological function. A Ras-exchange motif (REM) domain acts 
as an intramolecular bridge between the regulatory and the catalytic regions to 
stabilize the GEF domain. Epac proteins also bear a Ras-associating (RA) domain 
which is present in several Ras-interacting proteins. Until now, however, only Epac2 
has been shown to interact with GTP-bound Ras [31], while no interaction partners 
for the RA domain of Epac1 have been found yet. A CDC25 homology domain 
(CDC25HD) in the C-terminal catalytic domain exhibits GEF activity for Ras-like 
GTPases. X-ray crystallography studies of full-length Epac2, solved in the absence 
of cAMP, indicated the presense of autoinhibitory properties in the C-terminal 
region being relieved upon binding of cAMP [32]. Thus, cAMP binding to Epac 
might induce conformational changes releasing Epac proteins from their inhibitory 
intramolecular constraint to enable interaction with their effectors [14, 32].  
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Fig. 1. Epac: A novel cAMP sensor. A, The generation of the second messenger molecule 
cAMP upon stimulation of Gs-coupled and cAMP-elevating receptors is well established. It 
has generally been assumed that cAMP acts via protein kinase A (PKA) or cyclic nucleotide 
gated ion channels to elicit its cellular effects. The identification of the Epac proteins (also 
known as cAMP-GEFs) has profoundly changed this PKA/cAMP dogma. Recent studies 
indicate that such diverse signaling properties are coordinated by members of the A-kinase 
anchoring family. GPCRs, G protein-coupled receptors; AKAP, A-kinase anchoring protein; 
GEFs, guanine nucleotide exchange factors. B, Schematic representation of the domain 
organization of Epac proteins; DEP, Dishevelled, Egl-10, Pleckstrin domain; REM, Ras-
exchanger motif; RA, Ras-associating domain. C, Activation of Epac by the membrane 
permeable and Epac-specific cAMP analog 8-pCPT-2’-O-Me-cAMP leads to activation of 
effectors.  
 
Initial studies claimed that a higher concentration of cAMP is required to activate 
Epac rather than PKA. Recently, however, it has been reported that the binding 
affinity of cAMP for PKA and Epac is very similar (kd ~2,9 µM) [33]. Cellular 
compartmentalization of cAMP formation and effector protein availability may 
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decide whether Epac and/or PKA are activated in response to moderate cellular 
cAMP increases [33]. Indeed, using Epac-based fluorescence resonance energy 
transfer cAMP sensors, spatiotemporal dynamics of Epac signaling have been 
identified at the plasma membrane, cytoplasm, mitochondria and the nucleus in cell 
models, indicating that cellular cAMP concentrations rise to a level sufficient to 
activate Epac proteins [34-36]. Furthermore, spatiotemporal cAMP signaling has 
been reported to involve members of the AKAP family [21], and indeed a cAMP-
responsive multiprotein complex, including mAKAP-PKA-PDE43-Epac1 has been 
identified to be important for cAMP signaling in the heart [22, 23]. Meanwhile, 
membrane-permeable cAMP analogs have been characterized, such as 8-(4-
chlorophenylthio)-2’-O-methyl-cAMP (8-pCPT-2’-O-Me-cAMP) (Fig. 1), and these 
analogs are used as pharmacological tools to study cAMP effects driven by Epac 
independent of PKA [24, 37, 38]. To further validate Epac-dependent cAMP 
signaling, PKA inhibitors might be used, as Epac proteins are insensitive to PKA 
inhibitors [24]. Inhibition of Epac activation by the cAMP analog Rp-cAMPS has 
been reported in vitro, but this compound failed to inhibit Epac signaling in cell 
models (reviewed in [24]). Thus, specific pharmacological antagonists of Epac 
proteins are currently not available.  
 
Epac effectors and cellular functions 

Epac proteins were initially characterized as cAMP-activated GEFs for Rap1 and 
Rap2 [26, 39]. However, Epac proteins seem also to represent a molecular link 
between different members of the Ras superfamily [18, 31, 40, 41]. In addition, 
direct binding to and activation of R-Ras by Epac1 has been reported [42]. Epac 
proteins not only bind to Ras-like GTPases, but also interact with regulators of 
calcium-induced exocytosis and with the microtubule cytoskeleton network [43-45]. 
So far, Epac proteins are implicated in several diverse cellular responses, including 
secretion [41, 46], integrin-mediated cell adhesion [43, 47], formation of cell-cell 
junctions [48-51], cellular calcium handling [52-57], apoptosis [58], cardiac 
hypertrophy [18, 20], cell proliferation [59, 60], cell differentiation [28, 61] and gene 
expression [19, 20, 62]. In particular, Epac2 is implicated in calcium-induced insulin 
secretion from pancreatic β-cells [63, 64]. Together these findings confirm the 
importance of Epac proteins for cellular functioning. Epac proteins probably exert 
such distinct signaling properties upon signaling to a plethora of effector proteins 
(Fig. 2).  
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Fig.2. Epac: effectors and biological functions. (a) Schematic representation of the Epac 
signaling pathway. Second messenger-generating receptors involved in activation of Epac are 
indicated; small GTPases are shown in orange, other effectors are shown in blue, and distinct 
cellular responses are indicated in salmon. AC, adenylyl cyclase; PLD, phospholipase D; 
PLC, phospholipase C; mTOR, mammalian target of rapamycin; PKB, protein kinase B. 
Whereas Epac2 is recruited by activated H-Ras to the plasma membrane, the GEF activity of 
Epac1 is regulated by LC2 MAP1A, a microtubule-associated protein. Signaling of various 
GPCRs, receptor tyrosine kinases and integrin receptors may converge on the level of the 
diverse effectors of Epac proteins (not shown). 
 
Rap1 

Initially Rap1 has been reported to antagonize Ras signaling, but Rap1 is now 
implicated in the regulation of integrin-mediated cell adhesion and cadherin-
mediated formation of cell junctions [13, 65-68]. Rap1 is activated by different 
members of the GEF family including Epac1 and Epac2 [7, 26, 39, 69]. As reported 
for Epac proteins, Rap1 is localized to the plasma membrane and intracellular 
compartments, including the Golgi, lysosomes, endosomes and perinuclear regions 
[65, 70-72]. Initial studies in ovarian carcinoma OVCAR-3 cells indicated that 
Epac1-Rap1 signaling modulates integrin-mediated cell adhesion, as activation of 
Epac by 8-pCPT-2’-O-Me-cAMP enhanced cell adhesion to fibronectin [47]. 
Meanwhile, it has been shown that Epac-Rap signaling controls integrin-mediated 
cell adhesion in several cell types, including monocytic U937 cells and freshly 
isolated human monocytes [17]. Rap1 might regulate integrin-mediated cell 
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adhesion via cellular redistribution of integrins and/or via conformational alterations 
of integrins, but the exact molecular mechanisms are currently still under 
investigation. Epac1-Rap1 signaling has also been implicated in the regulation of 
cell-cell adhesion and endothelial barrier functioning, cellular processes known to 
involve members of the cadherin family [73]. In Madin-Darby canine kidney cells, 
Epac1-Rap1 signaling has been reported to regulate E-cadherin-mediated cell-cell 
adhesion [74]. Recent studies in endothelial cells indicated that Epac1-Rap1 
signaling enhanced endothelial barrier functioning, a process probably involving 
redistribution of E-cadherin and recruitment of other cell junction molecules to cell-
cell contacts [49, 50]. Of interest, it has been shown that the level of Epac1 increased 
3-fold during differentiation of monocytes into mature macrophages and that the 
Epac1-Rap1 pathway was operational in mature macrophages, but not in monocytes 
[28]. Recently, it has been reported that Gs-coupled and cAMP-elevating receptors 
regulate inflammation through activation of Epac1-Rap1 signaling in monocytes 
[17]. In addition, Epac-Rap1 has been reported to modulate inflammatory processes 
in vascular endothelial cells upon induction of the “suppressor of cytokine signalling 
3” [19]. Thus, evidence has been provided that Epac1-Rap1 signaling might not only 
control cell-cell contact events, but also cell differentiation and inflammatory 
processes. 
 
Rap2 

Activation of Rap2 by Epac1 and Epac2 has been reported. In addition, it has been 
shown that Rap2 is localized to the plasma membrane and intracellular 
compartments [7, 26, 39, 69]. Until now, however, our current knowledge about 
Rap2 effectors and Rap2-driven cellular responses is rather limited. Importantly, we 
reported that Gs-coupled and cAMP-elevating receptors stimulate a novel member of 
the phosphatidylinositol 4,5-bisphosphate (PIP2)-specific phospholipase C family, 
namely PLC-ε, through activation of Rap2 via Epac. Activation of PLC-ε by Epac 
and Rap2 then results in the generation of inositol-1,4,5-trisphosphate, leading to 
increases in cellular calcium [52, 55]. Based on these findings we have shown that 
Epac-Rap2-PLC-ε- induced activation of H-Ras and extracellular signal-regulated 
kinases 1 and 2 (ERK1/2) by a calcium-regulated Ras-GEF [75]. Gi-coupled and 
cAMP-reducing receptors inhibited the Epac-Rap2-PLC-ε- driven cellular responses 
[76]. Interestingly, PLC-ε seems to represent a molecular link between the universal 
second messengers calcium and cAMP and members of the Ras superfamily of small 
GTPases, including Ras, Rap and Rho (reviewed in [77]) (Fig. 3). The novel PLC 
family member PLC-ε is characterized by the presence of a N-terminal CDC25 
domain possessing GEF activity for some Ras-like GTPases and two C-terminal RA 
domains, providing upstream and downstream interactions and potential feedback 
mechanisms with Ras-like GTPases [78-80]. PLC-ε is abundantly expressed in 
different tissues, including the heart [78, 79, 81], and as reported for Epac proteins, 
PLC-ε exhibits a perinuclear localization in cardiac myocytes [18, 22, 81]. 
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Intriguingly, recent studies in mice deficient for the Epac effector PLC-ε indicated 
that stimulation of calcium-induced calcium release by the typical Gs-coupled β-
adrenoceptor required Epac-Rap-PLC-ε in cardiac myocytes [53, 56]. These findings 
are the first indication that Epac driven PLC-ε might be important for cardiac 
functioning, but the physiological impact of Epac-driven calcium dynamics in the 
heart still requires further investigation. Whether Epac1 and Epac2 induce the 
cAMP-dependent PLC-ε stimulation not only upon activation of Rap2, but rather 
also upon activation of Epac-regulated Rap1 and R-Ras remains to be studied. 
Beside PLC-ε, Rap2 might activate the c-Jun N-terminal kinase (JNK) via mitogen-
activated protein kinase kinase kinase kinase 4, and might regulate the actin 
cytoskeleton via Traf2- and Nck-interacting kinase [82, 83]. In addition, it has been 
shown that Rap2 is required for Wnt/β-catenin signalling pathway in Xenopus early 
development [84]. As developmental changes of Epac expression has been reported 
as well [20], these findings might indicate that Epac-Rap2 signaling modulate 
cellular growth via diverse effector proteins. 
 
R-Ras 

As member of the Ras superfamily of small GTPases, R-Ras interacts with several 
different GEFs and GAPs [7, 15]. Importantly, we have shown recently that Epac1 
directly binds to and activate R-Ras [42]. R-Ras has been reported to play a role in 
the regulation of various aspects of integrin-mediated cell adhesion, and thus R-Ras 
might modulate integrin signaling in concert with Rap1 [66, 85, 86]. Recently, R-
Ras has been implicated in the regulation of cellular calcium handling as well. It has 
been reported that R-Ras triggers alterations in cellular calcium handling probably 
upon decreasing the calcium content of the endoplasmatic reticulum [87]. In addition, 
it has been shown that activation of PLC-ε by R-Ras altered the cellular calcium 
content [88]. As Epac is capable to both activate R-Ras and PLC-ε, such Epac-
driven signaling properties might converge on the level of PLC-ε to modulate 
cellular calcium handling (Fig. 3). We reported recently that activation of R-Ras by 
Epac induces stimulation of phospholipase D (PLD) [42]. PLD enzymes hydrolyze 
phosphatidylcholine of cell membranes to phosphatidic acid (PA) in response to 
stimuli, and are considered to be involved in a large variety of early and late cellular 
responses, including calcium mobilization, secretion, exocytosis, cytoskeleton 
rearrangement, cell proliferation and apoptosis [89]. Importantly, PLD-generated PA 
is implicated in the regulation of  the mammalian target of rapamycin (mTOR) [90], 
a phosphatidylinositol 3-kinase (PI 3-kinase)-regulated effector protein known to be 
involved in the regulation of gene transcription and cell-cycle progression [91-93] 
(Fig. 2). Epac has been reported to induce R-Ras-dependent PLD stimulation [42], 
and it has been shown that Epac modulates cellular PI 3-kinase responses [60, 94]. 
These findings suggest that Epac signaling might control gene expression and cell 
proliferation through activation of PLD, a process probably involving R-Ras and PI 
3-kinase. 
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Fig.3. Regulation of the Epac effector PLC-ε by second messengers and members of the 
Ras superfamily. Activation of Epac proteins upon stimulation of Gs-coupled and cAMP-
elevating receptors (e.g. β2-adrenergic receptors, E1 prostanoid receptor and M3 muscarinic 
receptors) induce PLC-ε-dependent elevations in cellular calcium upon GTP-loading of the 
Ras-like GTPase Rap2B. As Epac 1 directly binds to and activate R-Ras, Rap2B might act in 
concert with R-Ras to modulate PLC-ε signaling. Activation of PLC-ε by receptor tyrosine 
kinase (RTKs) (e.g. platelet-derived growth factor receptor and epidermal-derived growth 
factor (EGF) receptor) has been shown to involve Rap (Rap1 and Rap2B) and Ras. In 
particular, activation of Rap2 by EGF seems to involve a calcium-regulated GEF. Activation 
of PLC-ε upon stimulation of G12/13-coupled receptors (e.g. receptor for lysophosphatidic 
acid) or the surface protein CD44 has been shown to involve Rho, the latter being activated 
by p115 Rho-GEF or LARG, respectively. Wherase activation of PLC-ε by Rho seems to 
involve a unique Y insert in the cataytic core, activation of PLC-ε by Rap and Ras seems to 
involve the two C-terminal RA domains. In addition, PLC-ε bears a N-terminal CDC25 
domain thereby exhibiting GEF activity to Rap1 and Ras. These mechanisms probably 
provide upstream and downstream interactions with small GTPases. PLC-ε-driven calcium 
elevations might contribute to the activation of calcium-regulated GEFs. However, the 
impact of such diverse feed-forward and/or feed-back regulatory mechanisms between PLC-ε 
and members of the Ras superfamily and second messengers remains to be studied. PH, 
pleckstrin homology; EF, EF-hands; X and Y, catalytic core; C2, C2 domain; RA, Ras-
associating domain. 
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Mitogen-activated protein kinases 

Several studies indicate that Rap1 modulates mitogen-activated protein kinase 
(MAPK) responses, in particular of ERK1/2 [95]. Rap1 induces ERK1/2 stimulation 
or inhibition depending on specific cell types, and cellular compartmentalization 
might define signaling specificity. Meanwhile, Epac-Rap signaling triggered upon 
stimulation of various receptors has been reported to activate ERK1/2 in several cell 
types, including FRTL5 cells [96], native rat kidney cells [97], cultured rat 
hippocampal neurons and PC12 cells [98], HEK-293 cells and N1E-115 
neuroblastoma cells [75], osteoblast [96, 99], and human umbilical vein endothelial 
cells [100]. In addition, it has been reported that even productive coupling between 
Epac-Rap did not result in activation of ERK1/2 [38, 101]. It has been proposed that 
Epac-triggered activation of ERK1/2 by Rap1 is dependent on the mode of Rap 
activation, i.e. a plasma membrane pool of Rap1 colocalized with Epac must be 
activated in order to trigger ERK1/2 responses [101]. In addition, it has been shown 
that Epac activates JNK, a member of the MAPK family [102, 103]. Strikingly, 
activation of JNK by Epac was independent of its GEF activity [102]. Activation of 
MAPKs by Epac has not only been implicated in the regulation of cell proliferation 
and cell-cycle regulation, but rather also in the modulation of ion channels [97] and 
regulation of gene expression [62]. 
 
Rho GTPases 

Activation of Rho GTPases in response to diverse extracellular stimuli is known to 
play a pivotal role in the regulation of actin dynamic-dependent processes, including 
cell polarization, cell migration and contractility [104, 105]. Interaction of Epac 
proteins with the microtubule cytoskeleton network has been described to control 
their GEF activity [43], indicating that actin dynamics might play a central role in 
the regulation of Epac signaling properties. Regulation of the Epac effector PLC-ε 
by members of the Ras superfamily, namely R-Ras and most importantly Rho 
GTPases, has been shown to modulate actin-driven processes such as the formation 
of membrane protrusions [88] and cell migration [106]. The Epac effector Rap1 has 
been reported to increase the GAP activity of ARAP3 towards RhoA and to inhibit 
RhoA-dependent formation of membrane protrusions [40]. Such process may present 
a molecular link between Rap1 and RhoA. Recently, it has been shown that Epac-
Rap1 enhances endothelial barrier functioning in human pulmonary artery 
endothelial cells, a process requiring activation of Rac by a Tiam1/Vav2-dependent 
pathway [48]. Recruitment of Rac via Tiam1/Vav2 signaling to defined membrane 
areas at the cell periphery seems to trigger endothelial barrier functioning by Epac-
Rap1. Rac might be also important for the regulation of integrin-mediated cell-cell 
adhesion events by Epac-Rap1, as Rac recruitment to the plasma membrane is under 
control of integrins [107, 108]. Strikingly, evidence has been provided that secretion 
of the amyloid precursor protein by Epac-Rap1 requires Rac in various cell types, 
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including primary cultures of mouse cortical neurons [41]. Meanwhile, it has been 
reported that the α-secretase-induced cleavage or “shedding” of the amyloid 
precursor protein ectodomain by members of the matrix metalloproteinase family, 
namely ADAMs (a disintegrin and metalloproteases), involves Epac proteins [46]. 
Matrix metalloproteinases are now considered to be pivotal regulators of actin-
driven processes, including cell proliferation and cell migration [109, 110]. As Epac 
driven signaling to Ras and Rho GTPases seems to modulate actin dynamics,  it is 
reasonable to assume that regulation of matrix metalloproteinases by Epac proteins 
might contribute to such cellular events. 
 
Ion channels, ion transporters and Ca2+ signaling 

It is generally accepted that cAMP profoundly modulates ion channel functioning 
[11]. Several recent studies point to a major role of Epac proteins in the cAMP-
dependent regulation of ion channels [63]. It has been reported that Epac2 inhibits 
the ATP-sensitive potassium channel (KATP-channel) in human pancreatic β-cells 
[111]. Such process involved direct interaction of Epac2 with the sulphonylurea 
receptor-1 (SUR-1) subunit of the KATP channel and has been now implicated in the 
regulation of insulin release from pancreatic β-cells [45, 63, 64, 111]. Of interest, it 
has been shown recently that the PLC-substrate PIP2 stimulates the activity of KATP-
channels upon reducing their sensitivity to ATP [112]. Strikingly, PLC-ε has been 
reported to cleave PIP2 upon stimulation through cAMP-dependent Epac proteins 
[52, 53, 55, 56, 76]. Thus, Epac-driven PLC-ε responses might contribute to the 
inhibitory effects of cAMP on KATP channel activity. Activation of Ca2+ and Cl- 
channels by glucagon in rat hepatocytes seems also to involve Epac proteins, 
probably Epac2 known to be expressed in these cells [113]. Whether Epac-
dependent regulation of Ca2+ and Cl- channels is mediated by PLC signals remains to 
be determined. As reported for the ATP-dependent H+-K+ transporter in rat kidney 
cortical collecting duct cells [97], and for the Na+-H+ exchanger isoform 3 in kidney 
cells [114], Epac proteins regulate the activity of ion transporters, but the underlying 
molecular mechanisms are unknown yet. Recent findings indicate that cAMP-
regulated Epac proteins positively regulate cellular calcium increases. Stimulation of 
calcium-induced calcium release (CICR) by the Epac activator 8-pCPT-2’-O-Me-
cAMP induced insulin secretion from human pancreatic β-cells and insulin-secreting 
cell lines, a process being sensitive to dominant negative Epac2 [64]. Epac proteins 
might regulate CICR through KATP channels, ryanodine receptors and Rap1-sensitive 
sarco-endoplasmic reticulum Ca2+-ATPases [63, 64, 115]. A recent report indicates 
that Epac-Rap1 activates p38 MAPK in cerebellar neurons, a process enhancing 
cellular calcium through modulation of calcium-dependent K+ channels [116]. Such 
mechanism might indicate a role for Epac proteins in the regulation of neuronal 
excitability. Finally, it is now accepted that the novel Epac-Rap-PLC-ε pathway 
regulates cellular calcium handling [52, 53, 55, 76]. Indeed, cardiac myocytes from 
mice deficient for PLC-ε exhibited a diminished CICR in response to Gs-coupled 
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and cAMP-elevating receptors [53, 56]. Epac proteins probably acting in concert 
with PKA might not only regulate normal cardiomyocytes physiology [53], but 
might contribute also to developmental and pathophysiological alterations in the 
heart, as reported recently [20]. 
 
Exocytosis  

Stimulus-secretion coupling is an important event in several secretory cells to 
control the exocytosis machinery [25, 117]. Epac proteins regulate exocytotic 
processes in non-neuronal and neuronal cell types, including insulin secretion from 
pancreatic β-cells [118] and the release of glutamate release at crayfish 
neuromuscular junctions [119]. Interaction of Epac proteins with secretory-granule 
associated proteins, including Rim (Rab3-interacting molecule) and Rim2 [45, 120], 
might play a role in the regulation of exocytosis. In pancreatic β-cells interaction of 
Epac2 with a secretory-granule membrane-associated pool of the SUR-1 subunit of 
KATP channels induces opening of ClC-3 Cl- cloride channels causing Cl- influx into 
secretory granules creating an electromotive force facilitating ATP-dependent H+ 
uptake by a v-type H+-ATPase [121, 122]. Such acidification stimulates the 
“priming” of secretory granules, thereby rendering them release-competent. It has 
even been hypothesized that Epac2 might act in a more direct manner to up-regulate 
the activity of the v-type H+-ATPase channels [63]. Based on our current knowledge, 
Epac proteins seem to regulate exocytosis either through interaction with secretory-
granule associated proteins or regulation of ion channels.  
 
Microtubules 

Microtubules are believed to act in concert with the actin cytoskeleton to regulate 
diverse cellular responses, including cell polarization, cell division and cell 
migration, and contribution of cAMP-dependent processes is organized through 
members of the AKAP family [123-125]. Recently, interaction of Epac proteins with 
microtubules and/or microtubule-associated proteins has been identified [44, 126], 
suggesting that Epac proteins participate in the cAMP-dependent regulation of the 
microtubule network. In particular, Epac1 has been shown to bind to the light chain 
2 (LC2) of the microtubule-associated protein MAP1A, the latter known to interact 
with the actin-microtubule network by catalyzing polymerization and stabilization of 
microtubules [43, 127]. It has also been reported that LC2 enhances activation of 
Rap1 by Epac1 [43], suggesting that the GEF activity of Epac proteins is under 
control of the microtubule network. As MAP1 proteins are multi-subunit protein 
complexes known to modulate cellular responses, LC2 may serve as an anchor to 
promote the interaction of Epac proteins with the microtubule network [128]. 
Strikingly, it has been reported that the Rho-specific nucleotide exchange factor 
GEF-H1 connect microtubule network alterations to Rho-dependent signaling [129]. 
As binding of LC2 to Epac proteins probably enhances the affinity of the cAMP-
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binding domains for cAMP [126], it might seem reasonable to suggest that the 
stability of the microtubule network define the ability of Epac proteins to activate 
Rap. Since Epac proteins have been reported to associate with the microtubules of 
the mitotic spindle [29], LC2 might also maintain Epac activity during cell division.  
 
Others 

Promiscuity is presumably the most striking feature of Epac driven signaling. As 
novel cAMP sensors Epac proteins modulate multi-faceted effectors and diverse 
biological functions. In order to explain signaling properties of cAMP still being 
unclear and controversial, Epac related research has attracted much attention over 
the last ten years. Of particular interest in this context, a recent study indicating that 
Epac proteins mediate the cAMP-dependent activation of the small GTPase Rit, the 
latter known to be important for neurotrophin signaling [61, 130]. It has been shown 
that Epac1 is required for the activation of Rit by the Gs-coupled and cAMP-
elevating pituitary adenylate cyclase-activating polypeptide receptor, a process 
independent of Rap and independent of direct activation of Rit by Epac1 or Epac2. 
As pituitary adenylate cyclase-activating polypeptide receptors are known to 
regulate neuronal processes, including neuronal differentiation, neuronal 
proliferation and neuronal survival [131], these findings suggest that Epac proteins 
might regulate learning and memory processes. An additional new research line 
represents the relation between Epac and protein kinase B (PKB)/Akt, the latter 
known to control many vital processes, including cell proliferation and cell survival 
upon modulation of gene transcription [132]. The role of cAMP in the regulation of 
cell proliferation is still a matter of debate: cAMP stimulates proliferation in certain 
cell types, while it inhibits proliferation in other cell types [11, 95]. Recent studies 
implicate that Epac proteins might be involved in these opposing effects of cAMP on 
cell proliferation. Activation of PI 3-kinase-dependent Akt signaling by Epac 
proteins has been shown in WRT cells [59]. Epac-dependent activation of Akt 
increased gene expression and proliferation of macrophages, a process depending on 
Rap1. In addition, it has been hypothesized that activation of Akt by Epac requires 
its recruitment to the plasma membrane [60]. However, depending on the stimuli the 
cells are exposed to, cAMP-induced Epac activation can either stimulate or inhibit 
Akt phosphorylation probably through interaction with distinct effectors [94, 133, 
134]. For example, it has been reported that Epac proteins induced a decrease in Akt 
phosphorylation in adipocytes presumably upon modulation of cAMP-reducing 
phosphodiesterases 3B and E4 [135]. These results implicate that cell type 
specificity determines the crosstalk between Epac and PKB/Akt, a process probably 
involving distinct spatiotemporal dynamics. 
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Future directions 

In the last decade, Epac proteins have been recognized to play a central role in the 
regulation of cAMP-driven cellular processes upon signaling to diverse effectors. 
Several properties of Epac proteins still need to be elucidated. Additional studies on 
the structures of Epac1 and Epac2 in the absence and presence of cAMP will 
certainly extent our current knowledge of their mode of activation and regulation. 
Studies on the molecular nature of the interaction of Epac proteins with their diverse 
effectors are also warranted. Without doubt, the development of Epac specific 
pharmacological antagonists and mice deficient in Epac proteins would be very 
helpful. Of particular interest is the relationship between Epac and PLC-ε-calcium 
signaling, which represents a molecular link between the two universal second 
messengers calcium and cAMP. Epac proteins are known to activate Ras-like 
GTPases, which in turn bind and activate PLC-ε, thereby modulating cellular 
calcium handling. Strikingly, PLC-ε bears beside the typical PLC-defining 
catalytical domains a CDC25 domain, which exhibits GEF activity to the identical 
subset of small GTPases known to activate PLC-ε (reviewed in [77]) (Fig. 3). Indeed, 
it has been reported that the PLC-ε-specific CDC25 homology domain activate Rap1 
leading to sustained Rap1 signaling [136], indicating that PLC-ε acts both 
downstream and upstream of Ras-like GTPases. In this context, also activation of 
Rap1 has been proposed to occur downstream of PLC-ε-dependent activation of R-
Ras [85, 88]. It should be noted, however, that PLC-ε-driven PIP2 hydrolysis might 
alter cellular responses by mechanisms independent of calcium, as alterations in the 
cellular PIP2 content are known to regulate several cellular processes as well [137]. 
To decipher the role of the diverse effectors mediating Epac responses and to 
understand the impact of the spatiotemporal dynamics of Epac signaling are the 
important challenges for future research in this exciting field of signal transduction. 
 
Concluding remarks 

Our current knowledge about effectors and biological functions of Epac proteins is 
still incomplete and controversial. Studies on the developmental expression pattern 
of Epac and changes in expression under pathophysiological circumstances are still 
rather limited. However, initial studies indicate that Epac proteins might be 
important for the regulation of inflammatory processes and the development of 
cardiac hypertrophy. The interaction of Epac proteins with matrix metalloproteinases 
implicates that Epac signaling might play a key role in several aspects of tissue 
remodeling. The involvement of Epac in insulin secretion and amyloid precursor 
protein secretion might indicate that Epac signals are relevant for future treatment of 
several devastating disorders, including Type II diabetes and Alzheimer’s disease. 
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Abstract 

Epac1 and Epac2 are cyclic AMP-activated guanine nucleotide exchange factors for 
Ras-like GTPases that regulate pivotal cellular processes, including inflammation, 
contractility and cell proliferation, via distinct intracellular signaling pathways. As 
such processes are important in the (patho)physiology of the inflammatory airway 
diseases asthma and COPD, investigation of Epac signaling in different cell types of 
the airways may be of future scientific and therapeutical relevance. Here, we show 
that Epac and their main effectors are expressed in both human airway smooth 
muscle (ASM) and bronchial epithelial cells. Activation of Epac by  the selective 
activator 8-pCPT-2'-O-Me-cAMP induced Rap1 activation in ASM, but not in 
bronchial epithelial cells. In both cell types, Epac induced phosphorylation of 
extracellular-signal regulated kinases 1 and 2, c-Jun N-terminal kinase and activation 
of matrix metalloprotease 9. In ASM cells, we observed Epac-mediated protein 
kinase B (PKB)/Akt phosphorylation. Using peptide microarrays, we found that 
Epac phosphorylates several peptides involved in proliferation, inflammation and in 
actin cytoskeletal dynamics. Collectively, our data elucidate Epac-mediated 
signaling in human ASM and bronchial epithelial cells and point at Epac as a 
potential novel regulator of cAMP-dependent cellular processes in the airways.  
 
Introduction 

Asthma and COPD are airway obstructive diseases characterized by chronic 
infiltration of immune cells in the airways, airway hyperresponsiveness and 
permanent airway structural changes [1]. The structural modification of the airways 
are characterized by increase in airway smooth muscle (ASM) mass, epithelial cell 
damage and accumulation of extracellular matrix (ECM) [1, 2]. ASM and epithelial 
cells are known to contribute to several aspects of lung physiology and disease 
pathogenesis [3, 4]. Due to their intrinsic contractile, proliferative and synthetic 
abilities, ASM cells regulate ASM tone but also participate in airway obstruction and 
inflammation [3, 5]. The intact airway epithelium represents a solid physiological 
barrier, but also the first site of contact with inflammatory insults and epithelial 
damage results in the production and release of several inflammatory cytokines and 
chemokines [4].  
Chronic inflammatory lung disorders are causes of death and disability-related loss 
of life years and adequate (pharmacological) therapy is urgently needed. Inhaled β2-
adrenoceptor agonists, alone or in combination with inhaled glucocorticosteroids, are 
currently the most widely used medications in the treatment of obstructive airways 
diseases. Stimulation of β2-receptors induce ASM relaxation via activation of 
adenylyl cyclases, which produce cyclic AMP (cAMP). Alhtough widely used, the 
precise mechanism of action of β2-agonists is still unclear and some patients have 
been even found insensitive to their action [6]. For this reason, attention has been 
focused on new targets for therapeutic interventions [7].  
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Most cAMP-driven effects have been attributed to the activation of protein kinase A 
(PKA). However, recent findings have shown that cAMP signaling is also 
independent from PKA indicating the involvement of other cAMP effectors. The 
discovery of the exchange proteins directly activated by cAMP (Epac) has opened 
new avenues in the field (chapter 2). In the last few years, expression of Epac 
proteins in lung and airway cells and tissue has been reported [8-11]. The 
development of selective Epac activators, such as 8-pCPT-2'-O-Me-cAMP [12], 
allowed to specifically study Epac-driven functions independently of PKA. As it has 
recently emerged that Epac modulates inflammation, contractility and cell 
proliferation in several cell types [8, 9, 13, 14] (chapter 2), researchers started to 
speculate on the importance of this cAMP effector in lung physiology and 
pathophysiology. Recently, Epac-dependent inhibition of human pulmonary 
fibroblasts and ASM cells proliferation has been reported, although the molecular 
mechanisms have not been elucidated yet [10, 11]. Most Epac-driven effects are 
mediated via activation of Ras-like GTPases, such as Rap1 and Rap2 [15] (chapter 
2). Activated GTPases interact with members of the mitogen-activated protein 
kinase (MAPK) family, including extracellular signal-regulated kinases 1 and 2 
(ERK1/2) and c-Jun N-terminal kinases (JNKs), or with phosphoinositide-3-kinase 
effectors, such as protein kinase B (PKB)/Akt and glycogen synthase kinase-3 
(GSK-3). Activation of these pathways could be involved in the regulation of 
inflammation, cell proliferation and survival by Epac (reviewed in [16]). In addition, 
cAMP-mediated activation of p38 MAPK is involved in the production of matrix 
metalloproteinase (MMP)-9 in human monocytes [17]. In the lung, MMP-9 is 
released by inflammatory and structural cells including bronchial epithelial and 
ASM cells [18], and is increased in several sources from both asthmatics and COPD 
patients [19, 20]. Thanks to their proteolytic activity, MMPs plays a physiological 
role in healing processes bu also lead to the disregulation of the ECM and to the 
release of airway pro-inflammatory and pro-proliferative factors in diseased state 
[18]. Hence, cAMP/Epac-mediated regulation of MMP-9 may importantly 
contribute to wound-repair and to the (patho)physiology of airway diseases. Based 
on these considerations, the aim of this study was to explore signaling capacities of 
Epac in human ASM and bronchial epithelial cells. 
 
Material and methods 
 
Materials. 8-pCPT-2'-O-Me-cAMP was from BIOLOG Life Science Institute 
(Bremen, Germany). Isoproterenol was from Boehringer Ingelheim (Ingelheim, 
Germany). Na3VO4, aprotinin, leupeptin, pepstatin and mouse anti-β-actin and 
peroxidase-conjugated rabbit anti-mouse antibodies were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The anti-phospho-ERK1/2 (p-ERK1/2), anti-ERK1/2, 
anti-GSK-3 and anti-PKB/Akt were from Cell Signaling Technology (Beverly, MA, 
USA). MMP-9 antibody and reagents for the MMP-9 extractions was kindly 
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provided by Prof. R. Bischoff [21, 22]. Materials for the kinome assay were kindly 
provided by Prof. Maikel P. Peppelenbosch [23]. The antibodies against Rap1 (sc-65) 
and Rap2 (sc-164) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). The mouse monoclonal antibodies against Epac1 and Epac2 were generated 
and kindly provided by Prof. J. L. Bos. DMEM, FBS, penicillin/streptomycin 

solution were obtained from GIBCO-BRL Life Technologies (Paisley, UK). Small 
interfering RNA (siRNA) probes were purchased from Dharmacon Inc. (Lafayette, 
CO, USA) and the transfection vehicle lipofectamine 2000 (1mg/ml) was from 
InVitrogen (Carlsbad, CA, USA). The western lightning ECL solution was from 
PerkinElmer Inc. (Waltman, MA, USA). All used chemicals were of analytical grade. 
 
Cell culture. Human bronchial smooth muscle cell lines, immortalized by stable 
expression of human telomerase reverse transcriptase (hTERT-ASM cells) [24, 25] 
and human bronchial epithelial cell lines (16HBE14o−) [26, 27] were used for all the 
experiments. hTERT-ASM were kindly provided by Dr. Prof. A. J. Halayko 
(University of Winnipeg, Manitoba, Canada), whereas 16HBE14o− were a kind gift 
from Dr. D. C. Gruenert (University of Vermont, Burlington VT, USA). Before each 
experiments, cells were serum deprived for one day.  
 
Silencing of Epac1 and Epac2 expression using siRNAs. hTERT-ASM cells were 
transfected with siRNA probes targeted to either Epac1 or Epac2 (Table 1). ON-
TARGETplus Non-targeting Pool (D-001810-10-20) was used as a negative control 
(scrambled RNA). Cells were grown in 6 cm diameter dishes and transfected with 
200 pmol of appropriate siRNA by using lipofectamine 2000 (1 mg/ml) as vehicle. 6 
hrs after transfection, cells were washed with DMEM supplemented with antibiotics 
to reduce toxicity effects of the transfection reagent. 48 hrs or 72 hrs after 
transfection, cells were treated with 8-pCPT-2'-O-Me-cAMP and analyzed for p-
ERK1/2 and ERK1/2.  
 
Activation of Rap1 and Rap2. The amount of activated Rap1 and Rap2 was 
measured with the pull-down technique by using glutathione S-transferase (GST)-
tagged RalGDS (Ras-binding domain of the Ral guanine nucleotide dissociation 
stimulator) as previously described [28].  
 
Phosphorylation of ERK1/2, PKB/Akt and GSK-3. Protein concentration was 
determined with the Pierce BCA protein assay kit from Thermo Scientific (Rockford, 
IL, USA). Equal amounts of protein were loaded on 8-15% polyacrylamide gels and 
analyzed for the protein of interest by using the specific first antibody (dilution Rap1 
and Rap2 1:250, p-ERK1/2 1:1000, ERK1/2 GSK-3, p-PKB/Akt, MMP-9, Epac1 
and Epac2 1:500, β-actin 1:2000) and the secondary HRP-conjugated antibody 
(dilution 1:2000). Protein bands were subsequently visualized on film using western 
lightning plus-ECL and quantified by scanning densitometry using TotalLab 
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software (Nonlinear Dynamics, Newcastle, UK). Results were normalized for protein 
levels by using specific control proteins. 
 
Table 1: Sequences of siRNA probes against Epac1 and Epac2. 

Epac1 ON-TARGETplus SMART Target sequence (5'-3') 
 J-007676-05 CGUGGGAACUCAUGAGAUG 
 J-007676-06 GGACCGAGAUGCCCAAUUC 
 J-007676-07 GAGCGUCUCUUUGUUGUCA 
 J-007676-08 CGUGGUACAUUAUCUGGAA 

Epac2 ON-TARGETplus SMART Target sequence (5'-3') 
 J-009511-05 GAACACACCUCUCAUUGAA 
 J-009511-06 GGAGAAAUAUCGACAGUAU 
 J-009511-07 GCUCAAACCUAAUGAUGUU 
 J-009511-08 CAAGUUAGCACUAGUGAAU 

 
Kinome peptide microarray. hTERT-ASM cell stimulation by 8-pCPT-2’-O-Me-
cAMP (30 μm, 1 min) was stopped by an ice-cold phosphate-buffered saline wash. 
Cells were lysed in lysis buffer (20 mM Tris-HCl, pH=7.5; 150 mM NaCl, 1 mM 
Na2EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM 
MgCl2, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM NaF, 1 μg/ml leupeptin, 1 
μg/ml aprotinin and 1 mM PMSF). Peptide array incubation mix containing [-
33P]ATP (1000 kBq), was produced as previously described [23], and added onto the 
array for 90 minutes at 37 ºC. The array was then washed twice with Tris-buffered 
saline with Tween, twice in 2M NaCl and twice in demi-water and air-dried. 
Analysis of peptide array was achieved by exposing it to a phosphorimager plate for 
72 hrs. The density of the spots was measured and analyzed with array software [23]. 
In short, arrays were constructed by chemically synthetising soluble pseudo-peptides 
(whose sequence was derived from the phosphobase resource 
https://phospho.elm.eu.org) which were covalently coupled to glass substrates. The 
arrays consist of 192 peptides, denominated A1-P12 of which 8 are controls 
(rhodamine-labeled irrelevant peptides). All together, these peptides provide 
consensus amino acid phosphorylation sequences of most kinases existing in 
mammals [29]. To avoid intra-experimental variability, arrays were spotted twice. 
Results are presented as ratios between the treated and untreated samples. Data were 
analysed by clustering peptides into three groups based on their known function 
(Table 2). 
 
Activity-based MMP-9 enrichment using inhibitor affinity extraction. Activation of 
MMP-9 was determined using an inhibitor affinity extraction method [30]. Affinity 
sorbent cartridges (Spark-Holland, Emmen, The Netherlands) with the immobilized 
MMP-9 inhibitor were produced as described earlier [21]. Cartridges were first 
equilibrated in extraction buffer (ExB) [50 mmol/L Tris pH 7.4, 0.4 mol/L NaCl, 10 
mmol/L CaCl2, 0.05% (w/v) Brij-35]. Lysates from stimulated hTERT-ASM and 
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16HBE14o− cells were pumped through the cartridges with a syringe pump, 
followed by washing with ExB and elution with elution buffer [55 mmol/L Tris, 10 
mmol/L EDTA pH=6.8, 1.1% SDS (w/v)], all steps being performed at the speed of 
15 µl/min [22]. The flow-through of the sample loading, the washing and the elution 
fractions were collected and subjected to western analysis for the expression of 
MMP-9 [30]. 
 
Statistical analysis. Data were expressed as the mean ± SEM of n determinations. 
Data were compared by using an unpaired or paired two-tailed Student’s t test to 
determine significant differences. P values <0.05 were considered to be statistically 
significant. 
 
Results 

Epac and main effectors Rap1 and Rap2 are expressed in hTERT-ASM and 
16HBE14o− cells 
First, we studied the expression of Epac1 and Epac2 as well as the main Epac 
effectors Rap1 and Rap2 in cultured hTERT-ASM and 16HBE14o− cells. Western 
blot anlaysis demonstrated that all these proteins are expressed both cell lines (Fig. 
1A and 1B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Epac1, Rap1, Epac2 and Rap2 expression in hTERT-ASM cells (A) and 16HBE14o- 
cells (B) after loading of increasing amounts of proteins (n=3).  
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Epac differentially modulate Rap GTP-loading in hTERT-ASM and 16HBE14o− 
cells 
Epac is a guanine nucleotide exchange factor that catalyzes GDP/GTP exchange on 
Ras-like GTPases, such as Rap1 and Rap2 [15, 16, 31]. In line with this, treatment of 
hTERT-ASM with the Epac activator 8-pCPT-2'-O-Me-cAMP time-dependently 
increased Rap1 GTP-loading. Maximal Rap1 activation by 8-pCPT-2'-O-Me-cAMP 
was observed after 5 min (P<0.05. Fig. 2A). Activation of Rap1 was similarly 
observed with the β2-adrenoceptor agonist isoproterenol and the adenylyl cyclase 
activator forskolin (Fig. 2B). Interestingly, the Gi/Gq-coupled receptor agonist 
methacholine also induced Rap1 activation, albeit to a lesser extent (Fig. 2B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Rap1 GTP-loading in hTERT-ASM cells stimulated without (-) or with (+) 8-pCPT-
2'-O-Me-cAMP (8-pCPT, 30 µM) for the indicated periods of time (A). Representative 
immunoblots of GTP-Rap1 and total Rap1 are shown with the quantification (means±SEM) 
of 8-14 experiments. Rap1 (B) and Rap2 (C) activation in hTERT-ASM cells stimulated for 
5 min without (Basal) or with 8-pCPT (30 µM), the β-agonist isoproterenol (30 μM), the 
adenylyl cyclase activator forskolin (30 μM) or the muscarinic receptor agonist methacholine. 
Rap1 GTP-loading in 16HBE14o- cells stimulated without (-) or with (+) 8-pCPT (30 µM) 
for the indicated periods of time (D). Representative immunoblots are shown with the 
quantification (means± SEM) of 3 experiments. GTP-loaded protein levels were normalized 
to the total protein levels. *P<0.05 compared to time point 0. 



Chapter 3  
 

 66 

Treatment with 8-pCPT-2'-O-Me-cAMP, isoproterenol, forskolin or methacholine 
did not induce GTP-loading of Rap2 activity in hTERT-ASM cells (Fig. 2C). In 
contrast to the findings in ASM cells, no changes in the GTP-loading of Rap1 were 
observed in 16HBE14o− cells treated with 8-pCPT-2'-O-Me-cAMP (Fig. 2D). The 
Epac activator did not induce Rap2 activation in 16HBE14o− cells either (data not 
shown). 
 
Epac phosphorylate JNK and ERK1/2 in hTERT-ASM and 16HBE14o− cells 
Evidence suggests tha Epac proteins signal to MAPK family members such as JNKs 
[32] and ERK1/2 [33]. Hence, we investigated the occurrence of such responses in 
ASM and bronchial epithelial cells. 
Importantly, 8-pCPT-2'-O-Me-cAMP time-dependently increased JNK 
phosphorylation in hTERT-ASM cells, with maximal effects observed after 15 min 
(P<0.05, Figs. 3A and 3B). Similarly, Epac activation also tended to increase JNK 
phosphorylation in 16HBE14o− cells (P=0.06, Fig. 3C). 
 

 
Fig. 3. Phosphorylation of JNK in 
hTERT-ASM cell stimulated with 
8-pCPT-2'-O-Me-cAMP (8-pCPT, 
30 µM) for the indicated periods 
of time (A). Representative 
immunoblots are shown with the 
quantification (means±SEM) of 3-
5 experiments. Analysis of p-JNK 
and JNK in hTERT-ASM cells 
stimulated for 15 min without 
(Basal) or with 30 µM 8-pCPT, 30 
µM histamine and their 
combination (B). Representative 
immunoblots are shown with the 
quantification (mean±SEM) of 3 
experiments. Representative 
immunoblots of p-JNK and JNK 
obtained from 16HBE14o- cells 
stimulated for 15 min without 
(Basal) or with 8-pCPT (30 µM) 
(n=3) (C). Phosphorylated protein 
levels were normalized to total 
protein levels. *P<0.05, ***P<0.001 
compared to basal (or time point 0). 
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In addition, p-JNK levels in hTERT-ASM cells were significantly increased with 
histamine (P<0.05, Fig. 3B), which was not further enhanced by co-stimulation with 
8-pCPT-2'-O-Me-cAMP (P=0.08 compared to control, Fig. 3B).  
The Epac activator 8-pCPT-2'-O-Me-cAMP also time-dependently increased 
ERK1/2 phosphorylation in hTERT-ASM cells, reaching its maximum after 10 
minutes (P<0.05, Fig. 4A).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Phosphorylation of ERK1/2 in hTERT-ASM cell stimulated with 8-pCPT-2'-O-Me-
cAMP (8-pCPT, 30 µM) for the indicated periods of time (A). Representative immunoblots 
are shown with the quantification (means±SEM) of 3-6 experiments. Expression of p-
ERK1/2 and ERK1/2 after no treatment (Basal), after 72 hrs treatment with scrambled RNA 
(scRNA) or 48 hrs or 72 hrs treatment with Epac1 (B, upper panel) or Epac2 (B, lower panel) 
siRNAs, in the absence or presence of 30 µM 8-pCPT for 15 min (n=3). p-ERK1/2 and 
ERK1/2 in hTERT-ASM cells stimulated for 15 min without (Basal) or with 30 µM 8-pCPT, 
30 µM histamine and their combination (C). Representative immunoblots are shown with the 
quantification (mean±SEM) of 4-5 experiments (C). Representative immunoblots of p-
ERK1/2 and ERK1/2 obtained from 16HBE14o- cells stimulated for 15 min without (Basal) 
or with 30 µM 8-pCPT. Representative immunoblots are shown with the quantification 
(mean±SEM) of 3 experiments (D). Phosphorylated protein levels were normalized to total 
protein levels. *P<0.05 compared to basal (or time point 0). 
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To confirm the involvement of Epac in ERK1/2 phosphorylation, we analysed the 
same response after silencing of Epac1 and Epac2. As shown in Fig. 4B, 8-pCPT-2'-
O-Me-cAMP induced the phosphorylation of ERK1/2 in the vehicle- and scrambled 
RNA-treated cells (Fig. 4B). Interestingly, the 8-pCPT-2'-O-Me-cAMP–induced 
ERK1/2 phosphorylation was lower after silencing of Epac1 (Fig. 4B, upper panel) 
or Epac2 (Fig. 4b, lower panel) by siRNA. ERK1/2 phosphorylation was also 
increased by histamine (P<0.05, Fig. 4C). This response was not further enhanced 
by co-treatment with 8-pCPT-2'-O-Me-cAMP (Fig. 4C). Moreover, activation of 
Epac also increased ERK1/2 phosphorylation in 16HBE14o− cells (P=0.07, Fig. 4D). 
 
Epac differentially activates MMP-9 in hTERT-ASM and 16HBE14o− cells 
Active MMP-9 was enriched from lysates of hTERT-ASM and 16HBE14o− cells 
treated with 8-pCPT-2'-O-Me-cAMP by using an inhibitor affinity extraction as 
depicted in Fig. 5A. Active MMP-9 was absent in the first two flow through 
fractions, whereas MMP-9 was detected in the elution fraction (Figs. 5B and 5C). 
The positive control phorbole myristate acetate (PMA) [34], increased MMP-9 
activity in both hTERT-ASM (Fig. 5B) and 16HBE14o−cells (Fig. 5C). 

 
 Fig. 5. Inhibitor affinity 
extraction of MMP-9 was 
performed on hTERT-
ASM and 16HBE14o- cell 
lysates as described in 
Material and Methods (A). 
Expression of MMP-9 in 
hTERT-ASM cells stimu-
lated without (Basal), with 

8-pCPT-2'-O-Me-cAMP 
(8-pCPT, 30 µM) or 
phorbol 12-myristate 13-
acetate (PMA, 100 nM) for 
5 and 15 min (B) and 
expression of MMP-9 in 
16HBE14o- cells stimu-
lated without (Basal), with 

8-pCPT-2'-O-Me-cAMP 
(8-pCPT, 30 µM) or 
phorbol 12-myristate 13-
acetate (PMA, 100 nM) 15 
min (C). Representative 
immunoblots of 3-4 
experiments are shown.  
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We also observed a slight increase in MMP-9 activity after 5 min treatment with 8-
pCPT-2'-O-Me-cAMP in hTERT-ASM (Fig. 5B) and after 15 min treatment with 8-
pCPT-2'-O-Me-cAMP in 16HBE14o− cells (Fig. 5C). 
 
Epac phosphorylate PKB/Akt and GSK-3 in hTERT-ASM cells 
Stimulation of ASM cells with the Epac activator 8-pCPT-2'-O-Me-cAMP time-
dependently increased PKB/Akt phosphorylation (P<0.001, Fig. 6A), a response 
being maintained up to 60 min (Fig. 6A). Although PKB/Akt is known to 
phosphorylate GSK-3 [35], we could hardly detect increases in p-GSK-3 by 8-pCPT-
2'-O-Me-cAMP under the same conditions. 

 
Fig. 6. Phosphorylation of PKB/Akt 
(p-PKB/Akt) in hTERT-ASM cells 
treated without (Basal) or with 8-
pCPT-2'-O-Me-cAMP (8-pCPT, 30 
µM) for the indicated periods of time 
(A). Representative immunoblots of p-
PKB/Akt and β-actin are shown with 
the quantification underneath. Data 
represent mean±SEM of 3-7 
experiments. p-PKB/Akt levels were 
normalized to β-actin. Phospho-GSK-3 
(p-GSK-3 Ser 9-21) and total GSK-3 
levels in hTERT-ASM cells stimulated 
with 30 µM 8-pCPT for the indicated 
periods of time. Representative 
immunoblots of p-GSK-3β and GSK-
3β are shown with the quantification 
(means±SEM) of 3 experiments. The 
amount of p-GSK-3 was normalized to 
total GSK-3 (B). *P<0.05, **P<0.01 
compared to time point 0. 
 
 
 
 
 
 

 
Epac modulates peptide phosphorylation profile in hTERT-ASM cells 
Peptide microarray was used to gain further insights into Epac signaling properties 
and to confirm our previous findings. Epac activation altered the expression of 
several peptides involved in the regulation of actin-cytoskeletal dynamics, cell 
proliferation and inflammation (Fig. 7; Table 2).  
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Table 2. Peptide microarrays analysis of hTERT-ASM cells treated with or without the Epac 
activator 8-pCPT-2'-O-Me-cAMP (30µM) for 1, 3 or 10 min. 

Protein R Activity 

1 min of stimulation   

PAK1 4.1 A 

Cofilin 2 0.1 A 

β-catenin 1.9 A 

p53 0.4 P 

c-Jun 1.4 P/I 

NF-κB 0.7 P/I 

   

3 min of stimulation   

Calmodulin 1 1.6 A 

Tubulin 1.3 A 

β-catenin 1.6 A 

B-Raf 9.7 P 

Ribosomal protein S6 (p70S6K) 1.4 P/I 

c-Jun 4.4 P/I 

CHOP 2.5 P/I 

   

10 min of stimulation   

PAK1 1.5 A 

β-catenin 0.6 A 

p53 0.5 P 

ElF 4E 1.7 P/I 

CHOP 2.4 P/I 

ATF-1 1.8 P/I 

NF-κB 1.6 P/I 

Analysis of peptide phosphorylation by microarrays. The first column represent the protein 
by which the pseudo-peptide phosphorylation sequence was taken according to the 
phosphobase resource https://phospho.elm.eu.org. R represents ratios between the stimulated 
and the control samples: R>1 indicates up-regulation, R<1 indicates down-regulation. 
Activity is grouped in three categories: A=actin/cytoskeletal dynamics; P=proliferation; 
I=inflammation. List of abbreviations: PAK= p-21 Activated Kinase; NF-κB= Nuclear Factor 
Kappa B; CHOP= CCAAT/Enhancer-Binding Protein Homologous Protein; ATF1= 
Activating Transcription Factor1; ElF 4E= Eukaryotic translation initiation factor 4E. 
 
A time-dependent decrease in the percentage of phophorylation of proteins involved 
in actin-cytoskeletal dynamics was observed after treatment with 8-pCPT-2’-O-Me-
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cAMP, whereas an increase was observed for proteins involved in cell proliferation 
and inflammation (Fig. 7B). Table II shows the individual proteins, whose 
phosphorylation status was significantly altered after activation of Epac.  
Thus, proliferative markers, including the MAPK-activated transcription factors c-
Jun and CAAT/enhancer binding protein homology protein (CHOP), were the most 
abundantly regulated (Fi.g. 7B and Table 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. hTERT-ASM cells were stimulated with 8-pCPT-2'-O-Me-cAMP (8-pCPT, 30 µM) 
for the indicated periods of time. Cell lysates were put onto a microarray and 
phosphorylation of the peptides attached to the array was spotted under a phosphorimager as 
described in Material and Methods (A). Pie charts showing the percentages of actin-
cytoskeletal (black), proliferative (light grey) and inflammatory (dark grey) markers 
modulation (B). The experiment was performed once with three different hTERT-ASM 
donors. Only peptide phosphorylations significantly altered by 8-pCPT-2'-O-Me-cAMP  are 
shown. 
 
In agreement with their slow onset and sustained dynamic of activation, 
phosphorylation of proliferative as well as inflammatory markers constantly 
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increased with time (Fig. 7B, Table 2),. On the other hand, in line with the concept 
that cytoskeleton alterations are highly dynamic processes, phosphorylation of actin-
cytoskeletal markers such as tubulin and β-catenin appeared to be very rapid and 
transient (Fig. 7B and Table 2).  
 

Discussion 

Our study represents the first characterization of Epac signaling properties in human 
ASM and bronchial epithelial cells. We show that Epac (Epac1 and Epac2) are 
expressed in both cell types and differentially activate downstream effectors such as 
Rap1, ERK1/2, JNK, PKB/Akt and MMP-9. Analysis of peptide phosphorylation 
profile in ASM cells verified the capacity of Epac to phophorylate several proteins 
potentially involved in the regulation of inflammation, proliferation and actin-
microtubule cytoskeleton dynamics, indicating that Epac may regulate these 
important cellular functions in ASM. 
Epac triggers numerous cAMP-mediated actions upon activation of small Ras-like 
GTPases (chapter 2). Although Epac proteins are part of the signaling cascade 
triggered by the currently used medications that target cAMP to alleviate asthma and 
COPD symptoms [6], studies of Epac expression and function in the lung are still 
limited. Our findings revealed that Epac1 and Epac2 are expressed in both human 
ASM and bronchial epithelial cells. However, differential signaling cascades are 
triggered by Epac in ASM and bronchial epithelial cells. For example, Epac 
activation resulted in GTP-loading of Rap1 only in ASM cells. Thus, distinct 
signaling pathways might be orchestrated and could underlie the distinct functional 
roles of ASM and epithelial cells in the lung. Interestingly, the Gi/Gq-coupled 
receptor agonist methacholine also induced Rap1 activation, confirming previous 
observations that activity of Rap1 is not exclusively regulated by cAMP-dependent 
guanine exchange factors [16]. In line with the concept that most Epac-driven 
functions are triggered via Rap1 [16, 31], no changes in Rap2-GTP loading were 
observed in either cell type. Activation of Rap1 might relate to both pro- and anti-
inflammatory properties of Epac, which could lead to speculations on clinical 
implications in chronic inflammatory disorders, such as asthma and COPD [36-38]. 
Studies indicate that recruitment of leukocytes and their adhesion to the endothelium 
with subsequent transmigration towards the site of inflammation are enhanced by 
Epac1 and Rap1 [38, 39]. Epac and Rap1 also regulate cell contacts to the ECM 
proteins laminin and fibronectin in ovarian carcinoma cells, HEK293-T and 
keratinocytes [40, 41]. On the other hand, Epac1 and Rap1 have also been implicated 
in enhancement of endothelial barrier function, probably involving redistribution of 
cadherins and recruitment of cell junction molecules, such as β-catenin, to cell–cell 
contacts [37].  
Activation of Rap1 by Epac is frequently associated with ERK1/2 phosphorylation 
[33]. We show here that Epac activate ERK1/2 in both ASM and bronchial epithelial 
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cells, thereby opening hypothesis on the potential role of Epac in the regulation of 
proliferative and inflammatory processes in the airways. However, since Epac does 
not activate Rap1 in bronchial epithelial cells, other mechanisms may contribute to 
Epac-induced ERK1/2 phosphorylation in these cells. Next to ERK1/2, JNK may 
represent another promising target of Epac in the airways. Indeed, JNK has been 
associated with increased inflammatory responses and development of airway 
remodeling in asthmatic mice [42]. Thus, Epac-dependent JNK phosphorylation 
observed in both ASM and epithelial cells, may control such cellular responses.  
Although cAMP and/or Epac signaling to MMP family members has been 
previously reported [17, 43] (chapter 2), we report here for the first time that Epac 
activate MMP-9 in ASM and bronchial epithelial cells. The importance of this 
finding is indicated by the fact that MMP-9 contributes to several aspects of airway 
disease pathogenesis (reviewed in [18, 44]). MMP-9 is released by both 
inflammatory and structural cells including bronchial epithelial and ASM cells and is 
up-regulated in patients with asthma and COPD. MMP-9 cleaves several ECM 
proteins [45, 46], leading to a disregulation of the ECM, and promote the release of 
inflammatory mediators and growth factors such as IL-8 [47] and the pro-angiogenic 
factor vascular endothelial growth factor (VEGF) [48], thereby potentially 
contributing to airway inflammation and airway remodeling [18, 44, 49]. In addition, 
MMP-9 increases wound-healing by increasing the migration of HBE cells [50]. 
Another important finding of the present study is that Epac induces PKB/Akt 
phosphorylation in ASM cells. In macrophages and/or dendritic cells this response 
has been described to inhibit apoptosis [51] or cytokines release induced by 
lipopolysaccaride [52, 53]. Hence, activation of PKB/Akt may represent an 
additional Epac-regulated route to control inflammatory and survival responses in 
the airways. Although some PKB/Akt responses are associated with GSK-3 
phosphorylation/inhibition [52, 53], we could not detect significant changes in GSK-
3 phosphorylation under the same conditions where PKB/Akt phosphorylation was 
observed. Thus, PKB/Akt may signal to other pathways than GSK-3 in ASM cells.  
Our kinome peptide microarray analysis confirmed Epac-dependent phosphorylation 
of peptides upstream or downstream of ERK1/2-, JNK- and PKB/Akt-signaling 
pathways such as B-Raf, c-Jun and p70S6K. In line with a previous cDNA array study 
[54], several pro-inflammatory and pro-proliferative transcription factors appeared to 
be regulated by Epac, demonstrating the ability of Epac to modulate gene 
expression. Our findings have identified novel targets of Epac action in ASM cells, 
such as the MAPK-effectors activating-transcription factor-1 (ATF-1), the 
translation initiation factor-4E (ElF-4E) and the CAAT/enhancer binding homology 
protein (CHOP), which were all phosphorylated following 8-pCPT-2'-O-Me-cAMP 
addition. Moreover, phosphorylation of these protein increased with time, in line 
with the sustained dynamics which characterize proliferative and inflammatory 
processes. Interestingly, Fuld et al. described Epac-dependent suppression of p53 
gene transcription in Jurkat T cells [54]. We observed a sustained inhibition of p53 
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phosphorylation upon Epac activation. As phosphorylation has been shown to be 
important for p53 activity and stabilization [55], impaired p53 phosphorylation by 
Epac may represent a novel mechanism of Epac-dependent regulation of p53. Fuld et 
al. also reported that c-Jun transcription in Jurkat T cells was repressed in response 
to Epac activation [54], whereas in our study Epac activation resulted in increased c-
Jun phosphorylation in ASM cells. Although an overall time-dependent increase in 
the phosphorylation of proteins involved in cell proliferation and inflammation was 
observed, it should be noted that substrate phosphorylation may result in either 
activation or inactivation of proteins, increased degradation or altered trafficking 
[56, 57]. Therefore, the functional consequences of the phosphorylation events in 
ASM cells following Epac stimulation need further investigation. 
Beside proliferative and inflammatory targets, Epac also modulates the 
phosphorylation of proteins involved in actin-myosin and microtubule dynamics. In 
line with the highly dynamic nature such processes, the number of phosphorylated 
actin-microtubule markers observed following Epac stimulation decreased in a time-
dependent fashion. Actin-microtubules dynamics contribute to the formation of cell-
cell contacts and to the generation of contractile force, partly responsible for ASM 
cells contractility [58]. Recent evidence indicates that Epac associate with the 
microtubule cytoskeleton network and that interaction with microtubule-tubulin 
proteins regulates Epac activity [59, 60]. Moreover, Epac has been shown to 
modulate cardiac contractile properties upon interaction with actin-myosin filaments 
[61], and in several cells, including lung fibroblasts, Epac-cytoskeleton interactions 
have been implicated in cell cycle regulation [11, 62]. Indeed, in ASM cells tubulin 
is phosphorylated upon Epac activation, suggesting that Epac may also regulate 
microtubuli formation in ASM. Moreover, Epac-Rap1 signaling to β-catenin have 
been previously reported to regulate actin-cytoskeleton dynamics in vascular 
endothelial cells [63]. Interestingly, Epac stimulation induced the phosphorylation of 
β-catenin in ASM cells.  β-catenin has recently been shown to positively regulate 
active tension development in ASM cells, presumably by stabilizing cell-cell 
contacts and supporting force transmission within ASM tissue [64]. Since 
phosphorylation of β-catenin may lead to its proteosomal degradation [65], 
phosphorylation of β-catenin by Epac may underline a novel inhibitory role for Epac 
in ASM contraction.  
Collectively, our data point at Epac as a novel effector in lung physiology and 
pathophysiology. The specific outcomes of Epac-mediated responses are cell-type 
dependent and need further investigation. Cell-type specific functions of Epac are 
most likely the result of different cellular environments, cell-to-cell contacts, and the 
relative abundance, distribution and functionality of its diverse effectors and 
contribute to confer specificity to the multipotent cAMP signaling. Targeting Epac 
signaling in asthma and COPD holds promise as Epac seems to regulate key 
responses in ASM and epithelial cells, including inflammation, proliferation and 
contractility.  
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Abstract 

Airway smooth muscle cells contributes to the pathogenesis of pulmonary diseases 
by secreting inflammatory mediators such as interleukin-8 (IL-8). IL-8 production is 
in part regulated via activation of Gq-and Gs-coupled receptors. Here we study the 
role of the cyclic AMP (cAMP) effectors protein kinase A (PKA) and exchange 
proteins directly activated by cAMP (Epac1 and Epac2) in the bradykinin-induced 
IL-8 release from a human. Airway smooth muscle cell line and the underlying 
molecular mechanisms of this response.  
IL-8 release was assessed via ELISA under basal condition and after stimulation 
with bradykinin alone or in combination with fenoterol, the Epac activators 8-pCPT-
2′-O-Me-cAMP and Sp-8-pCPT-2'-O-Me-cAMPS, the PKA activator 6-Bnz-cAMP 
and the cGMP analog 8-pCPT-2’-O-Me-cGMP. Where indicated, cells were pre-
incubated with the pharmacological inhibitors Clostridium difficile toxin B-1470 
(Ras-like GTPase), U0126 (extracellular signal-regulated kinases ERK1/2) and Rp-
8-CPT-cAMPS (PKA-selective). The specificity of the cyclic nucleotide analogs was 
confirmed by measuring phosphorylation of the PKA-specific substrate vasodilator-
stimulated phosphoprotein (VASP). GTP-loading of Rap1 and Rap2 was evaluated 
via pull-down technique. Expression of Rap1, Rap2, Epac1 and Epac2 was assessed 
via western blot after cell fractionation. Downregulation of Epac protein expression 
was achieved by siRNA. Unpaired or paired two-tailed Student’s t test was used. 
The β2-agonist fenoterol augmented release of IL-8 by bradykinin. The PKA 
activator 6-Bnz-cAMP and the Epac activator 8-pCPT-2'-O-Me-cAMP significantly 
increased bradykinin-induced IL-8 release. The hydrolysis-resistant Epac activator 
Sp-8-pCPT-2'-O-Me-cAMPS mimicked the effects of 8-pCPT-2'-O-Me-cAMP, 
whereas the negative control 8-pCPT-2'-O-Me-cGMP did not. Fenoterol, forskolin 
and 6-Bnz-cAMP induced VASP phosphorylation, a cellular response being 
sensitive to the PKA inhibitor Rp-8-CPT-cAMPS. 6-Bnz-cAMP and 8-pCPT-2'-O-
Me-cAMP induced GTP-loading of Rap1, but not of Rap2. Treatment of the cells 
with toxin B-1470 and U0126 significantly reduced bradykinin-induced IL-8 release 
alone or in combination with the activators of PKA and Epac. Interestingly, 
inhibition of PKA by Rp-8-CPT-cAMPS and silencing of Epac1 and Epac2 
expression by specific siRNAs largely decreased activation of Rap1 and the 
augmentation of bradykinin-induced IL-8 release from airway smooth muscle. by 
both PKA and Epac. 
Collectively, our data suggest that the cAMP targets PKA, Epac1 and Epac2 act in 
concert to modulate inflammatory properties of airway smooth musclevia signaling 
to Ras-like GTPase Rap1 and to ERK1/2.  
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Introduction 

Asthma and chronic obstructive pulmonary disease (COPD) are chronic 
inflammatory diseases characterized by structural and functional changes of the 
airways  [1, 2]. The underlying pathogenic processes of asthma and COPD include 
the production and release of chemokines and cytokines by inflammatory and 
structural cells [3]. Airway smooth muscle cells are recognized as 
immunomodulatory cells able to synthesize multiple inflammatory mediators such as 
cytokines, including interleukin-8 (IL-8) [4-6].  
IL-8 represents one of the best characterized members of the family of chemokines 
known to attract and activate leukocytes and plays a major role in the initiation and 
maintenance of inflammatory responses [7]. In particular, IL-8 is a potent 
chemoattractant for neutrophils and eosinophils [8, 9], that have been implicated in 
inflammatory airway diseases [10]. Indeed, enhanced IL-8 has been detected in 
blood and bronchial mucosa [11] and in bronchial epithelial cells of patients with 
asthma [12], in bronchoalveolar lavage fluid (BALF) of asthmatic and chronic 
bronchitis patients [13], in BALF and sputum from patients with COPD [14, 15]. IL-
8 levels correlate with the number of airway neutrophils, which are strongly 
associated with severe asthma and are increased during acute exacerbations of 
chronic bronchitis [16]. Airway smooth muscle are a rich source of IL-8 [6]. The 
gene expression of IL-8 is tightly regulated by inflammatory and pro-contractile 
agonists [6, 17, 18] acting on the large superfamily of G-protein-coupled receptors 
(GPCRs). 
Bradykinin is a pluripotent nonapeptide generated by plasma and tissue kallikreins, 
and is upregulated in patients with asthma [19]. It has been reported that bradykinin 
stimulates the expression of IL-8 in human lung fibroblasts and airway smooth 
muscle [6, 18]. This response is coupled to activation of extracellular signal-
regulated protein kinases 1 and 2 (ERK1/2) [18, 20] and appears to involve 
cyclooxygenase-dependent and -independent signals [6, 21]. 
Gs-protein-coupled receptor activation (e.g. β2-adrenergic or prostanoid receptors) 
modulate the release of cytokines from airway cells [6], probably via activation of 
adenylyl cyclase and subsequent increase in intracellular cyclic AMP (cAMP). 
Importantly, a synergism between bradykinin and the cAMP-elevating agents 
salmeterol and prostaglandin E2 (PGE2) has been reported at the level of IL-6 
production from airway smooth muscle [22]. Although these studies clearly indicate 
a role for cAMP in pro-inflammatory cytokine production, the engagement of 
distinct cAMP-regulated effectors has not been yet addressed in the airways. Given 
the importance of the bradykinin- and the cAMP-driven pathways in both the 
pathophysiology and the treatment of pulmonary diseases, insights into the cellular 
mechanisms of their interaction are warranted. 
Indeed, increasing evidence suggests that cAMP actively regulates transcription and 
gene expression events in several airway cells [23, 24], and that such mechanism 
may regulate local cytokine production in human airway smooth muscle [21]. Until 
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recently, intracellular effects of cAMP have been attributed to the activation of 
protein kinase A (PKA) and subsequent changes in PKA-mediated protein 
expression and function [23]. In the last decade, exchange proteins directly activated 
by cAMP (Epac1 and Epac2) have been identified as cAMP-regulated guanine 
nucleotide exchange factors for Ras-like GTPases, such as Rap1 and Rap2 [25] 
(chapter 2). Epac control a variety of cellular functions including integrin-mediated 
cell-adhesion [26], endothelial integrity and permeability [27], exocytosis and 
insulin secretion [28, 29] (chapter 2). Epac also signal to ERK1/2 although the 
outcome of this particular signalling appears to depend on the cell type and specific 
cellular localization of Epac and their effectors [30-33]. Epac has been shown to act 
alone [34, 35] or to either antagonize [32, 36] or synergize with PKA [37, 38]. 
Although a role of Epac in lung fibroblasts and airway smooth muscle proliferation 
has recently been addressed [34, 35, 39], the impact of both PKA and Epac on the 
production of inflammatory mediators in the airways is presently unknown. Here, we 
report on novel cAMP-driven molecular mechanisms inducing augmentation of 
bradykinin-induced release of IL-8 from human airway smooth muscle and we 
demonstrate that Epac1 and Epac2 act in concert with PKA to modulate this cellular 
response via signaling to the Ras-like GTPase Rap1 and ERK1/2.  
 
Methods 

Materials. 1,4-diamino-2,3-dicyano-1, 4-bis[2-aminophenylthio]butadiene (U0126) 
was purchased from Tocris (Bristol, UK). 6-Bnz-cAMP, 8-pCPT-2’-O-Me-cAMP, 
Rp-8-CPT-cAMPS, Sp-8-pCPT-2'-O-Me-cAMPS and 8-pCPT-2'-O-Me-cGMP were 
from BIOLOG Life Science Institute (Bremen, Germany). Fenoterol was from 
Boehringer Ingelheim (Ingelheim, Germany). Bradykinin, Na3VO4, aprotinin, 
leupeptin, pepstatin and mouse anti-β-actin antibody (A5441), peroxidase-
conjugated goat anti-rabbit (A5420) and peroxidase-conjugated rabbit anti-mouse 
(A9044) antibodies were purchased from Sigma-Aldrich (St. Louis, MO). The anti-
phospho-ERK1/2 (P-ERK1/2) (9101), anti-ERK1/2 (9102) and anti-VASP which 
also binds to phospho-VASP (P-VASP)  (3112) were from Cell Signaling 
Technology (Beverly, MA). The antibodies against Rap1 (121, sc-65), Rap2 (124, 
sc-164) and caveolin-1 (N-20, sc-894) were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA), and the antibody against Rac-1 (Mab 3735) was 
from Millipore (Billerica, MA). The mouse monoclonal antibodies against Epac1 
and Epac2 were generated and kindly provided by Dr. J. L. Bos [40]. Clostridium 
difficile toxin B-1470 was kindly provided by Drs C. von Eichel-Streiber and H. 
Genth. DMEM, FBS, penicillin/streptomycin solution were obtained from GIBCO-
BRL Life Technologies (Paisley, UK). Alamar Blue solution was from Biosource 
(Camarillo, CA), the dyazo die trypan blue from Fluka Chemie (Buchs, Switzerland) 
and the Pierce BCA protein assay kit from Thermo Scientific (Rockford, IL). siRNA  
probes were purchased from Dharmacon Inc. (Lafayette, CO) and the transfection 
vehicle lipofectamine 2000 was from Invitrogen (Carlsbad, CA). The western 
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lightning ECL solution was from PerkinElmer Inc. (Waltman, MA) and the IL-8 
ELISA kit from Sanquin (Amsterdam, The Netherlands). All used chemicals were of 
analytical grade. 
 
Cell culture, toxin treatment, cell number and viability measurements. Human 
bronchial smooth muscle cell lines, immortalized by stable ectopic expression of 
human telomerase reverse transcriptase enzyme were used for all the experiments 
(hTERT-airway smooth muscle cells). The primary human bronchial smooth muscle 
cells used to generate these cells were prepared as described previously [41]. All 
procedures were approved by the human Research Ethics Board of the University of 
Manitoba. As described previously [42], each cell line was thoroughly characterized 
to passage 10 and higher. Passage 10 to 25 myocytes, grown on uncoated dishes in 
DMEM supplemented with antibiotics and 10% FBS, were used. Before each 
experiments, cells were serum deprived for one day in DMEM supplemented with 
antibiotics. For toxin B-1470 treatment, cells were treated for 24 hrs with 100 pg/ml 
toxin B-1470,. Toxin-induced glycosylation of Ras-like GTPases was monitored by 
using a specific anti-Rac1 antibody [43], and changes in cell morphology were 
monitored by phase-contrast microscopy, using an Olympus IX50 microscope 
equipped with a digital image capture system (Color View Soft Imaging System). 
The toxicity of used drugs as well as their vehicle (DMSO) towards hTERT-airway 
smooth muscle cells was determined by an Alamar Blue assay. Briefly, cells were 
incubated with HBSS containing 10% vol/vol Alamar blue solution and then 
analyzed by fluorimetric analysis. Fluorescence derives from the conversion of 
Alamar blue into its reduced form by mitochondrial cytochromes and is therefore a 
measure of the number of cells. Viability was set as 100% in control cells. Viability 
of cells was also measured by resuspending cells 1:1 in the diazo dye trypan blue, 
which is absorbed by non viable cells, and the number of blue cells was then 
measured. 
 
Cell fractionation. Cells were lysed in 50 mM Tris (pH 7.4) supplemented with 1 
mM Na3VO4, 1 mM NaF, 10 µg/ml aprotinin, 10 µg/ml leupeptin and 7 µg/ml 
pepstatin and then fractioned as described earlier [44]. The protein amount of all the 
fractions was determined using Pierce protein determination according to the 
manifacturer’s instructions. Membrane, cytosolic and nuclear enriched fractions 
were subsequently used for detection of Epac1, Epac2, Rap1 and Rap2 expression. 
 
Silencing of Epac1 and Epac2 expression using siRNAs. Cells were transfected with 
siRNA probes targeted to either Epac1 or Epac2; the target sequences for human 
Epac1 siRNA mixture were: sense: 5’- CGUGGGAACUCAUGAGAUG-3’ (J-
007676-05), sense: 5’-GGACCGAGAUGCCCAAUUC-3’ (J-007676-06), sense: 5’-
GAGCGUCUCUUUGUUGUCA-3’ (J-007676-07), sense: 
5’CGUGGUACAUUAUCUGGAA-3’ (J-007676-08) and for the Epac2 siRNA 
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mixture: sense: 5’-GAACACACCUCUCAUUGAA-3’ (J-009511-05), sense: 5’- 
GGAGAAAUAUCGACAGUAU-3’ (J-009511-06), sense: 5’-
GCUCAAACCUAAUGAUGUU-3’ (J-009511-07), sense: 5’-
CAAGUUAGCACUAGUGAAU-3’ (J-009511-08). Non-silencing siRNA control 
was used as a control in all siRNA transfection experiments. Cells were transfected 
with 200 pmol of appropriate siRNA by using lipofectamine 2000 (1 mg/ml) as 
vehicle. 6 hrs after transfection, cells were washed with DMEM supplemented with 
antibiotics to reduce toxicity effects of the transfection reagent. Cells were 
subsequently analyzed for Epac1 and Epac2 expression, GTP-loading of Rap1 or IL-
8 production. 
 
Activation of Rap1, phosphorylation of ERK1/2-VASP and immunoblot analysis. The 
amount of activated Rap1 and Rap2 was measured with the pull-down technique by 
using glutathione S-transferase (GST)-tagged RalGDS (Ras-binding domain of the 
Ral guanine nucleotide dissociation stimulator) as previously described [45]. For the 
measurement of the phosphorylation of ERK1/2 and VASP, cell were lysed followed 
by determination of the protein concentration. Equal amounts of protein (or samples) 
were loaded on 10-15% polyacrylamide gels and analyzed for the protein of interest 
by using the specific first antibody (dilution Rap1 and Rap2 1:250, P-ERK 1:1000, 
ERK 1:500, VASP 1:1000) and the secondary HRP-conjugated antibody (dilution 
1:2000 anti-rabbit or 1:3000 anti-mouse). Protein bands were subsequently 
visualized on film using western lightning plus-ECL and quantified by scanning 
densitometry using TotalLab software (Nonlinear Dynamics, Newcastle, UK). 
Results were normalized for protein levels by using specific control proteins. 
 
IL-8 assay. The concentration of IL-8 in the culture medium was determined by 
ELISA according to the manifacturer’s instructions (Sanquin, the Netherlands). 
Results were normalized for cell number according to Alamar Blue measurement. 
Basal IL-8 levels ranged between 0.3 and 18,8 pg/ml. 
 
Statistical analysis. Data were expressed as the mean ± SEM of n determinations. 
Statistical analysis was performed using the statistical software Prism. Data were 
compared by using an unpaired or paired two-tailed Student’s t test to determine 
significant differences. p values <0.05 were considered to be statistically significant. 
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Results 

Cyclic AMP-regulated PKA and Epac augment bradykinin-induced IL-8 
release from human airway smooth muscle.  
Given the importance of IL-8 in airway inflammatory processes [7], we examined 
the role of the cAMP-elevating agent β2-agonist fenoterol in bradykinin-induced IL-
8 release from hTERT-airway smooth muscle cells. As illustrated in Fig. 1A, 
bradykinin induced an increase in the release of IL-8 from the cells. The 
concentration of 10 µM bradykinin appeared to be most effective (~2-fold increase, 
P<0.001) and was chosen for further experiments. The β2-agonist fenoterol at the 
concentration of 1 µM further enhanced bradykinin-induced IL-8 release of about 2 
fold (P<0.05), whereas it did not alter basal IL-8 production (Fig. 1B). These data 
suggested that bradykinin-induced IL-8 release from hTERT-airway smooth muscle 
cells may be augmented by cAMP signaling. 
 

 
Fig. 1. cAMP-elevating agents 
fenoterol and forskolin augment 
bradykinin-induced release of 
IL-8. hTERT-airway smooth 
muscle cells were stimulated for 18 
hrs with the indicated 
concentrations of bradykinin (A). 
Cells were incubated for 30 min 
without (Basal) or with 1 μM 
fenoterol. Then, cells were 
stimulated with 10 µM bradykinin 
for 18 hrs. IL-8 release was 
assessed by ELISA as described in 
Materials and Methods. Results are 
expressed as mean ± SEM of 
separate experiments (n=3-10). 
*P<0.05, ***P<0.001 compared to 
unstimulated control; #P<0.05 
compared to bradykinin-stimulated 
control. 
 
 
 
 
 

To study whether cAMP-regulated effectors PKA and Epac participate in this 
response, we analyzed the role of the cAMP analogs 6-Bnz-cAMP and 8-pCPT-2'-
O-Me-cAMP known to preferentially activate PKA or Epac, respectively [46, 47]. 
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As shown in Fig. 2, direct activation of PKA by 6-Bnz-cAMP induced a 
concentration-dependent augmentation of bradykinin-induced IL-8 release from 
hTERT-airway smooth muscle cells. 500 µM 6-Bnz-cAMP induced about a 3.5-fold 
(P<0.01) increase on bradykinin-induced IL-8 release (Fig. 2). As shown for 
fenoterol, 6-Bnz-cAMP did not enhance basal cellular IL-8 production at any 
concentration measured (Fig. 2).  

 
Fig. 2. Bradykinin-induced 
IL-8 release is increased 
by the PKA activator 6-
Bnz-cAMP. hTERT-airway 
smooth muscle cells were 
stimulated with the in-
dicated concentrations of 6-
Bnz-cAMP in the absence 
(Basal) or presence of 10 
µM bradykinin for 18 hrs. 
IL-8 release was assessed by 
ELISA. Results are expres-
sed as mean ± SEM of 
separate experiments (n=3-
10). ***P<0.001 compared 
to unstimulated control; 
#P<0.05, ##P<0.01 compa-
red to bradykinin-stimulated 
control.  
 

We report here that hTERT-airway smooth muscle cells express Epac1 and Epac2 
(Fig. 11A). Therefore, we also used the Epac activator 8-pCPT-2'-O-Me-cAMP to 
modulate bradykinin-induced IL-8 release. As shown in Fig. 3A, treatment of the 
cells with 8-pCPT-2'-O-Me-cAMP induced a concentration-dependent augmentation 
of this response. 100 µM 8-pCPT-2'-O-Me-cAMP increased bradykinin-induced IL-
8 release by about 2-fold (P<0.01) (Fig. 3A). Similar to both the β2-agonist fenoterol 
and the PKA activator 6-Bnz-cAMP, the Epac activator 8-pCPT-2'-O-Me-cAMP did 
not increase basal IL-8 production at any concentration used (Fig. 3A). To validate 
the data obtained with the Epac activator 8-pCPT-2'-O-Me-cAMP, 8-pCPT-2'-O-
Me-cGMP, a cGMP analogue with substitutions identical to those in 8-pCPT-2'-O-
Me-cAMP which is known to neither activate protein kinase G nor Epac [34], was 
used as a negative control. Moreover, Sp-8-pCPT-2'-O-Me-cAMPS, a 
phosphorothioate derivative of 8-pCPT-2'-O-Me-cAMP that is resistant to 
phosphodiesterase hydrolysis [47, 48], was used as an additional Epac activator. 
Importantly, Sp-8-pCPT-2'-O-Me-cAMPS (100 µM) mimicked the effects of the 
Epac activator 8-pCPT-2'-O-Me-cAMP on bradykinin-induced IL-8 release from 
hTERT-airway smooth muscle cells (P<0.05), whereas the negative control 8-pCPT-
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2'-O-Me-cGMP (100 µM) did not alter this response (Fig. 3B). Again, as shown for 
the Epac activator 8-pCPT-2'-O-Me-cAMP, Sp-8-pCPT-2'-O-Me-cAMPS and 8-
pCPT-2'-O-Me-cGMP did not alter basal IL-8 release (Fig. 3B). Collectively, these 
data indicate that augmentation of bradykinin-induced IL-8 release from hTERT-
airway smooth muscle cells is regulated by cAMP, likely through both PKA and 
Epac.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Bradykinin-induced IL-8 release is increased by the Epac activators 8-pCPT-2'-
O-Me-cAMP and Sp-8-pCPT-2'-O-Me-cAMPS. hTERT-airway smooth muscle cells were 
stimulated with the indicated concentrations of 8-pCPT-2'-O-Me-cAMP (A) or with 100 µM 
of 8-pCPT-2'-O-Me-cAMP, Sp-8-pCPT-2'-O-Me-cAMPS and 8-pCPT-2'-O-Me-cGMP (B) 
in the absence (Basal) or presence of 10 µM bradykinin for 18 hrs. IL-8 release was 
measured by ELISA. Results are expressed as mean ± SEM of separate experiments (n=3-9). 
**P<0.01, ***P<0.001 compared to unstimulated control; #P<0.05, ##P<0.01  compared to 
bradykinin-stimulated control. 
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To further validate our findings, we analyzed the phosphorylation of VASP, known 
to be phosphorylated at Ser-157, a PKA-specific site [49], by using a VASP-specific 
antibody that recognizes both phospho-VASP (upper band) and total VASP (lower 
band).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Effects of cyclic nucleotide analogs and cAMP-elevating agents on VASP 
phosphorylation. Phosphorylation of the PKA effector VASP in the absence (Control) and 
presence of 8-pCPT-2'-O-Me-cAMP, Sp-8-pCPT-2'-O-Me-cAMPS, 8-pCPT-2'-O-Me-cGMP 
(each 100 µM), 500 µM 6-Bnz-cAMP for 15 min was evaluated by using a VASP-specific 
antibody. Equal loading was verified by analysis of β-actin. Representative blots are shown 
(A). hTERT-airway smooth muscle cells were stimulated for 15 minutes without (Control) or 
with forskolin, 8-pCPT-2'-O-Me-cAMP (each 100 µM), 500 µM 6-Bnz-cAMP, 1 µM 
fenoterol and 10 µM bradykinin in the absence or presence of 100 µM Rp-8-CPT-cAMPS 
(B). Representative blots are shown above. Equal loading was verified by analysis of β-actin. 
Below are the densitometric quantifications of n=3-6 independent experiments. Data are 
expressed as percentage of phospho-VASP over total VASP. **P<0.01, ***P<0.001 
compared to unstimulated control; §P<0.05 compared to basal condition.  
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Phosphorylation of VASP was not altered by any of the Epac-related cAMP 
compounds being studied (each 100 µM) (Fig. 4A). 
In contrast, 1 µM fenoterol, 100 µM forskolin and 500 µM 6-Bnz-cAMP induced 
VASP phosphorylation (Fig. 4A). In addition, treatment of the cells with the 
pharmacological selective PKA inhibitor Rp-8-CPT-cAMPS, blocked 
phosphorylation of VASP by 6-Bnz-cAMP (P<0.05) and largely reduced VASP 
phosphorylation by forskolin (P=0.067) and fenoterol (P<0.05) (Fig. 4B). 
Bradykinin also induced VASP phosphorylation (P=0.055) (Fig. 4B). All together, 
these data indicate that the cyclic nucleotides used in our study specifically activate 
their primary pharmacological targets PKA and Epac, and thereby induce 
augmentation of bradykinin-induced IL-8 release from hTERT-airway smooth 
muscle.  

 
Fig. 5. Role of Epac and 
PKA in GTP-loading of 
Rap1 and Rap2. hTERT-
airway smooth muscle cells 
were fractioned as described 
in Material and Methods. 
Expression of membrane-
associated or cytosolic Rap1 
(A) and Rap2 (B) was 
evaluated and normalized to 
the content of the cell 
fraction-specific marker pro-
teins caveolin-1 and β-actin, 
respectively. hTERT-airway 
smooth muscle cells were 
stimulated for 10 min 
without (Control) and with 
100 μM 8-pCPT-2'-O-Me-
cAMP or 500 μM 6-Bnz-
cAMP. Thereafter, GTP-
loaded and total Rap1 (A) or 
Rap2 (B) were determined as 
described in Material and 
Methods. Representative 
immunoblots are shown 
above with the respective 
densitometric quantifications 
underneath them (n=3-5). 
*P<0.05, **P<0.01 compa-
red to unstimulated control. 
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Role of Ras-like GTPases in cAMP-dependent bradykinin-induced IL-8 release 
from human airway smooth muscle.  
PKA and Epac have been reported to modulate GTP-loading of the Ras-like GTPase 
Rap1 and Rap2 [45, 50, 51]. In hTERT-airway smooth muscle cells, Rap1 and Rap2 
were both present at membrane-associated and cytosolic compartments (Fig. 5).  
As shown in Fig. 5A, activation of Epac by 8-pCPT-2'-O-Me-cAMP induced about a 
2-fold increase in GTP-loading of Rap1 in hTERT-airway smooth muscle cells 
(P<0.01).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Impact of Ras-like GTPases on bradykinin-induced IL-8 release.  hTERT cells 
were treated for 24 hrs without (Control) and with 100 pg/ml of Clostridium difficile toxin B-
1470 (Toxin B-1470). Then, cell morphology was assessed by phase-contrast microscopy (A). 
Cell number was measured on the same cells by Alamar blue as described in Material and 
Methods. Data represent percentage of unstimulated control (B; upper panel). In addition, IL-
8 release was measured on supernatant of cells treated with 10 µM bradykinin alone or in 
combination with 100 µM 8-pCPT-2'-O-Me-cAMP or 500 μM 6-Bnz-cAMP in the absence 
(Basal) or presence of 100 pg/ml Toxin B-1470 by using ELISA (B; lower panel). Results are 
expressed as mean ± SEM of separate experiments (n=4). *P<0.05, **P<0.01 compared to 
unstimulated control;  #P<0.05 compared to bradykinin-stimulated condition; §P<0.05 
compared to basal condition. 
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Activation of PKA by 6-Bnz-cAMP activated Rap1 by about 1,5-fold (P<0.05) (Fig. 
5A). In contrast, activation of Epac or PKA did not induce GTP-loading of Rap2 
(Fig. 5B).  
To study whether activation of Ras-like GTPases by cAMP is required for the 
augmentation of bradykinin-induced IL-8 release, cells were treated with 
Clostridium difficile toxin B-1470 known to inactivate Ras family members, 
including Rap1 [52]. We analyzed cell morphology and immunoreactivity of the 
toxin-substrate GTPase Rac1 to monitor the functionality of toxin B-1470 [43]. 
Treatment of the cells with 100 pg/ml toxin B-1470 profoundly altered cell 
morphology, as demonstrated by the occurrence of a high number of rounded cells 
(Fig. 6A). Toxin B-1470 also completely abolished Rac1 immunoreactivity under 
any experimental condition studied (not shown). Although hTERT-airway smooth 
muscle cells were toxin B-1470 sensitive, toxin treatment lowered cell number only 
of about 20% (Fig. 6B, upper panel) and did not alter cell viability (not shown). 
Importantly, toxin treatment completely reversed the augmentation of bradykinin-
induced IL-8 release by 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP (each P<0.05), 
without affecting IL-8 release by bradykinin alone (Fig. 6B, lower panel). As we 
show that PKA and Epac induce GTP-loading of Rap1 and that inhibition of Ras-
like GTPases, including Rap1, largely affect the augmentation of bradykinin-induced 
IL-8 release by both PKA and Epac, our data point at Rap1 as an important 
modulator of this response. 
 
Role of ERK1/2 in cAMP-dependent bradykinin-induced IL-8 release from 
human airway smooth muscle. 
Although the activation of ERK1/2 by Epac and PKA still remain controversial [51, 
53], some reports have shown that this might occur via Rap1 [32, 51, 54]. Current 
evidence also indicates that ERK1/2 regulates the expression of cytokines induced 
by several stimuli, including bradykinin, via activation of specific transcription 
factors [18, 22]. To investigate whether ERK1/2 is required for the Epac- and PKA-
mediated augmentation of bradykinin-induced IL-8 release from hTERT-airway 
smooth muscle cells, we first studied the phosphorylation  of ERK1/2 in these cells 
by 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP. As shown in Fig. 7A, activation of 
Epac and PKA induced marked phosphorylation of both ERK1 and ERK2. In 
agreement with earlier studies [18, 20], treatment with bradykinin also induced 
ERK1/2 phosphorylation and such stimulatory effect was further enhanced by co-
stimulation with 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP (P=0.06 and P=0.11, 
respectively) (Fig. 7B). Importantly, as shown in Fig. 7C, treatment with toxin B-
1470 significantly reduced ERK1/2 phosphorylation by 8-pCPT-2'-O-Me-cAMP 
(P<0.05) and 6-Bnz-cAMP (P<0.01). Thus, it is reasonable to assume that cAMP-
dependent GTPase activation lies upstream of ERK1/2 activation in hTERT-airway 
smooth muscle cells. 
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Fig. 7. Role of Epac and PKA in basal and bradykinin-induced ERK1/2 
phosphorylation. Impact of Ras-like GTPases. hTERT-airway smooth muscle cells were 
stimulated for the indicated period of time (A) or for 5 min without and with 100 µM 8-
pCPT-2-O-Me-cAMP (8-pCPT) or 500 µM 6-Bnz-cAMP in the absence or presence of 10 
μM bradykinin (10 min) (B) or 100 pg/ml Clostridium difficile toxin B-1470 or its vehicle 
(24 hrs) (C). Phosphorylated ERK1/2 (P-ERK1/2), total ERK1/2 or β-actin were detected by 
specific antibodies. Representative immunoblots are shown with the respective densitometric 
quantifications. Data are expressed as fold of ERK1/2 phosphorylation over unstimulated 
control and represent mean ± SEM of separate experiments (n=5-7). *P<0.05, **P<0.01, 
***P<0.001 compared to unstimulated control; §P<0.05, §§P<0.01 compared to basal 
condition. 
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To investigate the impact of ERK1/2 on the augmentation of bradykinin-induced IL-
8 release by PKA and Epac, cells were treated with U0126, a selective 
pharmacological inhibitor of the upstream kinase of ERK1/2 mitogen-activated 
protein kinase kinase (MEK) [55].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Impact of ERK1/2 on bradykinin-induced IL-8 release and its augmentation by 
cAMP analogs. Cells were pretreated for 30 min with 3 μM U0126 or vehicle before the 
addition of 10 μM bradykinin (15 min), 100 µM 8-pCPT-2-O-Me-cAMP or 500 µM 6-Bnz-
cAMP (each 5 min) (A). Phosphorylated ERK1/2 (P-ERK1/2) and total ERK1/2 were 
detected by specific antibodies. Representative immunoblots are shown on the left with the 
respective densitometric quantifications on the right (n=5).  Alternatively, cells were treated 
with bradykinin alone or in combination with 100 µM 8-pCPT-2'-O-Me-cAMP or 500 µM 6-
Bnz-cAMP for 18 hrs. Thereafter, IL-8 release was measured by ELISA (B). Results 
represent mean ± SEM of separate experiments (n=3-9). *P<0.05, **P<0.01, ***P<0.001 
compared to unstimulated control; §P<0.05, §§P<0.01, §§§P<0.001 compared to basal 
condition. 
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As expected, U0126 largely diminished phosphorylation of ERK1/2 under any 
experimental condition used (P<0.001) (Fig. 8A). As illustrated in Fig. 8B, 
augmentation of bradykinin-induced IL-8 release by 6-Bnz-cAMP and 8-pCPT-2'-O-
Me-cAMP was drastically impaired (P<0.01 and P<0.05, respectively) by MEK 
inhibition. As expected, treatment with U0126 also reduced bradykinin-induced IL-8 
release (Fig. 8B), confirming that ERK1/2 is an important effector regulating IL-8 
production. More important, our data highlight the role of ERK1/2 in augmenting 
bradykinin-induced IL-8 release from hTERT-airway smooth muscle cells by PKA 
and Epac.  
 
PKA and Epac cooperate to activate Rap1 and to augment bradykinin-induced 
IL-8 release from human airway smooth muscle.  
Studies on the molecular mechanisms of cAMP-related signaling demonstrate that 
the classical cAMP effector PKA acts alone or in concert with the novel cAMP 
sensor Epac [25, 56, 57]. 
 

Fig. 9. Cooperativity of 8-pCPT-2'-
O-Me-cAMP and 6-Bnz-cAMP on 
bradykinin-induced IL-8 release. 
hTERT-airway smooth muscle cells 
were incubated with 50 µM 6-Bnz-
cAMP alone or in combination with 
the indicated concentrations of 8-
pCPT-2'-O-Me-cAMP (A). Alterna-
tively, cells were stimulated with 10 
µM 8-pCPT-2'-O-Me-cAMP alone or 
in combination with the indicated 
concentrations of 6-Bnz-cAMP (B). 
After that, 10 µM bradykinin was 
added for 18 hrs and IL-8 levels were 
measured by ELISA. Results represent 
mean ± SEM of separate experiments 
(n=3).  *P<0.05, **P<0.01 compared 
to unstimulated control. 
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To study whether cAMP-regulated PKA and Epac might cooperate to augment 
bradykinin-induced IL-8 release from hTERT-airway smooth muscle cells, we 
stimulated the cells with 6-Bnz-cAMP in the presence of 8-pCPT-2'-O-Me-cAMP 
and vice versa. The effect of 50 µM 6-Bnz-cAMP on bradykinin-induced IL-8 
release was modulated by 8-pCPT-2'-O-Me-cAMP (Fig. 9A), the most prominent 
effect being observed at 30 µM 8-pCPT-2'-O-Me-cAMP. In addition, the effects of 
10 µM 8-pCPT-2'-O-Me-cAMP on bradykinin-induced IL-8 release were enhanced 
in the presence of 6-Bnz-cAMP and the maximal response was observed at 100 µM 
6-Bnz-cAMP (Fig. 9B). To further validate PKA and Epac cooperative effects, we 
used different approaches to specifically inhibit the two cAMP-driven effectors and 
we studied the impact of these inhibitions on GTP-loading of Rap1 and IL-8 release 
from hTERT-airway smooth muscle cells.  
As shown in Fig. 4, Rp-8-CPT-cAMPS acts as a specific inhibitor of PKA in 
hTERT-airway smooth muscle cells. Interestingly, treatment of cells with Rp-8-
CPT-cAMPS reduced GTP-loading of Rap1 by both 8-pCPT-2'-O-Me-cAMP and 6-
Bnz-cAMP (Fig. 10A). 
 

 
Fig. 10. Impact of PKA inhibition 
on Rap1 activation and 
bradykinin-induced IL-8 release. 
Cells were treated for 30 min 
without (Basal) or with 100 µM 
Rp-8-CPT-cAMPS. In A, cells 
were first incubated with 100 µM 
8-pCPT-2'-O-Me-cAMP or 500 
µM 6-Bnz-cAMP for 5 min 
followed by measurement of GTP-
loading of Rap1 as described in 
Material and Methods. Shown is a 
representtative immunoblot. Al-
ternatively, cells were stimulated 
with 10 µM bradykinin alone or in 
combination with 100 µM 8-pCPT-
2'-O-Me-cAMP or 500 µM 6-Bnz-
cAMP for 18 hrs (B). IL-8 release 
was then assessed by ELISA. 
Results are expressed as mean ± 
SEM of separate experiments (n=3-
7). *P<0.05, **P<0.01, compared 
to unstimulated control, §P<0.05 
compared to basal condition. 
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In addition, in the presence of Rp-8-CPT-cAMPS, augmentation of bradykinin-
induced IL-8 release by the PKA activator 6-Bnz-cAMP and the Epac activator 8-
pCPT-2'-O-Me-cAMP was largely diminished (P<0.05), whereas basal and 
bradykinin-induced IL-8 release were not significantly altered (Fig. 10B). These data 
suggest that PKA and Epac pathways work in concert both at the level of Rap1 
activation and the downstream production of IL-8. At present, highly specific 
pharmacological inhibitors of individual Epac isoforms, Epac1 and Epac2, are not 
available [46]. Thus, to more precisely study the role of Epac1 and Epac2 in specific 
functions, siRNA is generally used to suppress their endogenous expression [31, 34-
36]. As illustrated in Fig. 11A, the siRNA approaches were effective in reducing 
expression of membrane-associated Epac1 and cytosolic Epac2 of about ~40% 
(P<0.01 for Epac1 and for Epac2) leaving the expression of the cell fraction-specific 
marker proteins caveolin-1 and β-actin unaffected.  
Silencing of Epac1 and Epac2 was most efficient 72 hrs after transfection, indicating 
that the proteins exhibit a slow turn-over rate in hTERT-airway smooth muscle cells. 
As illustrated in Fig. 11B, silencing of Epac1 and Epac2 did not only reduced GTP-
loading of Rap1 by 8-pCPT-2'-O-Me-cAMP, but also its activation by 6-Bnz-cAMP. 
In addition, silencing of Epac1 and Epac2 severely impaired augmentation of 
bradykinin-induced IL-8 release by 8-pCPT-2'-O-Me-cAMP (each P<0.05), whereas 
basal and bradykinin-induced IL-8 release was again not significantly changed (Fig. 
11C). Intriguingly, silencing of Epac1 also significantly reduced augmentation of 
bradykinin-induced IL-8 release by 6-Bnz-cAMP (P<0.05) (Fig. 11C). Silencing of 
cellular Epac2 appeared to modestly reduce the PKA-mediated IL-8 response, 
although this effect was not significant (P=0.075) (Fig. 11C). Taken together, these 
data indicate that cAMP-regulated PKA and Epac (Epac1 and Epac2) are 
interconnected with regard to the activation of Rap1 and the cellular production of 
IL-8 in hTERT-airway smooth muscle cells. 
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Fig. 11. Impact of Epac silencing on Rap1 activation and bradykinin-induced IL-8 
release. hTERT-airway smooth muscle cells were transfected for 72 hrs with control siRNA, 
Epac1 or Epac2 specific siRNAs (each 200 pmol). Expression of membrane-associated 
Epac1 or cytosolic Epac2 was evaluated and normalized to the content of the cell fraction-
specific marker proteins caveolin-1 and β-actin, respectively. Representative immunoblots 
are shown with the respective densitometric quantifications. Results are expressed as mean ± 
SEM of 5-7 experiments. Transfected cells were treated with 100 µM 8-pCPT or 500 µM 6-
Bnz-cAMP for 5 min and the amount of GTP-Rap1 was determined as described in Material 
and Methods. In C, transfected cells were incubated with 10 µM bradykinin alone or in 
combination with 100 µM 8-pCPT or 500 µM 6-Bnz-cAMP for 18 hrs. IL-8 release was then 
assessed by ELISA. Results are expressed as mean ± SEM of 3-7 experiments. **P<0.01, 
***P<0.001 compared to unstimulated control; §P<0.05, §§P<0.01 compared to control 
siRNA. 
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Discussion  

Bradykinin is known to enhance the expression of several cytokines in airway 
smooth muscle [18, 58]. cAMP-elevating agents also modulate release of cytokines 
from airway sources including airway smooth muscle [59]. For example, 
prostaglandin E2 (PGE2) was shown to increase IL-8 production in airway smooth 
muscle cells [6]. Interestingly, salmeterol and PGE2 have been reported to augment 
bradykinin-induced production of IL-6 by airway smooth muscle [22], but the 
cAMP-regulated targets responsible for this cellular response have not been 
identified. Here we report on novel cAMP-dependent mechanisms that augment 
bradykinin-induced release of IL-8 from airway smooth muscle. We demonstrate 
that augmentation of bradykinin-induced IL-8 production by cAMP signaling 
requires the cooperative action of PKA and Epac, leading subsequently to the 
activation of Ras-like GTPases such as Rap1 and ERK1/2 (Fig. 12). 
The use of cyclic nucleotide analogs as pharmacological tools to study the specific 
effects of cAMP-driven signaling is now widely accepted [46]. However, studies 
indicated that various cyclic nucleotide analogs, including 6-Bnz-cAMP and 8-
pCPT-2'-O-Me-cAMP might, in addition to their primary effects, also cause 
elevation of cAMP or cGMP upon inhibition of phosphodiesterases [47] or act upon 
production of cAMP hydrolysis products [48]. We did not observe indirect 
activation of the PKA-dependent effectors such as VASP by any of the Epac-related 
analogs. Moreover, phosphorylation of VASP by forskolin, fenoterol and 6-Bnz-
cAMP was sensitive to the PKA inhibitor Rp-8-CPT-cAMPS. Both the PKA 
activator 6-Bnz-cAMP and the Epac activators used (8-pCPT-2'-O-Me-cAMP and 
Sp-8-pCPT-2'-O-Me-cAMPS) augmented bradykinin-induced IL-8 release in the 
cells, whereas no alteration of the cellular IL-8 levels was observed with the cGMP 
analog 8-pCPT-2'-O-Me-cGMP. Hence, it is reasonable to assume that PKA- and 
Epac-related cyclic nucleotides act via their primary pharmacological targets. 
Collectively, our results indicate that cAMP-dependent augmentation of bradykinin-
induced IL-8 release from hTERT-airway smooth muscle cells is regulated by both 
PKA and Epac. 
In agreement with studies in human airway smooth muscle [22], the β2-agonist 
fenoterol and the distinct PKA/Epac-related cyclic nucleotide analogs used in our 
studies solely alter the release of IL-8 from hTERT-airway smooth muscle in the 
presence of bradykinin, suggesting that this GPCR ligand might also directly affect 
the cAMP pathway. Previous studies have shown that bradykinin can increase 
intracellular levels of cAMP in airway smooth muscle via induction of 
cyclooxygenase and subsequent production of PGE2 [60]. As we observed 
phosphorylation of VASP by bradykinin already ≤ 15 minutes, such prostanoid-
driven indirect effects may not account for the bradykinin responses observed in our 
study. Protein kinase C, a major downstream effector of bradykinin, has been 
reported to activate type II adenylyl cyclase (AC) in intact cells and to elicit 
activation of basal AC activity [61]. The type II AC isoform is abundantly expressed 
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in airway smooth muscle and is activated by both Gαs and PKC probably leading to 
synergistic cAMP formation [62, 63]. Moreover, PKC may cooperate in assembling 
the prostanoid synthetic machinery [60]. In addition, it has been reported that 
bradykinin inhibits approximately 60% of the total cAMP phosphodiesterase activity 
in guinea-pig airway smooth muscle [20]. The above mentioned mechanisms could 
therefore contribute to the increase of cAMP levels by bradykinin in distinct 
subcellular compartments and subsequently trigger the activation of PKA and Epac 
in airway smooth muscle.  
Here we also focused on the Ras-like GTPase family members Rap1 and Rap2 as the 
main effectors of Epac being identified [25, 64] and so far the best described in their 
functional association to Epac [25] (chapter 2). Indeed, both Rap1 and Rap2 are 
present in hTERT-airway smooth muscle cells in both membrane and cytosolic 
compartments. Interestingly, activation of PKA and Epac induced GTP-loading of 
Rap1 in hTERT-airway smooth muscle; both cAMP effectors did not alter basal 
Rap2 activity. In contrast to Epac1, activation of Rap1 by PKA has been reported to 
occur mostly indirectly. Evidence suggests that PKA might either activate the Rap1 
exchange factor C3G (Crk Src homology domain 3) and Src [51, 54, 65] or inhibit 
the Rap1-GTPase activating protein [66]. However, it is presently unknown whether 
such mechanisms are operational in hTERT-airway smooth muscle. To address the 
role of Ras-like GTPases in bradykinin-induced IL-8 release we used the bacterial 
toxin B-1470. Toxin B-1470, which is produced by C. difficile strain 1470, inhibits 
exclusively the Rac protein from the Rho family and, in addition, Rap and Ral 
proteins from the Ras family of GTPases via glucosylation [52]. Such GTPases are 
important regulators of cellular adhesion and migration. Indeed, treatment with the 
toxin induced morphological changes and also caused cell detachment probably 
associated with inhibition of those GTPases. Toxin treatment only slightly reduced 
cell number and did not alter cell viability. Importantly, we observed a drastic 
reduction of bradykinin-induced IL-8 release by PKA and Epac after incubation with 
Toxin B-1470. Hence, our results suggest that cAMP-dependent augmentation of 
bradykinin-induced IL-8 requires PKA- and Epac-dependent activation of GTPases, 
and based on the results presented herein, Rap1 represents a very attractive candidate. 
The production and release of IL-8 from airway smooth muscle upon stimulation of 
pro-inflammatory agonists is regulated by gene transcription and protein expression 
events [21]. Bradykinin has been shown to modulate the release of IL-8 generally 
upon activation of distinct signals including ERK1/2 [18, 20]. Phosphorylation of 
ERK1/2 by bradykinin occurs acutely between 5-30 min in both human airway 
smooth muscle cells [22] and human lung fibroblasts [18]. It is generally believed 
that cAMP modulates transcription and protein expression [23, 67], and its effects 
have been attributed to the phosphorylation of CREB by PKA and its subsequent 
binding to the CRE promoter of the specific genes [67]. Although the human IL-8 
promoter does contain a CRE region, activation of CREB has not been related to the 
regulation of IL-8 expression in airway cells. Moreover, recent studies indicate that 
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Epac1 also modulates gene transcription and protein expression by inducing C/EBP 
transcription factors in COS-1 cells [68]. Interestingly, both PKA and Epac have 
been reported to activate ERK1/2 in a cell-type specific manner [51]. Once activated, 
ERK1/2 signals to the nucleus, promoting transcription of genes usually associated 
with inflammation and proliferation. Activation of Epac and PKA in hTERT-airway 
smooth muscle cells increased basal ERK1/2 phosphorylation (1-30 min) and 
enhanced bradykinin-induced ERK1/2 phosphorylation measured after 10 min. 
Hence, these findings indicate that ERK1/2 activation may be an important 
mechanism by which β2-agonists augment IL-8 production in airway smooth muscle. 
This was confirmed by the fact that treatment with the pharmacologic inhibitor 
U0126 reduced the IL-8 release by bradykinin alone and even in a more pronounced 
way, by the combination with both 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP. The 
fact that toxin B-1470 treatment largely impaired ERK1/2 phosphorylation by PKA 
and Epac, most likely places ERK1/2 downstream of toxin B-1470-sensitive 
GTPases.  
Previous studies in human lung fibroblasts have shown that Epac1, Epac2 and PKA 
act independently on distinct cellular functions [34, 35]. For example, the anti-
proliferative signalling properties in human lung fibroblasts have been assigned to 
Epac1, but not to Epac2 [34, 35]. The diverse effects of Epac proteins and PKA 
could be explained by their different subcellular localization [69] or downstream 
effector availability [70, 71]. Indeed, we observed that Epac isoforms Epac1 and 
Epac2 exhibit different cellular localization in hTERT-airway smooth muscle cells, 
the former being more expressed at the plasma membrane and the latter in the 
cytosolic fraction of the cells. However, we here demonstrate that silencing of Epac1 
or Epac2 expression in hTERT-airway smooth muscle cells abolished the 
augmentation of bradykinin-induced IL-8 release by the Epac activator 8-pCPT-2'-
O-Me-cAMP, and also largely diminished the enhancement of this cellular response 
by the PKA activator 6-Bnz-cAMP. These data point at a positive cooperativity 
between cAMP-regulated Epac1-Epac2 and PKA, which was confirmed by 
pharmacological approaches using the PKA inhibitor Rp-8-CPT-cAMPS and the 
combinations of the the PKA and Epac activators. Importantly, activation of Rap1 
by either PKA or Epac appeared to be sensitive to inhibition of PKA by Rp-8-CPT-
cAMPS or to silencing of Epac1 and Epac2 by siRNA. This results suggest that Epac 
and PKA work in concert to activate Rap1 and subsequently augment IL-8 release 
by bradykinin. Our findings might implicate that both Epac isoforms and PKA bind 
to the same signalling complex which are then directed to the same target(s). Indeed, 
distinct intracellular cAMP signaling compartments have been recently identified in 
primary cultures of neonatal cardiac ventriculocytes [72], and cAMP-responsive 
multiprotein complexes including PKA and Epac1-Epac2 seem to confer signaling 
specificity [73, 74]. Thus, our data indicate that in airway smooth muscle both Epac1 
and Epac2 act in concert with PKA to modulate pro-inflammatory signaling 
properties. 
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Fig. 12. Augmentation of bradykinin-induced IL-8 release in hTERT-airway smooth 
muscle cells by Epac and PKA.  Activation of ERK1/2 is mediated via different GPCRs. 
The β2-agonist fenoterol acts on Gs-coupled receptors inducing cAMP elevation via 
activation of adenylyl cyclase (AC) while forskolin directly activates AC. cAMP activates 
two distinct cellular effectors: PKA and Epac, followed by activation of Ras-like GTPases, 
such as Rap1, and ERK1/2, and subsequently induction of specific transcription factors 
resulting in the production of IL-8. Bradykinin also elicits ERK1/2 phosphorylation most 
likely via activation of Gq-coupled receptors. The dotted line represents a potential pathway 
which has not been fully addressed in our study.  indicates inactivation and  indicates 
activation, see text for further details. 
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Conclusions  

We describe novel cAMP-dependent mechanisms to induce augmentation of 
bradykinin-induced IL-8 release from airway smooth muscle. Evidence is provided 
that cAMP-regulated Epac1 and Epac2 cooperate with PKA to induce Ras-like 
GTPases activation (presumably Rap1) and subsequent activation of ERK1/2. Our 
findings implicate that PKA, Epac1 and Epac2 exert pro-inflammatory signaling 
properties in human airway smooth muscle depending on the input of distinct GPCR 
signals. The relevance of these findings is reflected by the importance of bradykinin- 
and cAMP-mediated signals in airway disease pathogenesis and treatment and opens 
new avenues for future therapeutic intervention. 
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Abstract 

Cigarette smoke-induced release of pro-inflammatory cytokines such as interleukin-
8 (IL-8) from airway smooth muscle (ASM) cells may contribute to the development 
of chronic obstructive pulmonary disease (COPD). Here, we investigated the role of 
the cAMP-effectors Epac and PKA on cigarette smoke extract (CSE)-induced IL-8 
release by human ASM cells as well as the potential signaling mechanisms involved. 
Additionally, the impact of CSE on Epac and PKA expression was evaluated. CSE-
induced IL-8 release from ASM was reduced by the β2-agonist fenoterol, the Epac 
activator 8-pCPT-2'-O-Me-cAMP and the PKA activator 6-Bnz-cAMP. CSE 
induced IκBα degradation and p65 nuclear translocation, processes that were 
primarily reversed by the Epac activator 8-pCPT-2'-O-Me-cAMP. In addition, CSE 
increased extracellular signal-regulated kinase (ERK) phosphorylation, which was 
selectively reduced by the PKA activator 6-Bnz-cAMP. Furthermore, CSE decreased 
Epac1 expression, but had no effects on Epac2 and PKA expression. Importantly, we 
observed reduced Epac1 expression in lung tissue from COPD patients. In 
conclusion, our data indicate that Epac and PKA differentially decrease CSE-
induced IL-8 release by ASM cells, via inhibition of NF-κB and ERK signaling, 
respectively. Our findings further indicate that cigarette smoke exposure may reduce 
anti-inflammatory effects of cAMP in the airways via down-regulation of Epac1. 
 
Introduction  

Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory disorder 
characterized by a massive infiltration of leukocytes in the airways. Cigarette smoke-
induced inflammation is known to be involved in the development of COPD in a 
subset of smokers [1, 2]. Neutrophils are an important component of the 
inflammation as they release inflammatory mediators and proteinases, which are 
believed to play a role in the progressive lung destruction (emphysema) in COPD [3] 
and have been associated with COPD severity [2, 4] and exacerbations [5]. 
Interleukin-8 (IL-8) is a potent neutrophil chemoattractant and activator [2], and its 
levels correlate positively with neutrophil counts in COPD [6]. IL-8 levels are 
increased in sputum [7], in broncho-alveolar lavage fluid [8] and in the bronchiolar 
epithelium from COPD patients [9] and mRNA expression of IL-8 in bronchial 
biopsies correlate with COPD progression [10]. Cigarette smoke induces release of 
IL-8 from inflammatory cells [11, 12] and structural cells in the lung [9, 13], 
including  airway smooth muscle (ASM) cells [14, 15]. In vitro, IL-8 release by 
cigarette smoke extract (CSE) involves activation of NF-κB [12, 14] and 
extracellular signal-regulated kinase (ERK) [11, 14]. Activation of NF-κB requires 
phosphorylation and degradation of IκBα and subsequent nuclear translocation of the 
NF-κB subunit p65 [16, 17], whereas ERK activation occurs via phosphorylation 
and subsequent nuclear translocation [18].  
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Currently, the most effective intervention for COPD is smoking cessation [19], but 
no preventive or curative pharmacological treatment exists. Despite their immuno-
suppressant effects in asthmatics, corticosteroids do not exhibit significant anti-
inflammatory properties in patients with COPD [20]. COPD therapy is importantly 
based on symptomatic treatment, using bronchodilator drugs, including β2-agonists 
[1]. β2-agonists have also been shown to inhibit cytokine release in vitro [21-23]. 
However, evidence of anti-inflammatory effectiveness of β2-agonists in vivo is 
lacking, which may be due to the β2-adrenergic receptor desensitization in both 
airway inflammatory and structural cells [24, 25]. Hence, activation of post-β2-
adrenergic receptor mechanisms, could be advantageous to maintain the beneficial 
effects of β2-agonists without the risk of receptor desensitization. 
Among the structural cells in the airways, ASM cells represent a promising 
therapeutical target in chronic obstructive diseases, due to their intrinsic contractile 
ability. Moreover, ASM release IL-8 and express β2-adrenergic receptors that couple 
with cAMP-signaling effectors [26]. Binding of β2-agonists to the Gs-protein coupled 
β2-adrenergic receptor results in the elevation of intracellular cyclic adenosine 
monophosphate (cAMP) and subsequent activation of protein kinase A (PKA) and 
exchange proteins activated by cAMP (Epac). Recently, we have shown that both 
effectors regulate IL-8 release in ASM cells via a ERK-dependent mechanism [27] 
(chapter 4). Moreover, cAMP elevation inhibits CSE-induced IL-8 release by 
human neutrophils, although the contribution of the different cAMP effectors in this 
process is unknown [11]. Based on these considerations, we investigated the role of 
Epac and PKA in CSE-induced IL-8 release by ASM cells and the underlying 
molecular mechanisms of these effects. Modulation of the expression profile pattern 
of Epac and PKA by CSE was also evaluated, as well as the expression of these 
cAMP effectors in lung samples derived from COPD patients.  
 
Methods  

Human lung tissue. Human lung tissue was collected from COPD patients and 
asymptomatic smokers used as a control group (Table I). Classification of COPD 
severity was based on the Global Initiative for Chronic Obstructive Lung Disease 
(GOLD) criteria [1]. Tissue from the control group and from GOLD stage II patients 
was derived from noninvolved lung tissue of patients undergoing resective surgery 
for pulmonary carcinoma; the control group had no airway obstruction or chronic 
airway symptoms, such as cough and sputum production. Tissue from GOLD stage 
IV patients was collected from subjects undergoing surgery for lung transplantation. 
The COPD-patients did not have clinical signs of chronic bronchitis and were not 
suffering from alpha-1-antitrypsin deficiency. The clinical characteristics of the 
patients are given in Table 1. Informed consent was obtained; the study protocol was 
consistent with national ethical and professional guidelines (“Code of conduct; 
Dutch federation of biomedical scientific societies”; htttp://www.federa.org).  
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Table 1. Characteristics of the study subjects.  

Subject groups  

Control COPD 

Number of subjects 9 20 

Age (years) 62 (46-78) 60.5 (44-81) 

Male/female 3/6 12/8 

Ex-smoker/current smoker 7/2 16/4 

Pack years 30.0 (3.0-52.5) 31.5 (8.5-65.0) 

FEV1%  predicted 96.9 (71.9-134.0) 37.8 (14.0-75.8) *** 

FEV1/FVC  727 (70.6-85.3) 43.7 (19.2-71.1) *** 

All values except number of subjects, gender and smoking status are expressed as median 
values with minimum and maximum range in parentheses. Ex-smoker: non smoker for at 
least one year. FEV1% predicted: forced expiratory volume in 1 second as percentage of 
predicted value. FVC: forced vital capacity. ***P<0.001 compared to control group. 
 
Cigarette smoke extract. Cigarette smoke extract was prepared as previously 
described [28]. Briefly, 2 research cigarettes (University of Kentucky 2R4F; filters 
removed) were combusted using a peristaltic pump (Watson Marlow 323 E/D, 
Rotterdam, The Netherlands) and passing the smoke through 25 ml of FBS-free 
DMEM supplemented with antibiotics at a rate of 5 minutes/cigarette. The obtained 
solution is referred to as 100% strength. 
 
Cell culture. Human bronchial smooth muscle cell lines, immortalized by stable 
ectopic expression of human telomerase reverse transcriptase enzyme (hTERT-
ASM), passages 1-30 were used. All procedures were approved by the human 
Research Ethics Board of the University of Manitoba [29]. Primary human ASM 
cells were isolated from human tracheal sections from anonymized lung 
transplantation donors (obtained from the Department of Cardiothoracic Surgery, 
University Medical Center Groningen) as previously described [30]. Passages 1-5 
were used. Prior to the experiments, cells were growth arrested overnight and treated 
with fenoterol, 8-pCPT-2'-O-Me-cAMP or 6-Bnz-cAMP for 20 min before 
stimulation with CSE. The PKA inhibitor H89 was added 30 min before the other 
stimuli. Alamar blue was used to determine cell viability.  
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ELISA. 24 hrs after stimulation of ASM cells with CSE, culture medium was 
collected for the determination of IL-8 concentrations by ELISA according to the 
manufacturer’s instructions (Sanquin, the Netherlands). 
 
Silencing of Epac1 and Epac2 expression. Epac1 and Epac2 knock-down was 
achieved by transfection of hTERT-ASM cells (90% confluency) with 200 pmol of 
siRNA (Table 2). ON-TARGETplus Non-targeting Pool (D-001810-10-20) was used 
as a negative control (control siRNA). Lipofectamine 2000 (1mg/ml) was used as a 
vehicle. 6 hrs after transfection, cells were washed. The day after, cells were seeded 
in 24 wells plates and serum-deprived overnight. 24 hrs after stimulation with CSE 
in the absence or presence of 8-pCPT-2'-O-Me-cAMP or 6-Bnz-cAMP, supernatants 
were collected for analysis of IL-8 levels. Furthermore, transfected cells were lysed 
for analysis of Epac1 and Epac2 protein or mRNA. 
 
Table 2. Sequences of siRNA probes against Epac1 and Epac2. 

Epac1 ON-TARGETplus SMART pool siRNA Target sequence (5'-3') 

 J-007676-05 CGUGGGAACUCAUGAGAUG 

 J-007676-06 GGACCGAGAUGCCCAAUUC 

 J-007676-07 GAGCGUCUCUUUGUUGUCA 

 J-007676-08 CGUGGUACAUUAUCUGGAA 

Epac2 ON-TARGETplus SMART pool siRNA Target sequence (5'-3') 

 J-009511-05 GAACACACCUCUCAUUGAA 

 J-009511-06 GGAGAAAUAUCGACAGUAU 

 J-009511-07 GCUCAAACCUAAUGAUGUU 

 J-009511-08 CAAGUUAGCACUAGUGAAU 

 
Western analysis . Cell lysates were prepared and subjected to protein determination 
using a Pierce BSA protein assay (Thermo Scientific, Rockford, IL, USA). Similar 
protein amounts were loaded on a SDS-Page gel (8-15%) for electrophoresis and 
transferred to a nitrocellulose membrane. Incubation with the specific primary and 
secondary antibodies was performed overnight (Table 3). After the addition of 
western lighting plus-ECL,  determination of protein bands was achieved using the 
G-BOX iChemi (Syngene, Cambridge, UK). Bands were normalized to GAPDH, β-
actin or ERK, depending on the protein under investigation. 
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Table 3. List of antibodies used in western analysis. 

Target Source (catalog number) Dilution  
Secondary antibody 
(dilution 1:2000) 

VASP Cell Signaling (3112) 1:500 rabbit  

p-ERK Cell Signaling (9101S) 1:1000 rabbit  

ERK Cell Signaling (9102) 1:500 rabbit 

Epac1 Cell Signaling (41555) 1:500 mouse  

Epac2 Cell Signaling (41565) 1:500 mouse 

PKA-C 
BD Transduction Laboratories  
(610980) 1:500 mouse 

PKA-RII 
BD Transduction Laboratories  
(558244) 1:500 mouse 

IkBα Santa Cruz (sc-203) 1:200 rabbit 

GAPDH Santa Cruz (sc-47724) 1:2000 mouse 

β-actin Sigma (A 5441) 1:2000 mouse 

 
RNA isolation. mRNA from cultured human ASM cells was extracted by using a 
Nucleospin RNA II kit (Machery Nagel, Düren, Germany). mRNA from human lung 
tissue was extracted using trizol reagent and chloroform to separate the RNA 
containing phase (aqueous). RNA was precipitated with propanolol and washed with 
ethanol. After drying the pellet, RNA was resuspended in RNAse free water. The 
eluted mRNA was quantified using spectrophotometry (Nanodrop, ThermoScientific, 
Wilmington, USA). 1µg of mRNA was converted in cDNA by reverse transcriptase 
using Promega tools (Madison, WI, USA). 
 
RT-PCR. cDNA was subjected to real-time PCR (RT-PCR) using a MyiQ Single-
Color detection system (Bio-Rad laboratories Inc. Life Science Group, Hercules, CA, 
USA) and specific primers (Table 4). The amount of target gene was normalized to 
ribosomal subunit 18S (designated as ΔCT). Relative differences were determined 
using the equation 2-(Ct) (2-ΔΔCT=1 in control). When necessary, a 1.2 % gel was 
used to separate the RT-PCR products. 
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Table 4. Primers used for RT-PCR. 

Primers  Sequence 5'-3' 

Forward GACCGAGATGCCCAATTCTA 
Epac1 

Reverse TTTCGAAGTGCCACAAGTGAG 

Forward ATTGCAAATACGGCCAGAAC 
Epac2 

Reverse TCTATGGTCGACGAGGCTCT 

Forward CGCCGCTAGAGGTGAAATTC 
Ribosomal subunit 18S 

Reverse TTGGCAAATGCTTTCGCTC 

 
Immunofluorescence. 10.000 cells per well were plated in coverslips and serum 
deprived for 24 hrs before stimulation. Cells were fixed by addition of 3% 
paraformaldehyde (PFA) for 15 min, followed by incubation in 3% PFA plus 0.3% 
Triton X-100 for 5 min. After blocking, cells were incubated overnight with p65 
antibody (Santa Cruz, CA, USA, dilution 1:20) and donkey-anti rabbit FITC 
(dilution: 1:50) was added. Nuclei were stained with a Hoechst staining (1:10000). 
After this, coverslips were mounted using ProLong Gold antifade reagent and 
analyzed using an Olympus AX70 microscope equipped with digital image capture 
system (ColorView Soft System with Olympus U CMAD2 lens).  
 
Materials. 6-Bnz-cAMP and 8-pCPT-2'-O-Me-cAMP were purchased from 
BIOLOG Life Science Institute (Bremen, Germany). Fenoterol was obtained from 
Boehringer Ingelheim (Ingelheim, Germany). Protease inhibitors, albumin bovine 
serum, Triton X-100, H89 were from Sigma-Aldrich (St-Louis, MO). Cell medium 
components were from GIBCO-BRL Life Technologies (Paisley, UK). Donkey 
serum and donkey anti-rabbit FITC fluorescent antibody was obtained from Jackson 
Immuno Research (West Grove, PA). Hoechst nuclear staining and anti-fade 
solution and lipofectamine 2000 (1mg/ml) were purchased from InVitrogen 
(Carlsbad, CA) as well as the PCR primers. ECL solution for western blot detection 
was purchased from PerkinElmer Inc. (Waltman, MA). siRNA probes were obtained 
from Dharmacon Inc. (Lafayette, CO).  
 
Statistical analysis. Results are expressed as mean±SEM of separate experiments. In 
Table 1 results represent median values (minumal and maximal values between 
parenthesis). To evaluate differences between stimulated and control samples, 
statistical analysis was performed by unpaired or paired two-tailed student’s t-test, as 
appropriate. A nonparametric Mann Whitney test was used to compare features of 
control versus COPD patients. P values <0.05 were considered to be statistically 
significant. 
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Results 
 
cAMP signaling attenuates CSE-induced IL-8 release from human ASM cells  
Stimulation of hTERT-ASM cells with 15% CSE for 24 hrs induced a significant 
increase in IL-8 release (P<0.001, Fig. 1), without affecting the cell number as 
assessed by Alamar blue assay (not shown). The CSE-induced IL-8 release was 
almost fully inhibited by co-treatment with the β2-agonist fenoterol (0.1 and 1 µM; 
P<0.001 both; Fig. 1A), in a concentration-dependent manner. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Fenoterol, 6-Bnz-cAMP and 8-pPCT-2'-O-Me-cAMP reduce CSE-induced IL-8 
release from human ASM cells. hTERT ASM cells (A, B and C) and human primary ASM 
cells (D) were stimulated with 15% CSE in the absence or presence of fenoterol (0.1 or 1 
µM), 6-Bnz-cAMP (100 µM or 500 µM) or 8-pCPT-2'-O-Me-cAMP (30 or 100 µM) for 24 
hrs. Results are represented as mean ± SEM of 6-22 separate experiments. ***P <0.001 
compared to basal control; #P <0.05, ##P <0.01. ###P <0.001 compared to CSE-stimulated 
control. 
 
To study the role of individual cAMP effectors Epac and PKA in the inhibition of 
CSE-induced release of IL-8, we applied the selective PKA activator 6-Bnz-cAMP 
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(100 and 500 µM) and the selective Epac activator 8-pCPT-2'-O-Me-cAMP (30 and 
100 µM). Treatment with 6-Bnz-cAMP concentration-dependently and fully 
inhibited CSE-induced IL-8 release (P<0.001; Fig. 1B), whereas only the highest 
concentration of 8-pCPT-2'-O-Me-cAMP (100 µM) inhibited IL-8 release, and to a 
lesser degree compared to PKA (P<0.001; Fig. 1C). None of the stimuli significantly 
altered basal IL-8 levels (Fig. 1). Similarly, treatment with fenoterol (1 µM), 6-Bnz-
cAMP (500 µM) and 8-pCPT-2'-O-Me-cAMP (100 µM) reduced CSE-induced IL-8 
release from primary human ASM cells, without affecting basal IL-8 levels (Fig. 
1D).  
 

Fig. 2. Epac knock-down 
attenuates the inhibitory effect of 
8-pCPT on CSE-induced IL-8 
release. Epac1 and Epac2 mRNA 
levels and protein expression 
were analyzed by PCR and 
immunoblotting from samples 
transfected with control siRNA 
and a mixture of Epac1 and 
Epac2 siRNAs (A). 
Representative pictures and blots 
are shown (A). Transfected 
hTERT-ASM cells were sti-
mulated without (basal) or with 
15% CSE in the absence or 
presence of 500 µM 6-Bnz-
cAMP or 100 µM -pCPT-2'-O-
Me-cAMP for 24 hrs (B). Data 
are presented as means±SEM of 
6-8 experiments. ***P<0.001 
compared to basal. #P<0.05; 
###P<0.001 compared to CSE. 
‡‡‡P<0.001. 

 
The effects of the two cAMP effectors Epac and PKA on IL-8 release by hTERT-
ASM cells were validated using different experimental approaches. Due to the lack 
of isoform-specific Epac inhibitors, siRNA probes against Epac1 and Epac2 were 
used to silence Epac expression [27]. Treatment with siRNA for either Epac1 or 
Epac2 only slightly reduced the inhibitory effect of 8-pCPT-2'-O-Me-cAMP on 
CSE-induced IL-8 release (not shown). However, simultaneous knock-down of both 
Epac1 and Epac2 mRNA and protein (Fig. 2A), significantly impaired the inhibitory 
effect of 8-pCPT-2'-O-Me-cAMP on CSE-induced IL-8 release from hTERT-ASM 
cells (P<0.001, Fig. 2B), leaving the basal and CSE-induced IL-8 release unaffected 
(not shown). As expected, the effect of the PKA activator 6-Bnz-cAMP was not 
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affected by the siRNA silencing of Epac1 and Epac2 (Fig. 2B). The specificity of the 
cAMP analogs was confirmed by evaluation of the phosphorylation of the PKA-
specific substrate VASP (vasodilator-activated phosphoprotein). Thus, PKA 
activation with 6-Bnz-cAMP, but not Epac activation with 8-pCPT-2'-O-Me-cAMP, 
induced VASP phosphorylation, an effect that could be reduced by the PKA 
inhibitor H89 (1 µM; Fig. 3A). Moreover, the inhibitory effect of 6-Bnz-cAMP, but 
not 8-pCPT-2'-O-Me-cAMP, on CSE-induced IL-8 release was largely reduced by 
H89 (P<0.001, Fig. 3B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Inhibition of PKA attenuates the effect of 6-Bnz-cAMP on CSE-induced IL-8 release. 
Phosphorylation of VASP in hTERT-ASM cells treated with 100 µM 8-pCPT-2'-O-Me-
cAMP or 500 µM 6-Bnz-cAMP in the absence or presence of the PKA inhibitor H89 (300 
nM) was analysed by using an antibody, which recognizes both the phosphorylated VASP 
(phospho-VASP) and the non phosphorylated VASP (VASP) (A). VASP was normalized to 
GAPDH. Representative immunoblots of 3 experiments are shown. hTERT-ASM were pre-
treated without (white bars) or with (black bars) 300 nM H89 for 30 min before stimulation 
with 15% CSE, 100 µM 8-pCPT-2'-O-Me-cAMP, 500 µM 6-Bnz-cAMP or their 
combinations (B). Data are presented as means±SEM of 3-9 separate experiments. 
***P<0.001 compared to basal control. #P<0.05, ###P<0.001 compared to CSE. ‡‡‡P<0.001. 
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Fig. 4. 8-pCPT-2'-O-Me-cAMP prevents CSE-induced breakdown of IκBα and p65 nuclear 
translocation. p65 nuclear translocation was determined by immunofluorescence on hTERT-
ASM cells stimulated without (control) or with 15% CSE for 2 hrs, alone or in combination 
with 100 µM 8-pCPT-2'-O-Me-cAMP or 500 µM 6-Bnz-cAMP. Results of 3 experiments are 
shown (A) with the quantification of p65 nuclear staining (B). hTERT-ASM cells were 
treated with 15% CSE, 100 µM 8-pCPT-2'-O-Me-cAMP, 500 µM 6-Bnz-cAMP or their 
combinations for 1 hr. IκBα levels were determined by western blot (C). Bands were 
normalized to GAPDH. Representative immunoblots are shown. Data are presented as 
means±SEM of 6-7 experiments. ***P<0.001 compared to basal control. ###P<0.001 
compared to CSE.  
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Role of NF-κB in CSE-induced IL-8 release  
NF-κB activation has been shown to be crucial for CSE-induced IL-8 production [11, 
14]. Accordingly, treatment of hTERT-ASM cells with CSE for 2 hrs increased 
nuclear staining of p65 (P<0.001, Figs 4A and 4B, see appendix), indicating 
increased translocation of the transcriptionally active NF-κB subunit from the 
cytosol to the nucleus. Basal p65 cellular localization was not altered by either the 
Epac activator 8-pCPT-2'-O-Me-cAMP or the PKA activator 6-Bnz-cAMP (Fig. 4A). 
Importantly, p65 nuclear translocation by CSE was significantly inhibited by 8-
pCPT-2'-O-Me-cAMP (P<0.001) but not by 6-Bnz-cAMP (Figs 4A and 4B). p65 
nuclear translocation was preceded by loss (degradation) of the NF-κB inhibitory 
protein IκBα after 1 hr treatment with CSE (P<0.001, Fig. 4C). As we observed for 
p65 nuclear translocation, this response was significantly prevented by the Epac 
activator (P<0.001, Fig. 4C), and only slightly reduced by PKA activation (Fig. 4C). 
Taken together, these findings indicate that stabilization of the IκBα-p65 complex 
underlies the inhibitory effect of Epac on NF-κB activation. 
 
Role of ERK in CSE-induced IL-8 release  
In line with previous studies from our group [14, 28], CSE induced a significant 
increase in ERK phosphorylation in hTERT-ASM cells after 1 hr stimulation 
(P<0.001, Fig. 5). Importantly, CSE-induced ERK activation was completely 
normalized by the PKA activator 6-Bnz-cAMP (P<0.001, Fig. 5), whereas activation 
of Epac had no effect on ERK phosphorylation (Fig. 5). These findings clearly show 
a differential effect of PKA and Epac on CSE-induced ERK activation. 

 
Fig. 5. 6-Bnz-cAMP prevents CSE-
induced ERK phosphorylation. 
hTERT-ASM cells were lysed after 
being stimulated with 15% CSE, 100 
µM 8-pCPT-2'-O-Me-cAMP, 500 µM 
6-Bnz-cAMP or their combinations for 
1 hr followed by Western blot analysis 
of phospho-ERK (p-ERK). Total ERK 
(ERK) was used as a loading control. 
Representative immunoblots of p-ERK 
and ERK are shown. Data are 
presented as means±SEM of 5-7 
separate experiments. ***P<0.001 
compared to basal control. ###P<0.001 
compared to CSE. 
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Modulation of Epac expression by CSE  
Interestingly, in hTERT-ASM cells the expression of Epac1 protein was 
significantly decreased after 24 hrs treatment with CSE (P<0.05) (Fig. 6A). By 
contrast, no change was observed in the protein abundance for Epac2 or the catalytic 
(PKA-C) and regulatory type II (PKA-RII) subunits of PKA (Figs 6A and 6B). CSE 
also down-regulated Epac1 mRNA in both hTERT-ASM and primary human ASM 
cells, after 24 hrs of stimulation (not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Epac1 is down-regulated by CSE. hTERT-ASM cells were treated for 24 hrs with 
15% CSE. Then, cells were lysed for protein determination. Expressions of Epac1 and Epac2 
(A) and catalytic (PKA-C) and regulatory type II (PKA-RII) subunits of PKA (B) were 
normalized to β-actin (for Epac) and GAPDH (for PKA). Data represent mean±SEM of 3-4 
independent experiments. *P<0.05 compared to time point 0. 
 
Expression patterns of Epac and PKA in lung tissue from COPD patients 
Given the effect of CSE on cultured human ASM cells, we evaluated the expression 
of Epac and PKA in lung tissue from COPD patients and from asymptomatic 
smokers, whose characteristics are described in Table 1. Remarkably, the expression 
of Epac1 protein was significantly lower in COPD patients, whereas no differences 
were observed for Epac1 mRNA (not shown), indicating that smoking affects the 
translation of Epac1. In addition, in line with the data in human ASM cells (Figure 
6), no change in the protein (Fig. 7C and 7D) and mRNA expression (not shown) of 
Epac2 and PKA was observed. These findings may indicate that chronic exposure to 
cigarette smoke might affect Epac-mediated function in COPD. 
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Fig. 7. Epac and PKA expression in COPD patients. Epac1 (A), Epac2 (B), PKA-C  (C) and 
PKA-RII (D) protein expression from lung homogenates of controls and COPD patients. 
Data are derived from 9 controls and 15-19 COPD patients. *P<0.05. 
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Discussion  

In this study, we show a differential inhibitory role for the cAMP effectors Epac and 
PKA on CSE-induced release of IL-8 from human ASM cells. Thus, it was 
demonstrated that Epac activation inhibits CSE-induced IL-8 release by blocking 
NF-κB activation, whereas activation of PKA inhibits ERK activation. Moreover, 
CSE significantly reduces Epac1 mRNA and protein expression in ASM cells, 
leaving Epac2 and PKA unaffected. Importantly,  Epac1 protein expression was also 
significantly reduced in COPD patients, which may translate our in vitro findings to 
a pathophysiological context.  
Cigarette smoke contributes to the development of COPD by inducing a chronic 
inflammation known to be associated with irreversible damage of the airways and 
lung parenchyma (emphysema) [31, 32]. The observed pathogenic potential of 
cigarette smoke correlates in part with the increased release of the neutrophil 
chemoattract IL-8 by inflammatory and structural cells [6, 7, 11-13] including ASM 
cells [14, 15]. Current objectives of therapy are to reduce episodes of airway 
obstruction and improve airflow limitation as a means of improving quality of life. 
However, no current treatment effectively inhibits inflammation-driven progressive 
decline in lung function [1]. Hence, there is a need for novel targets of anti-
inflammatory therapy in this disease.  
Beside its beneficial acute bronchodilatory effects, cAMP also exhibit anti-
inflammatory properties in vitro, by inhibiting the release of cytokines by several 
cell types in the airways [21-23], a response usually associated with activation of 
PKA [23]. However, our prior data have shown that both cAMP effectors Epac and 
PKA modulate bradykinin-induced IL-8 release from human ASM cells [27] 
(chapter 4). Only few studies addressed the role of cAMP in CSE-induced IL-8 
release [11, 33], whereas the effects of Epac and PKA on this response have not 
been investigated at all. Thus, CSE-induced IL-8 release by human neutrophils was 
decreased by the β2-agonist salmeterol [11], whereas salmeterol only reduced IL-8 
release by human ASM cells in the presence of fluticasone [33]. In contrast, here we 
report that the β2-agonist fenoterol alone can reduce CSE-induced IL-8 release from 
human ASM cells by itself, an effect that is mimicked by specific activation of Epac 
and PKA. Differences in cell culture (tracheal vs bronchial ASM or cell passages 
used), treatment (salmeterol vs fenoterol and incubation time) might account for 
different observed effects. Importantly, our study represents the first description that 
Epac and PKA inhibit CSE-induced inflammatory cytokine release.  
Epac and PKA appear to have similar effects with regard to ASM synthetic, 
proliferative and contractile capacities [27, 30, 34] (chapters 4, 7-9). As no cross-
inhibition of both cAMP effectors was observed, we can exclude any contribution of 
co-operativity between Epac and PKA in our findings. Importantly, our results 
indicate that Epac and PKA exert their inhibitory effects towards CSE-induced IL-8 
release via distinct signaling routes. It has been shown that CSE activates both NF-
κB and ERK to increase IL-8 release [11, 12, 14]. In the current study, we show that 
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activation of Epac specifically inhibited CSE-induced NF-κB activation, whereas 
activation of PKA specifically reduced ERK phosphorylation. Thus, our study 
unravels novel distinct, but complementary, immunosuppressive mechanisms of 
Epac and PKA in human ASM and defines NF-κB and ERK as  specific targets of 
Epac and PKA, respectively. Despite the fact that both Epac and PKA are expressed 
in cultured human (primary and immortalized) ASM cells [27, 30] and reduce CSE-
induced IL-8 release, by using effective concentrations of their selective activators 
we could observe a stronger inhibitory effect of  PKA compared to Epac. The lower 
inhibitory efficacy of the Epac activator 8-pCPT-2'-O-Me-cAMP towards CSE may 
relate to the observed reduced Epac1 abundance after CSE treatment. Interestingly 
our data using siRNA reveal that the combined knock-down of both Epac1 and 
Epac2 is required to prevent the suppressive effects of Epac on CSE-induced IL-8, 
suggesting a functional interaction between the two Epac isoforms. 
Importantly, we translated our findings to a pathophysiological setting as reduced 
Epac1 expression was observed in lung homogenates from COPD patients. These 
findings might have important clinical implications towards a better understanding 
of COPD pathogenesis and the improvement of its pharmacological treatment. 
Indeed, despite its anti-inflammatory effects in vitro, clinical studies only show 
modest beneficial effects of β2-agonists in the treatment of airway inflammation [35, 
36]. Such a discrepancy has been assigned to variable β2-adrenergic receptor 
abundance or its potential polymorphisms [37] and additionally to alterations of β2-
adrenergic receptor signaling by homologous or heterologous desensitization in both 
inflammatory and structural cells in the airways [25, 38, 39]. As a potential effector 
in cAMP-driven and β2-adrenergic receptor-induced signaling and a newly 
discovered inhibitor of NF-κB-dependent inflammatory response, Epac1 down-
regulation by cigarette smoke may provide an additional explanation for the variable 
anti-inflammatory capacities of β2-agonists in the treatment of COPD. Reduced 
expression of Epac1 by the COPD-associated pathogenic factor transforming growth 
factor-β in human lung fibroblasts has been previously associated with the pro-
fibrotic role of this growth factor in the lung [40]. As decreased expression levels of 
Epac1 in CSE-treated cultured human ASM cells and samples from COPD patients 
were observed in this study, our data may indicate that besides fibrosis, Epac1 down-
regulation may also be of importance in the development of other clinical features of 
COPD triggered by cigarette smoke. 
In conclusion, Epac and PKA inhibit CSE-induced IL-8 release by human ASM by 
preventing the activation of NF-κB and ERK, respectively. These findings indicate 
Epac and PKA hold potential as targets for anti-inflammatory therapy in COPD. 
Moreover, CSE-induced reduction in Epac1 expression might point to a divergent 
contribution of cAMP effectors in mediating immunosuppressive potential of current 
drug therapies. Hence, studying the mechanisms by which cigarette smoke drives 
Epac1 down-regulation could unveil alternative ways for intervention, as targeting 
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specific cAMP effectors could allow a more effective control of cAMP signaling 
driven by Gs-coupled receptors. 
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Abstract 

Accumulation of cAMP is driven by Gs protein-coupled receptors and reaches a 
distinct subset of cellular substrates partly embedded in A-kinase anchoring proteins 
(AKAPs)-dependent complexes and/or caveolae-enriched domains. In such 
multidomain structures, the cAMP effectors protein kinase A (PKA) and exchange 
proteins directly activated by cAMP (Epac1 and Epac2) may participate in cAMP-
mediated responses, including cytokine release. In airway smooth muscle (ASM) 
cells, Epac and PKA potentiate the release of interleukin-8 (IL-8) induced by the 
inflammatory mediator bradykinin in a Rap1-dependent manner (chapter 4). 
However, compartmentalization of Epac- and PKA-mediated effects in ASM cells 
has not been studied yet. Using immortalized human ASM cells, we here 
investigated subcellular localization and potential clustering of cAMP effectors with 
AKAPs and caveolae, lipid membrane invaginations implicated in ASM functioning. 
In resting cells, Epac1 and Epac2 are differentially distributed through the cell. 
Epac1, but not Epac2, translocated to the membrane and the nucleus upon specific 
activation. Interestingly, Epac1, Epac2, PKA, AKAP79 and Rap1 localized in 
caveolae-enriched membrane fractions. By using a cholesterol-depleting agent that 
disrupts caveolae, we show that caveolae are crucial for bradykinin-induced IL-8 
release. In addition, the PKA-AKAP-binding disrupting peptide Ht31 blocked the 
PKA- and Epac-dependent augmentation of bradykinin-induced IL-8 release, 
indicating that AKAP-multiprotein complexes may control cAMP-mediated 
regulation of ASM inflammatory functions.  
 
Introduction 

Cyclic adenosine monophosphate (cAMP) is a highly diffusing molecule which is 
generated from adenosine triphosphate by the action of adenylyl cyclases (ACs) [1] 
upon stimulation of Gs-protein coupled receptors (GsPCR). Intracellular levels of 
cAMP are tuned by the action of phosphodiesterases (PDEs), which hydrolyze 
cAMP and shape its gradients throughout the cell [2]. Elevations of cAMP 
subsequently activate the downstream effectors protein kinase A (PKA) and 
exchange proteins directly activated by cAMP (Epac). Activation of Epac and/or 
PKA generates different functional effects and even in identical cellular settings 
activation of the two cAMP effectors may act multifunctionally [3-5]. Epac and 
PKA are activated at similar cAMP concentrations [6], interact with similar effector 
proteins [5] (chapter 4), and may act alone [7] or either synergize [8] or antagonize 
each other [9]. Hence, questions have raised about the specificity of cAMP to 
integrate diverse extracellular signals by eliciting appropriate functional responses.  
An emerging explanation is represented by signal compartmentalization. In 
particular, new evidence suggests that cAMP signaling specificity is achieved 
through assembly of distinct multiprotein complexes at specific cellular locations by 
anchoring and scaffolding proteins [10]. For example, A-kinase anchoring proteins 
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(AKAPs) bind to PKA via their PKA-binding domain and target PKA to defined 
subcellular compartments via a unique domain [11]. Different AKAPs mediate 
specific cellular functions due to their capacity to form multiprotein complexes by 
interaction with kinases/phosphatases, ACs, PDEs, and other cAMP signaling 
components [12, 13]. Hence, AKAPs provide a high level of spatio-temporal control 
of cAMP signaling by coordinating the actions of distinct enzymes and targeting 
them to compartmentalized pools of cAMP. Recently, Epac has been shown to 
interact with AKAP complexes providing a dual control of cAMP functions [14, 15]. 
Moreover, specific subcellular localization of Epac and its downstream targets seems 
to correlate with their distinct cellular functions [16]. An important cellular 
compartment is represented by caveolae, omega-shaped cholesterol-enriched 
membrane invaginations believed to importantly participate in signal transduction 
[17-19]. Although upstream cAMP regulators such as GsPCRs, ACs and PDEs have 
been shown to (co)localize with caveolae [19, 20], association of Epac with caveolae 
has not been studied yet.  
Airway smooth muscle (ASM) cells play a key role in lung physiology as well as in 
the pathogenesis and treatment of airway obstructive diseases. ASM cells express 
numerous caveolae, which modulate several cellular functions, including 
proliferation, contraction and phenotypic changes, upon clustering and regulation of 
distinct signaling molecules [21]. Recently, we have shown that elevation of cAMP 
and activation of Epac and PKA potentiates the release of interleukin-8 (IL-8) from 
human ASM cells induced by the inflammatory mediator bradykinin via activation 
of the small GTPase Rap1 [5] (chapter 4). However, the role of 
compartimentalization of cAMP signaling in this process in currently unkown. 
Hence, studies on cAMP compartmentalization in ASM cells would provide new 
insights into the signaling specificity of this multipotent molecule and may help to 
improve the therapeutical benefit of airway disease medications. Using human ASM 
cells, we investigated the subcellular (re)distribution of Epac and its association to 
AKAPs and caveolae as well as the functional consequences of these mechanisms on 
bradykinin-induced IL-8 release. 
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Materials and methods 

Materials. Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), 
penicillin/streptomycin solution and amphotericin B solution (fungizone) were 
obtained from GIBCO-BRL Life Technologies (Paisley, UK). Trypsin EDTA was 
purchased from Lonza (Basel, Switzerland). 8-pCPT-2'-O-Me-cAMP and 6-Bnz-
cAMP were from BIOLOG Life Science Institute (Bremen, Germany). Fenoterol 
hydrobromide was from Boehringer Ingeheim (Ingelheim, Germany). Methyl-β-
cyclodextrin, apoprotein, leupeptin, pepstatin, Na3VO4, β-glycerophosphate, anti-
mouse, anti-rabbit and anti-goat secondary antibodies, sucrose and Triton X-100 
were from Sigma-Aldrich (St. Louis, USA). The Pierce BCA protein assay kit was 
from Thermo Scientific (Rockford, USA). Antibodies against Epac1 and Epac2 
were kindly provided by Dr. J. L. Bos (University Medical Center Utrecht, The 
Netherlands). The protein-A agarose and antibodies against GAPDH, caveolin-1, 
Rap-1, lamin-A were from Santa Cruz Biotechnology (Santa Cruz, USA). 
Antibodies against AKAP79 and PKA RII were from BD Biosciences (Sparks, 
USA). Western lightning ECL solution was from PerkinElmer (Waltman, USA) and 
Prolong Gold Antifade reagent, Hoechst, FITC and CY3 from InVitrogen (Carlsbad, 
USA). IL-8 ELISA kit was from Sanquin (Amsterdam, The Netherlands) and 
Alamar Blue solution was from Biosource (Camarillo, USA).  All other reagents 
were of analytical grade. 
 
Cell culture. Human bronchial smooth muscle cell lines, immortalized by stable 
expression of human telomerase reverse transcriptase (hTERT-ASM cells) were 
used for all experiments [17, 22]. Cells were grown in DMEM supplemented with 
50 U/ml streptomycin, 50 µg/ml penicillin, 10% (v/v) FBS and 3 ml fungizone (1.5 
μg/ml). Cells were grown to 100% confluency and kept for one day in serum-free 
DMEM supplemented with antibiotics before each experiment. 
 
Cell fractionation. Cells grown onto 150 mm dishes were first stimulated with 8-
pCPT-2'-O-Me-cAMP (100 µM) for 15 min and then washed twice with ice-cold 
PBS and lysed for 5 minutes in 50 mM Tris (pH 7.4) supplemented with 1 mM 
Na3VO4, 1 mM NaF, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 7 µg/ml pepstatin and 
1,06 mg/ml β- glycerophosphate. After 10 strokes in a Potter homogenizer, the 
homogenate was collected and centrifuged for 5 min at 1000 g. The solid phase, 
containing nuclei and cytoskeletal fractions, was then further purified by treatment 
with 250 µl 1% v/v Triton X-100 in order to solubilize the nuclei and remove the 
insoluble cytoskeletal fraction by centrifugation for 5 min at 210000 g. The 
supernatant obtained in the initial centrifugation step, containing both the membrane 
and the cytosolic fractions, was centrifuged for 30 min at 210000 g. The cytosol-
enriched supernatant was collected and the membrane-enriched pellet was 
resuspended in 170 µl of RIPA buffer (composition: 40 mM Tris, 150 mM NaCl, 
1% v/v Igepal CA-630, 1% wt/vol deoxycholic acid, 1 mM NaF, 1 mM Na3VO4, 10 
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µg/ml aprotinin, 10 µg/ml leupeptin and 7 µg/ml pepstatin A, pH 8.0), sonicated and 
stored at -20°C until further use. The protein amount of all the fractions was 
determined using Pierce protein determination, according to the manifacturer’s 
instructions. Membrane, cytosolic and nuclear enriched fractions were subsequently 
used for detection of  Epac1 and Epac2 expression. 
 
Isolation of caveolae membrane fractions. Cells grown onto 150 mm dishes were 
stimulated with 8-pCPT-2'-O-Me-cAMP (100 µM  for 15 min and then washed with 
ice-cold PBS and lysed in 500 mM sodium carbonate (pH 11.0) supplemented with 
1 mM Na3VO4, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 7 µg/ml pepstatin A, and 
1,06 mg/ml β-glycerophosphate. Caveolae were isolated as previously described 
[23]. After scraping, 2 ml of homogenate was mixed with an equal volume of 80% 
(w/v) sucrose and placed in the bottom of a centrifuge tube. A stepwise sucrose 
density gradient (40%, 30%, 20%, and 5%) was then carefully layered on top of the 
homogenate. Thereafter, the samples were centrifuged at 210000 g for 18 hrs at 4°C, 
and then 12 fractions of 1 ml each were collected from the top of the gradient. 
Samples were stored at -20°C. 
 
Western blot analysis. Equal amounts of protein were loaded on 8-15% 
polyacrylamide gels, transferred to nitrocellulose membranes and analyzed for the 
protein of interest by using the specific first antibody (dilution Epac1 1:500, Epac2 
1:500, Caveolae 1:1000, Rap1 1:100, AKAP79 1:250, PKA 1:1000) and the 
secondary HRP-conjugated antibody (dilution anti-rabbit 1:2000, anti-mouse1:3000, 
anti-goat 1:10000). Protein bands were subsequently visualized using western 
lightning plus-ECL on film or by using the G- box (SYNGENE, Frederick, USA) 
and quantified by scanning densitometry using TotalLab software (Nonlinear 

Dynamics, Newcastle, UK). Results were normalized for protein levels by using 
specific control proteins. 
 
Immunofluorescence. Cells were seeded in coverslips (10000/well) and stimulated 
with 8-pCPT-2'-O-Me-cAMP (100 µM  for 15 min. Cells were fixed for 15 min with 
a solution containing 3% paraformaldehyde, permealized with a solution of 3% 
paraformaldehyde plus 0,3% Triton X-100 for 5 min, and then immunolabeled using 
anti-caveolin-1, anti-Epac1, anti-Epac2, anti-Rap1 and anti-AKAP79. Antibodies 
were diluted 10 times compared to the dilutions used for Western Blotting. For 
negative controls, coverslips were incubated in the same buffer containing no 
primary antibody. Donkey anti-rabbit FITC or donkey anti-mouse Cy3 conjugated 
secondary antibodies were used to detect primary antibody bound to fixed cells. 
Nuclei were stained with Hoechst 33342 (0,1 µg/ml, dilution 1:10000). Coverslips 
were mounted using 10 µl/well ProLong Gold antifade reagent and analyzed using 
an Olympus AX70 microscope equipped with digital image capture system 
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(ColorView Soft System with Olympus U CMAD2 lens). 400 times magnification 
was used. 
 
Protein complex immunoprecipitation. Cells were cultured in 100 mm Petri dishes 
and serum deprived at 100% confluence for 24 hrs. Then, cells were stimulated with 
8-pCPT-2'-O-Me-cAMP (100 µM) for 15 min, lysed with 1 ml Ripa buffer and 
stored at -20°C. Anti-caveolin-1 (dilution 1:100) was conjugated to protein-A 
agarose beads by incubating overnight at 4°C with gentle rotation. The day after, 
200 µl cell lysate or lysis buffer (negative control) was added to 30 µl beads with 
antibody and mixed overnight at 4°C with gentle rotation. The immunoprecipitates 
were washed with PBS by centrifugation (twice at 2,000 g; 5 min; at 4ºC). 50 µl 4 x 
loading buffer was added to each immunoprecipitate and samples were boiled for 5 
min. 40 µl samples were loaded for the detection of Rap1 and caveolin-1. 
 
ELISA. Cells were seeded in 24 well plates and treated with 8-pCPT-2'-O-Me-
cAMP (100 µM) or 6-Bnz-cAMP (500 µM) for 10 minutes before the addition of 
bradykinin (10 µM). Supernatant were collected after 18 hrs. The concentration of 
IL-8 in the culture medium was determined by ELISA according to the 
manifacturer’s instructions (Sanquin, the Netherlands). In some experiments, cells 
were pre-treated for 1 hr with the cholesterol-depleting agent methyl-β-cyclodextrin 
(5 mM), followed by two washes in DMEM before stimulation. Alternatively, the 
PKA-AKAP-binding disruptor peptide Ht31 and the negative control Ht31P (50µM, 
each) were added 30 min before stimulation. 
 
Alamar Blue assay. Plates were washed twice with PBS and then 250 μl HBSS 
[composition (g/L): CaCl2 0.14, NaCl 8.0, KCl 0.4, KH2PO4 0.06, MgCl2.6H2O 0.10, 
Na2HPO4 0.048, MgSO4.7H2O 0.10, NaHCO3 0.35; pH 7.4] containing 5% (vol/vol) 
Alamar blue solution were added to each well. Plates were incubated for about 45 
min at 37°C and analyzed with Wallac 1420 Victor 2TM at 590 nm.  
  
Statistical analysis. Data were expressed as the mean ± SEM of n determinations. 
Data were compared by using an unpaired or paired two-tailed Student’s t test as 
appropriate to determine statistical significant differences. P values<0.05 were 
considered to be statistically significant. 
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Results 

Epac1 translocates to membranes and nucleus. 
By using western blot (Fig 1A) and immunocytochemistry techniques, we found 
that Epac1 is ubiquitously distributed in hTERT-ASM cells (Figs. 1-3, see 
appendix), whereas Epac2 expression appeared higher in the cytosol and the 
membrane and was hardly visible in the nucleus (Figs. 1 and 4, see appendix).  

 
Fig. 1. (A) Epac1 and 
Epac2 expression in 
cytosol, membranes and 
nucleus of hTERT-ASM 
cells. (B) Epac1 and (C) 
Epac2 expression in 
membranes and cytosol 
of hTERT-ASM treated 
without (Basal) or with 
8-pCPT-2’-O-Me-cAMP 
(8-pCPT, 100 µM, 10 
min). Data represent 
means ± SEM of 3-5 
independent experiments. 
Representative immuno-
blots with quantifica-
tions are shown. Epac1 
and Epac2 were 
normalized to the ap-
propriate control protein 
(caveolin-1 for mem-
brane and GAPDH for 
cytosol). *P<0.05 com-
pared to Basal. 
 
 
 
 
 
 

 
Immunostaining of hTERT-ASM cells revealed that after stimulation with the Epac 
activator 8-pCPT-2'-O-Me-cAMP, Epac1 translocated from the cytosol to the 
plasma membrane (Fig. 2B, see appendix). Accordingly, the abundance of Epac1 
increased at membrane fractions (P<0.05, Fig 1B, left) and decreased in cytosolic 
fractions (Fig 1B, right), whereas no changes were observed for Epac2 after 
stimulation with 8-pCPT-2'-O-Me-cAMP (Fig 1C). Importantly, the Epac activator 
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also significantly increased Epac1 accumulation in the nuclear fraction (P<0.05, Fig 
2), as revealed by western blot (Fig. 2A) and immunostaining (Fig. 2B, see 
appendix). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (A) Epac1 expression in nuclear fractions of hTERT-ASM cells treated without 
(Basal) or with 8-pCPT-2’-O-Me-cAMP (8-pCPT, 100 µM, 10 min). Data represent means ± 
SEM of 3-5 independent experiments. Representative immunoblots with quantifications are 
shown. Proteins were normalized to the nuclear marker lamin A. *P<0.05 compared to Basal. 
(B) Immunocytochemistry showing staining for nuclei (blue) and Epac1 (red) in hTERT-
ASM cells treated without (Basal) or with 8-pCPT (100 µM, 10 min). Composite image is 
depicted underneath. Arrows indicate the nuclear localization of Epac1. 
 
This was confirmed by the violet colour observed in the nuclei after merging of the 
blue nuclear die Hoechst with the red Cy3-labeled secondary antibody for Epac1 
(Fig. 2B).  
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cAMP effectors and scaffolding proteins localize to caveolae microdomains. 
As illustrated in Fig. 3A using sucrose density gradient centrifugation, Epac1 was 
partially associated to caveolae in hTERT-ASM cells. These results were confirmed 
by immunocytochemistry by using caveolin-1 and Epac1 antibodies (Fig. 3B, see 
appendix).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (A) Epac1 and caveolin-1 expression in hTERT-ASM cells treated without (Basal) or 
with 8-pCPT-2’-O-Me-cAMP (8-pCPT, 100 µM, 10 min) after caveolae isolation following 
sucrose density centrifugation. Representative immunoblots of 5-6 independent experiments 
are shown. (B) Immunocytochemistry showing staining for Epac1 (red) and caveolin-1 
(green) in hTERT-ASM cells treated without (Basal) or with 8-pCPT (100 µM, 10 min). 
Composite image is depicted underneath. Arrows indicate co-localization of Epac1 and 
caveolin-1. 
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As expected, caveolin-1 staining was clearly marked at the edge of the cells [17], 
whereas basal Epac1 expression exhibited a diffuse staining (Fig. 3B). Co-staining 
of Epac1 and caveolin-1 further support their co-localization at caveolae domains 
(Fig 3B). In contrast, Epac2 appeared not to co-localize with caveolin-1, although 
results were clouded by the overall low detection level of Epac2 (Fig 4, see 
appendix). For both Epac1 and Epac2, there were no clear differences in the 
association to caveolae after stimulation with 8-pCPT-2'-O-Me-cAMP compared to 
basal (Figs. 3 and 4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (A) Epac2 and caveolin-1 expression in hTERT-ASM cells treated without (Basal) or 
with 8-pCPT-2’-O-Me-cAMP (8-pCPT, 100 µM, 10 min) after caveolae isolation following 
sucrose density centrifugation. (B) Immunocytochemistry showing staining for Epac2 (red) 
and caveolin-1 (green) in hTERT-ASM cells treated without (Basal) or with 8-pCPT (100 
µM, 10 min). Composite image is depicted underneath. Arrows indicate co-localization of 
Epac2 and caveolin-1. 



cAMP compartmentalization in ASM cells 
 

 137 

In resting hTERT-ASM cells, PKA, AKAP79 and particularly the Epac effector 
Rap1 were found to be partially expressed in caveolae fractions (Fig 5A). The 
association of Rap1 to caveolae was confirmed by using immunoprecipitation with 
caveolin-1 antibody (Fig 5B). This association, however, appeared rather insensitive 
to Epac activation (Fig 5B). 

 
Fig. 5. (A) Expression of 
Rap1, PKA, AKAP79 and 
caveolin-1 in hTERT-ASM 
cells treated without (Basal) 
or with 8-pCPT-2’-O-Me-
cAMP (8-pCPT, 100 µM, 10 
min) after caveolae isolation 
following sucrose density 
centrifugation. (B) Cell 
lysates of hTERT-ASM cells 
treated without (Basal) or 
with 8-pCPT (100 µM, 10 
min) were immunopreci-
pitated (IP) for caveolin-1 
and precipitates were 
analyzed by western blotting 
(WB) for Rap1 and 
caveolin-1. Representative 
immunoblots of 3 expe-
riments are shown.  
 

 
Modulation of IL-8 release by caveolae and AKAPs.  
We reported previously that Epac and PKA potentiate bradykinin-induced IL-8 
release from hTERT-ASM cells [5] (chapter 4). Similar to Epac1, PKA and Rap1, 
bradykinin receptors localize to caveolae [24]. Therefore, we investigated the 
contribution of caveolae in the bradykinin-induced IL-8 release and its modulation 
by Epac. In line with the above mentioned study, bradykinin increased the IL-8 
release from hTERT-ASM cells, which was further enhanced after co-treatment 
with the Epac activator 8-pCPT-2'-O-Me-cAMP (Fig 6A). To destroy the caveolar 
compartments, hTERT-ASM cells were treated with the cholesterol-depleting agent 
methyl-β-cyclodextrin [22]. This compound did not alter basal IL-8 production (Fig 
6A) nor cell number (data not shown), suggesting that integrity of the overall 
cellular and membrane structure is maintained. Importantly, methyl-β-cyclodextrin 
completely prevented the release of IL-8 induced by bradykinin alone (P<0.01, Fig 
6A), which could not be rescued by the Epac activator 8-pCPT-2'-O-Me-cAMP (Fig 
6A). 
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Furthermore, we addressed the role of AKAPs in the cAMP-mediated regulation of 
bradykinin-induced IL-8 release by using Ht31, a peptide which disrupts the 
interaction between PKA and AKAPs with nanomolar affinity [25]. Ht31P was used 
as an internal control, and indeed it did not alter cellular function as revealed by the 
observation that bradykinin increased IL-8 release (P<0.001, Fig. 6B), a response 
further potentiated by 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP (P<0.01 each, Fig. 
6B). Importantly, treatment with the AKAP-PKA disrupting peptide Ht31 
completely prevented the Epac- and PKA-mediated augmentation of bradykinin-
induced IL-8 release (P<0.05 each, Fig 6B), without affecting the effect of 
bradykinin alone.  

 
Fig. 6. (A) hTERT-ASM cells were 
treated for 18 hrs without (Basal) 
or with bradykinin (10 µM) alone 
or in combination with 8-pCPT-2’-
O-Me-cAMP (8-pCPT, 100 µM) in 
the absence (white bars) or 
presence (black bars) of 1 hr pre-
treatment with methyl-β-
cyclodextrin (MβCD, 5 mM). (B) 
hTERT-ASM cells were treated for 
18 hrs without (Basal) or with 
bradykinin (10 µM) alone or in 
combination with 8-pCPT (100 µM) 
or 6-Bnz-cAMP (500 µM) in 
presence of the PKA-AKAP 
disruptor Ht31 (black bars) or the 
control peptide Ht31P (white bars) 
which were added 30 min before. 

Data represent means ± SEM of 3-
4 experiments. *P<0.05, ***P<0.001 
compared to Basal; #P<0.05, 
##P<0.01 compared to respective 
control; §P<0.05, §§P<0.01. 
 
 

Discussion 

Our studies represent the first description of compartmentalization of cAMP 
signaling in human ASM. We demonstrated that PKA, AKAP79, Epac and their 
main effector Rap1 associate to caveolae. Upon specific activation, Epac1, but not 
Epac2, translocated to the membrane and nucleus. Caveolae play a crucial role in 
the pro-inflammatory effect of bradykinin, whereas association to AKAP79 is 
necessary for proper PKA- and Epac- mediated augmentation of the bradykinin 
response. 
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The discovery of Epac as a novel cAMP effector next to PKA opened new surges in 
the cAMP research field and raised questions on how signalling specificity can be 
achieved. Recently, it was found that affinity of cAMP for Epac and the PKA 
holoenzyme is very similar (~2.9 µM) [6], suggesting that physiological cAMP 
elevation potentially activates both effectors. Epac and PKA seem to modulate 
similar cellular responses, but have also been shown to antagonize each other effects 
or to act independently [5, 7-9]. These findings indicate the occurrence of specific 
events. Although cell-type specific expression of PKA and/or Epac may provide an 
explanation, it does not justify the redundant properties and interconnectivity of 
Epac and PKA in the same cell type [5, 14]. The emerging view is that specificity is 
guaranteed by spatio-temporal organization of signaling events. Current techniques 
allow the visualization of cAMP microdomains within cells [26], most likely 
generated by the coordinated action of distinct pools of ACs and PDEs to maintain 
cAMP accumulations to specific cellular locations. Subcellular targeting of cAMP-
related effectors has been proposed as a potential mechanisms to gain biological 
specificity [9, 16, 27]. Epac1 has been associated with several cellular locations - 
including the plasma membrane, the nuclear envelope and the cytosol - and 
compartmentalization is believed to reflect its multifunctionality [9, 16, 28]. 
Activation of Epac1 has been shown to induce its translocation to the plasma 
membrane, which is a prerequisite for Rap1 activation and enhancement of cell 
adhesion in HEK293 cells [28]. Similarly, plasma membrane localization has been 
reported to be essential for Epac2 signaling, where it is directly bound to activated 
Ras [29, 30]. Using human ASM cells, we found Epac1 to be ubiquitously 
distributed in resting cells. Interestingly, treatment with the Epac activator 8-pCPT-
2'-O-Me-cAMP induced the migration of Epac1 from the cytosol to the membrane. 
In contrast, Epac2 was found to be constitutively present at membrane and cytosolic 
fractions and insensitive to activation by 8-pCPT-2'-O-Me-cAMP. Hence, different 
mechanisms of cellular targeting may distinguish the roles of Epac1 and Epac2 and 
give insights into their specific biological functions. Nuclear localization of Epac1 
has been previously described [9, 16] and implicated in the regulation of cell 
division by Epac1 [16]. Indeed, Huston and co-workers recently reported that 
nuclear localization of Epac1 regulates nuclear/cytosolic trafficking of DNA-
dependent protein kinase [9]. We report here that the Epac activator 8-pCPT-2'-O-
Me-cAMP induces translocation of Epac1 to the nucleus in ASM cells, a process 
that might control cellular function. In support, we showed that next to bradykinin-
induced IL-8 release, Epac regulates IL-8 release induced by cigarette smoke extract 
(chapter 5) and inhibits growth-factor induced ASM proliferation upon activation of 
extracellular signal-regulated kinases 1/2 [31] (chapters 8 and 9). Taken together, 
these findings suggest that (stimulus) specific translocation of Epac via different 
anchors/domains allows Epac to reach compartmentalized pools of substrates and to 
provide the specific biological outcome. 
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We report here for the first time that Epac and Rap1 localize to caveolae in ASM 
cells. In particular, adrenoreceptors (β1- and β2) and a subset of ACs have been 
previously found to (co)localize with caveolae and such interactions seem to affect 
receptor-coupling efficiency to ACs [19]. Caveolae regulate several ASM cellular 
functions including cell proliferation, inflammation and phenotypic changes [21], 
upon clustering and subsequent regulation of signaling molecules, including 
bradykinin receptors [24]. Since Epac/Rap1 also associate to caveolae, this complex 
may play an important role in the cAMP-mediated regulation of ASM functions. In 
order to characterize Epac and Rap1 functional association to caveolae, we measured 
Epac-mediated effect on bradykinin-induced IL-8 release in the presence of a 
caveaole-disrupting agent. This treatment completely blunted the bradykinin-
induced IL-8 release, demonstrating that the association to caveolae is crucial for 
bradykinin receptors to regulate cytokine release in ASM. The same 
pharmacological approach previously implicated caveolae in muscarinic receptor-
mediated intracellular Ca2+ mobilization and ASM contraction [18]. However, 
bradykinin-mediated effects on Ca2+ modulation resulted insensitive to caveolae 
disruption [18]. Hence, these data point at a functional-specific role for caveolae in 
ASM, and suggest that caveolae localization may differentially affect receptor-
mediated cellular responses in ASM. Co-activation of Epac did not rescue the effect 
of methyl-β-cyclodextrin on bradykinin-induced IL-8 release, demonstrating that 
Epac requires a proper bradykinin signaling in order to increase cytokine release 
from ASM. This is in line with our previous findings, demonstrating that 8-pCPT-2'-
O-Me-cAMP by itself does not affect IL-8 release from ASM [5] (chapter 4). 
Another mean of cAMP compartmentalization is represented by AKAPs, which 
indeed represent PKA-anchoring proteins [32]. AKAPs guarantee PKA signaling 
specificity upon clustering of a specific subset of substrates and targeting them to 
distinct cellular compartments [32, 33]. Several studies described Epac to be part of 
AKAP complexes, providing dual control of cAMP-mediated functions [14, 15]. 
Thus, a muscle specific AKAP coordinates the action of PKA and Epac1 in the 
regulation of cardiac hypertrophy in cardiomyocytes [14], whereas PKA and Epac2 
associate to AKAP79 to differentially regulate protein kinase B/Akt phosphorylation 
in neuronal cells [15]. We found that next to Epac and Rap1, PKA and AKAP79 also 
localize to caveolae in ASM cells, suggesting that these proteins may form a 
complex within the caveolae. Importantly, after disruption of PKA-AKAP79 binding, 
the bradykinin-induced IL-8 release was no longer augmented by activation of PKA 
or of Epac, even though the effect of bradykinin by itself was unaffected. These 
findings support that PKA and Epac are interconnected with respect to their 
regulation of cytokine release from ASM as previously described using 
pharmacological and RNA silencing approaches [5] (chapter 4). In addition, our 
findings indicate the existence of an AKAP-dependent complex, which tethers Epac 
and PKA and coordinates their interconnectivity in regulating bradykinin-induced 
IL-8 release. In conclusion, our findings demonstrate the existence of 
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compartmentalization of cAMP signaling in ASM, which functionally regulates 
Epac- and PKA-mediated responses in these cells. Caveolae play a crucial role in the 
pro-inflammatory actions of bradykinin. Subcellular localization of cAMP effectors 
to caveolae may play an important role in regulation of airway function as well, and 
nuclear translocation of activated Epac may serve as a mean to control DNA-
dependent events. Moreover, AKAP appears  a novel regulator of Epac and PKA-
mediated inflammatory effects in ASM.  
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Abstract 

Dysfunctional regulation of airway smooth muscle tone is a feature of obstructive 
airway diseases such as asthma and chronic obstructive pulmonary disease. Airway 
smooth muscle contraction is directly associated with changes in the 
phosphorylation of myosin light chain (MLC), which is increased by Rho and 
decreased by Rac. Although cyclic AMP (cAMP)-elevating agents are believed to 
relieve bronchoconstriction mainly via activation of protein kinase A (PKA), here 
we addressed the role of the novel cAMP-mediated exchange protein Epac in the 
regulation of airway smooth muscle tone. Isometric tension measurements showed 
that specific activation of Epac led to relaxation of guinea pig tracheal preparations 
pre-contracted with methacholine, independently of PKA. In airway smooth muscle 
cells, Epac activation reduced methacholine-induced MLC phosphorylation. 
Moreover, when Epac was stimulated, we observed a decreased methacholine-
induced RhoA activation, measured by both stress fiber formation and pull-down 
assay whereas the same Epac activation prevented methaholine-induced Rac1 
inhibition measured by pull-down assay. Epac-driven inhibition of both 
methacholine-induced muscle contraction by Toxin B-1470, and MLC 
phosphorylation by the Rac1-inhibitor NSC23766, were significantly attenuated, 
confirming the importance of Rac1 in Epac-mediated relaxation. Importantly, human 
airway smooth muscle tissue also expresses Epac, and Epac activation both relaxed 
pre-contracted human tracheal preparations and decreased MLC phosphorylation. 
Collectively, we show that activation of Epac relaxes airway smooth muscle by 
decreasing MLC phosphorylation by skewing the balance of RhoA/Rac1 activation 
towards Rac1. Therefore, activation of Epac may have therapeutical potential in the 
treatment of obstructive airway diseases. 
 
Introduction 

Airway hyperresponsiveness is generally associated with exaggerated 
bronchoconstriction, a key feature of a number of obstructive airway diseases, 
including asthma and chronic obstructive pulmonary disease [1, 2]. Airway smooth 
muscle tone is regulated by actin-myosin interactions through the phosphorylation of 
the 20 KDa regulatory myosin light chain (MLC) [3], which in turn results from the 
dynamic balance between MLC kinase and MLC phosphatase activities [3, 4]. 
Actin-myosin dynamics in fibroblasts, epithelial and airway smooth muscle cells are 
tightly regulated by the Rho GTPase family members RhoA and Rac1 [5-7]. In 
particular, RhoA is involved in the formation and maintenance of stress fibers, 
which are contractile structures consisting of bundles of actin and myosin filaments 
that regulate tension development [8]. Moreover, activation of RhoA leads to airway 
smooth muscle tissue contraction [9, 10] mainly via the inhibition of MLC 
phosphatase, leading to increased MLC phosphorylation [11, 12]. On the other hand, 
Rac1 activates p21-activated kinase, which phosphorylates and inhibits MLC kinase, 
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leading to reduced MLC phosphorylation [13, 14]. Hence, given their opposing 
effects on MLC phosphorylation, cross-talk between and complementary regulation 
of RhoA and Rac1 is likely an important determinant of airway smooth muscle tone. 
cAMP-elevating agents, such as β2-adrenoceptor agonists, are potent inhibitors of 
bronchial constriction. Although used clinically for many years to induce airway 
smooth muscle relaxation, their precise mechanism of action is not yet completely 
clear [15, 16]. Classically, activation of cAMP-mediated effector protein kinase A 
(PKA) is believed to be involved in airway smooth muscle relaxation [16]. In fact, 
PKA phosphorylates several target proteins that regulate airway smooth muscle tone, 
including MLC kinase and potassium channels [17-19]. However, using selective 
inhibitors of PKA, Spicuzza et al. [20] demonstrated that β2-adrenoceptor-mediated 
relaxation of guinea pig airway smooth muscle is PKA independent. Importantly, 
alternative mechanisms have not been identified yet. A better understanding of these 
mechanisms would help to define more specific targets for pharmacological 
treatment of obstructive airway diseases.  
At this regard, exchange proteins directly activated by cAMP (Epac) have recently 
been discovered and identified as novel cAMP sensors able to elicit, alone or in 
concert with PKA, several biological effects attributed to intracellular cAMP [21-25] 
(chapter 2). Two isoforms of Epac (Epac1 and Epac2) have been described and 
partly characterized with respect to their subcellular localization, structure, and 
function [21, 26]. Although initially characterized as Rap1-specific guanine 
nucleotide exchange factors (GEFs) [21, 22], Epac proteins are also able to activate a 
number of small GTPases that affect a variety of biological processes [26] (chapter 
2). Recent studies using human pulmonary artery endothelial cells show that Epac 
regulates endothelial integrity and permeability by inhibiting Rho and stimulating 
Rac [27, 28]. We have recently shown that both Epac1 and Epac2 are expressed in 
human airway smooth muscle cells [29] (chapters 3-6). Moreover, using the 
selective Epac activators in combination with PKA activators and inhibitors, we also 
demonstrated that both Epac and PKA modulate cytokine release by human airway 
smooth muscle cells in vitro [29] (chapters 4 and 5). 
In the present study, we assessed whether Epac proteins represent a functional 
effector  pathway for cAMP-mediated airway smooth muscle relaxation. We show 
that Epac induces airway smooth muscle relaxation in guinea pig and human tracheal 
tissue by shifting the relative balance of pro-contractile RhoA  and contraction-
suppressing Rac1 in favor of Rac1, thereby reducing the phosphorylation of MLC. 
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Material and Methods 

Materials. Methacholine hydrochloride was from ICN Biomedicals (Costa Mesa, 
CA, USA). NSC23766 was from Tocris Biosciences (Bristol, UK). 6-Bnz-cAMP, 8-
pCPT-2'-O-Me-cAMP, Rp-8-CPT-cAMPS and Sp-8-pCPT-2'-O-Me-cAMPS were 
from BIOLOG Life Science Institute (Bremen, Germany). (-)-isoproterenol 
hydrochloride, histamine dihydrochloride and protease inhibitors and secondary 
antibodies were purchased from Sigma-Aldrich (St. Louis, MO, USA). FBS was 
from Hyclone Thermo Scientific (Waltham, MA, USA). Other components of the 
cell culture medium were obtained from Gibco BRL Life Technologies (Paisley, 
UK). The antibodies against vasodilator-stimulated phosphoprotein (VASP) and 
Rac1 were obtained from Cell Signaling Technology (Beverly, MA, USA) and 
Millipore (Billerica, MA, USA), respectively. The antibodies against RhoA and 
phospho and total MLC were from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Antibodies against Epac1 and Epac2 were kindly provided by Dr. J. L. Bos 
(University Medical Center Utrecht, The Netherlands) [30]. Clostridium difficile 
Toxin B-1470 was kindly provided by Drs C. von Eichel-Streiber and H. Genth 
(University of Mainz, Germany). Alexa Fluor 488 phalloidin was from InVitrogen 
(Eugene, Oregon, USA). All used chemicals were of analytical grade. 
 
Guinea pig tissue and cell isolation. Outbred specific pathogen-free male Dunkin 
Hartley guinea pigs (Harlan-Hillcrest, UK)  (800-1200 g) were used. The animals 
were sacrificed by experimental concussion followed by rapid exsanguinations. The 
trachea was removed from the larynx to the bronchi and rapidly placed in a Krebs-
Henseleit (KH) solution [composition in mM: NaCl 117.50; KCl 5.60; MgSO4 1.18; 
CaCl2 2.50; NaH2PO4 1.28; NaHCO3 25.0 and D-glucose 5.50; pH 7.4] at 37°C, 
gassed with 95% O2 and 5% CO2. All protocols described in this study were 
approved by the University of Groningen Committee for Animal Experimentation. 
The trachea was prepared free of serosal connective tissue in gassed KH-solution. 
For the relaxation studies, single tracheal open-ring preparations were mounted for 
isometric recording. For western blot analysis of VASP and Rac1, guinea pig 
tracheae were pulverized under liquid nitrogen after stimulation, followed by 
sonication in Ripa buffer (composition: 50 mM Tris HCl, 150 mM NaCl, 1 mM 
EDTA, 1% Igepal and 0.25% Na-deoxycholate, pH 7.4) supplemented with 10 
μg/ml aprotinin, 10 μg/ml leupeptin, 10 μg/ml pepstatin, 1mM Na3VO4, 1mM NaF 
and 1 mM PMSF. For the isolation of guinea pig tracheal smooth muscle cells, the 
epithelium-denuded airway smooth muscle layer was removed from the trachea, 
chopped by using a McIlwain tissue chopper and transferred to a culture flask. Cells 
were grown on DMEM + 10% FBS. 
 
Human airway smooth muscle tissue and cell isolation. Human tracheal sections 
from anonymized lung transplantations donors were obtained from the Department 
of Cardiothoracic Surgery, University Medical Centre Groningen. Human airway 
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tissue was rapidly transported to the laboratory in pre-gassed KH-solution. After 
careful removal of mucosa and connective tissue and dissection of the smooth 
muscle layer, tracheal smooth muscle strips were prepared with macroscopically 
identical length and width and mounted for isometric recording. Airway smooth 
muscle strips were also pulverized and used for western blot analysis of Epac 
expression. In addition, primary human tracheal smooth muscle cells were isolated 
from the epithelium-denuded airway smooth muscle layer using the same protocol 
described for guinea pig airway smooth muscle samples. 
 
Isometric tension measurements. Single guinea pig tracheal open-ring preparations 
or human airway smooth muscle strips were connected to an isometric force-
displacement transducer (Grass FT03) using surgical wire and the resting tension 
was adjusted to 0.5 g. After a 60 min equilibration period with 3 washes, the 
preparations were contracted with cumulative administration of methacholine (0.1, 1, 
10 μM), followed by washout. Thereafter, basal tone was assessed using 
isoproterenol (1 μM) and tension was re-adjusted to 0.5 g. Subsequently, the 
preparations were contracted with methacholine (0.1, 1, 10 and 100 μM). After three 
additional washouts, tracheal preparations were pre-incubated for 30 minutes with 
the selective PKA inhibitor Rp-8-CPT-cAMPS (100 μM) or vehicle (KH-buffer) and 
pre-contracted with methacholine (0.3 μM for guinea pig tissue, 50% effect of 100 
μM for human tissue) or histamine (3 μM). Cumulative concentration-response 
curves (CCRC) were constructed using the β2-adrenoceptor agonist isoproterenol 
(10-9 – 10-6 M), the specific Epac activators 8-pCPT-2'-O-Me-cAMP and Sp-8-
pCPT-2'-O-Me-cAMPS (10-8 – 3•10-4 M; both) or the PKA activator 6-Bnz-cAMP 
(10-8 – 3•10-4 M). All CCRCs were constructed in 0.5 log increments. After washout, 
basal tone was re-assessed using isoproterenol (10 μM). To study the role of small 
GTPases in Epac-mediated effects, guinea pig open-ring preparations were incubated 
overnight with Clostridium difficile Toxin B-1470 (0.1 ng/ml) or vehicle (0.1% FBS) 
in DMEM. The next day, the rings were thoroughly washed with fresh KH-solution 
and mounted for isometric contraction. Toxin-induced glucosylation of Ras-like 
GTPases was monitored by immunoblotting using a specific anti-Rac1 antibody [29].  
 
Cell culture. Guinea pig and human primary airway smooth muscle cells and the 
immortalized human airway smooth muscle cell line (hTERT) were grown in 
DMEM supplemented with streptomycin, penicillin and 10% FBS. hTERT airway 
smooth muscle cells were prepared as described previously [29, 31]. All procedures 
were approved by the human Research Ethics Board of the University of Manitoba 
[32]. For all experiments, cells were grown to 100% confluency and serum deprived 
for 24 hrs. Medium was refreshed every 48-72 hrs. Upon reaching confluency, cells 
were passaged by trypsinization. In the present study, passages 1-5 were used for 
primary guinea pig and human airway smooth muscle cells and passages 1 to 30 for 
hTERT airway smooth muscle cells. 
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Rac1 and RhoA pull-down, phosphorylation of VASP/MLC and immunoblot analysis. 
The amount of activated Rac1 or RhoA was measured with the pull-down technique 
by using glutathione S-transferase (GST)-tagged PAK1 or Rhothekin, respectively, 
as previously described [33, 34]. The level of activated GTPases were normalized to 
Rac1 or RhoA content in total cell lysates, respectively. For the measurement of the 
phosphorylation of VASP and MLC, cells or tissue strips were stimulated with 
methacholine (100 μM), 8-pCPT-2'-O-Me-cAMP (300 μM) or their combination in 
the absence or presence of the PKA inhibitor Rp-8-CPT-cAMPS (100 μM) or the 
Rac1 inhibitor NSC23766 (100 μM). Subsequently, cells were lysed in 
supplemented Ripa buffer, and tissue rings and strips were pulverized under liquid 
nitrogen followed by sonication in Ripa buffer. Protein concentration was 
determined by Pierce measurement. Equal amounts of protein were loaded on 8-15% 
polyacrylamide gels and analyzed for the protein of interest by using the specific 
primary antibody (dilution anti-Epac1, anti-Epac2, anti-Rac1, and anti-VASP, 1:500 
all; anti-phospho-MLC, total MLC 1:200 each; anti Rho-A, 1:100; anti-β-actin, 
1:2000) and the secondary HRP-conjugated antibody (dilution 1:2000 anti-rabbit, 
1:3000 anti-mouse and 1:10000 anti-goat). Protein bands were subsequently 
visualized on film using western lightning plus-ECL (PerkinElmer Inc., Waltman, 
MA, USA) and quantified by densitometry using TotalLab software (Nonlinear 

Dynamics, Newcastle, UK). Results were normalized to specific control proteins. 
 
Fluorescence staining. Guinea pig airway smooth muscle cells were plated on Lab-
Tek™ Chamber Slides (Thermo Scientific) and treated with methacholine (100 μM) 
and/or 8-pCPT-2'-O-Me-cAMP (300 µM), fixed in 3% formaldhehyde solution in 
HBSS for 15 minutes at room temperature (RT), washed and permeabilized with 
0,05% Triton X-100 in HBSS for 2 minutes at RT. Stress fibres were stained with 
Alexa Fluor 488 phalloidin (15 minutes at RT). After staining, coverslips were 
mounted using ProLong Gold antifade reagent (InVitrogen) and they were analyzed 
by using an Olympus AX70 microscope equipped with digital image capture system 
(ColorView Soft System with Olympus U CMAD2 lens).  
 
Data analysis. The effects of isoproterenol and the cAMP-analogs were expressed as 
percentages of methacholine-induced tone. The effect of the highest concentration of 
methacholine used was defined as Emax. Using this Emax, the sensitivity to the 
different substances was evaluated as pEC50 (-log EC50). All data represent means ± 
SEM from n separate experiments. The statistical significance of differences 
between data was determined by a paired or unpaired Student's t-test when 
appropriate. Differences were considered to be statistically significant when P<0.05. 
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Results 

Epac induces relaxation of guinea pig tracheal smooth muscle preparations 
To activate PKA and Epac, we used two well-described cAMP analogs, known for 
their selectivity towards the distinct cAMP effectors [29, 35]. 6-Bnz-cAMP is a 
selective activator of PKA, which has been used to unravel PKA signaling in several 
systems including the airways [36, 37].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Isoproterenol-induced relaxation of guinea pig tracheae. Impact of PKA. A) Guinea 
pig tracheal open rings were treated without (Control) and with 100 μM Rp-8-CPT-cAMPS 
for 30 min, followed by addition of 1 μM isoproterenol or 500 μM 6-Bnz-cAMP for 15 min. 
Phosphorylation of the PKA effector VASP was evaluated by using a VASP-specific 
antibody which recognizes both phospho-VASP (p-VASP, upper band) and non phospho-
VASP (VASP, lower band). Representative blots are shown. Graphs depict the ratio between 
phospho-VASP and total VASP expressed in % of isoproterenol-treated conditions. Equal 
loading was verified by analysis of β-actin. Results are mean  SEM of 7-9 experiments B) 
CCRCs of isoproterenol-induced relaxation of guinea pig tracheal open ring preparations pre-
contracted with 0,3 μM methacholine in the absence (Control) and presence of 100 μM Rp-8-
CPT-cAMPS. Results are means  SEM of 6 experiments. **P<0.01 compared to basal 
control; #P<0.05; compared to basal. 
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An index of PKA activation is the phosphorylation of its specific substrate 
vasodilator-activated phosphoprotein (VASP) [38]. As expected, treatment of guinea 
pig tracheal rings with the PKA selective activator 6-Bnz-cAMP (P<0.01) or with 
the β2-receptor agonist, isoproterenol (P<0.01), induced significant phosphorylation 
of VASP compared to basal levels (Fig. 1A). Moreover, VASP phosphorylation by 
direct PKA activation or via β2-receptor was prevented by Rp-8-CPT-cAMPS 
(P<0.05 for both, Fig. 1A), a selective inhibitor of both type I and type II of PKA 
[39]. Similar results were observed in isolated guinea pig airway smooth muscle 
cells (not shown). These data both confirm that isoproterenol-induced cAMP 
activates PKA, and the specificity of PKA-mediated VASP phosphorylation. We 
next investigated the functional importance of isoproterenol-induced PKA activation 
in regulating airway smooth muscle tone. Treatment of guinea pig tracheal open ring 
preparations with isoproterenol resulted in a dose-dependent relaxation of 
methacholine-induced tone (Fig. 1B; Table 1).  
Interestingly, pre-treatment of the same preparations with the PKA inhibitor Rp-8-
CPT-cAMPS induced only a small rightward shift of the isoproterenol 
concentration-response curve (Fig. 1B, Table 1), indicating only a modest role for 
PKA in β2-receptor-mediated airway smooth muscle relaxation. 
Nonetheless, we confirmed that direct activation of PKA with 6-Bnz-cAMP did 
induce airway smooth muscle relaxation of guinea pig open rings precontracted with 
methacholine (Table 1). Collectively, these data strongly suggest that though PKA 
can suppress contractile tone of airway smooth muscle, it may not be the principal 
effector pathway engaged during β2-receptor mediated relaxation.  
Because isoproterenol-induced airway smooth muscle relaxation appears to occur 
largely independent of PKA, other cAMP activated pathways could be involved. We 
hypothesized an important role for Epac in airway smooth muscle relaxation. We 
observed that both Epac1 and Epac2 proteins are constitutively expressed in guinea 
pig tracheae (Fig. 2A). To examine the role of Epac in regulating airway smooth 
muscle tone, we used the cAMP analog 8-pCPT-2'-O-Me-cAMP, which is a well-
recognized Epac selective activator [35, 40]. By mean of this compound, novel 
intriguing functions of Epac in the airways have been unraveled [24, 29, 36, 37]. The 
methylated structure of 8-pCPT-2′-O-Me-cAMP makes it an extremely poor PKA 
activator and allows for specific discrimination between both cAMP-activated 
signaling pathways [35, 40]. Treatment with 8-pCPT-2'-O-Me-cAMP relaxed guinea 
pig tracheal open-rings pre-contracted with methacholine (Fig. 2B; Table 1) or 
histamine (not shown) in a dose-dependent fashion. The effect of Epac on muscle 
tone was selective as the PKA inhibitor Rp-8-CPT-cAMPS had no impact on Epac-
induced airway smooth muscle relaxation (Fig. 2B, Table 1).  
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Fig. 2 Impact of Epac activation on methacholine-induced contraction of guinea pig tracheae. 
A) Expression of Epac1 and Epac2 in guinea pig tracheal homogenates. B) CCRCs of 8-
pCPT-2'-O-Me-cAMP and Sp-8-pCPT-2'-O-Me-cAMPS on methacholine (0,3 μM) 
precontracted guinea pig tracheal open ring preparations in the absence (Control) or presence 
of 100 μM Rp-8-CPT-cAMPS. Results are means  SEM of 3-8 experiments. C) Effects of 1 
μM isoproterenol, 500 μM 6-Bnz-cAMP or 300 μM 8-pCPT-2'-O-Me-cAMP on the 
phosphorylation of VASP in guinea pig tracheal open rings in the absence and presence of 
100 μM Rp-8-CPT-cAMPS. Equal loading was verified by analysis of β-actin. 
Representative immunoblots are shown together with densitometric quantifications of the 
percentage of phospho-VASP compared to control. Results are means ± SEM of 5 
experiments.  
 
The specificity of 8-pCPT-2'-O-Me-cAMP was further confirmed by the inability of 
the Epac activator to increase phosphorylation of VASP (Fig. 2C). To further 
confirm the importance of Epac in regulating airway smooth muscle tone, we used 
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Sp-8-pCPT-2'-O-Me-cAMPs, a selective Epac activator which is more resistant to 
phosphodiesterase hydrolysis, compared to 8-pCPT-2'-O-Me-cAMP [41]. 
Indeed we observed that Sp-8-pCPT-2'-O-Me-cAMPS dose-dependently reduced 
methacholine-induced tone of guinea pig tracheal open rings (Fig. 2B, Table 1). Of 
note, sensitivity (pEC50) to phosphodiesterase-resistant Sp-8-pCPT-2'-O-Me-cAMPS 
was significantly greater than that we measured for 8-pCPT-2'-O-Me-cAMPs (Table 
1). Taken together, these findings clearly show that activation of Epac induces 
guinea pig airway smooth muscle relaxation independent of PKA. 
 
Epac reduces the phosphorylation of MLC by modulating the Rac1/RhoA 
balance 
Actin-myosin dynamics and airway smooth muscle tone are regulated by 
phosphorylation of MLC. Therefore, we studied the effect of Epac stimulation on 
(agonist-induced) MLC phosphorylation in both guinea pig and hTERT airway 
smooth muscle cells. As expected, treatment with methacholine increased the 
phosphorylation of regulatory MLC in both guinea pig airway smooth muscle cells 
(Fig. 3A) (P<0.001) and hTERT airway smooth muscle cells (Fig. 3B) (P<0.01).  
Importantly, 8-pCPT-2'-O-Me-cAMP completely prevented the induction of MLC 
phosphorylation by methacholine in both cell types (P<0.01 for guinea pig and 
P<0.05 for hTERT airway smooth muscle cells), whereas the Epac activator did not 
affect basal phospho-MLC levels (Fig. 3A and 3B). No differences were observed in 
the levels of total MLC for the different treatments (not shown). These observations 
suggest a regulatory role for Epac in contractile agonist-induced actin-myosin 
activation, but a modest role in resting (basal) conditions. The phosphorylation of 
MLC is partly regulated by the balance between RhoA and Rac1 activation. 
Therefore, we next studied the effect of methacholine on the activation of RhoA and 
Rac1, and assessed the effect of co-activation of Epac with 8-pCPT-2'-O-Me-cAMP 
on these responses in guinea pig and hTERT airway smooth muscle cells. 
The activation of RhoA was evaluated by two independent indices: the formation of 
stress fibers, and GTP-loading of RhoA. Rac1 activation was similarly evaluated by 
measuring GTP-loading of Rac1. Methacholine induced stress fiber formation 
(P<0.001, Fig. 4A) and increased GTP loading of RhoA (P<0.01, Fig. 4B), whereas 
Rac1 activation was suppressed, as GTP loading of Rac1 was reduced compared to 
basal levels (P<0.05, Fig. 4C). 
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Fig. 3 Activation of Epac inhibits methacholine-induced phosphorylation of MLC. A) 
Guinea pig and B) hTERT-airway smooth muscle cells were stimulated for 30 min with 100 
μM methacholine, 300 μM 8-pCPT-2'-O-Me-cAMP or their combination and MLC 
phosphorylation (p-MLC) was evaluated by western blot. p-MLC levels were normalized to 
β-actin. Representative blots for p-MLC and β-actin are shown. Graphs represent the results 
of 4-7 independent experiments. *P<0.05; ***P<0.001 compared to basal control; ##P<0.01 
compared to methacholine. 
 
Importantly, concomitant activation of Epac with 8-pCPT-2'-O-Me-cAMP 
diminished methacholine-induced stress fiber formation (P<0.001, Fig. 4A) as well 
as GTP-loading of RhoA (P<0.01, Fig. 4B), whereas basal RhoA activity was not 
affected by the Epac activator (Fig. 4A). On the other hand, the impaired Rac1 
activity after methacholine treatment was completely prevented by co-treatment with 
8-pCPT-2'-O-Me-cAMP (P<0.05, Fig. 4C).  
Taken together, these findings indicate that Epac stimulation relaxes methacholine-
induced airway smooth muscle tone via shifting the relative activation of RhoA and 
suppression of Rac1 in such a way that an equilibrium favoring Rac1 is established, 
which in turn results in a reduced MLC phosphorylarion. 
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Fig. 4 Activation of Epac shifts the balance between RhoA and Rac1 towards Rac1. Guinea 
pig or hTERT-airway smooth muscle cells were stimulated for 30 min with 100 μM 
methacholine, 300 μM 8-pCPT-2'-O-Me-cAMP or their combination. A) Stress fibre 
formation was measured by phalloidin staining in guinea pig airway smooth muscle. Results 
are expressed as percentage of stress fibre-positive cells relative to the total number of cells. 
Representative images of 5 experiments are shown. B) In hTERT-airway smooth muscle 
cells, GTP-loaded RhoA and total RhoA, and C) GTP-loaded Rac1 and total Rac1 were 
determined as described in Material and Methods. Representative blots of 3-5 independent 
experiments are shown. Densitometric quantifications depicts GTP-loaded RhoA and Rac1 in 
percentage of control. *P<0.05; **P<0.01; ***P<0.001 compared to basal control; #P<0.05; 
##P<0.01; ###P<0.001  compared to methacholine alone. 
 
To confirm that activation of Rac1 by Epac is indeed important for its relaxant 
properties, guinea pig tracheal rings were incubated overnight with Clostridium 
difficile toxin B-1470. Toxin B-1470 is known to inhibit Epac substrate GTPases 
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such as Rac1 by monoglucosylation, but not RhoA [42], and therefore can provide 
insight concerning the relative importance of Rac1 and RhoA regulation by Epac in 
the methacholine-induced contraction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Impairment of relaxant properties of the Epac activator 8-pCPT-2'-O-Me-cAMP by 
Rac1-inhibition. A) Immunoreactivity of Rac1 in guinea pig trachea homogenates after 
overnight treatment with vehicle or with 0.1 ng/ml toxin B-1470 was measured by western 
blot. Equal loading was verified by analysis of β-actin. Representative immunoblots are 
shown with the quantifications of 4 independent experiments. B) Guinea pig tracheal ring 
preparations were incubated overnight with vehicle or 0.1 ng/ml toxin B-1470. CCRCs of 8-
pCPT-2'-O-Me-cAMP-induced relaxation of guinea pig tracheal ring preparations pre-
contracted with 0.3 μM methacholine are shown. Results are means  SEM of 5 experiments. 
C) hTERT-airway smooth muscle cells were pre-treated with the Rac1 inhibitor NSC23766 
(100 μM) for 30 min and then stimulated for additional 30 min with methacholine (100 μM) 
alone or in combination with 8-pCPT-2'-O-Me-cAMP (300 μM). MLC phosphorylation (p-
MLC) was evaluated by western blot and normalized to β-actin. Representative blots are 
shown. Graphs represent the results of 6-8 experiments. *P<0.05, **P<0.01 compared to basal 
control; #P<0.05 compared to methacholine. 
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The effectiveness of Toxin B-1470 in inhibiting GTPases in guinea pig tracheae was 
studied by immunoblotting analysis using a specific antibody against the small 
GTPase Rac1 that only recognizes the non-glucosylated epitope of Rac1 [29].  
Overnight treatment of guinea pig tracheal smooth muscle tissue with Toxin B-1470 
inactivated approximately 50% of total Rac1 (P<0.05), as illustrated by the reduced 
expression of non-glycosylated Rac1 (Fig. 5A). Incubation of guinea pig smooth 
muscle preparations with Toxin B-1470 did not alter the active tension generated by 
0.3 μM concentration of methacholine (1.37 ± 0.17 g of control versus 1.35 ± 0.23 g 
for Toxin B-1470).  
Importantly, the same treatment significantly reduced the relaxant effect of the Epac 
activator 8-pCPT-2′-O-Me-cAMP on methacholine-induced airway smooth muscle 
contraction (Fig. 5B; Table 1) (P<0.05), demonstrating that Epac-mediated airway 
smooth muscle relaxation relies, in part, on the ability of 8-pCPT-2'-O-Me-cAMP to 
activate Rac1.  
 

Table 1: Effects of isoproterenol and specific analogs of  cAMP on  pre-contracted guinea 
pig and human tracheal preparations with or without treatment with Rp-8-CPT-cAMPS or 
Toxin B-1470. 

 
Treatment 

 
Emax 

(% of MeCh) 
pEC50 

-log (M) 
n 
 

Guinea pig trachea     

Isoproterenol Control 99.6±0.40 8.10±0.05 6 

 Rp-8-CPT-cAMPS 101.3±1.50 7.95±0.06* 6 

8-pCPT-2'-O-Me-cAMP Control 64.6±4.20 4.18±0.08 8 

 Rp-8-CPT-cAMPS 56.8±7.00 4.20±0.08 5 

 Vehicle 72.3±2.50 4.50±0.06 5 

 Toxin B-1470  57.4±2.40 4.29±0.07 5 

Sp-8-pCPT-2'-O-Me-cAMPS Control 72.1±3.90 4.58±0.13# 3 

6-Bnz-cAMPs Control 77.3±6.80 3.90±0.04 4 

     

Human trachea     

8-pCPT-2'-O-Me-cAMP Control 63.9±3.65 5.26±0.29 4 

 Rp-8-CPT-cAMPS 55.8±7.20 5.60±0.41 3 

The Emax (in % relaxation) and the pE50-values for isoproterenol, 8-pCPT-2'-O-Me-cAMP, 6-
Bnz-cAMP and Sp-8-pCPT-2'-O-Me-cAMP in guinea pig and/or human tracheal 
preparations pre-contracted with methacholine in the absence or presence of the PKA 
inhibitor Rp-8-CPT-cAMPS (100 μM) or after overnight treatment with vehicle or Toxin B-
1470 (0.1 ng/ml). Data represent means  SEM of n experiments.  
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To confirm the importance of Rac1 in the Epac-mediated effects the selective Rac1-
inhibitor NSC23766, was used. NSC23766 prevents Rac1 activation by Rac-specific 
GEFs TrioN and Tiam1, without interfering with the activation of the other Rho-like 
GTPases (Rho and Cdc42) and has been used to study the functional role of Rac1 
[43]. Inhibition of Rac1 augmented basal MLC phosphorylation (P<0.05, Fig.5C) 
which was not further increased by methacholine (Fig. 5C), in line with the 
inhibitory effect of methacholine on Rac1 activity (Fig. 4C). Importantly, in the 
presence of NSC23766, 8-pCPT-2'-O-Me-cAMP was unable to reduce MLC 
phosphorylation (Fig. 5C). Collectively, these findings indicate that activation of 
Rac1 by Epac plays an important role in Epac-mediated inhibition of MLC 
phosphorylation and relaxation of airway smooth muscle. 
 
Epac reduces airway smooth muscle tone and MLC phosphorylation in human 
tracheae 
We confirmed our key findings in guinea pig in freshly-isolated human airway 
smooth muscle strips and cells. Western analysis revealed that both Epac1 and 
Epac2 are constitutively expressed in human tracheal smooth muscle strips (Fig. 6A). 
Importantly, treatment with the Epac activator 8-pCPT-2'-O-Me-cAMP dose-
dependently reduced methacholine-induced contraction of human tracheal strip 
preparations (Fig. 6B, Table 1). 
Treatment with the PKA inhibitor Rp-8-CPT-cAMPS did not affect 8-pCPT-2'-O-
Me-cAMP-mediated relaxations (Fig. 6A, Table 1), confirming a PKA-independent 
effect for Epac proteins. Accordingly, activation of Epac did not induce VASP 
phosphorylation by PKA in human tracheal preparations (Fig. 6C). As expected, 
isoprotenerol and PKA activation with 6-Bnz-cAMP did induce phosphorylation of 
VASP in human airway smooth muscle cells (Fig. 6C and 6D) (P<0.01), which was 
largely inhibited by co-treatment with selective PKA inhibition using Rp-8-CPT-
cAMPs (Fig. 6D) (P<0.05 both). 
Importantly, methacholine induced a ~3-fold increase of phosphorylation of MLC 
(P<0.001), effect that was completely reversed by co-treatment with 8-pCPT-2'-O-
Me-cAMP to activate Epac (Fig. 6E) (P<0.05). As we observed for guinea pig cells, 
basal levels of phosphorylated MLC were not affected by 8-pCPT-2'-O-Me-cAMP 
and no differences were observed in the levels of total MLC for the different 
treatments (Fig. 6E). Taken together, these finding demonstrate that activation of 
Epac proteins induce relaxation of human airway smooth muscle, independent of 
PKA, by inhibiting agonist-induced MLC phosphorylation.  
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Fig. 6 Activation of Epac by 8-pCPT-2'-O-Me-cAMP induces relaxation of human tracheal 
smooth muscle strips. A) Expression of Epac1 and Epac2 in HTSM homogenates using two 
protein contents. B) CCRCs of 8-pCPT-2'-O-Me-cAMP-induced relaxation of HTSM strips 
pre-contracted with 0.1 μM methacholine in the absence and presence of 100 μM Rp-8-CPT-
cAMPS. Results are means  SEM of 3 experiments. C and D) Effects of 1 μM isoproterenol, 
500 μM 6-Bnz-cAMP or 300 μM 8-pCPT-2'-O-Me-cAMP on phosphorylation of VASP in 
primary HTSM cells in the absence and presence of 100 μM Rp-8-CPT-cAMPS. Results are 
mean  SEM of 5-7 experiments. Graphs depict the ratio between phospho-VASP and total 
VASP (phospho- + non phospho-VASP) expressed in % of isoproterenol-treated conditions. 
Equal loading was verified by analysis of β-actin. E) Effect of 300 μM 8-pCPT-2'-O-Me-
cAMP on methacholine-induced phosphorylation of MLC in primary HTSM cells. p-MLC 
levels were normalized to β-actin. Representative blots of p-MLC, total MLC and β-actin are 
shown. Graphs represent the results of 3-6 experiments. **P<0.01, ***P<0.001; compared to 
basal control; #P<0.05 compared to methacholine. 
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Discussion 

Our study is the first to show activation of cAMP-dependent Epac as a novel 
signaling effector that promotes relaxation of airway smooth muscle. Here, we 
demonstrate that Epac activation inhibits contraction of airway smooth muscle from 
guinea pig and human by a process that is largely independent of PKA. Importantly, 
we found that Epac proteins shift the balance between Rac1 and RhoA activation 
during agonist-induced contraction in favor of Rac1, resulting in reduction of MLC 
phosphorylation and subsequent inhibition of airway smooth muscle contraction (Fig. 
7). 
Abnormal regulation of airway smooth muscle tone causes airway 
hyperresponsiveness, a main feature of obstructive airway diseases such as asthma 
and chronic obstructive pulmonary disease [2]. The complex mechanisms of airway 
tone regulation rely on the intrinsic capacity of the airway smooth muscle to contract 
and to relax providing control of airway lumen diameter and respiratory capacity. 
The relaxant properties of cAMP-elevating β2-agonists are well established [15], but 
there is surprisingly little precise knowledge about the molecular mechanisms of 
cAMP action. Spicuzza et al. [20] have reported on the existence of PKA-
independent mechanisms of an unknown nature in the isoproterenol-induced 
relaxation of guinea pig tracheae [20]. 
In this study, we confirm that although isoproterenol activates PKA, isoproterenol-
induced airway smooth muscle relaxation occurs largely independent of PKA, being 
refractory to the PKA inhibitor Rp-8-CPT-cAMPS. Unfortunately, the exact role of 
Epac in β2-agonists-induced airway smooth muscle relaxation remains difficult to 
assess due to the lack of specific Epac inhibitors. Although PKA does have anti-
spasmogenic effect, as shown by the capacity of the specific PKA activator 6-Bnz-
cAMP to relax airway smooth muscle, our study identifies the novel cAMP-
regulated Epac as a novel mediator of airway smooth muscle relaxation.  
This conclusion is consistent with a growing body of data focused on Epac, showing 
these proteins to be significant contributors to responses previously solely associated 
with PKA activation [21, 26] (chapter 2). Interestingly, recent reports have 
indicated that Epac proteins modulate contractile function in cardiac and vascular 
muscle tissues [44, 45]. Moreover, they seem able to regulate contractile 
myofilament function [44] and potassium channels [46, 47], processes which may be 
also important in the contractile response of airway smooth muscle as well. Indeed, 
by selective activation or inhibition of PKA and Epac signaling, we have recently 
elucidated the relative contribution of the two cAMP-mediated effectors in the 
synthetic function of airway smooth muscle [29] (chapters 4 and 5). 
Here, we show a role for Epac in the regulation of airway smooth muscle tone in 
both guinea pigs and humans. The Epac-specific cAMP analogs 8-pCPT-2'-O-Me-
cAMP and Sp-8-pCPT-2'-O-Me-cAMPS cause relaxation of guinea pig and human 
airway smooth muscle preparations pre-contracted with histamine or methacholine. 
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Fig. 7 Model of Epac-induced airway smooth muscle relaxation. Activation of Epac by 
cAMP shifts the balance of RhoA and Rac1 towards Rac1. A potential mechanism by which 
Epac affects airway relaxation is represented by inhibition of myosin light chain (MLC) 
phosphorylation. See text for further details. 
 
Importantly, the relaxant properties of 8-pCPT-2'-O-Me-cAMP on methacholine-
induced contraction were not affected by the PKA inhibitor Rp-8-CPT-cAMPS, 
suggesting there is no cross talk involved in the effects of Epac. To ensure the rigor 
of our studies and reliability of our findings, we assessed and confirmed the 
specificity of the different cAMP analogs we used in vitro and applied this 
knowledge in designing functional ex-vivo contraction studies. Treatment of guinea 
pig and human airway smooth muscle cells with the highest functionally effective 
concentration of 8-pCPT-2'-O-Me-cAMP did not result in the activation of PKA, as 
confirmed by its inability to activate the specific PKA downstream effector VASP. 
Hence, our data indicate Epac as an important cAMP effector contributing to 
relaxation of guinea pig and human airway smooth muscle tissue. 
We also investigated downstream molecular mechanisms that may underlie Epac-
mediated airway smooth muscle relaxation. Airway smooth muscle tone is 
controlled by the phosphorylation level of regulatory MLCs, which permits 
subsequent actin-myosin interactions [3]. Interestingly, the methacholine-induced 
phosphorylation of MLC in guinea pig and human airway smooth muscle cells was 
completely prevented by concomitant Epac activation. This is in line with recent 
findings by Birokuva et al. [27, 28, 48] in human pulmonary artery endothelial cells 
showing that activation of Epac regulates endothelial barrier functioning via 
inhibition of MLC phosphorylation and activation of Rac1. Moreover, the authors 
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described that the reduced phosphorylation of MLC following Epac activation was 
the result of a shift in the balance of activity of Rho and Rac towards Rac [28]. 
Whereas RhoA and RhoA-activated kinases increase the phosphorylation of MLC 
either directly or by inhibition of MLC phosphatase [12, 49], Rac reduces MLC 
phosphorylation via activation of p21-activated kinases and subsequent inhibition of 
MLC kinase [13]. Interestingly, we demonstrate here that activation of Epac also 
shifts the RhoA/Rac1 balance towards Rac1 in airway smooth muscle cells, as 8-
pCPT-2'-O-Me-cAMP inhibited methacholine-induced activation of RhoA in 
cultured guinea pig and human airway smooth muscle cells, whereas it prevented 
methacholine-induced suppression of Rac1 activation. Taken together, these findings 
strongly suggest that Epac-mediated reduction of MLC phosphorylation is the result 
of inhibition of methacholine-induced RhoA activation and the preservation of Rac1 
activity. The importance of Rac1 activity in Epac-mediated airway smooth muscle 
relaxation was confirmed by toxicological and pharmacological approaches using 
the Clostridium difficile Toxin B-1470 and the Rac1 inhibitor NSC23766, 
respectively. Overnight treatment of guinea pig tracheal open rings with toxin B-
1470 reduced the immunoreactivity of Rac1 and impaired the relaxant effect of Epac 
towards methacholine-induced contraction. Although methacholine can reduce Rac1 
activity in vitro, the treatment of guinea pig airway smooth muscle tissue with toxin 
B-1470 did not influence the methacholine-induced tone, probably due to alternative 
calcium-dependent mechanisms underpinning contraction. In addition, inhibition of 
Rac1 by NSC23766 completely blocked the inhibitory effect of 8-pCPT-2'-O-Me-
cAMP on methacholine-induced phosphorylation of MLC. 
Previous studies by Birukova et al. demonstrated an important role for Rap1 in 
Epac-mediated activation of Rac1 and subsequent inhibition of MLC 
phosphorylation [28]. As we reported recently that activation of Epac induced GTP-
loading of Rap1 in hTERT airway smooth muscle cells [29] (chapters 3 and 4), 
Epac-dependent activation of Rap1 might contribute to the relaxant properties of 
Epac on guinea pig and human airway smooth muscle tone. Importantly, our current 
data indicate that Epac-mediated inhibition of methacholine-induced airway smooth 
muscle contraction relies on the enforcement of Rac1, which results in impaired 
MLC phosphorylation. Of note, Carzola et al. [44] have recently reported that Epac 
enhances cardiac contractile function via phosphorylation of contractile proteins in 
freshly isolated adult cardiomyocytes. Thus, it is tempting to speculate that Epac-
dependent cAMP signals contribute to tissue specific β2-agonist properties such as 
positive ionotropic properties in the heart and relaxant properties in airway smooth 
muscle. We also can not exclude that Epac signaling to calcium-dependent 
potassium channels, calcium channels or ATP-sensitive potassium channels [46, 47] 
might also partially contribute to the relaxant signaling properties of Epac in airway 
smooth muscle. However, this does not preclude the strength of our data collected 
from a combination of ex vivo and in vitro experiments in airway tissues of different 
species. As similar results were obtained in both guinea pig and human airway 
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smooth muscle, it is tempting to assume that Epac-mediated shift of the RhoA/Rac1 
balance towards Rac1 and subsequential reduction of MLC phosphorylation 
represents a primary effector mechanism in airway smooth muscle relaxation. In 
conclusion, our present findings show that the cAMP-dependant effector Epac is an 
important regulator of airway smooth muscle tone. Given the relevance of cAMP-
driven signaling in the airway pharmacology, the cAMP-activated Epac-mediated 
pathway may open new therapeutic strategies in the treatment of obstructive airways 
diseases. 
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Abstract  

Airway smooth muscle (ASM) phenotype changes may contribute to the 
pathogenesis of airways diseases. platelet-derived growth factor (PDGF) switches 
ASM phenotype from a contractile to a proliferative, hypocontractile phenotype, a 
process which requires activation of extracellular signal-regulated kinase (ERK) and 
p70S6 Kinase (p70S6K). The impact of cAMP-elevating agents on these processes is 
unknown. Here, we investigated the effects of cAMP elevation by prostaglandin E2 

(PGE2) and the activation of cAMP effectors protein kinase A (PKA) and exchange 
protein activated by cAMP (Epac) on PDGF-induced bovine tracheal smooth muscle 
(BTSM) phenotype switching. 
The effects of long-term treatment with the PGE2 analogue 16,16-dimethyl PGE2, the 

selective Epac-activator 8-pCPT-2'-O-Me-cAMP and the selective PKA-activator 6-
Bnz-cAMP were assessed on the induction of a hypocontractile, proliferative BTSM 
phenotype by PDGF as well as PDGF-induced activation of ERK and p70S6K.  
Treatment with 16,16-dimethyl PGE2 inhibited PDGF-induced proliferation of 
BTSM cells and maintained BTSM strip contractility and contractile protein 
expression in the presence of PDGF. These effects may be due to activation of both 
Epac and PKA, as activation of both cAMP effectors similarly prevented PDGF-
induced phenotype switching. PDGF-induced activation of ERK was inhibited by 
both effectors. Interestingly, only PKA activation resulted in inhibition of PDGF-
induced p70S6K phosphorylation.  
Our data indicate for the first time that both Epac and PKA regulate ASM phenotype 
switching via differential inhibition of ERK and p70S6K pathways. These findings 
suggest that cAMP elevation may be beneficial in the treatment of long-term features 
of airway diseases. 
 
Introduction 

Phenotypic plasticity refers to the capacity of cells to exhibit distinct phenotypes in 
response to mitogenic stimuli, like for example growth factors, extracellular matrix 
proteins, G-protein coupled receptor agonists and inflammatory mediators [1, 2]. 
Contractile airway smooth muscle (ASM) cells are characterized by low proliferative 
rates, normal contractile capabilities and high expression levels of contractile 
proteins such as smooth muscle myosin heavy chain (sm-MHC) and smooth muscle 
α-actin (α-SMA) [1, 3, 4]. ASM cells may change their phenotype in response to 
mitogenic stimuli and modulate to a proliferative, hypocontractile phenotype, 
characterized by increased expression of proliferative markers, increased 
proliferation, decreased expression of contractile proteins and decreased contractile 
capability [3-5]. Phenotypic changes are dynamic as ASM cells in a proliferative 
phenotype can return to a contractile or even a hypercontractile phenotype, by for 
example by serum-deprivation or in the presence of insulin or TGF-β [6-8]. 
Regulation of ASM growth and proliferation by growth factors, including platelet-
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derived growth factor (PDGF) [4, 9], involves activation of extracellular signal-
regulated kinase (ERK) and p70S6 kinase (p70S6K) [10, 11], and these mechanisms 
play an important role in ASM phenotype switching [4]. 
ASM phenotype plasticity may contribute to the pathogenesis of airways diseases, 
including chronic asthma [2, 9, 12, 13]. Chronic asthma is an inflammatory airways 
disease, which is characterized by early and late bronchial obstructive reactions, 
airway hyperresponsiveness and structural changes in the airway wall (airway 
remodelling), which include increased ASM mass, due to cellular hypertrophy 
and/or hyperplasia [14, 15]. Mathematical modeling studies have shown that 
increase ASM mass may contribute substantially to AHR and decline in lung 
function [16, 17]. Therefore, identification of mechanisms that prevent ASM 
phenotypic plasticity is important to pharmacologically target derailed ASM 
proliferative and contractile responses. 
Prostaglandin E2 (PGE2) has been shown to inhibit ASM proliferation, presumably 
via a mechanism involving cAMP elevation [18, 19]. Subsequently, cAMP 
transduces its effects in ASM cells via activation of protein kinase A (PKA) and/or 
exchange protein directly activated by cAMP (Epac). Recent publications have 
demonstrated that both PKA and Epac are involved in cAMP-mediated contractile 
[20-23] (chapter 7), proliferative [24-26] and inflammatory [27-29] (chapters 4 
and 5) responses in several cell types, including ASM cells. The functional impact 
of cAMP and its downstream effectors on ASM phenotype changes are mostly 
unknown. Therefore, we investigated the effects of a stable PGE2 derivative (16,16-
dimethyl-PGE2) and specific and selective activators of Epac (8-pCPT-2'-O-Me-
cAMP) and PKA (6-Bnz-cAMP) on PDGF-induced phenotypic modulation of 
bovine tracheal smooth muscle (BTSM) strips and cells. We investigated also the 
effects of the compounds on PDGF-induced activation of ERK and p70S6K. Our data 
show that cAMP and its effectors prevent PDGF-induced ASM phenotype 
modulation, presumably via Epac- and PKA-mediated inhibition of ERK 
phosphorylation, whereas inhibition of p70S6K phosphorylation by PKA, but not 
Epac, may also be involved. 
 
Material and methods 

BTSM strip preparation. Bovine tracheae were obtained from local slaughterhouses 
and rapidly transported to the laboratory in Krebs-Henseleit (KH) buffer 
(composition in mM: 117.5 NaCl, 5.60 KCl, 1.18 MgSO4, 2.50 CaCl2, 1.28 NaH2PO4, 
25.00 NaHCO3, and 5.50 glucose), pre-gassed with 5% CO2 and 95% O2, pH 7.4. 
After dissection of the smooth muscle layer and careful removal of the mucosa and 
connective tissue, BTSM strips of identical length (1 cm) and width (2 mm) were 
prepared. Tissue strips were cultured in serum-free Dulbecco’s modified of Eagle’s 
medium (DMEM), supplemented with sodium pyruvate (1 mM), nonessential amino 
acid mixture (1:100), gentamicin (45 µg ml-1), penicillin (100 U ml-1), streptomycin 
(100 µg ml-1), amphotericin B (1.5 µg ml-1), apo-transferrin (human, 5 µg ml-1), and 
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ascorbic acid (100 µM). The strips were cultured for 4 days in an Innova 4000 
incubator shaker (37°C, 55 rpm). When used, the PGE2 analogue 16,16-dimethyl 
PGE2 (1.5 and 15 μM), the Epac activator 8-pCPT-2’-O-Me-cAMP (3 and 30 μM), 
the PKA activator 6-Bnz-cAMP (100 and 500 μM) and/or PDGF (10 μg ml-1) were 
present during the entire incubation period. PDGF was added 30 min after the other 
stimuli. After culture, strips were washed thoroughly and used for isometric tension 
measurements or snap frozen for Western analysis. 
 
Isometric tension measurements. Isometric contraction experiments were performed 
as described previously [3, 4]. Briefly, BTSM strips were mounted for isometric 
recording in organ-baths, containing KH-buffer at 37ºC. During a 90-min 
equilibration period, resting tension was gradually adjusted to 3 g, followed by pre-
contractions with 20 and 40 mM KCl. Following wash-out, maximal relaxation was 
established by the addition of (-)-isoproterenol (0.1 μM). Tension was readjusted to 3 
g immediately followed by two changes with KH buffer. After another equilibration 
period of 30 min, cumulative concentration-response curves were constructed to KCl 
(5.6-50 mM) or methacholine (1 nM – 1 mM). When maximal tension was reached, 
the strips were washed several times and maximal relaxation was established by 
using (-)-isoproterenol (10 μM).  
 
Isolation of BTSM cells. After the removal of mucosa and connective tissue, BTSM 
tissue was chopped using a McIlwain tissue chopper. Tissue particles were washed 
twice with DMEM, supplemented with sodium pyruvate (1 mM), nonessential 

amino-acid mixture (1:100), gentamicin (45 µg ml-1), penicillin (100 U ml-1), 
streptomycin (100 µg ml-1), amphotericin B (1.5 µg ml-1), and fetal bovine serum 
(FBS, 0.5%). Enzymatic digestion was performed in the same medium, 
supplemented with collagenase P (0.75 mg ml-1), papain (1 mg ml-1) and soybean 
trypsin inhibitor (1 mg ml-1). During digestion, the suspension was incubated in the 
Innova incubator shaker at 37 °C, 55 rpm for 20 min, followed by a 10-min period of 
shaking at 70 rpm. After filtration over a 50-μm gauze, cells were washed three 
times in medium supplemented with 10% FBS. In the current study, cells in passages 
1-4 were used. 
 
[3H]-thymidine incorporation. BTSM cells were plated on 24-well plates at a density 
of 40,000 cells/well. The next day, cells were washed with phosphate buffered saline 
(PBS) and made quiescent by incubation with free-serum medium supplemented 
with antibiotics and insulin, transferrin and selenium for 72 hrs. Subsequently, cells 
were incubated with 16,16-dimethyl PGE2, 8-pCPT-2’-O-Me-cAMP and/or 6-Bnz-
cAMP in the absence or presence of PDGF for 28 h, the last 24 hrs in the presence of 
[3H]-thymidine (0.25 μCi ml-1). After incubation, cells were washed twice with PBS 
at room temperature and subsequently with ice-cold 5% trichloroacetic acid on ice 
for 30 min and the acid-insoluble fraction was dissolved in 1 ml NaOH (1 M). 
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Incorporated [3H]-thymidine was quantified by liquid-scintillation counting using a 
Beckam LS1701 β-counter. 
 
Alamar blue assay. BTSM cells were plated as described for the [3H]-thymidine 
incorporation protocol above. Following serum deprivation, cells were treated with 
16,16-dimethyl PGE2, 8-pCPT-2'-O-Me-cAMP and/or 6-Bnz-cAMP in the absence 
or presence of PDGF for 4 days. In some experiments cells were pre-treated for 30 
min with the EP2 antagonist AH6809 (1 μM), H89, in a PKA-selective concentration 
(300 nM) or with a mixture of two PKA inhibitors (Rp-cAMPS and Rp-8-Br-
cAMPS, 500 μM, each) [30]. After 4 days, cells were washed twice with HBSS and 
incubated with a 5% vol/vol Alamar blue in HBSS for 45 min. Proliferation was 
assessed by conversion of Alamar blue into its reduced form by mitochondrial 
cytochromes and measured using a Wallac 1420 Victor 2TM at 590 nm.  
 
Western analysis. BTSM strip homogenates were prepared by pulverizing the tissue 
under liquid nitrogen, followed by sonification in RIPA buffer (composition in mM: 
50 mM Tris·HCl, 150.0 NaCl, 1.0 EDTA, 1.0 PMSF, 1.0 Na3VO4, 1.0 NaF, pH 7.4, 
supplemented with 10 µg ml-1 leupeptin, 10 µg ml-1 aprotinin, 10 µg ml-1 pepstatin, 
0.25% sodium and 1% Igepal). For preparation of BTSM cell homogenates, cells 
were treated with 16,16-dimethyl PGE2, 8-pCPT-2’-O-Me-cAMP, 6-Bnz-cAMP in 
the absence or presence of PDGF for 30 min or 2 hrs. When used, H89 or the other 
PKA inhibitors were added 30 min before the addition of the other stimuli. Cells 
were lysed using 200 μl of lysis buffer (composition: 1% SDS and 10mM Tris/HCl; 
pH 7.4) and heated to 95°C for 5 min and resuspended with a 25-gauge needle for 10 
times. Protein content was determined using the Pierce BCA protein assay. Equal 
amounts of protein were separated on a 6% polyacrylamide gel for sm-MHC, 8% for 
Epac1 and Epac2 and 10% for VASP, GAPDH, α-SMA, phospho-ERK and 
phospho-p70S6K. Proteins were transferred onto nitrocellulose membrane, blocked 
with 5% milk in tris-buffered saline + tween (TBST) and incubated overnight with 
primary antibodies (sm-MHC 1:1000, α-SMA, 1:200; GAPDH, 1:400; phospho-
ERK and phospho-p70S6K, VASP, Epac1 and Epac2, 1:500). After washing, the 
membranes were incubated with horseradish peroxidase-labeled secondary antibody 
(dilution 1:2000). Protein bands were visualized using western lightning plus-ECL 
and quantified using TotalLab software (Nonlinear Dynamics, Newcastle, United 
Kingdom). All protein levels were normalized to GAPDH. 
 
Chemicals. Methacholine hydrochloride was from ICN Biomedicals (Costa Mesa, 
CA, USA). 6-Bnz-cAMP, 8-pCPT-2'-O-Me-cAMP and the two selective PKA 
inhibitors Rp-cAMPS and Rp-8-Br-cAMPS were from BIOLOG Life Science 
Institute (Bremen, Germany). 16,16-dimethyl PGE2 was from Cayman Chemical 
(Ann Arbor, MI, USA). Human PDGF-AB, (-)-isoproterenol hydrochloride, 
AH6809, H89 dihydrochloride hydrate, protease inhibitors, apo-transferrin, anti-β-
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actin, anti-α-SMA and secondary antibodies were from Sigma-Aldrich (St. Louis, 
MO, USA). FBS was obtained from Hyclone Thermo Scientific (Waltham, MA, 
USA). Collagenase P and papaine were from Roche Diagnostics (Mannheim, 
Germany). Cell culture solutions were from Gibco BRL Life Technologies (Paisley, 
UK). Anti-VASP and anti-phospho-ERK antibodies were from Cell Signalling 
Technology (Beverly, MA, USA). Anti-phospho-p70S6K and anti-GAPDH antibodies 
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-sm-MHC was 
from NeoMarkers (Fremont, CA, USA). Antibodies against Epac1 and Epac2 were 
kindly provided by Dr. J. L. Bos (University Medical Center Utrecht, The 
Netherlands). [3H]-thymidine was from Amersham (Buckinghamshire, UK) and 
Alamar blue from Biosource (Camarillo, CA, USA). Western lightning plus-ECL 
was from PerkinElmer Inc. (Waltham, MA, USA) and Pierce BCA protein assay kit 
from Thermo Scientific (Rockford, IL, USA). All other used chemicals were of 
analytical grade. 
 
Data analysis. Data represent means ± SEM from n individual experiments. The 
statistical significance of differences between means was determined by the Student's 
t-test for paired observations or one-way ANOVA followed by a Bonferroni post-
hoc test, as appropriate. Differences were considered to be statistically significant 

when P<0.05. 
 
Results 
 
16,16-dimethyl-PGE2 inhibits PDGF-induced BTSM phenotypic modulation.  
To determine the effect of cAMP elevation on ASM phenotypic modulation, we 
studied the effect of the stabile PGE2 analogue 16,16-dimethyl PGE2 on PDGF (10 
ng ml-1)-induced decreases in BTSM contractility. Fully in line with previous 
findings [3, 4], pretreatment of BTSM strips with PDGF for 4 days reduced maximal 
contraction in response to KCl and methacholine (P<0.05, Fig. 1A, Tables 1 and 3) 
compared to vehicle treated control strips. At a concentration of 15 µM, but not 1.5 
µM, the PGE2 analogue significantly inhibited the PDGF-induced decrease in both 
KCl- and methacholine-induced contractions (P<0.05; Fig. 1A, Table 1), without 
affecting contractile responses by itself. No changes in the sensitivity towards KCl 
or methacholine were observed (Table 1). In full agreement with the findings on 
contractility, 16,16-dimethyl PGE2 reduced the PDGF-induced down-regulation of 
α-SMA expression (P<0.05; Fig. 1B). 
To assess whether the inhibition of PDGF-induced hypocontractility was associated 
with changes in BTSM cell proliferation, cell number was measured. 16,16-dimethyl 
PGE2 strongly inhibited PDGF-induced increases in cell number (P<0.05; Figs 1C 
and 1D and 1E), without affecting basal proliferative responses (not shown).  
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Fig. 1. Activation of the Gs-protein coupled EP2 receptor inhibits PDGF-induced phenotypic 
modulation. Concentration-response curves of methacholine-induced contractions (A) and 
western blot analysis of of α-SMA expression (B) in BTSM strips pre-treated with 16,16-
dimethyl (dm) PGE2 (1.5 and/or 15 μM) in the absence or presence of PDGF (10 ng ml-1) for 
4 days. α-SMA expression was normalized to GAPDH. Representative immunoblots are 
shown. Data represent mean ± SEM of 3-10 experiments. Effects of 16,16-dm PGE2 on basal 
and PDGF-induced increase in BTSM cell number in the absence (white bars) or presence 
(black bars) of the EP2-selective antagonist AH6809 (1 μM) (C), H89 (300 nM) (D) or the 
combination of Rp-cAMPS and Rp-8-Br-cAMPS (500 µM, each) (E). Data represent mean ± 
SEM of 4-10 experiments. Measurement of VASP phosphorylation (F) after 15 min 
treatment with 16,16-dm PGE2 in the absence or presence of H89, AH6809 or the 
combination of Rp-cAMPS and Rp-8-Br-cAMPS. Representative immunoblots of 4-8 
experiments are shown. VASP expression obtained was normalized to GAPDH. 
*P<0.05,**P<0.01, ***P<0.001 compared to basal control; #P<0.05,###P<0.001 compared to 
PDGF; §§P<0.01; †P = 0.02. 
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Table 1. Activation of Gs-coupled EP2 receptor inhibits PDGF-induced BTSM strips 
hypocontractility. 

KCl Methacholine  
Treatment 
 Emax, g EC50 mM Emax, g pE50 (-logM) 

 

Control 28.8±3.3 20.2±1.6 35.0±3.4 7.03±0.30 

+ PDGF 19.0±1.2 17.6±0.4 25.5±1.6 7.20±0.26 

16,16 dimethyl PGE2 1.5 μM  
  + PDGF 

 
18.8±1.7 

 
21.1±1.7 

 
27.0±1.0 

 
7.11±0.08 

Control 16.7±2.7 19.8±1.9 28.4±5.4 7.30±0.06 

+ PDGF 12.8±0.2 17.2±1.8 17.4±1.4 6.92±0.27 

16,16 dimethyl PGE2 15 μM 18.4±0.9 21.7±0.4 32.5±9.6 7.14±0.04 

+ PDGF 16.1±0.6# 25.0±1.2 30.8±4.4# 7.21±0.13 

Contractile responses to KCl and methacholine of BTSM strips pre-treated with 16,16 
dimethyl-PGE2 (1.5 and 15 μM) in the absence or presence of PDGF (10 ng ml-1) for 4 days. 
Concentration-response curve corresponding to these values are depicted in Fig. 1A. Data 
represents means ± SEM of 3-4 experiments. Emax, maximal contraction; EC50, concentration 
of agonist eliciting half-maximal response; pEC50, negative logarithm of the EC50. 

#P<0.05 
compared to PDGF-stimulated control. 
 
To evaluate the role of EP receptor subtypes in this response, AH6809 (1 μM) was 
used [24]. This compound has been reported to antagonize both EP1 (Gq-coupled) 
and EP2 (Gs-coupled) receptors with similar affinities (Ki of about 1 µM) [31, 32]. 
AH6809 reduced the inhibitory effect of 16,16-dimethyl PGE2 on PDGF-induced 
BTSM cell proliferation (P<0.05; Fig. 1C). The involvement of PKA was 
demonstrated by treatment with the PKA inhibitor H89 which partially reduced the 
inhibitory effect of 16,16-dimethyl PGE2 on PDGF-induced cell proliferation 
(P<0.05; Fig. 1D). Because reported non-specific effects of H89 might render 
interpretation of the results difficult [33], we also used a combination of two 
selective PKA antagonist, Rp-cAMPS and Rp-8-Br-cAMPS [30]. Combined 
treatment with Rp-cAMPS and Rp-8-Br-cAMPS (500 µM; each) fully inhibited the 
effect of the PGE2 derivative (P<0.05; Fig. 1E). To further prove the activation of 
PKA by 16,16-dimethyl PGE2, we tested phosphorylation of the PKA downstream 
target vasodilator-stimulated phosphoprotein (VASP). Western analysis was 
performed using an antibody which recognizes both phosphorylated VASP 
(phospho-VASP) and non-phosphorylated VASP (VASP). As expected, treatment 
with 16,16-dimethyl PGE2 induced a strong phosphorylation of VASP (P<0.05; Fig. 
1F, Table 2), which was partially inhibited by H89 (Table 2) and significantly 
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reduced by AH6809 (P<0.01; Table 2) and the combination of the PKA inhibitors 
Rp-cAMPS and Rp-8-Br-cAMPS (P<0.05). Collectively, these data indicate that 
16,16-dimethyl PGE2 exert its effects upon activation of the Gs-coupled EP2 receptor 
and subsequent activation of PKA. 
 
Activation of PKA and Epac reduces PDGF-induced BTSM cell proliferation.  
To determine the involvement of the cAMP effectors PKA and Epac in the inhibition 
of PDGF-induced phenotype modulation by cAMP elevation, the effects of the 
specific Epac activator 8-pCPT-2'-O-Me-cAMP and the PKA activator 6-Bnz-cAMP 
were assessed on ASM proliferative responses. As previously described for human 
ASM [27], both Epac1 and Epac2 were expressed in BTSM tissue (Fig. 2A). 
The specificity of both cAMP analogs was evaluated by measuring the 
phosphorylation of VASP, a substrate for PKA, but not for Epac. The PKA activator 
6-Bnz-cAMP induced a strong VASP phosphorylation (P<0.001, Fig. 2B, Table 2), 
whereas no significant changes were observed after treatment with 8-pCPT-2'-O-
Me-cAMP. Treatment with H89 hardly reduced VASP phosphorylation by 6-Bnz-
cAMP whereas the combination of Rp-cAMPS and Rp-8-Br-cAMPS significantly 
reduced this response (P<0.05, Table 2). PDGF treatment increased significantly 
both DNA synthesis and cell number (P<0.05; Figs 2C, 2D and 2E). Both 8-pCPT-
2'-O-Me-cAMP (Figs 2C and 2D, left panels) and 6-Bnz-cAMP (Figs 2C and 2D, 
right panels) inhibited these responses in a concentration-dependent manner. 
Treatment with 8-pCPT-2'-O-Me-cAMP or 6-Bnz-cAMP did not significantly affect 
basal proliferative responses.  
To further confirm the anti-proliferative role of PKA, the effects of H89 and the 
combination of Rp-cAMPS and Rp-8-Br-cAMPS were assessed on the inhibitory 
effects of 6-Bnz-cAMP (500 μM) on PDGF-induced proliferation. As expected PKA 
inhibition dramatically reduced the effect of 6-Bnz-cAMP (P<0.001 for H89, Fig. 
2E and P<0.05 for the combination of Rp-cAMPS and Rp-8-Br-cAMPS, Fig. 2F). 
Importantly, the effect of the highest concentration of the Epac activator was not 
altered by PKA inhibition (Figs 2E and 2F). 
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Fig. 2. Activation of Epac and PKA decreases PDGF-induced BTSM cell proliferation. 
Expression of Epac1 and Epac2 from BTSM strips homogenates obtained from two cows (A). 
Measurement of VASP phosphorylation (B) after 15 min treatment with 8-pCPT-2'-O-Me-
cAMP (8-pCPT, 30 µM) or 6-Bnz-cAMP (500 µM) in the absence or presence of H89 (300 
nM) or the combination of Rp-cAMPS and Rp-8-Br-cAMPS (500 µM, each). VASP 
expression was normalized to GAPDH. Data represent means ± SEM of 3-9 experiments. 
Effects of the indicated concentrations of 8-pCPT and 6-Bnz-cAMP on basal (white bars) 
and PDGF (10 ng ml-1)-induced (black bars) increases in BTSM cell DNA synthesis (C) and 
cell number (D). Effects of 8-pCPT (30 µM) or 6-Bnz-cAMP (500 µM) on basal and PDGF-
induced increase in BTSM cell number in the absence (white bars) or presence (black bars) 
of H89 (300 nM) (E) or the combination of Rp-cAMPS and Rp-8-Br-cAMPS (500 µM, each) 
(F). Data represent means ± SEM of 4-9 experiments. *P<0.05,**P<0.01,***P<0.001 
compared to basal control; #P<0.05,##P<0.01,###P<0.001 compared to PDGF; 
§P<0.05,§§P<0.01. 
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Table 2. Specificity of PKA activation by 16,16 dimethyl PGE2 and 6-Bnz-cAMP measured 
by VASP phosphorylation in BTSM cells 

Phospho-VASP n Treatment Phospho-VASP  n  
Treatment 

 
% of 16,16-dm 
PGE2 

 
 

 
 

% of 6-Bnz-
cAMP 

 
 

Control 48±6 9 Control 40±6 9 

+ H89 54±7 9 +H89 52±7 9 

+ AH6809 58±12 5 6-Bnz-cAMP 100±0*** 9 

16,16-dm PGE2 100±0*** 9 +H89 93±3 9 

+ H89 84±9 9 8-pCPT 66±15 6 

+ AH6809 74±7### 5 +H89 62±14 6 

Control 55±4 3 Control 41±3 3 

+ PKA inhibitors 48±15 3 + PKA inhibitors 38±7 3 

16,16-dm PGE2 100±0** 3 6-Bnz-cAMP 100±0** 3 

+ PKA inhibitors 67±5# 3 + PKA inhibitors 79±2§ 3 

VASP phosphorylation in BTSM cells after treatment with 16,16-dm PGE2 (15 µM), 6-Bnz-
cAMP (500 µM) or 8-pCPT-2’-O-Me-cAMP (30 µM) in the absence and presence of the 
PKA inhibitor H89 (300 nM), the EP2-antagonist AH6809 (1 µM) or a combination of the 
PKA inhibitors Rp-cAMPS and Rp-8-Br-cAMPS (500 µM, each). Data represent means ± 
SEM from n experiments. **P<0.01,***P<0.001 compared to respective control; 
#P<0.05,###P<0.001 compared to 16,16-dm PGE2; 

§P<0.05 compared to 6-Bnz-cAMP. 
 
8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP reverse PDGF-induced 
hypocontractility.  
Interestingly, co-incubation of BTSM strips with PDGF and 8-pCPT-2'-O-Me-
cAMP or 6-Bnz-cAMP at the same concentrations which inhibited PDGF-induced 
pro-mitogenic properties, completely normalized the PDGF-induced decrease in 
both KCl- and methacholine-induced contractions (P<0.05 both; Figs 3A and 3B, 
Table 3). 8-pCPT-2'-O-Me-cAMP did not change maximal KCl- and methacholine-
induced contractile force or sensitivity in the absence of the growth factor. 
Surprisingly, although 6-Bnz-cAMP did not affect maximal contractions, the 
sensitivity towards KCl was slightly increased after co-treatment with 6-Bnz-cAMP 
in the presence of PDGF (P<0.05; Table 3). In line with previous reports [3], PDGF 
treatment significantly reduced α-SMA and sm-MHC expression by about 50%, as 
compared to control (P<0.001 both; Figs 3C and 3D). Interestingly, the effect of 
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PDGF on α-SMA expression was largely reduced by 8-pCPT-2'-O-Me-cAMP and 6-
Bnz-cAMP (P<0.05 both; Fig 3B), whereas both cAMP analogues alone did not 
affect basal expression of α-SMA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Activation of Epac and PKA normalizes PDGF-induced hypocontractility of BTSM 
strips. Concentration-response curves of KCl- (left panels) and methacholine- (right panels) 
induced contractions in BTSM strips pretreated with 8-pCPT (30 µM) (A) or 6-Bnz-cAMP 
(500 µM) (B) in the absence or presence of PDGF (10 ng ml-1) for 4 days. α-SMA (C) and 
sm-MHC (D) expression from BTSM strips homogenates obtained after the same treatment. 
Contractile protein levels were normalized to GAPDH. Representative immunoblots are 
shown. Graphs represent means ± SEM of 3-10 experiments. ***P<0.001 compared to (basal) 
control; #P<0.05 compared to PDGF. 
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Table 3. Activation of Epac and/or PKA inhibits PDGF-induced BTSM strips 
hypocontractility. 

KCl Methacholine  
Treatment Emax, g EC50 mM Emax, g pE50 (-logM) 

Control 24.9±1.9 20.8±1.0 31.3±2.2 7.28±0.15 

+ PDGF 14.6±2.4* 19.3±0.5 18.8±3.0* 7.33±0.13 

8-pCPT-2’-O-Me-cAMP 30 μM 29.5±4.7 21.2±1.3 35.0±4.6 7.09±0.13 

+ PDGF 25.5±3.1# 22.1±1.1 33.0±3.4# 7.09±0.20 

6-Bnz-cAMP 500 μM 22.6±2.9 16.9±2.0 28.5±2.1 7.20±0.23 

+ PDGF 24.6±2.5# 17.3±0.8* 29.1±2.5# 7.14±0.15 

Control 30.0±2.6 20.0±1.2 36.4±2.8 7.15±0.25 

+ PDGF 20.7±1.8* 17.8±0.4 26.8±1.8 7.26±0.21 

8-pCPT-2’-O-Me-cAMP 3 μM 
+ PDGF 

24.5±1.7 
 

19.6±1.6 
 

31.5±3.8 
 

6.96±0.14 
 

6-Bnz-cAMP 100 μM 
+ PDGF 

26.4±2.1 
 

19.2±1.2 
 

32.7±0.4 
 

6.91±0.31 
 

8-pCPT-2’-O-Me-cAMP 3 μM + 
6-Bnz-cAMP 100 μM 
+ PDGF 

 
25.0±1.4 

 

 
19.7±0.8 

 

 
31.1±0.7 

 

 
6.90±0.18 

 

Control 24.2±2.6 20.0±0.8 32.0±2.5 7.10±0.12 

+ PDGF 18.1±2.0** 19.1±0.8 23.5±2.4** 7.20±0.11 

8-pCPT-2’-O-Me-cAMP 30 μM 
+ 6-Bnz-cAMP 500 μM 

 
22.2±2.1 

 
17.4±1.2 

 
30.3±0.7 

 
7.10±0.03 

+ PDGF 22.2±2.2# 16.8±1.1 31.1±2.5# 7.16±0.04 

Contractile responses to KCl and methacholine of BTSM strips pre-treated with 8-pCPT-2’-
O-Me-cAMP (3 and 30 μM) or 6-Bnz-cAMP (100 and 500 μM) or their combination in the 
absence or presence of PDGF (10 ng ml-1) for 4 days. Concentration-response curve 
corresponding to these values are depicted in Figs 3A, 3B and 4C. Data represents means ± 
SEM of 3 series of 3-5 experiments. Emax, maximal contraction; EC50, concentration of 
agonist eliciting half-maximal response; pEC50, negative logarithm of the EC50. 

*P<0.05; 
**P<0.01 compared to unstimulated control. #P<0.05 compared to PDGF-stimulated control. 
 
Similar effects of 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP were observed towards 
the PDGF-induced reduction of sm-MHC expression (P<0.05 both; Fig 3C).  
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In order to elucidate the interaction between the cAMP effectors, BTSM cells and 
strips were treated with combinations of 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP.  
As shown in Fig. 4 and Table 3, combined application of 3 µM 8-pCPT-2'-O-Me-
cAMP and 100 µM 6-Bnz-cAMP only partially reduced the effects of PDGF on 
BTSM proliferative (Figs 4A and 4B, left panels) and contractile (Fig 4C, left panel) 
responses.  
 

Fig. 4. Combined 
activation of Epac and 
PKA induces BTSM 
phenotypic modulation. 
Effects of the com-
binations of the indicated 
concentrations of 8-pCPT 
(3 µM and 30 µM) and 6-
Bnz-cAMP (100 µM and 
500 µM) on basal and 
PDGF (10 ng ml-1)-
induced BTSM DNA 
synthesis (A) and cell 
number (B). Data 
represent mean ± SEM of 
4-7 experiments. Con-
centration-response curves 
of methacholine-induced 
contractions (C) in BTSM 
strips pre-treated with the 
combinations of 8-pCPT 
and 6-Bnz-cAMP in the 
absence or presence of 
PDGF for 4 days. Data 
represent mean ± SEM of 
3-4 experiments. **P<0.01, 
***P<0.001 compared to 
control; ###P<0.001 com-
pared to PDGF; §§P<0.01, 
§§§P<0.001. 
 

Combined pretreatment with the highest concentrations of the two cAMP analogs 
significantly inhibited the PDGF-mediated increase in BTSM DNA synthesis and 
cell number (P<0.001, Figs 4A and 4B, right panels) and the reduction in KCl- and 
methacholine-induced maximal contractions (P<0.05, Fig. 4C, right panel, Table 3), 
without affecting basal responses. 
Moreover, the effect of the combination of the highest concentrations of 8-pCPT-2'-
O-Me-cAMP and 6-Bnz-cAMP on DNA synthesis was significantly higher 
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compared to the singular treatment (P<0.01 compared to 6-Bnz-cAMP and P<0.001 
compared to 8-pCPT-2'-O-Me-cAMP, Fig. 4A, right panel). No additional effects of 
combined treatment were observed on other parameters assessed. 
 
The effects of Epac and PKA activation PDGF-induced ERK and p70S6K 
phosphorylation.  
BTSM phenotypic modulation by PDGF has previously been shown to be dependent 
on activation of ERK [4]. Moreover, Epac and PKA have been shown to regulate 
different biological functions by ERK modulation [27, 34] (chapters 4 and 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Differential regulation of ERK and p70S6K upon activation of Epac, PKA and the Gs-
protein coupled EP2 receptor. Western blot analysis of phospho-ERK (A) and phospho-
p70S6K (B) expression in BTSM cells treated for 30 min and 120 min with 8-pCPT (30 μM), 
6-Bnz-cAMP (500 μM) or 16,16-dm PGE2 (15 μM) in the absence (control) or presence of 
PDGF (10 ng ml-1). Results were normalized to GAPDH. Representative immunoblots are 
shown. Graphs represent means ± SEM of 4-12 experiments. *P<0.05, **P<0.01,***P<0.001 
compared to basal controls at 30 min and 120 min; #P<0.05, ##P<0.01, ###P<0.001 compared 
to PDGF-treated condition.  
To address the contribution of ERK signalling in the Epac- and PKA-mediated 
effects, basal and PDGF-induced phosphorylation of ERK was evaluated in BTSM 
cells treated with 8-pCPT-2'-O-Me-cAMP, 6-Bnz-cAMP and 16,16-dimethyl-PGE2.  
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In agreement with our previous data in human ASM [27], treatment with 8-pCPT-2'-
O-Me-cAMP or 6-Bnz-cAMP induced a slight, but transient increase in basal ERK 
phosphorylation (not shown). PDGF increased phosphorylation of ERK by 50% 
after 30 min (P<0.001) and 30% after 120 min (P<0.05; Fig. 5A). 
Importantly, after 30 min, this response was reduced of approximately 30% by co-
treatment with 8-pCPT-2'-O-Me-cAMP (P<0.001), 6-Bnz-cAMP (P<0.001) and 
16,16-dimethyl-PGE2 (P<0.01; Fig. 5A). After 120 min PDGF-induced ERK 
activation was fully normalized by 6-Bnz-cAMP (P<0.05) and ~50% decreased by 
8-pCPT-2'-O-Me-cAMP and 16,16-dimethyl-PGE2 (Fig. 5A). 
Phosphorylation of p70S6K also underpins the mitogenic properties of PDGF in ASM 
[11]. In BTSM cells, PDGF increased phosphorylation of p70S6K after 30 min 
(P<0.001) and after 120 min (P<0.01; Fig. 5B). Treatment with 8-pCPT-2'-O-Me-
cAMP, 6-Bnz-cAMP and 16,16-dimethyl-PGE2 did not affect basal phosphorylation 
of p70S6K (not shown). Importantly, 6-Bnz-cAMP completely normalized PDGF-
induced p70S6K phosphorylation at both time points (P<0.001), whereas 16,16-
dimethyl-PGE2 only reduced this response by about 50% (Fig. 5B). By contrast, 
treatment with 8-pCPT-2’-O-Me-cAMP did not significantly affect the PDGF-
induced phosphorylation of p70S6K, demonstrating that PDGF-mediated 
phosphorylation of p70S6K is inhibited by activation of PKA, but not of Epac.  
 
Discussion 

In the current study, we show for the first time that cAMP elevation regulates ASM 
phenotype modulation via the activation of Epac and PKA. Thus, activation of the 
Gs-coupled EP2-receptor and specific activation of Epac and PKA inhibited PDGF-
induced modulation from a contractile towards a proliferative, hypocontractile ASM 
phenotype. In addition, the PDGF-induced down-regulation of contractile protein 
expression was inhibited by the stable PGE2 derivative 16,16-dimethyl-PGE2 and by 
activation of Epac and PKA by 6-Bnz-cAMP and 8-pCPT-2'-O-Me-cAMP, 
respectively. Mechanistically, activation of PKA inhibited activation of both ERK 
and p70S6K by PDGF, whereas activation of Epac only inhibited the activation of 
ERK (Fig. 6). 
Changes in the ASM phenotype are considered to contribute to airway 
hyperresponsiveness and airway remodeling in asthma [9, 12, 13]. Long term 
treatment of ASM with growth factors, like PDGF, results in modulation from a 
normocontractile to a proliferative, hypocontractile phenotype, characterized by 
reduced maximal contractions in response to receptor-dependent and –independent 
stimuli, reduced expression of contractile proteins and increased proliferative 
responses [3, 4]. cAMP exerts anti-proliferative effects in ASM from different 
species, including cells from bovine and human origin [11, 35-37]. In the present 
study, we demonstrated that 16,16-dimethyl-PGE2 not only inhibited ASM 
proliferation, but also prevents modulation to a hypocontractile, proliferative 
phenotype, upon elevation of cAMP and activation of its downstream pathways. In 
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the lung, all four PGE2-receptor subtypes (EP1 to EP4) are expressed [38]. However, 
in human ASM, EP1 expression remains under detection limit [39, 40]. The EP1/EP2 
selective antagonist AH6809 significantly reduced the effects of the PGE2 derivative 
on PDGF-induced ASM proliferation and VASP phosphorylation. Hence, our data 
strongly suggest the EP2 receptor as mediator of these effects. The EP2 and EP4 
receptors are Gs-coupled and activation of these receptors elevates cAMP [41]. 
Compared to β2-adrenoceptors, EP2 receptors are less susceptible to desensitization 
and their activation results in a more efficient cAMP elevation and activation of 
PKA [39, 42]. Indeed, 16,16-dimethyl-PGE2 induced a strong VASP 
phosphorylation in BTSM cells, indicating activation of PKA. This response was 
partially attenuated by the PKA inhibitor H89 and largely inhibited by the 
combination of the PKA inhibitors Rp-cAMPS and Rp-8-Br-cAMPS [30] as well as 
by AH6809. Importantly, 16,16-dimethyl-PGE2 also fully attenuated the PDGF-
induced BTSM proliferation in a concentration-dependent manner via PKA. This is 
in line with previous studies, showing that PGE2 inhibits growth factor-induced 
ASM proliferation presumably via EP2 receptor [39] and via increasing cAMP levels 
[18, 19]. 16,16-dimethyl-PGE2 also fully inhibited the PDGF-induced 
hypocontractility of BTSM strips and normalized the PDGF-induced reduction in 
contractile protein expression, thereby preventing growth factor-induced ASM 
phenotypic modulation. This may also be or relevance in vivo as a recent publication 
has shown that allergen-induced vascular smooth muscle cell hyperplasia and in the 
thickness of intrapulmonary vessels was reversed by 16,16-dimethyl PGE2 in a 
mouse model of airway inflammation [43].  
PKA is not the only effector involved in cAMP-mediated responses. Recently,  
activation of Epac was found to be crucial for the anti-mitogenic effect of PGE2 in 
lung fibroblasts and ASM cells [24-26]. The effect of activation of PKA and Epac on 
phenotypic modulation was assessed using selective activators of PKA and Epac, 6-
Bnz-cAMP and 8-pCPT-2'-O-Me-cAMP, respectively. Both compounds 
concentration-dependently reduced PDGF-induced BTSM cell proliferation. As 
expected, the effects of 6-Bnz-cAMP was reduced by the PKA inhibitors, whereas 
the effect of 8-pCPT-2'-O-Me-cAMP was not. Similarly, 8-pCPT-2'-O-Me-cAMP 
did not phosphorylate VASP, whereas 6-Bnz-cAMP did. Activation of Epac and 
PKA also prevented the induction of a hypocontractile phenotype by PDGF, 
demonstrating the importance of these cAMP effectors in regulating ASM 
phenotypic modulation. Activation of Epac and PKA normalized the PDGF-induced 
reduction in maximal contractions in response to both receptor-dependent and-
independent stimuli, suggesting that changes occurred at the level of the contractile 
machinery. Indeed, 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP prevented the down-
regulation of α-SMA and sm-MHC by PDGF. Of note, pretreatment with 6-Bnz-
cAMP resulted in a left-ward shift in the KCl-induced concentration-response curve, 
which may be caused by changes in the ionic transportation across the cell 
membrane via affecting voltage operated calcium channel-mediated Ca2+ influx and 
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the K+ equilibrium potential [44] upon PKA activation. Taken together, these 
findings clearly show that elevation of intracellular cAMP levels prevents PDGF-
induced phenotypic modulation of ASM via activation of Epac as well as PKA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Mechanisms of Epac- and PKA-mediated inhibition of PDGF-induced phenotypic 
modulation. PDGF induces phenotypic modulation of airway smooth muscle from a 
contractile phenotype to a proliferative phenotype via a mechanism involving extracellular 
signal-regulated kinase (ERK) and p70S6 kinase (p70S6K). Stimulation of Epac and PKA 
respectively via the cAMP analogues 8-pCPT-2'-O-Me-cAMP (8-pCPT) or 6-Bnz-cAMP or 
via endogenous cAMP following activation of the EP2-subtype Gs-coupled receptor (Gs-PCR) 
for PGE2 inhibits the PDGF-induced phenotypic modulation. See text for detailed description. 
 
The mitogen activated protein (MAP) kinase family is known to regulate a variety of 
cellular responses, including proliferation, cell cycle progression and differentiation 
[45]. Moreover, PDGF induces ASM cell proliferation via the ERK pathway [10] 
and inhibition of ERK prevents PDGF-induced phenotype modulation in intact 
BTSM strips [4]. The duration of ERK activation determines the biological outcome. 
Acute activation of ERK (30 min) by PDGF underlies the down-regulation of 
contractile proteins, including α-SMA and sm-MHC [46]. Long-term activation of 
ERK is critical for mitogenic signals [47-49], which probably requires prolonged 
stimulation of the transcription machinery, whereas non-mitogenic stimuli provide 
only a transient activation of ERK [27, 50]. In the present study, PDGF induced a 
strong and sustained phosphorylation of ERK.  Interestingly, treatment with 16,16-
dimethyl-PGE2, 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP attenuated PDGF-
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induced ERK phosphorylation, although the inhibitory effects of 6-Bnz-cAMP 
appeared stronger than those of 8-pCPT-2'-O-Me-cAMP. This indicates that 
activation of Epac and PKA modulates ERK-dependent responses which may be 
involved in ASM phenotypic modulation.  
Another potential downstream effector in ASM phenotypic modulation is p70S6K. 
This kinase has been shown to drive growth factor-induced ASM cell enlargement 
[51] and proliferation [11], although the role of p70S6K in contractile protein 
expression remains contradictory [51, 52]. Sustained activation of p70S6K is required 
for PDGF-induced BTSM proliferation, which is inhibited by treatment with the 
adenylyl cyclase activator forskolin [11]. In line with these observations, PDGF-
induced activation of p70S6K was fully inhibited by 6-Bnz-cAMP, whereas activation 
of Epac did not significantly alter this process. Treatment with 16,16-dimethyl-PGE2 
only partially inhibited the activation of p70S6K. Hence, we can conclude that 
activation of p70S6K is not the only pathway by which cAMP elevation inhibits ASM 
phenotype switching as activation of Epac inhibited PDGF-induced ASM 
phenotypic modulation without affecting p70S6K phosphorylation.  
In conclusion, cAMP elevation inhibits PDGF-induced ASM phenotypic modulation 
through the activation of Epac and PKA resulting in reduced PDGF-induced ASM 
cell proliferation and normalization of the PDGF-induced down-regulation of 
contractile protein expression and subsequent maintenance of a normocontractile 
ASM phenotype. Activation of Epac and PKA inhibited the activation of ERK by 
PDGF, whereas p70S6K was only inhibited by PKA. Collectively, our data indicate 
that besides acute alleviation of bronchoconstriction, cAMP elevation may be 
beneficial in the treatment of ASM accumulation as a long-term feature of asthma 
pathogenesis. 
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Abstract  
Increased airway smooth muscle (ASM) mass is a main feature of airway 
remodeling in asthma and may contribute to airway hyperresponsiveness and decline 
of lung function. Platelet-derived growth factor (PDGF) may increase ASM mass by 
modulating the phenotype from a contractile to a proliferative state. Previously, we 
have shown that the cyclic AMP (cAMP) effectors protein kinase A (PKA) and 
exchange proteins directly activated by cAMP (Epac) inhibit PDGF-induced 
responses in bovine ASM, contributing to the maintenance of a normo-contractile, 
normo-proliferative phenotype (chapter 8). Here, we investigated the functional 
relevance of such mechanisms in intact human tracheal smooth muscle. Treatment of 
human ASM cells and tissue with the PKA activator 6-Bnz-cAMP or the Epac 
activator 8-pCPT-2’-O-Me-cAMP strongly inhibited PDGF-induced ASM cell 
proliferation and prevented the reduction of contractile proteins in human ASM 
tissue strips. Moreover, the PDGF-induced hypocontractility was completely 
prevented by the two compounds. These findings indicate that Epac and PKA 
maintain a normo-contractile, normo-proliferative phenotype of human ASM, and 
that specific activation of Epac and PKA may be useful in the treatment of airway 
remodelling in asthma.  
 
Introduction 

Asthma is a chronic inflammatory disease characterized by exaggerated 
bronchoconstriction (airway hyperresponsiveness) and permanent structural changes 
in the airways (airway remodeling). Airway smooth muscle (ASM) cells importantly 
participate in lung physiology and airway disease pathogenesis due to their ability 
not only to contract but also to proliferate and synthesize several inflammatory and 
contractile mediators. Such multi-functionality is reflected by ASM phenotypic 
plasticity, which refers to the existence of distinct ASM phenotypes with unique 
morphological and functional properties and the ability to switch between the 
different phenotypes [1]. Thus, exposure of ASM cells to mitogenic stimuli and 
extracellular matrix components in vitro modulates ASM phenotype to a 
proliferative, hypocontractile phenotype, characterized by increased proliferation, 
decreased expression of contractile proteins - such as smooth muscle α-actin (α-
SMA) - and decreased contractile capability [2-5]. Upon serum deprivation or in the 
presence of insulin or transforming growth factor-β (TGF-β) the proliferative ASM 
cells can return to their contractile state or even a hypercontractile state, indicating 
that phenotypic alterations are highly dynamic processes [6-8]. Furthermore, studies 
have proved the functional significance of ASM phenotype modulation in intact 
human ASM tissue [9]. Although in vivo evidence of ASM phenotypic plasticity is 
still lacking, these processes may participate in airway disease pathogenesis [10-13]. 
In fact, increased ASM proliferation could explain the accumulation of ASM within 
the airway wall [14], a striking feature of chronic asthma which may also contribute 
to airway hyperresponsiveness and decline in lung function in asthmatics [15-17]. 
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Therefore, identification of mechanisms that regulate ASM phenotypic plasticity is 
important to (pharmacologically) target derailed ASM proliferative and contractile 
responses. 
Cyclic AMP (cAMP)-elevating β2-agonists are widely used in the treatment of 
(exaggerated) bronchoconstriction in asthma [18], and their bronchodilating effect is 
mediated by activation of the cAMP effectors protein kinase A (PKA) and/or 
exchange protein directly activated by cAMP (Epac) [19, 20] (chapter 7). Moreover, 
β2-agonists as well as PKA and Epac activators inhibit mitogen-induced proliferation 
of cultured human ASM cells [21-25], but the exact mechanisms of these effects 
were not addressed. In support, Epac and PKA inhibit platelet-derived growth factor 
(PDGF)-induced proliferation of bovine ASM cells [5] (chapter 8). Importantly, the 
hypocontractility and reduced expression of contractile proteins induced by PDGF 
were similarly prevented by Epac and PKA [5] (chapter 8). The role of cAMP 
effectors in the regulation of phenotypic modulation of human ASM has not been 
explored yet. Therefore, using intact human tracheal smooth muscle, we now 
investigated the effects of Epac and PKA on human ASM strip contractility, 
contractile protein expression and ASM proliferation. 
 
Material and methods 

Tissue preparation and organ culture. Human tracheal sections from anonymized 
lung transplantation donors were obtained from the Department of Cardiothoracic 
Surgery, University Medical Centre Groningen. After dissection of the smooth 
muscle layer and careful removal of the mucosa and connective tissue, human 
tracheal smooth muscle strips of identical length and width were prepared as 
described for bovine tissue [2, 3]. Tissue strips were transferred to serum-free 
Dulbecco’s modified of Eagle’s medium (DMEM) supplemented with sodium 
pyruvate (1 mM), non-essential amino acid mixture (1:100), gentamicin (45 µg/ml), 
penicillin (100 U/ml), streptomycin (100 µg/ml), amphotericin B (1.5 µg/ml), apo-
transferrin (human, 5 µg/ml), and ascorbic acid (100 µM). The strips were cultured 
for 4 days in an Innova 4000 incubator shaker (37°C, 55 rpm). The Epac activator 8-
pCPT-2'-O-Me-cAMP (30 μM), the PKA activator 6-Bnz-cAMP (500 μM) and/or 
PDGF (10 μg/ml) were present during the entire incubation period. PDGF was added 
30 min after the other stimuli. After culture, strips were thoroughly washed and 
mounted for isometric tension measurements or snap frozen for Western analysis. 
 
Isometric tension measurements. Isometric contraction experiments were performed 
as described previously [2, 3, 5]. Briefly, human ASM strips were thoroughly 
washed and mounted for isometric recording in organ-baths, containing Krebs-
Henseleit (KH)-buffer at 37ºC. During a 90-min equilibration period with wash-outs 
every 30 min, resting tension was adjusted to 0.5 g, followed by pre-contractions 
with 20 and 40 mM KCl. Following wash-out, maximal relaxation was established 
by the addition of (-)-isoproterenol (0.1 μM). Tension was readjusted to 0.5 g 
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immediately followed by two changes with KH buffer. After another equilibration 
period of 30 min, cumulative concentration-response curves were constructed to KCl 
(5.6 mM - 50 mM) or methacholine (1 nM – 0.1 mM). When maximal tension was 
reached, strips were washed several times and maximal relaxation was established 
by using (-)-isoproterenol (10 μM). Contractions were expressed as percentage of 
maximal contraction induced by KCl or methacholine in vehicle-treated control 
strips. After the experiment, strips were snap frozen for western analysis. 
 
Cell culture. After removal of mucosa and connective tissue, human ASM tissue was 
chopped using a MCIlwain tissue chopper, three times at a setting of 500 µM and 
three times at a setting of 100 µM [3]. Tissue slices were washed with DMEM 
containing 10% fetal bovine serum, placed in 25 cm2 culture flasks to allow 
adherence. Human ASM cells were cultured in DMEM containing 10% serum and 
passages 1-5 were used. Alternatively, passages 1-30 of human bronchial smooth 
muscle cell lines, immortalized by stable expression of human telomerase reverse 
transcriptase (hTERT-ASM) were used [26, 27]. After confluency was reached, cells 
were passaged by trypsinization. 
 
[3H]thymidine incorporation and cell count. Human ASM cells were plated on 24-
well plates at a density of 40,000 cells/well. The next day, cells were washed with 
phosphate buffered saline (PBS) and made quiescent by incubation with free-serum 
medium supplemented with antibiotics and insulin, transferrin and selenium for 72 
hrs. Subsequently, cells were incubated with 8-pCPT-2'-O-Me-cAMP and/or 6-Bnz-
cAMP in the absence or presence of PDGF for 28 h, the last 24 hrs in the presence of 
[3H]thymidine (0.25 μCi/ml). After incubation, cells were washed twice with PBS at 
room temperature and subsequently with ice-cold 5% trichloroacetic acid on ice for 
30 min and the acid-insoluble fraction was dissolved in 1 ml NaOH (1 M). 
Incorporated [3H]thymidine was quantified by liquid-scintillation counting using a 
Beckam LS1701 β-counter as described for bovine ASM cells [5]. 
Alternatively, following serum deprivation, human primary ASM were treated with 
8-pCPT-2'-O-Me-cAMP and/or 6-Bnz-cAMP in the absence or presence of PDGF. 
After 4 days, cells were counted using a Bürker-Türk counting chamber (Marienfeld, 
Germany). 
 
Western analysis. Human ASM strip homogenates were prepared by pulverizing the 
tissue under liquid nitrogen, followed by sonication in RIPA buffer (composition in 
mM: 50 mM Tris·HCl, 150.0 NaCl, 1.0 EDTA, 1.0 PMSF, 1.0 Na3VO4, 1.0 NaF, pH 
7.4, supplemented with 10 µg/ml leupeptin, 10 µg/ml aprotinin, 10 µg/ml pepstatin, 
0.25% sodium and 1% Igepal). Protein content was determined using the Pierce 
BCA protein assay. Equal amounts of protein were separated on a 10% for GAPDH 
and α-SMA. Proteins were transferred onto nitrocellulose membranes, blocked with 
5% milk in tris-buffered saline plus tween and incubated overnight with primary 
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antibodies (α-SMA, 1:500; GAPDH, 1:2000). After washing, the membranes were 
incubated with horseradish peroxidase-labeled secondary antibody (dilution 1:2000). 
Protein bands were visualized using western lightning plus-ECL and quantified using 
TotalLab software (Nonlinear Dynamics, Newcastle, United Kingdom). All protein 
levels were normalized to GAPDH. 
 
Immunofluorescence. Human primary ASM cells were plated on 8-well Lab-Tek™ 
Chamber Slides (Thermo Scientific) at a density of 5,000 cells/well. Cells were 
treated with 8-pCPT-2'-O-Me-cAMP (30 μM) and/or 6-Bnz-cAMP (500 μM) in the 
absence or presence of PDGF (10 ng/ml) for 4 days. After stimulation, cells were 
fixed with 3% paraformaldehyde (PFA) for 15 min at room temperature, followed by  
3% PFA + 0.3% triton X100 for 5 min at RT and washed 2 times with cold CB 
buffer [Composition in mM: 10 MES, 150 NaCl, 5 GTA, 5 MgCl2, 5 glucose, pH 
6.1]. After fixing, the cells were blocked overnight at 4 ˚C with a blocking buffer 
solution containing 1% Bovine Serum Albumin (BSA), and 2% donkey serum. The 
following day, cells were incubated overnight at 4 ˚C with the primary antibody α-
SMA (dilution 1:100) in CytoTBST [Composition: 20 mM Tris base, 0.154 M NaCl, 
2 mM EGTA, 2mM MgCl2 and 1 ml tween-20]. The day after cells were washed 3 
times for 10 min with CytoTBST. Cells were incubated with the secondary antibody 
donkey anti-mouse Cy3 (Red) (dilution 1:50 in CytoTBST) for 3 hrs at room 
temperature. After the incubation, cells were washed and 30 µl phalloidin Alexa 
Fluor 488 was added for 15 min, followed by 4 washing steps of 15 min with 
CytoTBST. After that, nuclei were stained with Hoechst (dilution 1:10000 in 
CytoTBST) for 5-10 sec immediately followed by 2 quick and 4-10 min washing 
steps with water. After staining, coverslips were mounted using ProLong Gold 
antifade reagent (InVitrogen) and analyzed by using an Olympus AX70 microscope 
equipped with digital image capture system (ColorView Soft System with Olympus 
U CMAD2 lens). 
 
Chemicals. Methacholine hydrochloride was from ICN Biomedicals (Costa Mesa, 
CA, USA). 6-Bnz-cAMP and 8-pCPT-2'-O-Me-cAMP were from BIOLOG Life 
Science Institute (Bremen, Germany). Human PDGF-AB, (-)-isoproterenol 
hydrochloride, protease inhibitors, apo-transferrin, anti-β-actin, anti-α-SMA, Triton 
X-100 and secondary antibodies were from Sigma-Aldrich (St. Louis, MO, USA). 
FBS was obtained from Hyclone Thermo Scientific (Waltham, MA, USA). Anti-
GAPDH antibodies was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
[3H]-thymidine was from Amersham (Buckinghamshire, UK). Western lightning 
plus-ECL was from PerkinElmer Inc. (Waltham, MA, USA) and Pierce BCA protein 
assay kit from Thermo Scientific (Rockford, IL, USA). Prolong Gold Antifade 
reagent, Hoechst, and CY3 were purchased from InVitrogen (Carlsbad, USA). All 
other used chemicals were of analytical grade. 
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Data analysis. Data represent means ± SEM from n individual experiments. The 
statistical significance of differences between means was determined by the Student's 
t-test for paired or unpaired observations. Differences were considered to be 
statistically significant when P<0.05. 
 
Results  
 
8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP inhibit PDGF-induced 
hypocontractility.  
Four days treatment with PDGF (10 ng/ml) resulted in a significant decrease of both 
KCl- (Fig. 1A and B) and methacholine- (Fig. 1C and D) induced human ASM 
contractions (P<0.05, Table 1).  

 
Fig. 1. 8-pCPT-2'-O-Me-
cAMP and 6-Bnz-cAMP 
decrease PDGF -induced 
human ASM strip 

hypocontractility. 
Concentration-respon-se 

curves of KCl (upper 
panel)- and methacholine 
(lower panel)-induced 
contra-ctions of human 
ASM strips treated 
without (Control) or with 
PDGF (10 ng/ml) in the 
absence or pre-sence of 
(A, C) 6-Bnz-cAMP 
(500 µM) and (B, D) 8-

pCPT-2'-O-Me-cAMP 
(8-pCPT, 30 µM) for 4 
days. Data are 
means±SEM of 3-6 
experiments. 
 
 
 
 
 
 
 

 
We previously reported in bovine tracheal smooth muscle that such responses were 
inhibited by co-treatment with activators of the cAMP effector Epac and PKA [5] 
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(chapter 8). Here, we studied the occurrence of these mechanisms in human ASM. 
Importantly, co-incubation with the Epac activator 8-pCPT-2'-O-Me-cAMP (Fig. 1B 
and D) and the PKA activator 6-Bnz-cAMP (Fig. 1A and C) for 4 days completely 
prevented the PDGF-induced decrease in both KCl- and methacholine-induced 
contractions (P<0.05; Table 1). 
 
Table 1. Contractile responses of HTSM strips to KCl or methacholine after 4 days of 
culturing without (Control) or with 8-pCPT-2'-O-Me-cAMP (30 µM) or 6-Bnz-cAMP (500 
µM) in the presence of PDGF (10 ng/ml). 

KCl Methacholine Treatment 
Emax (%) EC50 mM Emax (%) pE50 (-logM) 

Control 149.1±21.3 20.2±1.6 152.6±18.4 6.22±0.23 

8-pCPT-2'-O-Me-cAMP 182.0±80.3 29.1±1.3 145.84±26.51 6.20±0.20 

6-Bnz-cAMP 146.0±35.0 26.7±2.0 153.80 ±29.77 5.99±0.15 

PDGF 94.2±3.0* 30.0±0.8 100.0±0** 6.15±0.14 

 + 8-pCPT-2'-O-Me-cAMP 187.7±40.1# 27.4±0.8 178.27±25.73## 6.21±0.18 

 + 6-Bnz-cAMP 209.3±60.8# 28.8±1.4 148.14±7.50### 6.05±0.30 

Concentration-response curve corresponding to these values are depicted in Fig. 1. Data 
represents means ± SEM of 3-6 experiments. Results are expressed as % of PDGF-treated 
strips due to intervariability between strips. Abbreviations: Emax, maximal contraction; EC50, 
concentration of agonist eliciting half-maximal response; pEC50, negative logarithm of the 
EC50. 

*P<0.05, **P<0.01, compared to Control; #P<0.05, ##P<0.01, ###P<0.001, compared to 
PDGF. 
 
In BTSM strips, the reduced contractility induced by PDGF has previously been 
shown to be accompanied by a reduced expression of contractile proteins, including 
α-SMA [2,5] (chapter 8). In line with these findings, long-term treatment with 
PDGF also significantly reduced the basal expression of α-SMA in human ASM 
cells and tissue, as measured by immunofluorescence (Fig. 2A, middle panel, see 
appendix) and western blot (P<0.01, Fig. 2B). Moreover, phalloidin-stained 
filamentous actin was also reduced by PDGF treatment (Fig 2A, left panel, see 
appendix). Interestingly, as shown by immunofluorescence staining (Fig. 2A) and 
western blot analysis (P<0.01 both; Fig. 2B), these effects of PDGF were largely 
prevented by 8-pCPT-2'-O-Me-cAMP as well as by 6-Bnz-cAMP, whereas both 
cAMP analogues alone did not affect basal expression of filamentous actin (not 
shown) and α-SMA (Fig. 2). 
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Fig. 2. 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP restore PDGF-induced decrease of actin 
expression. Immunofluorescent staining of filamentous actin (by phalloidin, green, left panel), 
α-SMA (red, middle panel) and nuclei (blue, right panel) in primary human ASM cells 
treated without (Control) or with 8-pCPT-2'-O-Me-cAMP (30 µM) or 6-Bnz-cAMP (500 µM) 
in the absence or presence of PDGF (10 ng/ml) for 4 days. Western analysis of α-SMA 
expression in human ASM strips treated without (Control) or with 8-pCPT-2'-O-Me-cAMP 
(30 µM) or 6-Bnz-cAMP (500 µM) in the absence or presence of PDGF (10 ng/ml) for 4 
days. Means±SEM of 3-5 experiments are shown with representative immunoblots. α-SMA 
levels were normalized to GAPDH. *P<0.05, **P<0.01 compared to Basal Control; ##P<0.01 
compared to PDGF. 
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Activation of PKA and Epac inhibits PDGF-induced BTSM cell proliferation.  
To assess whether alterations in human ASM contractility by PDGF, 6-Bnz-cAMP 
and 8-pCPT-2'-O-Me-cAMP are associated with changes in human ASM 
proliferative responses, cell proliferation assays were performed using primary 
human ASM cells (Fig. 3). DNA synthesis was significantly increased by PDGF (10 
ng/ml) treatment (P<0.01, Fig. 3A). Such a response was reduced of about 20% by 
co-treatment with 8-pCPT-2'-O-Me-cAMP (30 µM) or 6-Bnz-cAMP (500 µM), 
(P<0.01, Fig. 3A) whereas no significant effects were observed by the compounds 
alone (Fig. 3A). Similarly, PDGF treatment resulted in a increased cell number 
(P<0.01, Fig. 3B) and such effect was significantly lowered by 8-pCPT-2'-O-Me-
cAMP and 6-Bnz-cAMP (P<0.05, Fig. 2B), confirming that the effects are 
dependent on cell proliferative responses. Similar results were obtained in hTERT-
ASM cells (not shown). 
 

Fig. 3. 8-pCPT-2'-O-Me-cAMP 
and 6-Bnz-cAMP inhibit PDGF-
induced primary human airway 
smooth muscle cell proliferation. 
DNA synthesis (A) and cell 
number measurements (B) in non 
stimulated (Control) or PDGF (10 
ng/ml, 4 days)-stimulated primary 
human ASM cells in the absence or 
presence of 8-pCPT-2'-O-Me-
cAMP (30 μM) and 6-Bnz-cAMP 
(500 μM). Data represent means ± 
SEM of 3-5 experiments. **P<0.01 
compared to Basal Control; 
#P<0.05, ##P<0.01, compared to 
PDGF. 
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Discussion 

In the present study, we demonstrated that prolonged exposure of intact human ASM 
tissue to PDGF induces a functionally hypocontractile, proliferative phenotype, 
which is largely prevented upon activation of Epac and PKA. Thus, the selective 
Epac and PKA activators counteracted PDGF-induced primary human ASM cell 
proliferation, a response paralleled by restoration of the contractile marker α-SMA 
and filamentous actin expression and increased human ASM strip contractile 
capability.  
Our findings are in line with previous studies showing that mitogenic stimuli 
differentially regulate ASM phenotype [2-8]. Studies have shown that ASM cells 
exhibit a “contractile” phenotype, characterized by low proliferative rates, high 
expression of contractile markers and relatively high contractile capability [1, 28]. 
Upon exposure to pro-proliferative compounds, ASM cells shift to a more 
“synthetic/proliferative” phenotype, with lower contractile function and higher 
proliferative rates and expression of organelles responsible for increased synthesis of 
bioactive molecules [1, 28]. Removal of growth factors or addition of insulin or 
TGF-β results in the opposite process, pushing ASM to a hypercontractile phenotype 
[6-8], indicating the highly dynamic nature of phenotypic alterations. ASM 
phenotypic plasticity may be important in physiological responses, including growth 
and repair mechanisms. However, these processes may also play a role in the 
pathogenesis of asthma, as the airways are continuously stimulated with an array of 
pro-proliferative stimuli [10, 12, 13]. Different phenotypic states may coexist in vivo 
and may contribute to the increased ASM mass and exaggerated bronchoconstriction 
in asthma [10-12]. Interestingly, cultured ASM cells obtained from asthmatics 
proliferate faster than cells from healthy subjects [29], but at the same time their 
velocity and maximum shortening capacity are enhanced, probably due to the 
increased expression of contractile markers [30, 31]. These findings indicate that 
there are intrinsic differences between ASM cells from asthmatics and healthy 
subjects. Hence, regulation of ASM phenotype may be important in the therapeutic 
intervention in asthma. 
The impact of the current medications on ASM phenotype regulation is largely 
unknown. Inhaled β2-agonists are widely used to relieve acute bronchoconstriction in 
asthma and their effect is mediated by elevations of cAMP and activation of its 
downstream effectors [18-20]. In addition, several studies have demonstrated that β2-
agonists act anti-proliferative in cultured ASM cells [23, 24], and recent studies 
identified Epac as a potential mediator of this effect, next to PKA [5, 21, 25] 
(chapter 8). Moreover, we previously showed that such response was paralleled by 
the inhibition of PDGF-induced hypocontractility in bovine tracheal smooth muscle 
strips, pointing at a novel role of cAMP in the regulation of ASM phenotype [5] 
(chapter 8). Our current findings are highly reminiscent of our previous 
observations in bovine preparations, and reveal the importance of phenotypic 
plasticity regulation in intact human ASM. The induction of a hypocontractile 
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phenotype by PDGF is in line with previous observations that exposure of human 
bronchiole ring segments to mitogenic stimuli reduced contractile agonist-induced 
force generation [9]. In the current study in human tracheal smooth muscle 
preparations, PDGF treatment also significantly lowered the expression of α-SMA 
and filamentous actin, whereas the expression of actin was not affected by serum in 
bronchiole rings [9]. Although discrepancies can be attributed to the different 
mitogens and airway generations, it may be that other additional mechanisms 
contribute to mediate the contractile function, such as ionic transportation across the 
membrane [32]. 
Importantly, in line with our previous findings in bovine ASM [5] (chapter 8), at the 
concentrations that completely inhibited mitogen-induced cell proliferation and 
restored α-SMA and filamentous actin expression, the PKA activator 6-Bnz-cAMP 
and the Epac activator 8-pCPT-2'-O-Me-cAMP completely prevented the PDGF-
induced hypocontractility. This indicate a crucial role for Epac and PKA in the 
regulation of human ASM phenotype.  
In conclusion, Epac and PKA regulate human ASM phenotype by maintaining a 
normo-contractile, normo-proliferative phenotype in a mitogenic environment. 
Specific activation of Epac and PKA may therefore have therepeutic potential in the 
treatment of long-term pathogenic features of asthma. 
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Epac as a novel cAMP effector in airway functioning 

The most common and versatile second messenger cyclic adenosine 3',5'-
monophosphate (cAMP) controls a wide range of physiological processes [1] 
(chapter 1). Elevation of intracellular cAMP levels is initiated upon ligand binding 
to Gs protein-coupled receptors (GsPCRs) and subsequent activation of adenylyl 
cyclases (ACs). Intracellular cAMP levels are tightly regulated by the coordinated 
action of ACs and phosphodiesterases (PDEs), the latter known to terminate cAMP 
signaling upon cAMP hydrolysis [2]. Moreover, association of GsPCRs and ACs to 
caveolae and lipid rafts controls cAMP signaling by forming spatially and 
functionally discrete complexes within the surface of the plasma membrane [3-5]. 
Recent updates in the field show that the specific outcomes of cAMP elevations are 
also dictated by the activation of distinct downstream effectors [6-9]. 
The discovery of exchange proteins directly activated by cAMP (Epac’s) in 1998 
[10], tremendously altered our insights into the cellular signaling of cAMP, 
previously solely assigned to protein kinase A (PKA). Thus, Epac has been shown to 
mediate a variety of cAMP-induced effects on cell adhesion, secretion, cell 
proliferation, cell differentiation, inflammation and gene expression, which may be 
independent of PKA (for details see chapter 2). Actions of Epac are mediated via 
GDP/GTP exchange on small Ras-like GTPases, such as Rap1, and their subsequent 
activation [7, 11]. Epac has been shown to signal to a plethora of downstream 
effectors, including Rho GTPases, phospholipase C-ε (PLC-ε), mitogen-activated 
protein kinase family members, such as extracellular signal-regulated kinases 1/2 
(ERK1/2) and c-Jun N-terminal kinase (JNK), protein kinase B (PKB)/Akt, and 
regulators of the actin-microtubule network (chapter 2). Cell-type specific factors, 
such as cell-cell contacts, abundance of effectors and localization seem to direct 
Epac to distinct cellular outcomes and might explain apparent controversial effects 
of cAMP on, for example, inflammation and cell proliferation  [6, 8, 9]. In fact, Epac 
may act pro-inflammatory by enhancing integrin-mediated monocyte adhesion to the 
extracellular matrix (ECM) proteins laminin [12] and fibronectin [13], and by 
promoting chemotaxis of immune cells [13]. On the other hand, Epac, via its effector 
Rap1, may also have anti-inflammatory effects by enhancement of the endothelial 
barrier function [14] and by inhibition of cytokine release from immune cells [15, 
16]. Moreover, Epac has been shown to inhibit as well as enhance the 
phosphorylation of ERK1/2, and these responses seem to correlate with anti- and 
pro-proliferative effects, respectively [17].  
Epac may act alone, or either synergize or antagonize PKA-induced effects [18-21], 
raising questions about the specificity of cAMP to integrate diverse extracellular 
signals by eliciting the appropriate functional response. Signaling 
compartmentalization has emerged as a potential explanation to distinguish between 
the roles of Epac and PKA, and to give insights into their specific biological 
functions. Distinct subcellular targeting of Epac and PKA may reflect their multi-
functionality, and tethering of these proteins to caveolae and/or A-kinase anchoring 
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protein (AKAP) complexes [22, 23] (chapter 6) may offer dual control of cAMP 
actions and contribute to signal specificity. For example, co-localization of PKA and 
Epac to distinct AKAPs has been associated with opposing biological effects of the 
two cAMP effectors in cardiomyocytes and neurons [22, 23]. In neuronal cells, 
AKAP79 tethers Epac2 and PKA, providing a dual control of the phosphorylation 
status of PKB/Akt, which may be of relevance for the treatment of Alzheimer’s 
disease [23]. In the heart, muscle-specific mAKAP harbors Epac1, Rap1, PKA, 
PDE4 and ERK5, thus sensing and transmitting local cAMP alterations in the control 
of cardiac hypertrophy [22]. Activation of ERK5 leads to PKA activation and 
subsequent Ca2+ mobilization, responsible for the nuclear translocation of 
prohypertrophic nuclear factor of activated T cells (NFAT) [22]. By contrast, 
activation of Epac1 and Rap1 reduces the development of cardiac hypertrophy 
through inhibition of ERK5 and PKA signaling [22]. Recent findings in 
cardiomyocytes revealed that Epac may increase excitation-contraction coupling via 
direct interaction with type II ryanodine receptors and Ca2+-ATPases in the 
sarcoplasmatic reticulum [24, 25]. Epac-driven PLC-ε activation and subsequent 
increase in intracellular Ca2+ have also been reported in cardiomyocytes [24, 26, 27]. 
Moreover, Epac may trigger accumulation of connexin 43, a process known to be 
required for gap junction formation, proper ion transfer and generation of contractile 
force in the heart [28]. Interestingly, the biological outcome of Epac activation in 
cardiomyocytes corresponds to the ionotropic and chronotropic action of cAMP-
elevating β-agonists (reviewed in 8, 29). 
It has been hypothesized that Epac, as part of the signaling cascade induced by β2-
adrenoceptor activation, is also involved in the regulation of specific cellular 
functions in the lung [20, 30, 31]. This may be of importance for the therapy of 
chronic inflammatory airway diseases, like asthma and chronic obstructive 
pulmonary disease (COPD). Inhaled β2-agonists are therapeutically used to relieve 
bronchoconstriction in patients with asthma and COPD, by inducing cAMP-
mediated airway smooth muscle (ASM) relaxation. However, these medications are 
not preventive nor curative towards these diseases [32]. This may partially be 
explained by the fact that β2-agonists are not effective to inhibit airway 
inflammation, which is presumably involved in the development of irreversible 
structural changes in the airways, known as airway remodeling, that contribute to 
airway hyperresponsiveness and a decline in lung function [33, 34] (for details see 
chapter 1). In addition to inflammatory cells, different structural cells and 
extracellular compartments of the airway wall are thought to be importantly involved 
in the development of airway remodeling [33]. Among the structural cell types, 
ASM cells have been recognized as key players in the pathophysiology of 
obstructive airway diseases. Thus, growth factors and cytokines released during the 
inflammatory response may cause a (reversible) phenotypic shift of these cells from 
a contractile to a proliferative, synthetic phenotype [35, 36]. This phenotype 
plasticity is postulated to cause thickening of the ASM layer and secretion of ECM 
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proteins and inflammatory cytokines by ASM cells, altogether contributing to the 
airway remodeling and changes in airway function [33, 34] (chapter 1). 
The ineffectiveness of β2-agonists to inhibit airway inflammation in vivo may in part 
be explained by the controversial role of β2-agonists in the modulation of cytokine 
release in vitro. In fact, studies indicate that β2-agonists may either inhibit or 
promote cytokine production and/or secretion in inflammatory and ASM cells [37-
39]. Moreover, dysfunctional β2-adrenoreceptor signaling such as receptor 
desensitization - leading to a loss of β2-agonist-induced cAMP production - may 
impair the beneficial effects of β2-agonists and may even be responsible for adverse 
effects such as increased hyperresponsiveness [40, 41]. Desensitization of the β2-
adrenoceptor is the result of uncoupling and/or down-regulation of the receptor, and 
may involve PKA and G-protein receptor-kinase (GRK)-induced phosphorylation of 
the receptor and binding of β-arrestin after acute or chronic exposure to β2-agonists 
(homologous desensitization) [42-44]. Moreover, inflammatory cytokines, 
contractile agonists and prostanoids may also cause β2-adrenoceptor desensitization 
(heterologous desensitization), either by enhanced cAMP production or by protein 
kinase C-induced phosphorylation of the receptor [44]. After internalization, the 
receptor can either be degraded in clathrin-coated pits or recycled, a process known 
as resensitization [44]. Interestingly, AKAP250 (gravin), a unique AKAP protein 
that specifically binds PKA and PKC, has been shown to play a role in β2-
adrenoceptor resensitization in A431 cells, by forming a complex with GRK2, β-
arrestin and clathrin [45, 46]. Hence, activation of post-β2-adrenergic receptor 
mechanisms and particularly of Epac, could be advantageous to maintain the 
beneficial effects of β2-agonists without the risk of receptor desensitization. Despite 
the increasing number of studies regarding Epac signaling, however, our knowledge 
of the impact of Epac on airway functioning is still limited.  
Therefore, in chapter 3, we started to unravel signaling properties of Epac in human 
ASM and bronchial epithelial cells, and in chapter 6 we addressed the issue of 
cAMP compartmentalization in ASM cells to better elucidate the regulation of Epac 
signaling and its interaction with PKA. In chapter 3, we report that Epac1 and 
Epac2 are expressed in both human ASM and bronchial epithelial cells. Only in 
ASM cells, Epac activation enhanced Rap1-GTP loading, whereas in both ASM and 
bronchial epithelial cells we observed Epac-dependent activation of ERK1/2, JNK 
and matrix metalloproteinase-9 (MMP-9). These data indicate cell-type specific 
orchestration of Epac signaling, which might be associated with the distinct 
functional roles of ASM and epithelial cells in the lung. As described in chapter 2, 
Rap1 represents the best characterized Epac effector and its activation allows Epac 
to control several cellular processes including integrin-mediated cell adhesion, 
endothelial barrier functioning, and cytokine release. Moreover, Rap1 often acts as a 
mediator between Epac and ERK1/2 to regulate cell proliferation and differentiation 
(chapter 2). Epac-dependent activation of JNK has also been described, but the 
functional role of this interaction remains unknown [47]. Although cross-talk 
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between cAMP and MMP family members has been reported [48, 49], we were the 
first to connect Epac with the activation of MMP-9 (chapter 3). MMP-9 represents 
an important player in both airway structural remodeling and inflammation, upon 
degradation of ECM components and release of cytokines and growth factors [50]. 
Indeed, in COPD MMP-9 contributes to the destruction of the lung parenchyma 
(emphysema), which importantly contributes to lung function decline [51]. 
However, increased activity of MMP-9 in large airways, such as bronchial epithelial 
and smooth muscle cells may also play a regulatory role in wound-healing after lung 
injury. Moreover, in ASM cells Epac activated the phosphoinositide 3-kinase (PI3-
K) effector PKB/Akt (chapter 3), which has been shown to mediate survival effects 
for example in macrophages [52]. Finally, activation of Epac in ASM cells induced 
the phosphorylation of transcription factors, such as p53 and c-Jun, and 
actin/microtubule cytoskeleton-related proteins, including tubulin and β-catenin, 
confirming previous observations that Epac may potentially regulate gene 
transcription and cytoskeleton-mediated processes [14, 53] (chapter 3).  
Collectively, given the potential signaling capacities of Epac in ASM and bronchial 
epithelial cells, our data further strengthen the hypothesis that Epac may contribute 
to several aspects of lung (patho)physiology.  
In chapter 6, we characterized compartmentalization of cAMP signaling in ASM 
cells by studying Epac subcellular (re)distribution and potential clustering of cAMP 
effectors to caveolae microdomains or AKAP-dependent complexes. We found that 
Epac1 and Epac2 exhibit distinct expression patterns in ASM: Epac1 is ubiquitously 
distributed, whereas Epac2 is mainly located to membrane and cytosolic fractions. 
Moreover, upon activation only Epac1 translocated from the cytosol to membranes 
and nucleus, suggesting that differential functions of Epac1 and Epac2 may be 
dictated upon distinct subcellular targeting to distinct pools of cellular effectors. 
Importantly, in ASM cells Epac1, Epac2, Rap1, PKA and AKAP79 were found to 
localize in caveolae microdomains. Previous studies have shown that caveolae act as 
important regulators of ASM phenotype and functions by sequestering important 
central effectors of contractile, proliferative and synthetic responses, including 
bradykinin receptors [36, 54, 55]. In support, we demonstrated that caveolae play a 
prominent role in bradykinin-induced release of the pro-inflammatory cytokine 
interleukin (IL)-8 from ASM cells. Hence, association of cAMP-related effectors to 
caveolae may provide functional control of such processes by cAMP signaling (see 
chapter 6). 
As discussed above, some of the signaling molecules activated by Epac in ASM 
regulate cellular functions involved in the pathogenesis of asthma and COPD. For 
example, ERK1/2 and PI3K effectors represent central mitogenic signals for ASM 
cells [56]. Thus, prolonged activation of ERK1/2 and PI3K triggers a phenotypic 
change of intact ASM, characterized by increased ASM cell proliferation as well as 
reduced ASM contractile force development and contractile protein expression [60, 
61] (chapter 8). Moreover, JNK, which can be activated by Epac as well, may also 
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contribute to the airway structural changes observed in asthma [62]. Next to 
proliferation, ERK1/2 and JNK actively participate in chronic airway inflammation 
by promoting the release of cytokines from structural cells [63, 64] (chapter 4). At 
this regard, Rap1 activation by Epac acts anti-inflammatory by inhibiting the release 
of macrophage inflammatory protein-1α (MIP-1α or CCL3), MIP-1β (CCL4) and 
tumor necrosis factor-α (TNF-α) and the expression of interferon-β (IFN-β) from 
activated dendritic cells and macrophages [15, 16, 63-65]. Moreover, in pulmonary 
artery endothelial cells Epac and Rap1 counteract the pro-inflammatory effect of 
thrombin by activating Rac1 and inhibiting Rho [14]. Such mechanisms result in a 
decreased permeability of the endothelial barrier and may therefore reduce the 
transmigration of leukocytes to the site of inflammation. In addition, RhoGTPases 
contribute to airway functions due to their ability to regulate phosphorylation of 
myosin light chain (MLC), a necessary step in ASM contraction [66], and Rho-
kinase has recently emerged as a potential target for airway hyperresponsiveness 
[67]. Therefore, having established that Epac proteins are expressed in the airways 
and regulate the activity of a number of proteins potentially involved in asthma and 
COPD pathogenesis, we further investigated the effects of Epac - either alone or in 
concert with PKA - in ASM phenotype modulation and functional responses known 
to contribute to pathological features of these diseases, particularly inflammation, 
contraction and proliferation. 
 
Role of Epac and PKA in aiway inflammation 

Asthma and COPD are characterized by a massive infiltration and activation of 
inflammatory cells in the airways, caused by the release of a variety of cytokines, 
chemokines and growth factors by immunologically active cells that reside in the 
airway wall, including airway epithelial and ASM cells [68] (chapter 1). IL-8 
represents one of the best characterized members of the family of chemokines 
known to attract neutrophils and eosinophils [69, 70], that have been implicated in 
inflammatory airway diseases [71]. Increased levels of the cytokine IL-8 have been 
found in blood, bronchial mucosa [70] and bronchial epithelial cells of patients with 
asthma [72] as well as in sputum [73], broncho-alveolar lavage fluid and bronchiolar 
epithelium [72, 74] from COPD patients. Interestingly, in addition to neutrophils, 
macrophages and the airway epithelium, ASM cells are also a rich source of IL-8, 
and its production is believed to be regulated at the transcriptional level upon 
activation of distinct intracellular signaling pathways [63, 75]. The promoter region 
of the IL-8 gene contains sequences responsive to nuclear factor-κappa B (NF-κB) 
and ERK1/2-induced transcription factors [63, 76]. cAMP has been shown to either 
inhibit [39] or increase [77] the release of IL-8 from ASM cells, but the mechanisms 
of such effects have not been elucidated yet. Hence, in chapters 4 and 5 we 
investigated the effects of Epac and PKA on IL-8 release from ASM cells, induced 
by distinct mediators known to be involved in asthma or COPD, and we unraveled 
the underlying molecular mechanisms. In chapter 4, we used the asthma-associated 



General discussion and summary 
 

 209 

pathogenic factor bradykinin, which is known to induce IL-8 release from ASM cells 
upon activation of ERK1/2 [75]. We found that the effect of bradykinin was 
potentiated upon selective activation of Epac and PKA. By using specific 
pharmacological tools, we discovered that these responses were mediated by 
signaling to Rap1 and ERK1/2. Moreover, we confirmed previous observations by 
others [78], that bradykinin directly activates cAMP signaling, identifying a novel 
pro-inflammatory mechanism of action of these pluripotent molecules. The 
inflammatory effects of Epac and PKA were confirmed by specific pharmacological 
inhibition or down-regulation of the cAMP effectors, showing that both Epac1 and 
Epac2 are involved. In addition, we revealed the interconnectivity between Epac and 
PKA with regard to the modulation of bradykinin-induced IL-8 release. As we found 
AKAP79 to be expressed in ASM cells (chapter 6), we investigated the potential 
role for AKAPs in Epac- and PKA-mediated functions and their interconnectivity, 
by using the PKA-AKAP binding disrupting peptide Ht31 (chapter 6). Importantly, 
Ht31 treatment reduced augmentation of IL-8 release by Epac and PKA, suggesting 
that bradykinin-induced IL-8 release may involve an AKAP-PKA-Epac complex. 
In chapter 5, we investigated the regulatory role of cAMP effectors in the release of 
IL-8 by cigarette smoke extract. As cigarette smoke is an important risk factor in 
COPD, unravelling such mechanisms might provide insights into the treatment of 
inflammation in COPD patients. In line with previous observations [79, 80], 
cigarette smoke extract markedly increased IL-8 release from ASM cells. However, 
in contrast to our previous findings using bradykinin (chapter 4), activation of Epac 
proteins and/or PKA inhibited cigarette smoke extract-induced IL-8 from both 
immortalized and primary human ASM cells. Specific down-regulation/inhibition of 
Epac or PKA confirmed the inhibitory role of the two cAMP effectors on cigarette 
smoke extract-induced IL-8 release. In line with previous reports [81], the pro-
inflammatory effect of cigarette smoke extract was driven by activation of ERK1/2 
and NF-κB. Importantly, the inhibitory role of Epac on cigarette smoke extract-
induced IL-8 release was mediated via inhibition of NF-κB activation, whereas PKA 
inhibited the phosphorylation of ERK1/2. In support of the distinct roles of the two 
cAMP effectors in regulating IL-8 release by bradykinin and cigarette smoke extract, 
we did not find connectivity between Epac and PKA-driven responses on cigarette 
smoke extract-induced effects. This suggests that distinct pools of Epac and PKA 
might contribute to the specificity of cAMP effects in the modulation of cytokine 
release by inflammatory stimuli. Interestingly, both in immortalized and primary 
human ASM cells cigarette smoke extract reduced Epac1 protein and mRNA levels, 
leaving Epac2 and PKA unaffected. The down-regulation of Epac1 could account for 
the lower anti-inflammatory potential of Epac activation compared to PKA. 
Importantly, a reduction of Epac1 expression was also observed in lung samples 
from COPD patients. These findings point at Epac and PKA as potential endogenous 
targets for anti-inflammatory therapy in COPD, although Epac1 sensitivity towards 
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cigarette smoke may suggest a different contribution of the cAMP effectors in the 
immuno-suppressive potential of cAMP. 
Importantly, the effects of Epac and PKA on bradykinin- and cigarette smoke 
extract-induced IL-8 release corresponded to the effect of the β2-agonist fenoterol 
(chapters 4 and 5). Our results are in line with previous observations [77, 82, 83] 
showing that, depending on the inflammatory stimulus, β2-agonist and cAMP 
signaling may exert either pro- (chapter 4) or anti-(chapter 5) inflammatory effects 
on ASM cells. Hence, this may give an additional explanation to the lack of efficacy 
of β2-agonists in the treatment of inflammation in asthma and COPD, where the 
ASM is continuously stimulated with an array of pro-inflammatory cues. Moreover, 
Epac1 down-regulation by inflammatory stimuli such as cigarette smoke may 
account for the variable anti-inflammatory capacities of cAMP-elevating agents in 
the treatment of COPD. Although difficult to interpret, in vitro settings represent a 
fundamental way to study the inflammatory signaling pathways and their potential 
interactions with the cAMP signaling and may help to find new strategies to reduce 
airway inflammation and the progression of asthma and COPD.  
 
Role of Epac in ASM contraction  

Dysfunctional regulation of ASM tone is another feature of obstructive airway 
diseases and results in airway hyperresponsiveness to a variety of stimuli [84]. 
cAMP-elevating β2-agonists are the most potent inhibitors of ASM contraction and 
for this reason the treatment of airway obstruction is focused on cAMP elevations. 
Although cAMP-relaxant properties have been attributed to PKA-dependent effects 
on contractile proteins, K+ channels, Na+/K+ ATPases, Ca2+ sequestration, sensitivity 
of myosin and IP3 formation (reviewed in [85]), additional PKA-independent 
mechanisms have been recently postulated [32, 86]. Epac may be a potential 
candidate to mediate β2-agonist effects in ASM, as it also mediates β2-agonist effects 
in cardiomyocytes, upon modulation of calcium homeostasis and actin-cytoskeletal 
dynamics [87, 88]. Moreover, Epac modulates ASM tone in aortic smooth muscle 
cells [89], via yet unknown mechanisms. In chapter 7, we demonstrated that the 
relaxant effect of the β2-agonist isoproterenol on pre-contracted guinea pig and 
human tracheal preparations is largely independent of PKA and specific activation of 
Epac induced ASM relaxation independent of PKA. The underlying mechanisms of 
Epac-mediated ASM relaxation were unraveled using cultured guinea pig and human 
ASM cells. ASM contraction is directly associated with changes in the 
phosphorylation of MLC [66], which is increased by Rho and decreased by Rac [14, 
90]. Contractile agonists, such as methacholine, activate Rho, thereby enhancing 
MLC phosphorylation [40, 66] and ASM contraction [67]. Recently, Epac has been 
shown to modulate the Rho/Rac balance in favour of Rac, a process resulting in 
decreased MLC phosphorylation and enhancement of pulmonary arthery endothelial 
barrier function [14, 90, 91]. As expected, treatment of ASM cells with methacholine 
induced activation of RhoA and inhibition of Rac1, leading to a subsequent increase 
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in MLC phosphorylation. All these responses were counteracted upon stimulation of 
Epac. Epac-driven inhibition of both methacholine-induced muscle contraction by 
the GTPases inhibitor Toxin B-1470 and MLC phosphorylation by the Rac1-
inhibitor NSC23766 were significantly attenuated, confirming the importance of 
Rac1 in Epac-mediated relaxation. Collectively, these results elucidate a completely 
new pathway by which cAMP affect ASM tone and point at Epac as a novel target 
for the treatment of airway obstruction in asthma and COPD.  
 
Role of Epac in regulating ASM phenotype  

Increased ASM mass is particularly caused by ASM hyperplasia (increase in cell 
number) and hypertrophy (increase in cell size) [92], and contributes to thickening of 
the airway wall, airway hyperresponsiveness and impaired lung function in asthma 
[34]. Increased ASM mass is likely the result of mitogenic stimulation by growth 
factors, cytokines, GPCR agonists, and extracellular matrix proteins (ECM) which 
are able to modulate ASM phenotype and function [33-35, 57, 93]. Under normal 
conditions, ASM cells are generally characterized by low proliferative rates, 
relatively high contractile function and expression of contractile proteins, such as 
smooth muscle myosin heavy chain and smooth muscle α-actin [60, 94]. However, 
in vitro exposure of ASM cells or tissue to growth factors, inflammatory mediators 
or ECM proteins results in a switch from a contractile to a proliferative phenotype, 
characterized by increased proliferative rates, decreased expression of contractile 
markers and decreased contractility [58, 60, 94]. Due to their innate phenotypic 
plasticity, ASM cells may return to their contractile phenotype upon removal of 
mitogenic stimuli or even develop a hypercontractile phenotype in the presence of 
insulin or transforming growth factor-β (TGF-β) [95-97]. This hypercontractile 
phenotype is characterized by increased contractility, high expression of contractile 
markers, and an elongated morphology of the cells [33, 95-97]. The Rho/Rho kinase, 
ERK1/2 and PI3K pathways play an important role in the phenotypic transitions [60, 
97].  
cAMP regulates cell proliferation in a cell-type and stimulus-dependent manner 
upon activation of Epac and/or PKA [19-21, 98]. In ASM cells, cAMP drives anti-
proliferative signals, mainly appointed to PKA-driven phosphorylation of mitogenic 
signaling elements and cell-cycle-dependent proteins [17, 40]. However, Epac has 
recently emerged as an important regulator of cAMP-mediated inhibition of cell 
proliferation in human ASM cells [31], although with an a yet unknown mechanisms. 
Moreover, Epac exerts anti-mitogenic effects in lung fibroblasts, a response being 
insensitive to PKA activation [20, 99]. In chapter 8, we addressed the role of cAMP 
and its effectors Epac and PKA on proliferative responses in bovine tracheal smooth 
muscle (BTSM) cells stimulated with platelet-derived growth factor (PDGF). 
Moreover, we related this response with the effect of PDGF on BTSM tissue 
contractile function to investigate the capacity of the cAMP effectors to regulate 
ASM phenotype. In line with previous findings [94], PDGF increased BTSM cell 
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proliferation and reduced smooth muscle contractility and expression of contractile 
proteins. Importantly, these responses were all inhibited by co-treatment with the 
cAMP-elevating prostaglandin E2 (PGE2), and with specific activators of Epac and 
PKA, without affecting basal proliferation and contractility. Moreover, Epac and 
PKA prevented ERK1/2 phosphorylation by PDGF. However, only PKA was able to 
additionally reduce PDGF-induced phosphorylation of the pro-proliferative PI3K 
effector molecule p70S6K [100]. These findings indicate that cAMP signaling may be 
important in the maintenance of a normal contractile ASM phenotype and give 
insight in the mechanisms underlying the anti-proliferative effects of cAMP in ASM. 
Indeed, cAMP elevating agents such as β2-agonists and PGE2 have been reported to 
act anti-mitogenic in cultured ASM cells [101, 102], but their effects in vivo are still 
lacking. Our data confirm the potential beneficial role of PGE2 in inhibiting ASM 
proliferation, and suggest that stimulation of cAMP effectors may be exploited to 
treat ASM mass increase in airway remodeling.  
In chapter 9, the effects of activation of Epac and PKA on PDGF-induced ASM 
phenotypic modulation were studied in human ASM cells and tissue. It has 
previously been shown that long-term treatment with serum induces a phenotypic 
modulation of human bronchiolar smooth muscle, charachterized by decreased 
contractile responses and contractile protein expression [103]. We found that long-
term treatment with PDGF modulates human ASM phenotype by decreasing tissue 
contractility and contractile protein expression, responses being associated with 
increased ASM cell proliferation. Importantly, co-treatment of human ASM strips 
with the PKA activator 6-Bnz-cAMP or the Epac activator 8-pCPT-2'-O-Me-cAMP 
strongly inhibited PDGF-induced ASM cell proliferation and prevented PDGF-
induced hypocontractility and the reduction of contractile protein expression by the 
growth factor. 
The maintenance of a contractile phenotype by cAMP-effectors may appear 
paradoxical considering the bronchodilatory effect of cAMP and the results shown in 
chapter 7. However, it must be noted that these observations rely on completely 
different mechanisms and experimental settings. Thus, the results presented in 
chapter 7 derive from acute stimulation of Epac and PKA in the presence of a 
contractile agonist and are based on rapid cellular processes at the level of the 
contractile machinery. On the other hand, the data in chapters 8 and 9 are the result 
of chronic stimulation of the cAMP effectors (4 days in culture) that inhibits the 
growth factor-induced reduction of contractile protein expression by modulating 
trancriptional and translational processes, while the Epac and PKA stimuli are not 
present during the contraction experiments. Importantly, we not only confirmed the 
importance of cAMP signaling in the acute treatment of bronchoconstriction, but we 
additionally provided a novel potential approach to treat the long-term feature of 
asthma, due to the chronic alterations of ASM phenotype and functions which 
eventually results in the permanent structural airway remodeling.  
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Epac and implications for disease therapy 

During the last decades, our insight into cAMP signaling has dramatically changed 
and the discovery of Epac has opened new avenues in the understanding of 
biological functions of cAMP. As mentioned above, cAMP elevation by 2-agonists 
is widely used to treat obstructive airways diseases such as asthma and COPD, even 
though these drugs are not curative or preventive and the efficacy of their action is 
reduced in severe disease states. The limited effectiveness of 2-agonists is mainly 
attributed to the β-adrenoreceptor desensitization and subsequent reduced cAMP 
elevations due to the receptor internalization (reviewed in [44]). Although this 
response minimally affect the bronchodilatory capacities of 2-agonists on ASM 
cells, it has been postulated that receptor desensitization on inflammatory and 
structural cells may limit the anti-inflammatory and anti-proliferative effects of 2-
agonists in vivo [104]. Hence, alternative strategies have been considered. PGE2 may 
hypothetically represents a good candidate as its actions are also driven by cAMP-
elevating GsPCRs abundantly expressed in ASM. In vitro, PGE2 has been reported to 
have anti-proliferative effects in ASM [101] and our studies have proven that this 
effects are associated with a regulation of ASM phenotype (chapter 8). In addition, 
PGE2 receptors do not undergo a similar rapid desensitization in ASM as observed 
for β2-adrenoreceptors [43]. However, both relaxant and contractile effects of PGE2 
have been reported on ASM [105]. Moreover, this prostanoid also modulates the 
immune response by regulating the functions of cells such as macrophages and T 
and B lymphocytes, leading to pro- and anti-inflammatory effects [106]. Such 
contractictory responses are the consequence of the activation of four receptors 
designated as EP1 to EP4, which are coupled to a multitude of intracellular signaling 
pathways. In particular, EP2 and EP4 are Gs-coupled receptors and increase cAMP, 
probably contributing to the beneficial effects on contraction, inflammation and cell 
proliferation, whereas EP1 and EP3 are coupled to Gq and Ca2+ signaling and have 
been involved in smooth muscle contractility [107]. Moreover, PGE2 causes 
heterologous desensitization of the β2-adrenoreceptor [42], a process recently being 
associated with activation of PKA and ERK1/2, which also induce expression of 
PDEs and subsequently decrease intracellular cAMP levels [108]. Hence, activation 
of cAMP-regulated pathways distal from the receptor may represent a better 
approach in order to exploit the beneficial effects of cAMP elevation and at the same 
time to avoid the problems due to receptor desensitization.  
PDE inhibitors possess anti-inflammatory and anti-immunomodulatory effects in the 
airways [109, 110], due to their capacity to increase cAMP levels. In the airways, 
PDE4 represents the most abundant PDE isoform and therefore, selective PDE4 
inhibitors, such as rolipram and roflumilast, have undergone clinical trials to 
determine their usefulness/efficacy in the treatment of asthma and COPD [109]. 
However, these compounds are only weak bronchodilators and their usage is 
additionally limited by systemic side effects, especially nausea and vomiting [109]. 
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Hence, a more targeted approach such as the modulation of cAMP downstream 
effectors, including Epac, may represent a promising alterantive for potential 
therapeutical intervention in airways diseases. Collectively, the findings presented in 
this thesis show that Epac proteins are expressed in ASM and bronchial epithelial 
cells and potentially able to drive important cAMP responses in ASM (chapter 3), 
including modulation of cytokine release (chapters 4 and 5), bronchodilation 
(chapter 7) and inhibition of ASM cell proliferation (chapters 8 and 9). Most 
functions are also driven by PKA, via identical (chapter 4), similar or distinct 
(chapters 5, 8 and 9) mechanisms. The cross-talk between the two cAMP effectors 
may be dictated by their specific compartmentalization (chapter 6). However, Epac-
driven relaxation of methacholine-induced contraction in both guinea pigs and 
human intact ASM appeared independent of PKA (chapter 7), supporting the 
importance of this novel cAMP effector molecule in ASM function. Studies of Epac 
and PKA expression and function in disease models of asthma and COPD in vivo are 
warranted to elucidate the therapeutic potential of specific activators of these two 
cAMP effectors in asthma and COPD. 
Based on our observations, it is reasonable to assume that, in addition to PKA, Epac 
drives the downstream effects of β2-agonists and their biological outcome. At this 
moment, however, there are limited tools available to prove this theory and we can 
only speculate on the contribution of Epac and/or PKA to the effects of β2-agonists 
in health and disease. Thus, as PKA knock-out mice are not vital, the functional 
roles of PKA have so far been studied by pharmacological approaches using 
different PKA inhibitors. However, such compounds have raised doubts with respect 
to their efficacy and specificity [111, 112]. In addition, studies of the physiological 
functions of Epac proteins are also limited by the current lack of (isoform)-selective 
activators and inhibitors. The guanine nucleotide exchange factor brefeldin A has 
been shown to inhibit Epac-induced responses [113], but there is no evidence of its 
direct attenuation of Epac activity. In vitro, suppression of Epac protein expression 
using silencing RNA has been successfully utilized to elucidate several Epac-related 
functions [20, 114] (chapters 4 and 5). However, such strategies have considerable 
limitations for whole organ and in vivo studies due to transfection toxicity and scarce 
construct permeability in tissue. Importantly, Epac knock-out mice have recently 
been developed and have already demonstrated the role of Epac2 in pancreas 
organogenesis and function [115]. Mice lacking specific Epac effector proteins have 
also been developed to gain insights into Epac-regulated signaling and its biological 
outcomes [27]. Hence, development of such tools is warranted to study the issue of 
cAMP signaling specificity, and to better approach the in vivo effects in animal 
models. Finally, understanding cAMP spatio-temporal regulation in ASM cells 
remains a future challenge to explain the link between Epac and PKA. 
In conclusion, the study of Epac in the lung holds promise as Epac controls various 
properties of ASM and may fulfill a multifunctional role in airway physiology and 
pathophysiology. Importantly, however, beneficial effects of targeting Epac and/or 
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their effectors in airway diseases need to be weighed against potential side-effects, 
as virtually all cells express these proteins. Selective targeting of Epac1- and/or 
Epac2-regulated signaling in the airways by inhalation may help to reduce systemic 
side effects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Epac as a novel regulator of airway smooth muscle phenotype and function. β2-
Agonists and/or Prostaglandin E2 elevate cAMP, which in turn activate Epac and PKA. Upon 
orchestration of specific intracellular pathways, Epac dynamically regulates ASM phenotype 
and functions, including contraction, proliferation and cytokine release. Such processes 
might contribute to pathological features of airway diseases, such as airway 
hyperresponsiveness, airway remodeling and inflammation. Acutely, Epac relieves 
methacholine-induced ASM contraction by skewing the balance between Rac1 and RhoA 
towards Rac1, resulting in a net diminishment of MLC phosphorylation. Chronically, Epac 
and PKA differentially contribute to restore the normo-contractile phenotype of ASM by 
inhibiting PDGF-induced activation of mitogenic signaling such as ERK and p70S6K. This 
also results in inhibition of ASM proliferation. Epac and PKA both act pro- and anti-
inflammatory with regard to IL-8 release from ASM, depending on the stimulus. An AKAP-
dependent multiprotein complex probably coordinates the interconnectivity of Epac and PKA 
in the potentiation of bradykinin-induced IL-8 release, a process dependent on Rap1-
mediated activation of ERK. In contrast, cigarette smoke-induced IL-8 release is inhibited by 
Epac and PKA via inhibition of NF-κB and ERK, respectively. Clustering of cAMP effector 
molecules to caveolae may also affect cellular functions. Hypothetical interactions are 
indicated by dotted lines. See text for further details. 
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Taken together, the studies presented in this thesis have revealed the following main 
findings: 

 Both Epac proteins are expressed in guinea pig, bovine and human ASM as 
well as in human bronchial epithelial cells (chapters 3, 7 and 8). In resting 
ASM cells, Epac1 is ubiquitously distributed and translocates to the 
membranes and the nucleus upon activation, whereas Epac2 localized at 
cytosolic and membrane fractions in both resting and stimulated ASM cells 
(chapters 4 and 6).  

 Epac differentially activates a subset of effectors proteins including Rap1 
and ERK1/2 in both ASM and epithelial cells (chapters 3-5 and 8). In ASM 
cells, Epac phosphorylates peptides involved in inflammation, cell 
proliferation and contraction, pointing at Epac as a novel key effector in lung 
(patho)physiology and as a regulator of ASM function (chapter 3). 

 Epac1, Epac2, Rap1, PKA and AKAP79 associate to caveolae in ASM cells 
and this complex regulates bradykinin-induced IL-8 release (chapter 6). 

 In ASM cells, an AKAP-dependent multiprotein complex probably 
coordinates the interconnectivity of Epac and PKA in the potentiation of 
bradykinin-induced IL-8 release (chapter 6), a process dependent on Rap1-
mediated activation of ERK (chapter 4). Epac-and PKA-induced release of 
IL-8 may limit the anti-inflammatory properties of β2-agonists in asthma. 

 Epac and PKA inhibit cigarette smoke extract-induced IL-8 release from 
immortalized and primary human ASM cells. Epac effects are mediated by 
inhibition of the NF-κB signaling, whereas PKA inhibits ERK1/2 signaling 
(chapter 5).  

 Cigarette smoke reduces expression of Epac1, but not Epac2 or PKA, in 
human ASM cells, resulting in a different anti-inflammatory potential of 
Epac and PKA. The expression of Epac1 is also reduced in lung tissue from 
COPD patients. (chapter 5). 

 Epac relaxes methacholine-induced ASM contraction and reduces MLC 
phosphorylation by shifting the balance between Rho and Rac1 towards 
Rac1. These findings highlight a potential role of Epac in the treatment of 
exaggerated airway obstruction in asthma and COPD (chapter 7). 

 In bovine ASM, Epac and PKA maintain a normo-contractile phenotype in 
the presence of PDGF and inhibit PDGF-induced cell proliferation by 
inhibiting the activation of ERK1/2 (both Epac and PKA) and p70S6K (PKA) 
by this growth factor (chapter 8). 
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 Epac and PKA inhibit PDGF-induced phenotypic modulation of human 
ASM by inhibiting the mitogenic increase in ASM proliferation and 
normalizing ASM contractility and contractile protein expression (chapter 
9). 
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Fig. 4 (Chapter 5). 8-pCPT-2'-O-Me-cAMP prevents CSE-induced breakdown of IκBα and 
p65 nuclear translocation. p65 nuclear translocation was determined by immunofluorescence 
on hTERT-ASM cells stimulated without (control) or with 15% CSE for 2 hrs, alone or in 
combination with 100 µM 8-pCPT-2'-O-Me-cAMP or 500 µM 6-Bnz-cAMP. Results of 3 
experiments are shown (A) with the quantification of p65 nuclear staining (B). hTERT-ASM 
cells were treated with 15% CSE, 100 µM 8-pCPT-2'-O-Me-cAMP, 500 µM 6-Bnz-cAMP or 
their combinations for 1 hr. IκBα levels were determined by western blot (C). Bands were 
normalized to GAPDH. Representative immunoblots are shown. Data are presented as 
means±SEM of 6-7 experiments. ***P<0.001 compared to basal control. ###P<0.001 
compared to CSE.  
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Fig. 2 (Chapter 6). (A) Epac1 expression in nuclear fractions of hTERT-ASM cells treated 
without (Basal) or with 8-pCPT-2’-O-Me-cAMP (8-pCPT, 100 µM, 10 min). Data represent 
means ± SEM of 3-5 independent experiments. Representative immunoblots with 
quantifications are shown. Proteins were normalized to the nuclear marker lamin A. *P<0.05 
compared to Basal. (B) Immunocytochemistry showing staining for nuclei (blue) and Epac1 
(red) in hTERT-ASM cells treated without (Basal) or with 8-pCPT (100 µM, 10 min). 
Composite image is depicted underneath. Arrows indicate the nuclear localization of Epac1. 
This was confirmed by the violet colour observed in the nuclei after merging of the 
blue nuclear die Hoechst with the red Cy3-labeled secondary antibody for Epac1 
(Fig. 2B).  
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Fig. 3 (Chapter 6). (A) Epac1 and caveolin-1 expression in hTERT-ASM cells treated 
without (Basal) or with 8-pCPT-2’-O-Me-cAMP (8-pCPT, 100 µM, 10 min) after caveolae 
isolation following sucrose density centrifugation. Representative immunoblots of 5-6 
independent experiments are shown. (B) Immunocytochemistry showing staining for Epac1 
(red) and caveolin-1 (green) in hTERT-ASM cells treated without (Basal) or with 8-pCPT 
(100 µM, 10 min). Composite image is depicted underneath. Arrows indicate co-localization 
of Epac1 and caveolin-1. 
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Fig. 4 (Chapter 6). (A) Epac2 and caveolin-1 expression in hTERT-ASM cells treated 
without (Basal) or with 8-pCPT-2’-O-Me-cAMP (8-pCPT, 100 µM, 10 min) after caveolae 
isolation following sucrose density centrifugation. (B) Immunocytochemistry showing 
staining for Epac2 (red) and caveolin-1 (green) in hTERT-ASM cells treated without (Basal) 
or with 8-pCPT (100 µM, 10 min). Composite image is depicted underneath. Arrows indicate 
co-localization of Epac2 and caveolin-1. 
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Fig. 4 (Chapter 7). Activation of Epac shifts the balance between RhoA and Rac1 towards 
Rac1. Guinea pig or hTERT-airway smooth muscle cells were stimulated for 30 min with 
100 μM methacholine, 300 μM 8-pCPT-2'-O-Me-cAMP or their combination. A) Stress fibre 
formation was measured by phalloidin staining in guinea pig airway smooth muscle. Results 
are expressed as percentage of stress fibre-positive cells relative to the total number of cells. 
Representative images of 5 experiments are shown. B) In hTERT-airway smooth muscle 
cells, GTP-loaded RhoA and total RhoA, and C) GTP-loaded Rac1 and total Rac1 were 
determined as described in Material and Methods. Representative blots of 3-5 independent 
experiments are shown. Densitometric quantifications depicts GTP-loaded RhoA and Rac1 in 
percentage of control. *P<0.05; **P<0.01; ***P<0.001 compared to basal control; #P<0.05; 
##P<0.01; ###P<0.001  compared to methacholine alone. 
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Fig. 2 (Chapter 9). 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP restore PDGF-induced decrease of actin 
expression. Immunofluorescent staining of filamentous actin (by phalloidin, green, left panel), α-SMA 
(red, middle panel) and nuclei (blue, right panel) in human ASM cells treated without (Control) or with 
8-pCPT-2'-O-Me-cAMP (30 µM) and 6-Bnz-cAMP (500 µM) in the absence or presence of PDGF (10 
ng/ml) for 4 days. Western analysis of α-SMA expression in human ASM strips treated without 
(Control) or with 8-pCPT-2'-O-Me-cAMP (30 µM) and 6-Bnz-cAMP (500 µM) in the absence or 
presence of PDGF (10 ng/ml) for 4 days. Means±SEM of 3-5 experiments are shown with 
representative immunoblots. α-SMA levels were normalized to GAPDH. *P<0.05, **P<0.01 compared 
to Basal Control; ##P<0.01 compared to PDGF. 
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Nederlandse samenvatting 

Cyclisch adenosine monofosfaat, ofwel cAMP, is een universele second messenger 
die wordt geproduceerd onder invloed van een breed scala aan extracellulaire 
signaalmoleculen en heeft een belangrijke functie in het reguleren van diverse 
cellulaire processen in verschillende celtypen (hoofdstuk 1). De vorming van cAMP 
wordt geïnitieerd door de stimulatie van Gs-eiwit-gekoppelde receptoren (GsPCR), 
zoals de β2-adrenerge receptor, hetgeen leidt tot de activatie van het enzym 
adenylylcyclase. Adenylylcyclase zet adenosine trisfosfaat (ATP) om in cAMP. 
Fosfodiesterases (PDE, phosphodiesterases) daarentegen zijn verantwoordelijk voor 
de afbraak van het cAMP. De specificiteit van de cAMP signaaltransductieroute 
wordt mede bepaald door het clusteren van adenylylcyclases en PDE’s aan de 
celmembraan in zogenaamde lipid rafts en caveolae. Daarnaast wordt de specificiteit 
bepaald door de (co)localisatie van verschillende, door cAMP aangestuurde, 
effectoreiwitten in diverse cellulaire compartimenten. Gezien het belang van cAMP 
in de regulatie van belangrijke cellulaire responsen is modulatie van de 
intracellulaire cAMP concentratie door farmacologische interventie therapeutisch 
effectief bij de behandeling van diverse ziekten, waaronder astma en COPD (chonic 
obstructive pulmonary disease). Beide chronisch obstructieve longziekten worden 
gekarakteriseerd door een ontsteking van de luchtwegen, die verschilt bij astma en 
COPD. Bij astma geeft dit aanleiding tot aanvalsgewijze, grotendeels reversibele 
luchtwegobstructies, terwijl er bij COPD sprake is van een progressief toenemende 
luchtwegobstructie die slechts partieel reversibel is. Daarnaast is er bij beide ziekten 
sprake van luchtweghyperreactiviteit voor diverse omgevingsprikkels en structurele 
veranderingen in de luchtwegen, ook wel ‘luchtwegremodeling’ genoemd 
(hoofdstuk 1). Bij de pathofysiologie en behandeling van astma en COPD speelt de 
luchtweg-gladde spier een centrale rol. Door hun vermogen tot contractie reguleren 
luchtweg-gladde spieren in belangrijke mate de diameter van de luchtwegen en 
spelen ze een grote rol bij bronchusobstructie en luchtweghyperreactiveit. Naast 
contractiele eigenschappen, kunnen luchtweg-gladde spieren ook een synthetische en 
proliferatieve functie bezitten, waardoor ze bijdragen aan ontsteking (door synthese 
van cytokines) en remodeling (door celproliferatie en synthese van bindweefsel) van 
de luchtwegen. Belangrijk hierbij is dat de luchtweg-gladde spiercellen het 
vermogen hebben om reversibel van fenotype te veranderen, waarbij spiercellen van 
een contractiele cel in een synthetisch, proliferatieve cel kunnen overgaan, en 
omgekeerd (hoofdstuk 1).  
Gebaseerd op hun vermogen de luchtweg-gladde spier te relaxeren, vormen 
geïnhaleerde β2-agonisten een van de hoekstenen van de behandeling van zowel 
astma als COPD. Naast hun relaxerende effect op de gladde spier, werd in vitro 
aangetoond dat β2-agonisten tevens de proliferatie van luchtweg-gladde spiercellen 
kunnen remmen en een ontstekingsremmende werking kunnen hebben. Desondanks 
is het in vivo effect van β2-agonisten op de luchtwegontsteking en remodeling gering. 
Hierbij spelen desensitisatie en internalisatie van de β2-adrenerge receptor - en 
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daarmee een verminderd vermogen om cAMP te genereren - mogelijk een rol. 
Vanwege de grote regulerende rol van cAMP in diverse celfuncties in de luchtwegen 
en in de behandeling van chronisch obstructieve longziekten is het van groot 
wetenschappelijk en klinisch belang om meer inzicht te krijgen in de regulatie en 
werkingsmechanismen van deze second messenger. 
Een van de effectoreiwitten in de cel die door cAMP worden geactiveerd is het 
recent ontdekte enzym Epac (exchange protein directly activated by cAMP). Er zijn 
2 isoformen van Epac bekend: Epac1 en Epac2. Epac faciliteert de uitwisseling van 
guanine nucleotiden (GTP voor GDP) aan kleine GTPases zoals Rap1, waardoor 
deze worden geactiveerd (hoofdstuk 2). Via activatie van deze kleine GTPases 
reguleert Epac de functie van diverse eiwitten die betrokken zijn bij belangrijke 
cellulaire processen, waaronder de intracellulaire calciumhomeostase, celdeling, 
gentranscriptie, transport van vesicles, secretie, exocytose, ionentransport en 
neuronale signaaltransductie. Daarnaast is Epac ook betrokken bij diverse 
pathofysiologische processen, waaronder specifieke ontstekingsreacties en cardiale 
hypertrofie (hoofdstuk 2). Epac werkt zelfstandig of in samenwerking met protein 
kinase A (PKA), een ander eiwit dat geactiveerd wordt door cAMP. Verder kan de 
Epac- en PKA-gestuurde signaaltransductie beïnvloed worden door binding van deze 
eiwitten aan zogenaamde A-kinase anchoring proteins (AKAP’s) (hoofdstuk 2). 
Gezien het belang van Epac in de regulatie van diverse cAMP-gemedieerde 
processen, hebben we in dit proefschrift de rol van Epac en zijn interactie met PKA 
in de regulatie van een aantal (patho)fysiologische processen in de long, met name in 
luchtwegen, bestudeerd. In hoofdstuk 3 werden signaalfuncties van Epac 
onderzocht in humane luchtweg-gladde spier- en bronchiale epitheelcellen. In 
hoofdstuk 6 werd de compartimentalisatie van cAMP in de humane luchtweg 
gladde spiercel onderzocht om nader inzicht te krijgen in de regulatie van de 
signaaltransductie van Epac en de interactie met PKA. Beide isoformen van Epac 
worden tot expressie gebracht in de luchtweg-gladde spier van cavia, rund en mens 
(hoofdstuk 3, 7 en 8) en in humaan bronchiaal epitheel (hoofdstuk 3). Onder basale 
omstandigheden is Epac1 alom in de cel aanwezig, echter, na stimulatie door cAMP 
migreert dit eiwit naar de celmembraan en naar de celkern. Daarentegen bevindt 
Epac2 zich voornamelijk in het cytoplasma, zowel onder basale omstandigheden als 
na stimulatie (hoofdstuk 6). Epac1, Rap1 en - in mindere mate - PKA, AKAP79 en 
Epac2 bevinden zich voor een deel in caveolaire structuren in de plasmamembraan, 
welke een belangrijke rol spelen in het fenotype en de functie van de luchtweg-
gladde spier (hoofdstuk 6). Verschillen in de cellulaire localisatie van Epac1, Epac2 
en PKA kunnen verschillende effecten in een en dezelfde cel verklaren. Bovendien 
vonden wij cel-specifieke signaaltransductie door Epac (hoofdstuk 3). Epac 
activatie leidde uitsluitend in de luchtweg-gladde spier tot activatie van Rap1, terwijl 
Epac activatie in zowel de luchtweg-gladde spier als in het bronchiaal epitheel 
resulteerde in een toegenomen activatie van extracellular signal-regulated kinase1/2 
(ERK1/2), c-Jun N-terminal kinase (JNK) en matrix metalloproteinase-9 (MMP-9) 
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(hoofdstuk 3). Daarnaast stimuleerde Epac in de luchtweg-gladde spier de activatie 
van protein kinase B (PKB/Akt) en fosforylering van transcriptiefactoren en eiwitten 
die geassocieerd worden met veranderingen in het cytoskelet. Epac zou derhalve de 
gentranscriptie en de ordening van het cytoskelet kunnen reguleren (Hoofdstuk 3). 
Sommige signaalmoleculen die door Epac in de luchtweg-gladde spier geactiveerd 
worden, reguleren belangrijke cellulaire processen die een rol spelen in de 
pathofysiologie van zowel astma als COPD. ERK1/2, JNK en fosfoinositide 3-
kinase (PI3-K) spelen een centrale rol in mitogene en ontstekingsbevorderende 
responsen in de luchtweg-gladde spier en zouden daarom mogelijk kunnen bijdragen 
aan de toegenomen luchtweg-gladde spiermassa en luchtwegontsteking bij deze 
ziekten. MMP-9 speelt een belangrijke rol in weefselherstel na longschade, maar ook 
in de ontwikkeling van luchtwegremodeling en chronische ontsteking bij astma en 
COPD. Door de modulatie van het cytoskelet en de activiteit van Rho GTPases zou 
Epac de tonus van de luchtweg-gladde spier kunnen reguleren. Daarom hebben wij 
de regulerende rol van Epac - al dan niet in combinatie met PKA - onderzocht in de 
fenotypische modulatie van de luchtweg-gladde spier, met name met betrekking tot 
functionele processen die een rol spelen bij de pathofysiologie van astma en COPD, 
zoals ontsteking, contractie en proliferatie.  
 
De rol van Epac en PKA in luchtweg ontsteking 

Astma en COPD worden gekarakteriseerd door infiltratie en activatie van diverse 
ontstekingscellen in de luchtwegen. De rekrutering van deze ontstekingscellen wordt 
geïnitieerd door de afgifte van diverse cytokines die uitgescheiden worden door 
cellen in de luchtwegwand, waaronder luchtweg-gladde spier- en epitheelcellen. Het 
chemokine interleukine-8 (IL-8) rekruteert neutrofiele en eosinofiele granulocyten, 
die een belangrijke rol spelen in de luchtwegontsteking bij astma en COPD. In 
luchtweg-gladde spiercellen werden de effecten van Epac- en PKA-activatie 
onderzocht op de IL-8 afgifte door diverse mediatoren die een rol spelen bij de 
pathofysiologie van astma en COPD. Stimulatie van de luchtweg-gladde spier door 
bradykinine, dat een rol speelt bij astma, leidde tot verhoogde afgifte van IL-8. 
Activatie van Epac en van PKA veroorzaakte een toename van de IL-8 afgifte 
geïnduceerd door bradykinine. Zowel de Epac- als de PKA-gemedieerde 
potentiëring van de IL-8 afgifte werd onderdrukt door remming van Rap1 en 
ERK1/2, hetgeen suggereert dat de effecten van Epac en PKA door deze enzymen 
worden gemedieerd (hoofdstuk 4). De interactie tussen Epac en PKA speelt hierbij 
bovendien een belangrijke rol (hoofdstuk 4), mogelijk via de vorming van een 
complex met AKAP79 (hoofdstuk 6). Tevens werd in luchtweg-gladde spiercellen 
de rol van Epac en PKA bestudeerd in de IL-8 afgifte door sigarettenrookextract 
(CSE, cigarette smoke extract; hoofdstuk 5). Sigarettenrook is een belangrijke 
riscofactor voor het ontwikkelen van COPD. Stimulatie met CSE induceerde een 
sterke toename van de IL-8 afgifte, die verminderd werd door specifieke activatie 
van Epac en - in sterkere mate - PKA. CSE bevorderde de afgifte van IL-8 door 
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activatie van zowel ERK1/2 als de transcriptiefactor nuclear factor (NF)-κB. De 
activatie van ERK1/2 werd geremd door activatie van PKA, terwijl de activatie van 
NF-κB geremd werd door Epac stimulatie. In tegenstelling tot de eerdere studies met 
bradykinine (hoofdstuk 4) was er nu geen interactie tussen Epac en PKA, hetgeen 
suggereert dat bij verschillende ontstekingsbevorderende stimuli verschillende pools 
van Epac en PKA verantwoordelijk zijn voor de specifieke effecten van cAMP op de 
cytokine-afgifte. Behandeling met CSE verlaagde bovendien de expressie van Epac1 
in de luchtweg-gladde spiercellen. De expressie van Epac1 was tevens verminderd in 
luchtwegbiopten van COPD patiënten, hetgeen mogelijk een rol speelt in de 
pathofysiologie van deze ziekte. Deze bevindingen suggereren dat Epac en PKA 
belangrijke moleculaire targets zijn voor de behandeling van luchtwegontsteking bij 
COPD.  
 
Rol van Epac in de regulatie van de luchtweg-gladde spiertonus 

Ontregeling van de luchtweg-gladde spiertonus draagt bij aan het obstructieve 
karakter van astma en COPD en leidt tevens tot luchtweghyperreactiviteit voor 
diverse stimuli. De cAMP-verhogende β2-agonisten zijn effectieve en veelgebruikte 
bronchusverwijders. In hoofdstuk 7 werd de specifieke rol van Epac en PKA in de 
cAMP-gemedieerde relaxatie van de luchtweg-gladde spier bestudeerd met behulp 
van geïsoleerde luchtwegpreparaten afkomstig van cavia en mens. Het relaxerende 
effect van de β2-agonist isoprenaline op met methacholine gecontraheerde 
luchtwegpreparaten bleek sterk ongevoelig te zijn voor PKA remmers, hetgeen 
slechts een marginale rol voor PKA in de β2-agonist-gemedieerde relaxatie aantoont. 
Specifieke activatie van Epac induceerde luchtweg-gladde spierrelaxatie bij zowel 
de cavia als de mens. De contractie van de luchtweg-gladde spier wordt in 
belangrijke mate gereguleerd door fosforylering van het eiwit myosine light chain 
(MLC), wat wordt bevorderd door het kleine GTPase Rho en geremd door het kleine 
GTPase Rac. Behandeling van de luchtweg-gladde spier met de contractiele agonist 
methacholine induceerde een activatie van Rho en een remming van Rac, 
uiteindelijk leidend tot een toegenomen fosforylering van MLC. Specifieke activatie 
van Epac remde de door methacholine geïnduceerde Rho-activatie en MLC-
fosforylering en herstelde de Rac-activiteit. Het belang van Rac in het 
bronchusverwijdende effect van Epac bleek uit het feit dat remming van Rac de 
Epac-gemedieerde relaxatie verminderde. Activatie van Epac vormt dus een nieuwe 
signaaltransductieroute die de luchtweg-gladde spierrelaxatie bevordert en is 
derhalve een nieuw potentieel target voor de behandeling van luchtwegobstructie. 
 
Epac en fenotypische modulatie van de luchtweg-gladde spier 
Een toegenomen luchtweg-gladde spiermassa draagt bij aan verdikking van de 
luchtwegwand, luchtweghyperreactiviteit en verminderde longfunctie in patiënten 
met astma. De toename in luchtweg-gladde spiermassa wordt mede veroorzaakt door 
groeifactoren, zoals PDGF (platelet derived growth factor). Groeifactoren zijn in 
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staat om het fenotype en de functie van de luchtweg-gladde spier te veranderen. 
Onder invloed van groeifactoren - zoals PDGF - switchen gladde spieren in vitro van 
een contractiel fenotype, gekenmerkt door een relatief hoge expressie van 
contractiele eiwitten, naar een proliferatief fenotype, gekenmerkt door een 
toegenomen celdeling en een afgenomen expressie van contractiele eiwitten en 
contractiliteit. Dit proces wordt ook wel fenotypische modulatie genoemd. Na het 
onttrekken van de proliferatieve stimuli kunnen luchtweg-gladde spiercellen weer 
terug switchen naar het contractiele fenotype of – in aanwezigheid van andere 
mediatoren zoals het cytokine TGF-β - naar een hypercontractiel fenotype. Dit 
laatste proces wordt maturatie genoemd. Deze fenotypische plasticiteit van de 
luchtweg-gladde spiercellen zou in belangrijke mate bij kunnen dragen aan 
luchtwegobstructie bij astma en COPD. In hoofdstuk 8 en 9 is de rol van cAMP en 
diens effectoren Epac en PKA in groeifactor-geïnduceerde fenotypische modulatie 
van luchtweg-gladde spiercellen bestudeerd. Hiertoe werden runder (hoofdstuk 8) 
en humane (hoofdstuk 9) luchtweg-gladde spierstrips en –cellen gestimuleerd met 
de groeifactor PDGF in aan- en afwezigheid van het cAMP verhogende 
prostaglandine E2 (PGE2) of activatoren van Epac en PKA. PDGF stimuleerde de 
celgroei van runder luchtweg-gladde spiercellen en verlaagde tevens de 
contractiliteit en de expressie van de contractiele eiwitten in luchtweg-gladde 
spierstrips. Al deze PDGF-geïnduceerde veranderingen werden voorkomen door co-
stimulatie met PGE2 alsmede door specifieke activatie van Epac en PKA. Activatie 
van Epac en PKA remde tevens de PDGF-geïnduceerde activatie ERK1/2, belangrijk 
voor celproliferatie. Daarnaast werd de PDGF-geïnduceerde activatie van p70s6 
kinase geremd door specifieke activatie van PKA, maar niet van Epac. Deze 
resultaten geven aan dat cAMP via activatie van Epac en PKA het “normale” 
contractiele fenotype van luchtweg-gladde spiercellen stabiliseert en groeifactor-
geïnduceerde fenotypische modulatie remt via het remmen van groeifactor-
geïnduceerde activatie van p70s6 kinase en/of ERK1/2 (hoofdstuk 8). De PDGF-
geïnduceerde fenotypishe modulatie in humane luchtweg-gladde spiercellen werd 
ook voorkomen door activatie van Epac en PKA (hoofdstuk 9). Activatie van Epac 
of PKA verminderde de PDGF-geïnduceerde celproliferatie en voorkwam de afname 
in contractiliteit en expressie van contractiele eiwitten. In humane luchtweg-gladde 
spierpreparaten was het effect van Epac-stimulatie sterker dan dat van PKA-
stimulatie. Naast het acuut verminderen van bronchoconstrictie, zou specifieke 
activatie van Epac de ontwikkeling van structurele veranderingen (remodeling) in de 
luchtwegen kunnen voorkomen.  
 
Conclusies 

In dit proefschrift werd aangetoond dat Epac een sleutelrol speelt in de regulatie van 
het fenotype en de functie van de luchtweg-gladde spier. Epac wordt tot expressie 
gebracht in zowel de gladde spieren als in het epitheel van de luchtwegen en speelt 
een belangrijke rol in de cAMP signaaltransductie (hoofdstuk 3). Epac moduleert 
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belangrijke cellulaire processen die betrokken zijn bij de pathofysiologie van astma 
en COPD, zoals de afgifte van inflammatoire cytokines (hoofdstuk 4 en 5), 
contractie (hoofdstuk 7) en proliferatie (hoofdstuk 8 en 9). Veel van deze cellulaire 
responsen worden ook gemoduleerd door PKA, hoewel de onderliggende 
moleculaire mechanismen in een aantal gevallen verschillen. Hoewel er bij sommige 
processen sprake is van een wederzijdse interactie tussen Epac en PKA, werken deze 
cAMP effectoren ook onafhankelijk van elkaar. De interactie tussen deze twee 
effectoreiwitten en het effect daarvan op de cellulaire respons wordt mogelijk mede 
bepaald door cellulaire compartimentalisatie van deze processen (hoofdstuk 6). 
Specifieke activatie van met name Epac zou een interessante nieuwe therapeutische 
mogelijkheid kunnen zijn voor de behandeling van chronisch obstructieve 
longziekten zoals astma en COPD, vanwege de belangrijke regulerende rol die deze 
cAMP effector speelt bij sleutelprocessen in de pathofysiologie van deze ziekten. 
 
De belangrijkste conclusies van dit proefschrift zijn: 

- Beide isoformen van Epac worden tot expressie gebracht in de luchtweg-
gladde spier van cavia, rund, en mens en in humaan bronchiaal epitheel 
(hoofdstuk 3,7,8). Onder basale omstandigheden is Epac1 alom in de cel 
aanwezig. Na activatie door cAMP translokeert Epac naar de celmembraan 
en de celkern. Epac2 bevindt zich daarentegen voornamelijk in het 
cytoplasma, zowel onder basale als onder gestimuleerde condities 
(hoofdstuk 4 en 6). 

- Epac activeert in luchtweg-gladde spiercellen en epitheelcellen diverse 
effectoreiwitten, waaronder Rap1 en ERK1/2, (hoofdstuk 3-5). In luchtweg-
gladde spiercellen zorgt Epac voor de fosforylering van peptiden die 
geassocieerd zijn met de ontwikkeling van ontsteking, proliferatie en 
contractie. Epac is derhalve een belangrijke regulator van luchtweg-gladde 
spierfuncties (hoofdstuk 3). 

- Epac1, Epac2, Rap1, PKA en AKAP79 komen gezamenlijk voor in caveolae 
in de luchtweg-gladde spier en spelen een belangrijke interactieve rol in 
bradykinine-geïnduceerde IL-8 afgifte (hoofdstuk 6) 

- Epac en PKA potentiëren de bradykinine-geïnduceerde IL-8 afgifte uit 
luchtweg-gladde spiercellen via een toename in de Rap1-gemedieerde 
ERK1/2 activatie (hoofdstuk 4). Hierbij is interactie tussen beide cAMP 
effectoren van belang, waarbij binding aan AKAPs een belangrijke rol speelt 
(hoofdstuk 4 en 6). Dit potentiërend effect Epac en PKA op de IL-8 afgifte 
zou de ontstekingsremmende werking van β2-agonisten in astma kunnen 
limiteren.  

- Specifieke activatie van Epac en PKA leidt daarentegen tot remming van de 
IL-8 afgifte door luchtweg-gladde spiercellen geïnduceerd door 
sigarettenrook. Epac remt hierbij de activatie van NF-κB, terwijl PKA de 
ERK1/2 activatie remt (hoofdstuk 5). 
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- Sigarettenrook verlaagt de expressie van Epac1 in de luchtweg-gladde spier, 
maar heeft geen invloed op de expressie van Epac2 of PKA. De expressie 
van Epac 1 is ook verlaagd in luchtwegbiopten van COPD patiënten. Dit zou 
kunnen resulteren in een verschillende ontstekingsremmende effectiviteit 
van Epac en PKA bij luchtwegaandoeningen die veroorzaakt worden door 
roken, zoals COPD (hoofdstuk 5).  

- Epac relaxeert de luchtweg-gladde spier en vermindert hierbij de MLC 
fosforylering door de balans tussen Rho en Rac1 te verschuiven ten faveure 
van Rac1. Deze bevindingen suggereren een belangrijke rol voor Epac in de 
behandeling van luchtwegobstructie bij astma en COPD (hoofdstuk 7). 

- Zowel Epac als PKA voorkomen de PDGF-geïnduceerde fenotypische 
modulatie van de luchtweg-gladde spier door remming van groeifactor-
geïnduceerde activatie van ERK1/2 (Epac en PKA) en p70s6 kinase (PKA) 
(hoofdstuk 8 en 9). 
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Riassunto della tesi in italiano 

La formazione del secondo messaggero cAMP (adenosina mono-fosfato ciclico) 
parte dalla stimolazione dei GsPCRs (recettori associati alle proteine Gs) - quali i β2-
agonisti - che a loro volta attivano l’enzima AC (adenilato ciclasi), mentre le PDEs 
(fosfodiesterasi) sono gli enzimi responsabili della degradazione del cAMP. La 
specificità del segnale generato dal cAMP può dipendere dall’associazione degli 
enzimi catabolici e degli effettori del cAMP stesso con specifici compartimenti 
cellulari come ad esempio i domini lipidici della membrana chiamati caveole. Grazie 
alla capacità del cAMP di regolare importanti funzioni cellulari, il trattamento 
terapeutico di alcune malattie come l’asma e la COPD (malattia cronica ostruttiva 
polmonare) si basa sulla manipolazione artificiale dei livelli del cAMP. L’asma e la 
COPD sono malattie infiammatorie croniche caratterizzate da un’esagerata risposta 
costrittiva della muscolatura liscia respiratoria e da un rimodellamento strutturale 
irreversibile della parete delle vie aeree, parzialmente dovuto all’ingrossamento dello 
strato muscolare (capitolo 1). Le cellule muscolari lisce delle vie respiratorie 
giocano un ruolo importante nello sviluppo delle malattie aeree e nel loro 
trattamento terapeutico. Infatti, grazie alla loro intrinseca capacità di contrarsi, esse 
regolano il lume delle vie aeree ma contribuiscono anche all’esagerata risposta 
costrittiva durante la malattia. Oltre alla contrazione, queste cellule possiedono 
anche la capacità di sintetizzare mediatori dell’infiammazione e di proliferare, e in 
questo modo partecipano sia all’infiammazione che al rimodellamento irreversibile 
delle vie aeree. Tale multi-funzionalità è dovuta alla cosiddetta plasticità fenotipica 
di cui queste cellule godono, ovvero la (co)esistenza di diversi fenotipi cellulari, 
ognuno con specifiche funzioni (capitolo 1).  
Grazie alla loro abilità di rilassare la muscolatura liscia aerea, i β2-agonisti sono 
comunemente utilizzati come medicine nel trattamento dell’asma e della COPD. Tali 
farmaci presentano anche degli effetti anti-infiammatori e anti-proliferativi in vitro 
che però sono perlopiù assenti in vivo. La limitata efficacia dei β2-agonisti è 
attribuita principalmente alla desensitizzazione del GsPCR su cui questi farmaci 
agiscono e alla conseguente riduzione dei livelli del cAMP prodotto. Inoltre, l’uso 
persistente di β2-agonisti può in qualche caso generare effetti collaterali (capitolo 1). 
Per questa ragione, la ricerca è focalizzata sullo studio dei meccanismi d’azione del 
cAMP. 
Fin dalla sua scoperta, avvenuta nel 1998, l’effettore del cAMP noto come Epac 
(proteina di scambio attivata dal cAMP) ha suscitato grande interesse tra i 
ricercatori. Due isoforme della proteina sono state scoperte: Epac1 and Epac2. La 
funzione dell’Epac è quella di scambiare GTP con GDP, e quindi di attivare, piccole 
proteine monomeriche appartenenti alla famiglia del Ras, come ad esempio Rap1 
(capitolo 2). L’Epac controlla una serie innumerevole di risposte cellulari come la 
proliferazione, la sopravvivenza, la secrezione, il trasporto ionico ma anche 
l’infiammazione e l’ipertrofia cardiaca (capitolo 2). L’Epac esercita le sue funzioni 
da solo o insieme all’altro effettore del cAMP, la PKA (proteina chinasi A), grazie 
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all’azione coordinatrice delle proteine adattatrici AKAPs (proteine di ancoraggio 
della chinasi A) (capitolo 2). Siccome l’Epac fa parte della cascata cellulare che è 
iniziata dal cAMP, è possibile che esso giochi un ruolo importante nella 
patofisiologia del sistema respiratorio. Quindi, nel capitolo 3, abbiamo iniziato ad 
investigare le cascate intracellulari regolate dall’Epac in cellulare muscolari lisce e 
in cellule bronco-epiteliali umane. Nel capitolo 6, ci siamo soffermati sulla 
compartimentalizzazione del cAMP per capire meglio la regolazione del segnale 
generato dall’Epac e la sua interazione con PKA. 
I nostri dati evidenziano che le due proteine Epac1 ed Epac2 sono espresse nelle 
cellule muscolari lisce di diverse specie, inclusa quella umana e in cellule broncho-
epitheliali umane (capitoli 3, 7 and 8). In linea con il fatto che i due tipi di cellule 
svolgono funzioni diverse nel sistema respiratorio, abbiamo riscontrato che l’Epac è 
capace di attivare diverse cascate intracellulari in queste cellule. Nelle cellule 
muscolari lisce abbiamo anche osservato una diversa localizzazione delle due 
isoforme dell’Epac, che potrebbe essere alla base della loro diversa funzionalità in 
queste cellule. Infatti, mentre l’Epac1 è distribuito uniformemente nella cellula 
muscolare quiescente e migra sulle membrane e nel nucleo successivamente alla sua 
attivazione, l’Epac2 è localizzato nel citosol e nelle membrane sia in cellule 
quiescenti che dopo stimolazione (capitolo 6). Inoltre, per la prima volta i nostri 
studi hanno evidenziato l’associazione dell’ Epac1 e del suo effettore Rap1 – e in 
ridotte proporzioni anche della PKA, dell’AKAP79 e dell’Epac2 – con le caveole, 
sulla membrana delle cellule muscolari lisce (capitolo 6). Nelle stesse cellule, 
l’attivazione dell’Epac porta alla stimolazione di segnali intracellulari che 
potrebbero essere coinvolti nella patogenesi dell’asma e della COPD, come ad 
esempio le chinasi attivate dai mitogeni ERK1/2 (chinasi regolate da segnali 
extracellulari, 1/2) e JNK (chinasi c-Jun N-terminal) o diversi fattori di trascrizione e 
proteine del citoscheletro, suggerendo un probabile ruolo dell’Epac 
nell’infiammazione, la proliferazione cellulare e la contrazione delle cellule 
muscolari (capitolo 3). Partendo da queste basi, la nostra ricerca si è focalizzata 
sullo studio del ruolo dell’Epac – e della PKA – nella modulazione del fenotipo e 
della funzionalità delle cellule muscolari lisce delle vie respiratorie e in particolare ci 
siamo soffermati sul possibile contributo dei due effettori all’infiammazione, la 
proliferazione cellulare e la contrazione di queste cellule. 
 
Il ruolo dell’Epac e della PKA nell’infiammazione delle vie aeree 

L’asma e la COPD sono caratterizzate dall’infiltrazione e l’attivazione di una serie di 
cellule infiammatorie nelle vie aeree, che avviene in seguito al rilascio di citochine 
da parte di cellule strutturali come le cellule muscolari lisce (capitolo 1). Nei 
capitoli 4 e 5 abbiamo studiato il ruolo dell’ Epac e della PKA nel rilascio della 
citochina IL-8 (interleukina 8), coinvolta sia nella patogenesi dell’asma che della 
COPD. A questo scopo, abbiamo utilizzato due diversi mediatori associati alle due 
malattie, capaci entrambi di stimolare il rilascio di IL-8 da parte delle cellule 
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muscolari e ne abbiamo investigato i meccanismi intracellulari. Abbiamo cosi 
scoperto che l’Epac e la PKA insieme aumentano il rilascio dell’IL-8 da parte della 
bradichinina, un mediatore infiammatorio che si trova ad alti livelli nei soggetti 
asmatici. I nostri dati evidenziano anche che tale risposta dipende dall’attivazione 
della proteina Rap1 e dell’ERK1/2 (capitolo 4) e suggeriscono che l’azione 
cooperativa dei due effettori del cAMP sia basata sull’azione coordinatrice di un 
AKAP (capitolo 6). Viceversa nel capitolo 5, abbiamo trovato che l’Epac e la PKA 
riducono il rilascio dell’IL-8 da parte del fumo di sigaretta, un importante fattore di 
rischio nella patogenesi della COPD. In questo caso, i meccanismi intracellulari 
coinvolti sembrano essere diversi in quanto l’Epac inibisce il fattore di trascrizione 
NF-κB (fattore nucleare κappa B), mentre la PKA inibisce l’attivazione dell’ERK 
1/2, entrambi segnali attivati in seguito alla stimolazione del fumo di sigaretta. 
Un’importante scoperta deriva dall’osservazione che il fumo di sigaretta riduce i 
livelli dell’Epac1 espressi nelle cellule muscolari lisce e in campioni di polmone 
prelevati da pazienti con la COPD. I nostri studi suggeriscono quindi che l’Epac e la 
PKA agiscono potenzialmente da anti-infiammatori nella COPD, anche se il ruolo di 
Epac viene in parte minimalizzato a causa della sua riduzione da parte del fumo di 
sigaretta.  
Analizzando i capitoli 4 e 5 insieme, si nota che a seconda dello stimolo utilizzato, il 
cAMP può esercitare sia azione pro- che anti- infiammatoria nelle cellule muscolari. 
Ciò potrebbe offrire una valida spiegazione alla ridotta efficacia dei β2-agonisti nel 
trattamento dell’infiammazione nell’asma e nella COPD, dove lo strato muscolare è 
cronicamente a contatto con un’ampia gamma di stimoli infiammatori. 
 
Ruolo dell’Epac nella contrazione muscolare  

La disfunzione del tono muscolare rappresenta una caratteristica distintiva dell’asma 
e della COPD. Nel capitolo 7, abbiamo dimostrato che le proprietà rilassanti 
dell’isoprenalina (un β2-agonista) su segmenti di trachea (di cavia e umana) pre-
contratti usando la metacolina, sono largamente indipendenti dall’azione della PKA 
e dipendono in parte dall’attivazione dell’Epac. Inoltre, analizzando i meccanismi 
intracellulari che portano a questa risposta, i nostri dati evidenziano che l’azione 
dell’Epac coinvolge due proteine monomeriche della famiglia del Rho: Rac1 e RhoA. 
La metacolina favorisce l’attivazione della proteina RhoA e l’inibizione della 
proteina Rac1, che porta successivamente alla fosforilazione della catena leggera 
della miosina, un importante processo precedente la contrazione. L’effetto anti-
costrittivo dell’Epac si basa sull’inibizione di tale processo, in quanto l’Epac inibisce 
la proteina RhoA e attiva la proteina Rac1. I nostri dati quindi portano alla scoperta 
di nuovi meccanismi nella regolazione del tono muscolare e puntano all’Epac come 
un nuovo possibile bersaglio nel trattamento dell’ostruzione delle vie aeree 
nell’asma e nella COPD. 
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Ruolo dell’Epac nella regolazione del fenotipo delle cellule muscolari lisce 

L’ingrossamento della parete muscolare delle vie respiratorie, principalmente dovuto 
all’eccessiva proliferazione delle cellule muscolari lisce, contribuisce non solo al 
rimodellamento delle vie aeree ma anche all’esagerata azione costrittiva e alla ridotta 
funzionalità polmonare che si verificano nell’asma e nella COPD. In condizioni 
normali, le cellule muscolari lisce proliferano poco in quanto la loro funzione 
principale è quella di contrarsi e per questo esprimono grandi quantità di proteine 
necessarie alla contrazione come ad esempio la α-SMA (α-actina delle cellule 
muscolari lisce) e la sm-MHC (catena pesante della miosina delle cellule muscolari 
lisce). Eppure, in vitro, l’esposizione di mitogeni come il PDGF (fattore di crescita 
di derivazione piastrinica) porta ad una modulazione del fenotipo da “contrattile” a 
“proliferativo”, nel quale le cellule muscolari proliferano maggiormente ed 
esprimono minori quantità di proteine contrattili che si associa ad una minore 
capacità di contrazione. Tale plasticità fenotipica è un processo reversibile e infatti le 
cellule muscolari possono tornare al loro originario fenotipo contrattile, ad esempio 
in seguito alla rimozione dei mitogeni. Nel capitolo 8, abbiamo analizzato il ruolo 
dell’Epac e della PKA nella regolazione del fenotipo delle cellule muscolari lisce. A 
questo scopo, abbiamo misurato le capacità contrattili e proliferative delle cellule e 
del tessuto muscolare bovino entrambi stimolati con il PDGF. Concorde alle 
aspettative, il PDGF aumenta la proliferazione cellulare e riduce la contrattilità e 
l’espressione delle proteine contrattili nel tessuto muscolare. I nostri dati 
evidenziano che la PGE2 (prostaglandina E2) è capace di inibire queste risposte a 
seguito all’elevazione del cAMP. Inoltre, lo stesso risultato è osservato 
successivamente all’attivazione dell’Epac e della PKA. L’azione dei due effettori del 
cAMP si basa sull’inibizione dell’ERK 1/2, mentre solo la PKA è in grado di 
ostacolare l’attivazione del marker proliferativo p70S6K (chinasi p70S6). Tale scoperta 
indica che l’attivazione dei segnali associati al cAMP potrebbe essere utile nel 
prevenire la proliferazione e l’ingrossamento dello strato muscolare, mantenendo il 
fenotipo “contrattile” delle cellule muscolari. Nel capitolo 9, abbiamo tradotto 
questi effetti nelle cellule e nel tessuto muscolare umano, ponendo le basi per una 
nuova strategia nel trattamento del rimodellamento delle vie aeree. 
 
Conclusione 

Nell’insieme, i nostri dati puntano all’Epac come un nuovo regolatore del fenotipo e 
della funzionalità delle cellule muscolari lisce delle vie respiratorie. Epac potrebbe 
rappresentare un’alternativa promettente nell’intervento terapeutico delle malattie 
aeree come l’asma e la COPD in quanto esso sembra rivestire un ruolo multipotente 
nella patofisiologia del sistema respiratorio. Un intervento selettivo verso l’Epac1 o 
l’Epac2 per esempio attraverso l’inalazione di specifici medicinali, potrebbe aiutare 
a prevenire la comparsa di possibile effetti collaterali sistemici. 
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