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General discussion:

Cyclic AMP, the first second messenger discovered, regulates a wide variety of cellular
processes in response to hormones and various other stimuli'. PKA (cAMP-dependent
serine/threonine protein kinase) was the first target of cAMP identified and many cAMP
effects were thought to be executed through it>. However, the identification of other cAMP
targets such as cyclic nucleotide regulated ion channel (CNG channel) and Epacl (exchange
protein directly activated by cAMP) promoted researchers to reconsider the cAMP effects
mediated by PKA3?. Epacl is an exchange factor for the small GTPase Rap1 and Rap2 that
can be activated directly by binding of cAMP to its cAMP binding domain®’. Recently, by
using the cAMP analogue 8-pCTP-2-O-Me-cAMP (007) which can specifically activate
Epacl but not PKAS3, a number of physiological processes has been assigned to Epac. Most
notably, Epacl has been implicated in integrin mediated cell adhesion®!°, E-/'VE-cadherin
mediated cell-cell junction formation'"'5, regulation of insulin secretion'®!” and sodium
proton exchange activity'®.

Activation of Epacl

The Epacl family consists of two members, Epacl and Epac2. Both consist of a regulatory
and a catalytic domain'. In the absence of cAMP, the protein is in the inactive conformation.
The regulatory domain contains a DEP (Disheveled, Egl-10, Pleckstrin) domain which
is responsible for proper localization of Epacl!*?! and a cAMP-binding domain which
is involved in activation of Epacl via binding of cAMP®’. Epac2 has a second cyclic
nucleotide binding site of which the function is unclear. The catalytic domain contains a
REM domain and a CDC25 homology domain; both of which are required for the catalytic
function of Epac. In between the REM domain and the catalytic domain a Ras-association
(RA) domain is present. In Epac2 this domain was found to bind to Ras*’. Recently Rehmann
et al., reported the crystal structure of inactive Epac2, clearly showing that the regulatory
domain is folded over the catalytic domain, thereby preventing access of Rapl to the
catalytic domain. The auto-inhibition of the regulatory domain is thus by steric hindrance’.
Upon binding of cAMP, it is predicted that the regulatory domain has to back fold. This
conformational change was visualized by fluorescence resonance energy transfer (FRET)
using an Epacl protein sandwiched between cyan fluorescent protein (CFP) and yellow
fluorescent protein (YFP) (Chapter2). CFP-Epac-YFP displays significant FRET that was
rapidly diminished following a rise of intracellular cAMP, and increased again in response
to a fall of cAMP level. This indicates that cAMP causes a significant conformational
change of Epacl in vivo and supports the unfolding model of Epacl activation.

Localisation of Epac

One of the aims of my project was to determine the subcellular localization of Epacl to get
further insight in the function of Epacl and the possible formation of signaling complexes.
To this end, antibodies against Epacl and Epac2 were generated and characterized, but the
main focus was on Epacl. Using immunofluorescence microscopy, we observed that Epacl
is mainly located around the perinuclear region including the Golgi apparatus and the
endoplasmatic reticulum (ER), and the plasma membrane. Interestingly, in fully polarized
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cells we observe that Epacl accumulates in the apical membrane, including the microvilli.
Mutational analysis revealed that the N-terminal first 49 amino acids, also called the Ezrin/
Radixin binding (EzB) domain, are responsible for microvillar localization of Epac. This
suggested that most likely, Epacl is bound to a microvillar protein. At the same time,
Z. Zhang from our lab found in a yeast two hybrid screen that Epacl interacts with two
microvillar proteins: Ezrin and Radixin. Also for this interaction the first 49 amino acids
(EzB domain) are required, strongly suggesting that indeed Ezrin/Radixin is the microvillar
anchor for Epacl. Ezrin and Radixin are ERM (Ezrin, Radixin, Moesin) proteins and part
of a large superfamily of proteins, whose prototype is protein 4.1 (also called red blood cell
band 4.1). All members of this group of proteins contain a conserved FERM domain, mostly
at the N-terminus*?*. ERM proteins are kept inactive by an intramolecular association of
their N-terminal and C-terminal domains that masks protein-protein binding sites. Upon
activation, the molecule unfolds allowing binding of membrane proteins such as CD44,
ICAM?2® and EBP50 (ERM-binding phosphoprotein 50) to the N-terminal FERM domain
and of polymerized F-actin to the C-terminal domain®**. Therefore one of the functions of
these proteins is to link the actin cytoskeleton to the plasma membrane. Another function
is that they serve as scaffold proteins for protein complexes that function at the apical
membrane of polarized cells. As such they are involved in the regulation of cell polarity,
cell adhesion and cortical morphogenesis®'-33. The interaction between Epacl and Ezrin/
Radixin was confirmed both in co-immunoprecipitation and by subcellular colocalisation.
Importantly, Epacl interacts only with the activated form of Ezrin/Radixin, indicating that
localization of Epacl is regulated by the regulation of Ezrin/Radixin. The consequence
of this interaction for Epacl function is still unclear. However, we do observe that Epacl
lacking the EzB domain is less efficient in the activation of Rapl than full length Epac.
This may imply that Ezrin/Radixin recruits Epacl to its site of action. This action may
be the activation of the apical sodium proton exchanger 3 which forms a complex with
Ezrin 37 and is regulated by Epac1'®. The formation of Epac-containing protein complexes
was previously shown in cardiomyocytes. In these cells Epacl participates in a cAMP
responsive signaling complex that includes PKA, phosphodiesterase 4D3 (PDE 4D3) and
extracellular signal regulated kinase 5 (ERKS) and this signaling complex is maintained by
muscle-specific A-kinase anchoring protein (mAKAP). In this complex, Epacl is involved
in the activation of PDE to switch off the PKA signal at high concentration of cAMP3,
Interestingly, PKA also regulates Erzin through Ser66 phosphorylation®*“°, and since PDE
4D3 interacts directly with Epac1?®, a similar complex may be formed in microvilli.

In addition to its localization in the plasma membrane/microvilli, we observed Epacl in
the perinuclear membranes including the Golgi, but also in the nucleus itself. This nuclear
staining was particularly apparent for Epacl that lacks the EzB domain, suggesting that
binding to Ezrin/Radixin serves as a mechanism to keep Epacl out of the nucleus. To test
this idea we have induced cell scattering, which results in the loss of polarization of cells
and disruption of the microvillar structure. Indeed, to our surprise, Epacl accumulates in
the nucleus (Adendum of Chapter 4). This preliminary finding is important since it indicates
that Epacl is translocated to the nucleus upon HGF stimulation. We have no clue yet what
the function of Epacl is in the nucleus. It has been reported that Rap1 may be in the nucleus
as well ¥, but whether that is indeed the case remains to be analysed, particularly since
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Rapl needs to be membrane-bound for proper functioning. Alternatively, nuclear Epacl
may have a function distinct from activating Rap1 or the nucleus may serves as a sink for
Epacl to keep it away from Rapl. The nuclear localization is further supported by the
notion that in a yeast two hybrid screen Epacl was found to interact with RanBP2 (Zhang
Z and Bos J.L., unpublished observation), a giant scaffold protein in the nuclear pore and
involved in nuclear translocation. This interaction between Epacl and RanBP2 may also
explain the frequently strong staining of Epacl with the nuclear envelope (see for instance
Fig. 2 of Addenum of Chapter 3). Since Epacl has no clear nuclear localization signal, it is
unclear how the protein is transported into the nucleus, but it may be mediated by binding
to proteins like RanBP2.

A role for Epacl at sites distinct form the plasma membrane or microvilli was previously
suggested by two studies. First, using a FRET probe to monitor Rapl activation, cAMP
activates Rapl at the perinuclear region in COS-1 cells** and secondly, in AtT20 cells
expression of Epacl resulted in the activation of Rapl around perinuclear region®.
However, which of the various biological functions of Epacl is mediated by perinuclear
Epacl needs further investigation.

Multiple anchoring domains

In addition to the EzB domain, Epacl has two additional membrane anchoring domains, the
DEP domain®?*?! and the RA domain??. Both fractionation and immunofluroscence results
suggested that the DEP domain is required for membrane association of Epac1!>?° (Chapter
2 and 4) but not for microvillar localization. How the DEP domain confers membrane
localization is unclear. But the DEP domain may be involved in binding to either a lipid
or a membrane protein like the DEP domain of RGS9, which interacts with the membrane
anchoring protein ROAP*. Deletion of the EzB domain or the DEP domain results in a
reduced ability of Epacl to activate Rapl. This indicates that the EzB domain and the
DEP domain cooperate in the proper localization of Epacl to the plasma membrane in
microvilli. The function of the RA domain in Epacl is still unclear. However, for Epac2 a
similar domain was found to interact with Ras and involved in EGF-induced translocation
of Epac2??. This suggests that the RA domain of Epacl may also bind to one of the Ras
like small GTPases. But, which one is the binding partner of RA domain of Epacl is still
a question mark.

Activation specific antibody

One of our Epacl specific monoclonal antibodies 5D3 was shown to recognize an epitope
close to the cAMP binding site. Interestingly, 5D3 recognizes Epacl particularly in the
presence of cAMP and thus in the active conformation. When 5D3 is added to Epacl
it results in a slow cAMP-independent activation of Epac, indicating that when Epacl
unfolds, 5D3 can trap it in the active conformation. This is further supported by the notion
that very low concentrations of cAMP are already sufficient to rapidly and fully activate
Epacl in the presence of SD3 (Chapter 3). This provides a proof-of-principle that there are
ways to activate Epacl independent of cAMP. It is noteworthy that 5D3 only recognizes a
subfraction of Epacl in cells fixed with 4% paraformaldehyde. For instance in MCF7 GFP-
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Epac cells, 5D3 did not recognize Epacl present in the perinuclear region. This may be
due to the fixation procedure, but alternatively it may indicate that in the fraction of Epacl
that is not recognized, the epitope is shielded. Another possibility is Epacl keeps inactive
conformation around perinuclear region, but addition of cAMP did not restore staining.
Whatever the explanation is, it may point to a further complexity in Epacl localization.

Function of Epac

Our studies have shown that Epacl is particularly involved in the control of cell junction
formation '***, For instance, 007 strongly reduce the permeability of the endothelial cell
layer, a process mediated by VE-cadherin'"!>!4, However our studies did not reveal any
localization of Epacl in mature junctions. This may imply that Epacl in the junction is
below our detection limit. Alternatively, Epacl may direct the process from the apical site
of the cell. Perhaps Epacl triggers the process resulting in a cascade of events inside the
junction. This may involve other Rap1 GEFs like C3G and PDZ-GEF, both are found in
complex with E-cadherin (C3G) or E-cadherin associating proteins (PDZ-GEF)!24, 1t is
clear that understanding the connection between the localisation of Epacl and the various
functions of Epacl is one of the future challenges.

References

1. Fimia, G. M. & Sassone-Corsi, P. Cyclic AMP signalling. J Cell Sci 114, 1971-2 (2001).

2. Walsh, D. A., Perkins, J. P. & Krebs, E. G. An adenosine 3”,5’-monophosphate-dependant
protein kinase from rabbit skeletal muscle. J Biol Chem 243, 3763-5 (1968).

3. de Rooij, J. et al. Epac is a Rap1 guanine-nucleotide-exchange factor directly activated by
cyclic AMP. Nature 396, 474-7 (1998).

4. Nakamura, T. & Gold, G. H. A cyclic nucleotide-gated conductance in olfactory receptor
cilia. Nature 325, 442-4 (1987).

5. Kawasaki, H. et al. A family of cAMP-binding proteins that directly activate Rap1. Science
282,2275-9 (1998).

6. Rehmann, H. et al. Structure and regulation of the cAMP-binding domains of Epac2. Nat
Struct Biol 10, 26-32 (2003).

7. Rehmann, H., Das, J., Knipscheer, P., Wittinghofer, A. & Bos, J. L. Structure of the cyclic-
AMP-responsive exchange factor Epac2 in its auto-inhibited state. Nature 439, 625-628
(2006).

8. Enserink, J. M. et al. A novel Epac-specific cAMP analogue demonstrates independent
regulation of Rap1 and ERK. Nat Cell Biol 4, 901-6 (2002).

9. Rangarajan, S. et al. Cyclic AMP induces integrin-mediated cell adhesion through Epac and
Rap1 upon stimulation of the beta 2-adrenergic receptor. J Cell Biol 160, 487-93 (2003).

10. Enserink, J. M. et al. The cAMP-Epac-Rap1 pathway regulates cell spreading and cell

adhesion to laminin-5 through the alpha3betal integrin but not the alpha6beta4 integrin. J
Biol Chem 279, 44889-96 (2004).

11. Cullere, X. et al. Regulation of vascular endothelial barrier function by Epac, a cAMP-
activated exchange factor for Rap GTPase. Blood 105, 1950-5 (2005).

12. Hogan, C. et al. Rap1 regulates the formation of E-cadherin-based cell-cell contacts. Mol
Cell Biol 24, 6690-700 (2004).

13. Fukuhara, S. et al. Cyclic AMP potentiates vascular endothelial cadherin-mediated cell-cell

83



Subcellular localisation of Epac

14.
15.

16.

17.

18.

19.

20.

21.
22.
23.
24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

84

contact to enhance endothelial barrier function through an Epac-Rap1 signaling pathway.
Mol Cell Biol 25, 136-46 (2005).

Kooistra, M. R., Corada, M., Dejana, E. & Bos, J. L. Epac1 regulates integrity of endothelial
cell junctions through VE-cadherin. FEBS Lett (2005).

Wittchen, E. S. et al. Rapl GTPase inhibits leukocyte transmigration by promoting
endothelial barrier function. J Biol Chem 280, 11675-82 (2005).

Kang, G. et al. Epac-selective cAMP analog 8-pCPT-2’-O-Me-cAMP as a stimulus for
Ca2+-induced Ca2+ release and exocytosis in pancreatic beta-cells. J Biol Chem 278,
8279-85 (2003).

Maillet, M. et al. Crosstalk between Rap1 and Rac regulates secretion of sAPPalpha. Nat
Cell Biol 5, 633-9 (2003).

Honegger, K. J. et al. Regulation of sodium-proton exchanger isoform 3 (NHE3) by PKA
and exchange protein directly activated by cAMP (EPAC). Proc Natl Acad Sci U S A 103,
803-8 (2006).

de Rooij, J. et al. Mechanism of regulation of the Epac family of cAMP-dependent
RapGEFs. J Biol Chem 275, 20829-36 (2000).

Qiao, J., Mei, F. C., Popov, V. L., Vergara, L. A. & Cheng, X. Cell cycle-dependent
subcellular localization of exchange factor directly activated by cAMP. J Biol Chem 277,
26581-6 (2002).

Ponsioen, B. et al. Detecting cAMP-induced Epac activation by fluorescence resonance
energy transfer: Epac as a novel cAMP indicator. EMBO Rep 5, 1176-80 (2004).

Li, Y. et al. The Rap1 guanine nucleotide exchange factor, Epac2, couples cyclic AMP and
Ras signals at the plasma membrane. J Biol Chem (2005).

Mangeat, P., Roy, C. & Martin, M. ERM proteins in cell adhesion and membrane dynamics:
Authors’ correction. Trends Cell Biol 9, 289 (1999).

Mangeat, P., Roy, C. & Martin, M. ERM proteins in cell adhesion and membrane dynamics.
Trends Cell Biol 9, 187-92 (1999).

Brown, P. S. et al. Definition of distinct compartments in polarized Madin-Darby canine
kidney (MDCK) cells for membrane-volume sorting, polarized sorting and apical recycling.
Traffic 1, 124-40 (2000).

Matsumoto, H., Daikoku, T., Wang, H., Sato, E. & Dey, S. K. Differential expression of
ezrin/radixin/moesin (ERM) and ERM-associated adhesion molecules in the blastocyst
and uterus suggests their functions during implantation. Biol Reprod 70, 729-36 (2004).
Zohar, R. et al. Intracellular osteopontin is an integral component of the CD44-ERM
complex involved in cell migration. J Cell Physiol 184, 118-30 (2000).

Sainio, M. et al. Neurofibromatosis 2 tumor suppressor protein colocalizes with ezrin and
CD44 and associates with actin-containing cytoskeleton. J Cell Sci 110 ( Pt 18), 2249-60
(1997).

Pearson, M. A., Reczek, D., Bretscher, A. & Karplus, P. A. Structure of the ERM protein
moesin reveals the FERM domain fold masked by an extended actin binding tail domain.
Cell 101, 259-70 (2000).

Bretscher, A., Chambers, D., Nguyen, R. & Reczek, D. ERM-Merlin and EBP50 protein
families in plasma membrane organization and function. Annu Rev Cell Dev Biol 16, 113-
43 (2000).

Tsukita, S. & Yonemura, S. Cortical actin organization: lessons from ERM (ezrin/radixin/
moesin) proteins. J Biol Chem 274, 34507-10 (1999).

Lamb, R. F. et al. Essential functions of ezrin in maintenance of cell shape and lamellipodial
extension in normal and transformed fibroblasts. Curr Biol 7, 682-8 (1997).

Crepaldi, T., Gautreau, A., Comoglio, P. M., Louvard, D. & Arpin, M. Ezrin is an effector



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Chapter 5: General discussion

of hepatocyte growth factor-mediated migration and morphogenesis in epithelial cells. J
Cell Biol 138, 423-34 (1997).

Baumgartner, M., Patel, H. & Barber, D. L. Na(+)/H(+) exchanger NHE1 as plasma
membrane scaffold in the assembly of signaling complexes. Am J Physiol Cell Physiol
287, C844-50 (2004).

Denker, S. P., Huang, D. C., Orlowski, J., Furthmayr, H. & Barber, D. L. Direct binding of
the Na--H exchanger NHEI to ERM proteins regulates the cortical cytoskeleton and cell
shape independently of H(+) translocation. Mol Cell 6, 1425-36 (2000).

Denker, S. P. & Barber, D. L. Ion transport proteins anchor and regulate the cytoskeleton.
Curr Opin Cell Biol 14, 214-20 (2002).

Cha, B. et al. The NHE3 Juxtamembrane Cytoplasmic Domain Directly Binds Ezrin: Dual
Role in NHE3 Trafficking and Mobility in the Brush Border. Mol Biol Cell 17, 2661-2673
(2006).

Dodge-Kafka, K. L. et al. The protein kinase A anchoring protein mAKAP coordinates two
integrated cAMP effector pathways. Nature 437, 574-8 (2005).

Jin, C. et al. PKA-mediated protein phosphorylation regulates ezrin-WWOX interaction.
Biochem Biophys Res Commun 341, 784-91 (2006).

Zhou, R. et al. Characterization of protein kinase A-mediated phosphorylation of ezrin in
gastric parietal cell activation. J Biol Chem 278, 35651-9 (2003).

Mitra, R. S. et al. RaplA and rap1B ras-family proteins are prominently expressed in
the nucleus of squamous carcinomas: nuclear translocation of GTP-bound active form.
Oncogene 22, 6243-56 (2003).

Ohba, Y., Kurokawa, K. & Matsuda, M. Mechanism of the spatio-temporal regulation of
Ras and Rapl. Embo J 22, 859-69. (2003).

Wang, Z. et al. Rapl-Mediated Activation of Extracellular Signal-Regulated Kinases by
Cyclic AMP Is Dependent on the Mode of Rapl Activation. Mol Cell Biol 26, 2130-45
(2006).

Martemyanov, K. A. et al. The DEP domain determines subcellular targeting of the GTPase
activating protein RGS9 in vivo. J Neurosci 23, 10175-81 (2003).

Price, L. S. et al. Rap1 regulates E-cadherin-mediated cell-cell adhesion. J Biol Chem 279,
35127-32 (2004).

Sakurai, A. et al. MAGI-1 Is Required for Rap1 Activation upon Cell-Cell Contact and for
Enhancement of Vascular Endothelial Cadherin-mediated Cell Adhesion. Mol Biol Cell 17,
966-76 (2006).

85





