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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. 
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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 



Chapter 3  
 

 72 

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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