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Chapter 6

Abstract

Accumulation of cAMP is driven by G, 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 (Epacl 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 Rapl-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, Epacl and Epac2 are differentially distributed through the cell.
Epacl, but not Epac2, translocated to the membrane and the nucleus upon specific
activation. Interestingly, Epacl, Epac2, PKA, AKAP79 and Rapl 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 (G;PCR). 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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cAMP compartmentalization in ASM cells

(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 G;PCRs, 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 Rapl [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.

129



Chapter 6

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-p-
cyclodextrin, apoprotein, leupeptin, pepstatin, Na;VOy, B-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 Epacl 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 pg/ml penicillin, 10% (v/v) FBS and 3 ml fungizone (1.5
ug/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 uM) 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
Na;VO,, 1 mM NaF, 10 png/ml aprotinin, 10 pg/ml leupeptin, 7 pg/ml pepstatin and
1,06 mg/ml B-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 pl 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 pl 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 Na;VOy, 10
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cAMP compartmentalization in ASM cells

pug/ml aprotinin, 10 pg/ml leupeptin and 7 pg/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 Epacl and Epac2 expression.

Isolation of caveolae membrane fractions. Cells grown onto 150 mm dishes were
stimulated with 8-pCPT-2'-O-Me-cAMP (100 uM for 15 min and then washed with
ice-cold PBS and lysed in 500 mM sodium carbonate (pH 11.0) supplemented with
1 mM Naz;VO,, 10 pg/ml aprotinin, 10 pg/ml leupeptin, 7 pg/ml pepstatin A, and
1,06 mg/ml B-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 Epacl 1:500, Epac2
1:500, Caveolae 1:1000, Rapl 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 uM 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-Epacl, anti-Epac2, anti-Rapl 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 pg/ml, dilution 1:10000). Coverslips
were mounted using 10 pl/well ProLong Gold antifade reagent and analyzed using
an Olympus AX70 microscope equipped with digital image capture system
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Chapter 6

(ColorView Soft System with Olympus U CMAD?2 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 uM) 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 pl cell lysate or lysis buffer (negative control) was added to 30 pl 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 4°C). 50 pl 4 x
loading buffer was added to each immunoprecipitate and samples were boiled for 5
min. 40 ul samples were loaded for the detection of Rapl and caveolin-1.

ELISA. Cells were seeded in 24 well plates and treated with 8-pCPT-2'-O-Me-
cAMP (100 uM) or 6-Bnz-cAMP (500 uM) for 10 minutes before the addition of
bradykinin (10 uM). 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-B-cyclodextrin
(5 mM), followed by two washes in DMEM before stimulation. Alternatively, the
PKA-AKAP-binding disruptor peptide Ht31 and the negative control Ht31P (50uM,
each) were added 30 min before stimulation.

Alamar Blue assay. Plates were washed twice with PBS and then 250 pul HBSS
[composition (g/L): CaCl,0.14, NaCl 8.0, KCI1 0.4, KH,P0O,0.06, MgCl,.6H,0 0.10,
Na,HPO,0.048, MgS0,4.7H,0 0.10, NaHCO; 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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cAMP compartmentalization in ASM cells

Results

Epacl translocates to membranes and nucleus.

By using western blot (Fig 1A) and immunocytochemistry techniques, we found
that Epacl 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).
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Immunostaining of hTERT-ASM cells revealed that after stimulation with the Epac
activator 8-pCPT-2'-O-Me-cAMP, Epacl translocated from the cytosol to the
plasma membrane (Fig. 2B, see appendix). Accordingly, the abundance of Epacl
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 Epacl accumulation in the nuclear fraction (P<0.05, Fig
2), as revealed by western blot (Fig. 2A) and immunostaining (Fig. 2B, see
appendix).

250
Nucleus

Epacs
Lamin-+ [T |

Basal 8-pCPT

200

150

100

50

Epac1 expression (% of Basal)
L *

Basal 8-pCPT

B Basal

Fig. 2. (A) Epacl expression in nuclear fractions of hTERT-ASM cells treated without
(Basal) or with 8-pCPT-2’-O-Me-cAMP (8-pCPT, 100 uM, 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 Epacl (red) in hTERT-
ASM cells treated without (Basal) or with 8-pCPT (100 uM, 10 min). Composite image is
depicted underneath. Arrows indicate the nuclear localization of Epacl.

8-pCPT

Epac1

Nuclei

Composite

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 Epacl
(Fig. 2B).
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cAMP compartmentalization in ASM cells

cAMP effectors and scaffolding proteins localize to caveolae microdomains.
As illustrated in Fig. 3A using sucrose density gradient centrifugation, Epacl was
partially associated to caveolae in hTERT-ASM cells. These results were confirmed

by immunocytochemistry by using caveolin-1 and Epacl antibodies (Fig. 3B, see
appendix).

A Basal
Epac1 P . =y = 4 i
Caveolin-1\ -.' f-t . ‘
8-pCPT-2'-O-Me-cAMP
Epact ‘ " o L ‘
Caveolin-1| e |
1 2 3 4 5 6 7 8 9 10 11 12
Fractions
B 8- pCPT

Caveolin-1 Epac1

Composite

Fig. 3. (A) Epacl and caveolin-1 expression in hTERT-ASM cells treated without (Basal) or
with 8-pCPT-2’-O-Me-cAMP (8-pCPT, 100 uM, 10 min) after caveolae isolation following
sucrose density centrifugation. Representative immunoblots of 5-6 independent experiments
are shown. (B) Immunocytochemistry showing staining for Epacl (red) and caveolin-1
(green) in hTERT-ASM cells treated without (Basal) or with 8-pCPT (100 uM, 10 min).

Composite image is depicted underneath. Arrows indicate co-localization of Epacl and
caveolin-1.
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As expected, caveolin-1 staining was clearly marked at the edge of the cells [17],
whereas basal Epacl expression exhibited a diffuse staining (Fig. 3B). Co-staining
of Epacl 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 Epacl 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).
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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 uM, 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
pM, 10 min). Composite image is depicted underneath. Arrows indicate co-localization of
Epac2 and caveolin-1.
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cAMP compartmentalization in ASM cells

In resting hTERT-ASM cells, PKA, AKAP79 and particularly the Epac effector
Rapl were found to be partially expressed in caveolae fractions (Fig 5A). The
association of Rapl to caveolae was confirmed by using immunoprecipitation with
caveolin-1 antibody (Fig 5B). This association, however, appeared rather insensitive
to Epac activation (Fig 5B).
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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 Epacl, PKA and Rapl,
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-f-cyclodextrin [22]. This compound did not alter basal 1L-8 production (Fig
6A) nor cell number (data not shown), suggesting that integrity of the overall
cellular and membrane structure is maintained. Importantly, methyl-B-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.

A e s Fig. 6. (A) hTERT-ASM cells were
z — ﬁggg"' o # treated for 18 hrs without (Basal)
g™ ‘ ‘ or with bradykinin (10 uM) alone
B 100 * or in combination with 8-pCPT-2’-
s O-Me-cAMP (8-pCPT, 100 uM) in
% ] the absence (white bars) or
S 601 presence (black bars) of 1 hr pre-
8 ol treatment with methyl-p-
° cyclodextrin (MBCD, 5 mM). (B)
2] hTERT-ASM cells were treated for

0 18 hrs without (Basal) or with
Basal Bradykinin +8-pCPT bradykinin (10 pM) alone or in
combination with 8-pCPT (100 uM)

B ™7 = control - or 6-Bnz-cAMP (500 uM) in
£ | -3t # presence of the PKA-AKAP
H s disruptor Ht31 (black bars) or the
5 21 — control peptide Ht31P (white bars)
g i which were added 30 min before.
£ e an Data represent means + SEM of 3-
§ 100 4 experiments. *P<0.05, *P<0.001
% compared to Basal; “P<0.05,
2 % r. "p<0.01 compared to respective
T, control; *P<0.05, ¥P<0.01.

Basal Bradykinin +8-pCPT  + 6-Bnz-cAMP

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, Epacl, 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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cAMP compartmentalization in ASM cells

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 uM) [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]. Epacl 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 Epacl has been shown to induce its translocation to the plasma
membrane, which is a prerequisite for Rapl 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 Epacl to be ubiquitously
distributed in resting cells. Interestingly, treatment with the Epac activator 8-pCPT-
2'-O-Me-cAMP induced the migration of Epacl 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 Epacl and Epac2 and
give insights into their specific biological functions. Nuclear localization of Epacl
has been previously described [9, 16] and implicated in the regulation of cell
division by Epacl [16]. Indeed, Huston and co-workers recently reported that
nuclear localization of Epacl 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 Epacl 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 Rapl localize to caveolae in ASM
cells. In particular, adrenoreceptors (B;- and B,) 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 Ca®" mobilization and ASM contraction [18]. However,
bradykinin-mediated effects on Ca®" 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-B-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 Epacl 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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