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The Rap family of small G proteins 

mall G proteins act as molecular switches that couple extracellular signals to diverse 
cellular processes by cycling between an inactive GDP-bound and active GTP-bound 
conformation. In the GTP-bound state they can interact with a multitude of effector 

proteins and thereby relay signaling to different biological responses. Small G proteins display 
a high affinity for GDP/GTP and thus a slow spontaneous dissociation of the nucleotide. 
Therefore, this dissociation reaction is catalyzed by guanine nucleotide exchange factors 
(GEFs) (reviewed in 1). Binding of GEFs modulates the nucleotide binding site, resulting in 
the release and subsequent replacement of the bound nucleotide. Although the affinity for 
GDP and GTP is similar, it principally results in binding of GTP because of its higher cellular 
concentration. GEFs consequently promote activation of the G protein. Hydrolysis of the 
bound GTP by intrinsic hydrolysis activity leads to inactivation of the G protein, however 
this reaction occurs at a very slow rate. Therefore, efficient inactivation of G proteins 
requires their interaction with GTPase-activating proteins (GAPs). In general, GAPs provide 
a positive charge to neutralize the developing negative charge in the hydrolysis step, thereby 
increasing the reaction rate 1. 

The Rap proteins belong to the Ras family of small G proteins, which contains the well 
characterized H-Ras, N-Ras and K-Ras proteins that fulfill oncogenic roles in many tumor 
types 2. To date, five mammalian Rap proteins have been identified; Rap1A, Rap1B, Rap2A, 
Rap2B and Rap2C, with Rap2 proteins sharing 60% sequence homology with Rap1 (Figure 
1). Rap1 was originally identified as a suppressor of Ras-induced transformation, and on the 
basis of similarity in effector-binding regions proposed to compete with Ras for the same 
downstream proteins 3, 4. It is now appreciated that Rap functions mostly independent of Ras, 
and signals via its own set of effectors 5. Typically, effector proteins for Rap contain an RBD 
(Ras/Rap-binding domain) or RA (Ras/Rap-association) domain for their interaction with 
GTP-bound Rap. In addition, alternative RapGTP-binding domains have been identified, which 
may discriminate between Rap1 and Rap2 6-8. Via these downstream effector molecules, the 
Rap proteins are implicated in a large variety of biological processes. This often involves an 
effect on the cytoskeleton, adhesion molecules, or intracellular trafficking. These functions of 
Rap include the regulation of integrin-mediated cell adhesion 9, 10, cell-cell junction formation 11, 

12, establishment of cell polarity 13, 14, exocytosis 15, 16 and cell proliferation 10. The importance 
of Rap in these processes is underlined by genetic studies in mice and invertebrates, which 
have revealed distinct functions for the individual Rap proteins (reviewed in 17). 

Localization of the Rap proteins in mammalian cells

Using biochemical approaches and the visualization of endogenous and fluorescently labeled 
Rap, the Rap proteins have been shown to localize to multiple membrane compartments 
in a large diversity of mammalian cell types. These include the plasma membrane (PM) 18-24, 
the perinuclear Golgi apparatus and endoplasmic reticulum 25-27, endocytic vesicles 19, 21, 28-31, 
secretory vesicles 23, 32-38, and the nuclear envelope 21, 39, 40. Within these different membrane 
compartments, Rap proteins may act on specific effector proteins and thereby induce distinct 
downstream signaling pathways. Membrane anchoring of the Rap proteins is mediated by 
lipid modifications within their C-terminal tail. Due to variation in this tail sequence (Figure 
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1), the Rap proteins are differentially modified. Rap1A, Rap1B and Rap2B contain a motif for 
geranylgeranylation, whereas both Rap2A and Rap2C are modified by a less hydrophobic 
farnesyl moiety 41. All three Rap2 proteins can additionally become palmitoylated, which 
directs them to endosomes 42, 43. Instead, Rap1A and Rap1B contain a poly-lysine stretch for 
increased affinity for negatively charged membrane lipids (Figure 1). 

Although modulation of nucleotide binding is the major regulatory mechanism for small 
G proteins, diverse signaling pathways directly impinge on Rap. For instance, activation of 
blood platelets induces the relocalization of Rap1 to the PM and its increased association 
with the platelet cytoskeleton 35, 44-47. Similarly, activation of T-lymphocytes triggers 
exocytosis of endosomal Rap1, which upon its activation at the PM remains localized at this 
compartment 19, 21. At the membrane, scaffolding proteins may further compartmentalize 
Rap1 into specific molecular complexes. For example, by interacting with PKD1, Rap1 is 
targeted to the cytoplasmic tail of β1-integrins 48. Rap signaling is also directly modulated by 
post-translational modifications. For many years, Rap1 has been known to be phosphorylated 
in its C-terminus by the cAMP-effector protein PKA 35, 49-52. Although the exact function of 
this phosphorylation is unclear, it may possibly alter substrate binding 52-54 or the localization 
of Rap1 55. For Rap2 an alternative post-translational modification has been identified. Two 
different enzymes, NEDD4-1 and Cullin-5, mediate ubiquitination of Rap2 and thereby 
control its membrane targeting and effector binding, respectively 56, 57. 

Rap1A
Rap1B
Rap2A
Rap2B
Rap2C

Rap1A
Rap1B
Rap2A
Rap2B
Rap2C

Rap1A
Rap1B
Rap2A
Rap2B
Rap2C

Rap1A
Rap1B
Rap2A
Rap2B
Rap2C

Rap1A
Rap1B
Rap2A
Rap2B
Rap2C

CAAX Palmityolation
motif motif

Figure 1. Sequence alignment of the Rap family of small G proteins. 
Sequence alignment of the human Rap proteins, indicating the cysteine motif in Rap2 proteins that is palmitoylated, and the CAAX 
motif of which the cysteine becomes geranylgeranylated in Rap1A, Rap1B and Rap2B and farnesylated in Rap2A and Rap2C, 
respectively.  



General introduction

T
o

T
o

C
ha

pt
er

 1

13

Spatiotemporal regulation of Rap by its GEFs and GAPs

Similar to other GEFs for Ras-like small G proteins, GEFs for Rap contain a catalytic domain 
highly homologous to S. cerevisiae CDC25p; the first identified GEF 58, 59. This CDC25 
homology domain (CDC25-HD) is stabilized by the presence of a Ras Exchange Motif (REM) 
domain. Database searches for CDC25-HD containing proteins combined with biochemical 
analyses have revealed the existence of different classes of GEFs for Rap; C3G 60-62, PDZ-
GEF1 and PDZ-GEF2 63-66, Epac1, Epac2 and Repac 64, 67-70, CalDAG-GEF1 and CalDAG-
GEF3 71, 72, PLCε 73, 74 and RasGEF1 75 (Figure 2). Some of these GEFs show preference for 
distinct Rap family members; i.e. RasGEF1 selectively activates Rap2 75, whereas C3G display 
higher exchange activity towards Rap1 76, 77. Moreover, some of the RapGEFs also act on 
other members of the Ras family, which provides interconnectivity between signaling by 
these small G proteins. As such, C3G can catalyse nucleotide exchange of R-Ras 78, whereas 
CalDAG-GEF3 impinges on multiple Ras proteins 71. The individual RapGEFs are implicated 
in different Rap-regulated biological processes, in part because of their specific expression 
pattern. In addition, they are regulated by different upstream signals, and thereby link distinct 
extracellular and intracellular cues to the activation of Rap. This non-redundant function 
of the RapGEFs is emphasized by the embryonic lethality of mice depleted of C3G or 
PDZ-GEF1 79, 80. 

C3G

PDZ-GEF1
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Figure 2. Domain architecture of the mammalian RapGEFs and RapGAPs. 
Only RapGEFs and RapGAPs are shown of which a direct effect on nucleotide binding of Rap in vitro has been demonstrated. Dashed 
lines indicate the putative extra CNB-L domain in PDZ-GEF1 and a putative RA domain in Epac1. 
BTK: Bruton’s tyrosine kinase motif, CDC25-HD: CDC25 homology domain, CNB: Cyclic nucleotide binding, CNB-L: Cyclic 
nucleotide binding-like, DEP: Dishevelled; Egl-10; Pleckstrin, EF: EF-hands, GAP: GTPase activating protein, PH: Pleckstrin homology, 
PLCxy; Phospholipase C catalytic domain xy, RA: Ras/Rap association, REM: Ras Exchange Motif, PDZ: PSD95; DlgA; Zo-1.
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After their activation, signaling by Rap proteins is terminated by GTP-hydrolysis, 
which is stimulated by the GAPs. Several mammalian GAPs that act specifically on Rap have 
been described and are subdivided into three groups; Rap1GAP, Spa-1, and SPAR proteins 
(reviewed in 81) (Figure 2). Most GAPs for G proteins of the Ras family provide an arginine 
residue that stabilizes a glutamine within the G protein, which coordinates the attacking 
water during GTP hydrolysis. Since Rap proteins lack the corresponding glutamine residue, 
RapGAPs instead provide an asparagine to position the water molecule 82. In addition, several 
GAPs with dual-specificity for Rap and other G proteins have been reported, including 
SynGAP, GAP1, and TSC2, which use an alternative mechanism for GTP hydrolysis of Rap 83, 

84. The significance of cycling of Rap, requiring both its GEFs and GAPs, is illustrated during 
chemotaxis of Dictyostelium cells. Upon chemoattractant stimulation, activated Rap1 controls 
adhesion and protrusion formation at the leading edge, which directs cell migration 85. 
However, for the cells to move forward subsequent disassembly of these cell attachments is 
required, which depends on the inactivation of Rap1 via its GAP 86. In mammals, the pivotal 
role of RapGAPs is underlined by their reduced expression in diverse tumors 87-92. 

Together, GEFs and GAPs establish not only the temporal control of Rap signaling, 
but their action also defines where Rap becomes active in the cell. Hence, the cellular 
distribution of the RapGEFs and RapGAPs is under tight control of diverse signaling 
cascades. Their recruitment to membrane compartments, of which the surfaces are much 
more confined than the spacious cytosol, increases the probability to interact with Rap 
that is constitutively anchored to membranes. This increased local density may be further 
promoted by recruitment into clustered compartments at the membrane, for instance into 
lipid rafts or molecular complexes at the membrane 93. Importantly, the major fraction of 
Rap-regulating proteins appears to be present within the cytosol, and only relocalizes to 
membrane compartments upon stimulation. This implies that they are not statically confined 
to particular compartments, which allows the dynamic regulation of their distribution 
throughout the cell. Because the various RapGEFs can each be targeted to distinct organelles 
and cellular structures, they support signaling of Rap at specific subcellular localizations. The 
consequence of Rap activity will depend on its cellular position and local environment, and 
thus the individual RapGEFs may hereby link Rap to distinct processes. Furthermore, by 
their incorporation into specific molecular complexes, the individual RapGEFs may link Rap 
activation to distinct downstream effector proteins. 

Several tools have been developed to monitor the activation of Rap in living cells, 
which have helped to elucidate its spatial regulation by the GEFs and GAPs. Firstly, a FRET 
(fluorescence resonance energy transfer) probe, termed the Raichu probe, has been 
generated in which Rap1 together with the RBD of Raf1 are placed in between a CFP and 
YFP pair 94. Upon activation of Rap1, a conformational change induced by its binding to the 
RBD-moiety elicits FRET between the two fluorophores, allowing the visualization of Rap1GTP. 
A limitation of this probe has been its artificial targeting because of the use of the CAAX-
motif of K-Ras, and furthermore its restriction to exogenous Rap1. Hence, an alternative 
probe has been developed that reveals the localization of endogenous RapGTP, using a fusion 
protein of GFP coupled to the RBD of RalGDS 21. Also this probe exhibits drawbacks, 
as its binding to RapGTP may interfere with downstream signaling from Rap. Nonetheless, 
both the Raichu and RalGDS-RBD probes have helped to visualize Rap signaling in various 
cellular processes. In initial studies in COS-1 cells, all tested RapGEFs activated Rap1 in a 
similar pattern at perinuclear membranes 95. Although these results suggested the lack of 
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distinct spatial regulation of Rap by different RapGEFs, subsequent studies revealed their 
contribution to Rap activity at specific localizations within the cell. A clear example of this is 
provided in polarizing lymphocytes. In these cells, the major fraction of Rap1 is activated at 
the leading edge, where Rap1GTP controls the clustering of adhesion molecules 96, 97. However, 
the RapGEF Epac1 localizes to the opposing membrane where it may control the formation 
of the uropod structure 98. Other cellular processes might require the local activation of Rap 
by multiple GEFs, and therefore their recruitment to the same cellular compartment. For 
instance, C3G, CalDAG-GEF3 and Epac1 are all targeted to phagosomes in macrophages 
where they control different aspects of phagocytosis 40, 99-101. Thus, regulation of the GEFs and 
GAPs is essential in the control of Rap, and provides additional diversity in signaling events 
downstream of this small G protein. 

The importance of spatial regulation of Rap signaling is best illustrated in the budding 
yeast S. cerevisae. The bud site, where the daughter cell will grow and eventually bud off, 
is positioned at a defined site on the cell surface. Dependent on S. cerevisae ploidy this is 
either adjacent or opposite to the previous bud site (reviewed in 102). Genetic experiments 
have revealed a crucial role for the single Rap ortholog Bud1/Rsr1 in positioning of the bud 
103-105. Furthermore, depletion of two regulators of Bud1/Rsr1, its GEF Bud5 and GAP Bud2, 
results in randomized bud localization 106, 107. Bud2 and Bud5 are targeted to the nascent 
bud by interactions with cortical proteins present at this site 108-113. Bud1/Rsr1 itself, which 
is distributed uniformly at the PM, also becomes enriched in the growing buds during their 
formation 114. At the incipient bud site, Bud5 controls the activation of Bud1/Rsr1. Bud1/
Rsr1GTP induces bud expansion by interacting with cdc42 115, 116 and its GEF cdc24 117. Cycling 
of Bud1/Rsr1 mediated by Bud2 is needed for bud formation 105, 107, and interestingly the 
adaptor protein Bem1 that links cdc42 to its GEF specifically interacts with GDP-bound 
Bud1/Rsr1 115. Thus, local signaling of Bud1/Rsr1, controlled by the restricted distribution of 
its GEF and GAP, positions bud formation by the local activation of cdc42.

Regulation of RapGEFs by second messengers

Part of the spatiotemporal regulation of Rap signaling via RapGEFs has been unraveled 
(Figure 3), which will be discussed below. 

Many signaling pathways utilize second messengers to relay signals from upstream 
membrane receptors to intracellular target proteins. These are either water-soluble 
molecules that diffuse through the cytosol, such as cyclic AMP (cAMP) and calcium, or 
lipid-soluble molecules like diacylglycerol (DAG) that undergoes lateral diffusion through 
membranes. By the regulation of several RapGEFs, these second messengers fulfill a major 
role in the transduction of membrane-originating signals to Rap, and thereby establish both 
its temporal and spatial control. 

Epac1 and Epac2 represent the best studied RapGEFs that are regulated by second 
messengers, and both proteins are directly regulated by cAMP 68, 69. Although Repac is highly 
homologous to Epac, it lacks a cAMP binding domain and is thus not under control of 
this second messenger 67. cAMP is generated upon occupation of hormone receptors and 
the consequent activation of membrane-tethered adenylyl cyclases (Figure 5). Indeed, many 
hormones have been linked to the regulation of Rap-mediated processes through activation 
of Epac.  Alternatively, cAMP can be produced by soluble adenylyl cyclases, which localize 
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to various cellular organelles and are activated by calcium and bicarbonate 118, 119. Binding of 
cAMP induces a conformational change of Epac, thereby releasing a steric auto-inhibition 
that results in activation of the protein 67, 120, 121. Due to the localization of the cAMP-
degrading phosphodiesterase enzymes, cAMP is not homogeneously distributed within the 
cell but instead becomes enriched in local microdomains 122. This compartmentalization of 
cAMP may lead to the selective activation of Epac within specific subcellular compartments, 
thereby supporting the local activation of Rap. Interestingly, Epac1 also physically interacts 
with multiple phosphodiesterases, which further refines Epac1-Rap signaling by local 
degradation of cAMP 123-125. 

The cAMP-induced conformational opening not only activates Epac1 but also triggers 
its relocalization to the PM 126. PM-targeting is mediated by its DEP domain, which targets 
Epac1 to an unidentified anchor upon its diffusion from the cytosol 67, 126. The importance 
of the consequent activation of Rap1 at the PM is illustrated by a DEP-domain mutant of 
Epac1 that is ineffective in eliciting various cellular processes including integrin-mediated 
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Figure 3. Overview of the spatiotemporal regulation of RapGEFs and the Rap proteins.
The main regulatory mechanism for C3G, Epac and CalDAG-GEF (by Crk, and Src, cAMP and DAG, respectively) are displayed 
above. Below, all identified interactors of the individual RapGEFs and Rap proteins are shown, which either effect their activity (blue), 
localization (yellow), stability (green), or of which the function is unknown (grey). Only proteins of which the interaction is likely 
direct are shown. Dashed lines indicate proteins of which the direct binding has not been confirmed yet. See the text for further 
details on the interacting proteins and lipids. The following proteins are not explained in the text: Nedd4 299 , 14-3-3γ 300, BAG3 301, 
PTP1E 302, MAP1-LC 303 , Tubulin 140, AKAP150 304, Sur1 144, CaMKII 305, PKG 306.  
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cell adhesion 126-130. It is important to note that part of these studies have used an Epac1 
mutant also lacking the N-terminus that interacts with proteins of the Ezrin-Radixin-
Moesin family 131, 132. These proteins target Epac1 to the PM in a cAMP-independent manner 
and thereby also contribute to local activation of Rap at this compartment 131, 132. When 
cAMP production is incited by activation of the β1-adrenergic receptor, Epac1 is recruited 
to the activated receptor at the PM via the adaptor protein β-arrestin 133. This receptor 
complex is unlikely to be the actual PM-anchor for the DEP domain, as activation of Epac1 
in a receptor-independent manner is sufficient for its PM association whereas β-arrestin 
remains cytosolic under these conditions 126. However, this illustrates that at the PM Epac1 
will become further compartmentalized into discrete complexes, which allows dinstinct 
downstream signaling events 133. A distinct redistribution of Epac1 is observed upon cAMP 
production in macrophages in response to prostaglandin, a lipid metabolite that is generated 
at sites of inflammation and attenuates the inflammatory response 134. In these cells, cAMP 
enhances the association of Epac1 with phagosomes 40. Presumably, this physical interaction 
with phagosomes is linked to the function of Epac1 in phagocytosis of pathogens and their 
consequent killing 100, 135-138. Conversely, cAMP has also been reported to negatively affect 
targeting of Epac1 to particular complexes. The presence of Epac1 at microtubules and the 
microtubule-organizing center is diminished upon binding of cAMP 40, 139. As this implies 
that Epac1 is exclusively present within these complexes in its inactive conformation, Epac1 
might function here independently of Rap. Indeed, Rap-independent effects of Epac1 on 
microtubule dynamics have been reported 140, 141. 

Epac2 fulfills a key role in triggering exocytosis downstream of cAMP-elevating hormones, 
in particular exocytosis of insulin in pancreatic β-cells (reviewed in 142). Although the DEP 
domain of Epac2 does not allow cAMP-induced membrane-recruitment, an alternative 
targeting sequence exists within its N-terminus 143. This N-terminal sequence drives Epac2 
to the PM of β-cells, where upon its activation by cAMP it supports Rap-mediated insulin 
secretion 143. In addition, Epac2 interacts with various components of the exocytic machinery, 
including the Rab3-effector Rim2 and the related protein Piccolo 144-146. These proteins link 
Epac2 to the exocytic granules, and disruption of these interactions impairs Epac2-regulated 
insulin secretion 146, 147. In post-synaptic cortical neurons, Epac2 interacts with the adhesion 
molecule Neuroligin 148. This interaction is enhanced by cAMP-binding, and mediates the 
enrichment of Epac2 at the synaptic membrane where it functions in synaptic plasticity 148. 
Thus, a variety of anchoring mechanisms, in part regulated by the conformational state of 
Epac itself, mediates the compartmentalization of Epac and thereby links this GEF to distinct 
cellular processes upon its activation by cAMP. 

The PDZ-GEF proteins also contain domains highly homologous to cyclic nucleotide 
binding domains, which in PDZ-GEF fulfill a similar auto-inhibitory function as in Epac 63. 
One report has demonstrated the direct binding of PDZ-GEF1 to cAMP using agarose-
immobilized cAMP 149, and furthermore PDZ-GEF1 directly interacts with the β1-adrenergic 
receptor that evokes cAMP production 150. However, important residues that mediate 
binding of cAMP to Epac and PKA are not conserved within PDZ-GEF. Indeed, several other 
studies support the lack of binding of cAMP or the related nucleotide cGMP to PDZ-GEF 63, 

65, 66, 151, indicating that release of PDZ-GEF from auto-inhibition is presumably regulated by 
an alternative mechanism. 

CalDAG-GEF proteins represent another class of RapGEFs that are regulated by second 
messengers, although the mechanism of their regulation is less clear than that for Epac. 
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Their function is best understood in lymphocytes and platelets. In response to chemokines 
or antigens, lymphocytes positively regulate diverse adhesion molecules. This depends on 
the activation of Rap1, and allows their transmigration through the endothelium and the 
formation of an immunological synapse with antigen-presenting cells 14, 152, 153. Similarly, 
multiple extracellular cues induce aggregation of platelets by signaling through Rap1 154. In 
T-lymphocytes and platelets the activation of Rap1 occurs mainly via CalDAG-GEF1 155-159, 
whereas B-cell receptor activation triggers signaling by CalDAG-GEF3 160, based on the 
distinct expression of these RapGEFs in these particular cell types.

All CalDAG-GEFs contain a C1 domain and EF-hands for binding of DAG and Ca2+, 
respectively 71, 72, 161. Production of these messengers is established by phospholipase 
C (PLC), which is activated downstream of several membrane receptors. PLC converts 
phosphatidylinositol 4,5-bisphosphate into DAG and inositol trisphosphate, the latter 
inducing Ca2+ release from the Endoplasmic Reticulum. Both CalDAG-GEF1 and CalDAG-
GEF3 depend on the production of DAG for activation of Rap downstream of the lymphocyte 
and platelet receptors 156, 162. As has been studied principally for the Ras-selective CalDAG-
GEF2, DAG controls the function of CalDAG-GEF not by affecting catalytic activity but 
by modulating its cellular distribution. Binding of DAG to the C1 domain provides affinity 
for targeting to membranes 161, 163-167. As this is the site where the small G proteins are 
localized, DAG facilitates their nucleotide exchange by CalDAG-GEFs 166. The organelle to 
which CalDAG-GEF is targeted might be stimulus-dependent, and furthermore the affinity 
of C1 domains for DAG depends on the fatty acid composition of DAG 168. The presence of 
C1 domains suggests a common regulatory mechanism for all family members. Indeed, also 
CalDAG-GEF3 is targeted to intracellular membranes and the PM upon elevation of cellular 
DAG 167, 169, 170. Interestingly, CalDAG-GEF3 also directly interacts with the DAG-metabolizing 
enzyme DAG kinase-τ 171. This enzyme mediates the conversion of DAG, and by the local 
depletion of DAG this provides a negative feedback mechanism for Rap activation.

As some residues crucial for DAG binding are absent in its C1 domain, CalDAG-GEF1 is 
unable to bind DAG or related analogs 172, 173. Consequently, CalDAG-GEF1 remains cytosolic 
in DAG-elevating conditions 164, 174, 175. This implies another mechanism for membrane targeting 
of this family member, and an alternative mode of regulation by DAG. Indeed, the N-terminus 
of CalDAG-GEF1 physically interacts with F-actin 174. Consequently, CalDAG-GEF1 becomes 
tethered to the cell cortex upon stimuli that induce actin polymerization, resulting in 
activation of Rap at this compartment 174. In addition, a long isoform of CalDAG-GEF1 can 
be modified by N-terminal palmitoylation and myristoylation, providing an additional mode 
for gaining affinity for membranes 175. 

The contribution of Ca2+ to the regulation of CalDAG-GEFs is far from obvious. 
For signaling by some of the CalDAG-GEFs, a requirement for intracellular Ca2+ has been 
shown 158, 166. However, calcium only moderately enhances or even reduces the activity of 
CalDAG-GEFs in vitro and in vivo 72, 175. In addition, all CalDAG-GEF EF-hands tested so far 
are dispensable for their localization and function 163, 176, implying Ca2+ may only have a subtle 
modulatory role in the regulation of CalDAG-GEF signaling. 

Regulation of RapGEFs by phosphorylation

As described in the previous paragraph, DAG directly interacts with CalDAG-GEF3 to 
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regulate its redistribution to membranes. Nonetheless, signaling by CalDAG-GEF3 upon 
elevation of intracellular DAG also requires the DAG-effector PKC 177, suggesting a parallel 
pathway from DAG to CalDAG-GEFs. Indeed, multiple PKC isoforms interact with CalDAG-
GEF3, and induce its phosphorylation on a threonine adjacent to the CDC25-HD 170, 177-

179. Inhibition of PKC ablates DAG-induced nucleotide exchange by CalDAG-GEF3 without 
affecting its membrane recruitment, implying that this phosphorylation directly alters its 
catalytic activity 177. Interestingly, also CalDAG-GEF1, of which the C1 domain has no affinity 
for DAG, can be phosphorylated by PKCθ in vitro 179. In T-lymphocytes and platelets, which 
express CalDAG-GEF1, sustained activation of Rap1 upon receptor activation depends on 
PKC 159, 179-181. Thus, phosphorylation by PKC might explain part of the regulation of this GEF 
by DAG. PDZ-GEF1 becomes phosphorylated by PKCθ downstream of the T-cell receptor 
as well, and this phosphorylation is needed for its catalytic activity towards Rap1 180. Although 
the residue in PDZ-GEF1 is not homologous to the threonine in CalDAG-GEF3, it suggests 
a common mode of RapGEF regulation by PKC kinases.

The RapGEF C3G is regulated through post-translational modifications by a different 
family of kinases; the Src and Src-related kinases. The N-terminus of C3G harbors several 
proline-rich sequences, which interact with adaptor proteins of the Crk family 60, 61, 182. 
Via its SH2-domain, Crk binds to a large variety of receptor-associated proteins that are 
tyrosine-phosphorylated by Src-family kinases upon receptor stimulation. Since C3G is 
constitutively bound to Crk, it is thereby recruited to these receptor complexes at the PM 
as well. In this manner, Crk controls signaling of C3G downstream of numerous growth 
factor receptors 183-192, chemokine and cytokine receptors 193, and the B- and T-cell receptor 
162, 189, 194-197. Furthermore, Crk-bound C3G relays several mechanical stimuli to the activation 
of Rap1. During the initial attachment of cells to a substratum, binding of integrins to their 
extracellular matrix (ECM) ligands recruits Crk and thereby C3G to the adhesion complex 
198-200. Moreover, even in the absence of integrin-ECM interactions, attachment of cells to a 
substratum leads to activation of Rap1 by C3G 79, 201. The consequent inside-out signaling 
from Rap to the adhesion molecules is essential for proper cell adhesion and cell spreading, 
as underlined by adhesion-deficient C3G knockout MEFs 79. Analogously, mechanical forces 
on the cytoskeleton, such as stretching of the cell, result in activation of Rap1 by recruitment 
of Crk-C3G to cell-ECM contact sites 202, 203. 

Several pathways may impinge on Rap signaling by attenuating the binding of C3G to 
Crk. For instance, the adaptor protein Cbl that allows recruitment of Crk-C3G to diverse 
receptors complexes 195 also possesses E3 ubiquitin ligase activity towards Crk 204, 205. 
Ubiquitination of Crk disrupts its association with C3G, thereby inhibiting downstream Rap1 
activation and cell adhesion, providing negative feedback at the receptor. C3G also directly 
interacts with alternative adaptor proteins, including p130Cas 206 and Abl 207, which represent 
Crk-independent anchoring mechanisms for C3G.

Via its recruitment to diverse complexes, C3G is targeted to the membrane allowing 
localized activation of Rap1. This has been visualized in migrating fibroblasts, where Crk-
C3G is recruited to the activated platelet-derived growth factor (PDGF) receptor at the 
leading edge 22. This in turn leads to the local activation of Rap1 at this site, where it controls 
lamellipodia formation and consequently cell migration. In some cases, C3G might not be 
associated with the activated receptor itself, but targeted elsewhere on the membrane, as 
occurs upon insulin stimulation. Following its tyrosine phosphorylation at the activated insulin 
receptor, Cbl is released from the receptor and targeted to lipid rafts 208. Consequently, Crk 
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and C3G become enriched within these microdomains at the PM as well 209, 210. 
From these data the picture emerges that Crk mainly functions to target C3G to 

its substrate Rap at the PM. However, experiments using a Crk mutant in which the SH2-
domain (that interacts with tyrosine-phosphorylated receptor-associated proteins) was 
abolished indicated that Crk conveys additional regulation to C3G than merely its membrane 
recruitment. Induction of C3G-Rap1 signaling by this Crk mutant can only partially be 
rescued by addition of a membrane-targeting farnesylation motif to Crk 211. Furthermore, 
Rap activation by a C3G mutant that is constitutively targeted to the PM can still be further 
enhanced by co-expression of Crk, implying that PM localization alone is not sufficient for its 
activity towards Rap 212. Indeed, the increased activity of C3G lacking its N-terminus suggests 
this GEF is auto-inhibited as well 212, and this auto-inhibition might be released by its Crk-
mediated association with membrane-localized complexes. Interestingly, when recruited via 
Crk to tyrosine-phosphorylated adaptor proteins at the membrane, also C3G itself becomes 
tyrosine phosphorylated 188, 190, 200, 212-214. As the activity of the non-phosphorylatable C3G 
Y504F mutant can not be enhanced by Crk 212, this suggests that tyrosine phosphorylation 
might release C3G from auto-inhibition. In addition, Y504 phosphorylation has been 
implicated in the cellular distribution of C3G and its enhanced association with the actin 
cytoskeleton 215-217. However, these latter results are more likely explained by the restricted 
localization of Src and related kinases for C3G at these compartments. 

In conclusion, numerous phosphorylations of the RapGEFs have been identified, which 
so far all seem to affect their nucleotide exchange activity. Future studies will likely result in 
the identification of additional phosphorylations and other post-translational modifications 
of the RapGEFs, which may contribute to the regulation of their activity and presumably 
cellular distribution as well.

Regulation of RapGEFs by binding of small G proteins

Similar to the effector proteins of Rap and Ras, multiple RapGEFs harbor an RA domain 
(Figure 1). A direct interaction between these domains and numerous active G proteins 
of the Ras and Rap families has been demonstrated. The different RapGEFs show selective 
binding to specific G proteins, thereby providing either cross-talk with the Ras signaling 
pathway or constitute positive feedback to the activation of Rap. 

Both PDZ-GEF proteins and Repac interact with GTP-bound M-Ras 64, 218. Although 
a decrease in the total amount of RapGTP upon M-Ras overexpression initially suggested 
their inactivation by M-Ras, in fact it mediates their targeting to the PM and signaling to 
Rap selectively at this compartment 64, 218, 219. M-Ras-targeted PDZ-GEF2 transduces signals 
from membrane receptors to integrin-mediated cell adhesion, as has been demonstrated in 
lymphocytes derived from the PDZ-GEF2 knockout mouse 219. Epac2 is targeted to the PM 
by activated H/K/N-Ras downstream of the EGF receptor, and the resulting activation of PM-
localized Rap1 has been linked to the outgrowth of neurites in PC12 cells 220, 221. 

The RA domain of PDZ-GEF1 allows binding of GTP-loaded Rap1 and Rap2 64, 66, and 
thereby PDZ-GEF1 is recruited to membranes containing active Rap 222. This positions PDZ-
GEF1 in a positive feedback mechanism for Rap activation downstream of other RapGEFs, 
which is evident during signaling by the nerve growth factor (NGF) receptor. In neurons, 
signals emerging from the NGF receptor may travel long distances from the axons to the 
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cell body where they exert their function This involves retrograde transport through early 
and late endosomes along the axon and requires the signaling molecules to be long-lasting 
and persistent (reviewed in 223).  Activation of Rap1 controls neurite outgrowth downstream 
of NGF, which demands its sustained activation upon occupation of the receptor 224, 225. 
In response to receptor activation, the adaptor protein ARMS (Ankyrin-Rich Membrane 
Spanning) is tyrosine phosphorylated and mediates the recruitment of C3G via Crk 226, 227. 
The subsequent Rap activation requires internalization of the complex, after which C3G 
can activate Rap1 within the early endosome compartment 31, 225. Activity of Rap1 is then 
continued within late endosomes and this depends on PDZ-GEF1 30. PDZ-GEF1 appears 
to be recruited via binding of its RA domain to the remaining pool of active Rap1, and in 
addition complexes with the receptor via MAGI-1 and ARMS 30, 65, 228. The sequential action 
of C3G and PDZ-GEF1 thus allow sustained Rap1 signaling downstream of the receptor to 
control neurite outgrowth.

PLCε represents an unconventional RapGEF, as it not only contains a CDC25-HD with 
activity towards Rap1, but also harbors phospholipase activity 73, 74, 229. Via a C-terminal RA 
domain, PLCε can interact both with Rap1 and Rap2 as well as Ras proteins that thereby 
direct phospholipase activity to the membrane 73, 230-232. In an independent manner the activity 
and cellular distribution of PLCε is regulated by alternative signaling molecules, including G 
proteins of the Rho family and lipids 233. The presence of both a CDC25-HD and Rap-binding 
RA domain places this GEF in a positive feedback loop for Rap activation as well. This is 
illustrated during its recruitment to the Golgi-apparatus by EGF-induced activation of Rap1. 
This Rap1GTP-mediated localization at the Golgi-apparatus is much less sustained with a 
mutant of PLCε lacking its GEF activity, indicating that PLCε can reinforce its own membrane 
recruitment by Rap 73. In line with this, the duration of Rap1 activation downstream of the 
PDGF and thrombin receptors is prolonged by feedback from PLCε to Rap1 74, 234. 

The biological consequence of the dual role of PLCε in controlling both lipid hydrolysis 
and amplifying Rap activation is illustrated in cardiomyocytes. cAMP-induced activation of 
Epac1 enhances the electrically-evoked release of calcium from the sarcoplasmic reticulum 

(SR), thereby potentiating cardiac 
contractility 235. This depends on the 
downstream activation of PLCε, which 
generates DAG and consequently leads 

Figure 4. Association of RapGEFs with junctional 
proteins.
Multiple RapGEFs either directly or indirectly interact 
with different junctional components. PDZ-GEF2 inter-
acts through its PDZ-domain with the C-terminus of the 
tight junction protein JAM-A. Nectins associate, possibly 
indirectly, with C3G and mediate its recruitment to the 
junctional complex. The C-terminus of cadherins directly 
binds C3G, and furthermore interact with PDZ-GEF1 
through β-catenin and MAGI-1. Also an interaction be-
tween Epac1 and cadherins via the phosphodiesterase 
PDE4D has been demonstrated, however the actual 
presence of Epac1 at the cell-cell contacts has yet to be 
proven. 
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to activation of proteins at the SR involved in Ca2+ release 236. In addition, PLCε amplifies 
the activation of Rap1, resulting in sustained Rap1 signaling that further drives the activity of 
PLCε 236, 237. Both the phospholipase and GEF function of PLCε are needed for regulation of 
cardiac contraction downstream of Epac1, and mice lacking PLCε exhibit reduced ventricular-
developed pressure in response to cAMP-elevating stimuli 238. 

Recently, an unconventional interaction of an RA domain of a RapGEF with a small G 
protein outside of the Ras family has been shown. The RA domain of Epac1 was suggested 
to mediate recruitment to the nuclear pore complex via a direct association with Ran, 
which would allow local activation of Rap at the nuclear envelope 39. However, this 
localization of Epac1 is in fact explained by the binding of Epac1 to the nucleoporin RanBP2 
(Gloerich et al., Chapter 5). Importantly, the interaction with RanBP2 is mediated by the 
CDC25-HD of Epac1 and thereby inhibits its catalytic activity towards Rap. Therefore, this 
does not support local signaling to Rap at the nuclear envelope.

Regulation of RapGEFs by junctional proteins

Adherens junctions mediate adhesion at cell-cell contacts in order to maintain tissue integrity. 
They are composed of cadherin molecules, which form calcium-dependent, homotypic 
interactions between adjacent cells via their extracellular domain (reviewed in 239). Rap1 
has been recognized as a key regulator in the formation of cadherin-based cell junctions 
(reviewed in 11, 12). Its activation is established by signaling from the junctional adhesion 
molecules to the RapGEFs.

A role for Rap1 in adherens junction formation has originally been revealed by genetic 
studies in Drosophila 240, and has been confirmed in mammalian epithelial cells. Suppression 
of Rap activity prevents the recruitment of epithelial (E)-cadherin to newly formed cell-cell 
contacts 241, 242 and suppresses cadherin-mediated adhesion 243. Conversely, activation of Rap 
antagonizes the disruption of adherens junctions during epithelial cell transformation 242, 243. 
C3G was the first RapGEF implicated in Rap1-mediated junction formation, as a dominant 
negative C3G mutant lacking catalytic activity inhibited the delivery of E-cadherin into cell-
cell contacts 244. The more severe effect on E-cadherin trafficking upon complete inhibition of 
Rap signaling by Rap1GAP1 suggested an additional role for other RapGEFs 241. Indeed, also 
depletion of PDZ-GEF2 attenuates the formation of cell-cell junctions, although this GEF is 
not involved in E-cadherin recruitment but in maturation of adherens junctions 245. Similarly, 
in endothelial cells that constitute the inner lining of blood vessels, Rap1 control the integrity 
of cell-cell junctions in part via its activation by PDZ-GEF1 and 2 242, 245. Endothelial cells 
form a regulated barrier between the blood and the surrounding tissue, which controls 
extravasation of fluids, macromolecules and leukocytes. The endothelial cell-cell junctions 
are therefore dynamically regulated, in part by hormonal stimuli that act on Epac1 to enhance 
junctional integrity 246-249. Thus, different aspects of cell-cell junction formation and junctional 
integrity in epithelial and endothelial cells are controlled by distinct GEFs for Rap. 

Several reports have indicated the presence of both Rap1 and Rap2 at the PM at 
sites of cell-cell contacts 240, 247, 249-252. Interestingly, Rap is not required for the maintenance 
of existing junctions but only their formation, for instance after their destabilization by 
EGTA-mediated chelation of extracellular calcium 241, 242. This suggests that Rap signaling at 
cell-cell contacts occurs specifically during contact formation, and that Rap may respond 
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to junction destabilization in order to maintain junctional integrity. This is supported by 
the enrichment of Rap1, originating from an intracellular pool, at cell-cell contacts during 
formation of junctions 241. Indeed, junction destabilization by hepatocyte growth factor 
(HGF) or calcium chelation elevates Rap1GTP levels in both epithelial and endothelial cells 242, 

247, 253. Furthermore, visualization of active Rap1 using the Raichu probe revealed its activation 
at spontaneously formed cell-cell contacts in endothelial cells, confirming that Rap1 is 
activated at cell-cell junctions during their formation 254. The increased Rap activation upon 
junction destabilization suggests that the involved RapGEFs are directly regulated by the 
junctional cadherin proteins. In line with this, endothelial cells lacking vascular endothelium 
(VE)-cadherin showed reduced activation of Rap during spontaneous junction formation 254. 
A direct link between cadherins and the RapGEFs is further indicated by the activation 
of Rap1 upon formation of cadherin-mediated adhesions using Fc-V(E)-cadherin coated 
beads 241, 247, 254. Indeed, the RapGEFs that are involved in the regulation of junctional integrity 
physically interact with the cadherin molecules (Figure 4). C3G directly binds to the cytosolic 
tail of E-cadherin 241. This interaction is enhanced during junction formation upon a “calcium 
switch” and lost in mature junctions, which is presumably explained by the competition for 
binding to E-cadherin with β-catenin 241. Similarly, PDZ-GEF1 associates with (V)E-Cadherin 
when reformation of junctions is induced 242. Both siRNA-mediated depletion of PDZ-GEF1 
as well as inhibition of the C3G-activating kinase Src abolish EGTA-induced Rap1 activation, 
supporting a role of these GEFs in coupling cadherins to Rap1 activation 242, 253. Although a 
direction interaction of PDZ-GEF1 with β-catenin has been reported 255, binding of this GEF 
to (V)E-cadherin likely depends on its interaction with the β-catenin-associating protein 
MAGI-1 65, 228, 256, as disruption of this interaction attenuates junctional Rap activation 254. Also 
Epac1 might be physically linked to the junctional complex to allow local activation of Rap1 
upon hormonal cAMP elevation. A direct interaction with the phosphodiesterase PDE4D 
tethers Epac1 in a complex with VE-cadherin, although the actual presence of Epac1 at cell-
cell contacts has yet to be proven 125. 

Besides the cadherin molecules, also other junctional components signal to Rap 
through regulation of its GEFs. Homodimerization of nectins, which are calcium-independent 
adhesion molecules involved in the formation of initial cell-cell contacts cooperatively with 
cadherins, also recruit Rap1 to the junctional complex 257. This is followed by the activation 
of Rap1 by Crk-recruited C3G 257. Similarly, the tight junction protein JAM-A tethers PDZ-
GEF2 to allow activation of Rap1 250, 258, 259. These adhesion molecules not only allow the local 
activation of Rap to control junction integrity, but may also link cell-cell contacts to other 
Rap1-regulated processes such as cell-ECM adhesion.

Spatiotemporal control of RapGAPs 

Upon induction of GTP-binding by the GEFs, signaling by Rap proteins is terminated by GTP-
hydrolysis, which is stimulated by the RapGAPs. Although they are less well studied than 
the RapGEFs, clearly also their temporal and spatial regulation is pivotal in determining the 
localization and duration of Rap signaling. Similar to the RapGEFs, the various RapGAPs are 
targeted to distinct molecular complexes. Diverse subcellular localizations for the different 
RapGAPs have been reported, including the presence of Spa-1 within the nucleus, at the cell 
cortex and sites of cell-ECM adhesion 260-263, Rap1GAP2 at vesicular structures 264, and SPAR1 
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and SPAR2 at the post-synaptic density 265, 266. 
The first described mechanism for localized RapGAP activity involves the binding to 

diverse Gα proteins, which are associated with G protein coupled receptors at the PM 
(Figure 5). Receptor activation results in GTP binding of the Gα proteins and the dissociation 
of Gβγ, followed by independent downstream signaling by these molecules. Rap1GAP1b, 
an isoform of Rap1GAP1 with an N-terminal extension, interacts with activated Gαi 

267, 
whereas Rap1GAP1a binds to active Gαz 

268. These interactions recruit Rap1GAP1 to the PM, 
and consequently receptor-mediated activation of these Gα proteins reduces membrane-
localized Rap1GTP levels 267, 269. In addition, Rap1GAP binding may attenuate alternative signaling 
by these Gα proteins and inhibit their spontaneous nucleotide release 268, 270, 271. Gα-binding 
is mediated by an N-terminal GoLoco motif, and although this motif is also present within 
Rap1GAP2 this protein does not show any interaction with Gα proteins 272. Numerous 
additional RapGAP-interacting proteins have been described that mediate their targeting to 
membrane-localized Rap. For instance, the cytosolic tail of Ephrin receptors interacts with 
the PDZ-domain of SPAR, which couples ephrin signaling to decreased integrin adhesion and 
growth cone collapse in hippocampal neurons 273. The Rap-effector AF6 can simultaneously 
bind both RapGTP as well as Rap1GAP or Spa-1, thereby recruiting GAP activity to Rap within 
the same molecular complex 274. 

An alternative interaction of the GoLoco motif of Rap1GAP1b occurs with Gαo, although 
this is not primarily involved in its spatial regulation but negatively controls its stability 275-

277. Binding to Gαo targets Rap1GAP1b for poly-ubiquitination, followed by its proteasomal 
degradation 276. Rap1GAP1b binds preferably to the inactive, GDP-bound state of Gαo 

275. 
Nonetheless, as GoLoco motifs bind to the same region of Gα as the Gβγ subunit that is 
released upon receptor activation, stimulation of the Gαo-coupled receptor enhances binding 
of Rap1GAP1b 275, 278. Consequently, activation of Gαo-coupled receptors allows sustained 
Rap1 activation and Rap-mediated neurite outgrowth in PC12 cells 276. Numerous additional 
pathways further control the stability of the various RapGAPs. This is often triggered by 
phosphorylation of the GAPs, and supports prolonged signaling of Rap that is pivotal in 
multiple biological processes. Non-canonical Wnt signaling results in elevated RapGTP due to 
degradation of SPAR induced by its Casein Kinase I ε-mediated phosphorylation, essential 
for gastrulation during both Xenopus and zebrafish development 279. Analogously, GSK3β 

Gαq Gαs

DAG Ca2+ cAMP

CalDAG-GEF Epac

RapGAP1b RapGAP1a RapGAP1b
Gαi Gαz Gαo

PLC Adenylate Cyclase
Ub

Ub
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Figure 5. The multiple links between G alpha proteins and Rap signaling.
G protein coupled receptors modulate Rap signaling through the activation of their associated Gα proteins, which either enhance 
or inhibit Rap activity. Gαq and Gαs activate Rap signaling by the regulation of CalDAG-GEF and Epac, respectively, whereas Gαi 
inhibits Epac by inhibiting cAMP production by adenylate cyclases. Gαi and Gαz recruit Rap1GAP1b and Rap1GAP1a to the plasma 
membrane, thereby attenuating RapGTP levels at this compartment. Recruitment of RapGAP1b to Gαo leads to ubiquitination and 
subsequently degradation of RapGAP1b. 
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triggers the phosphorylation and 
degradation of Rap1GAP in thyroid 
cells upon withdrawal of the thydroid 
stimulation hormone 280. Lastly, the 
papilloma virus oncoprotein E6 
interacts with SPAR and thereby 
physically links this GAP to the E3 
ligase E6AP 281, 282. The subsequent 
degradation of SPAR couples Rap 
signaling to human papilloma virus-
induced tumor formation. 

Activation of blood platelets 
also results in phosphorylation of the 
sole RapGAP protein present in these 
cells, Rap1GAP2 264, 283. However, this 
does not induce its degradation but 
allows the binding of the scaffolding 
protein 14-3-3. Consequently, platelet 
activation inhibits the activity of 
Rap1GAP2 towards Rap and thus 
contributes to platelet adhesion and 
aggregation 283. Endothelium-derived 
signals that inhibit platelet aggregation, 
i.e. nitric oxide and the cAMP-
elevating hormone prostacyclin, can 
release 14-3-3 binding. They induce 

the PKA and PKG-mediated phosphorylation of Rap1GAP2 on a residue adjacent to 
the 14-3-3 binding site 283. This abolishes the binding of 14-3-3 and thereby restores the 
inactivation of Rap. In this way, extracellular cues can transiently regulate platelet function by 
sequestering Rap1GAP2. Of note, PKA-mediated phosphorylation has an adverse effect on 
Rap1GAP1, whose GAP activity is inhibited by PKA-mediated phosphorylation downstream 
of dopamine receptors in hippocampal neurons 284. 

Since the Rap proteins fulfill a pivotal role in neuronal plasticity that underlies learning 
and memory, a great body of work explored the regulation of SPAR1; the major neuronal 
RapGAP that is highly enriched in dendritic spines (Figure 6). Dendritic spines are small 
membrane protrusions emerging from dendrites, which receive input from excitatory 
synapses (reviewed in 285). The tip of the spine contains an electrodense region referred 
to as the post-synaptic density (PSD), which comprises diverse scaffolding proteins that 
contribute to the organization of the spine. The density and morphology of dendritic spines 
are regulated by numerous factors, and is in part driven by local actin reorganization 286. 
Both Rap1 and Rap2 have been implicated in several aspects of spine morphology 287-290, and 
their activation involves Epac2 that is targeted to the PSD by Neuroligins 148. The importance 
of fine-tuning Rap1 signaling by SPAR1 is indicated by experiments in which the presence 
of SPAR1 at synaptic spines was either enhanced or abolished. Overexpression of SPAR1 
results in enlargement of spine heads, whereas disruption of SPAR function attenuates 
spine maturation and results in the formation of elongated, filopodia-like spines 265. SPAR1 
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Figure 6. Regulation of the RapGAP SPAR1 in dendritic spines.
SPAR1 controls the morphology of dendritic spines, and is targeted to 
these structures by the MAGUK protein PSD-95 and the Fezzin proteins 
ProSapip1 and PSD-Zip70. SPAR1 further associates with the actin 
cytoskeleton, in part mediated through an interaction with the actin-
binding protein α-actinin. Neuronal activity leads to the upregulation of 
the kinase SNK, which phosphorylates SPAR1 resulting in its ubiquitination 
and subsequent degradation, resulting in the inhibition of spine maturation. 
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is targeted to the PSD by components of the membrane-associated guanylate kinase 
(MAGUK) family via its C-terminus 265, 266. In addition, the localization of SPAR1 at spine 
synapses depends on its association with the Fezzin scaffolding proteins ProSapip1 and 
PSD-Zip70 291, 292. Disruption of both of these anchoring mechanisms for SPAR affects spine 
maturation 265, 291, 292. Although RapGAP activity is pivotal for this function, SPAR1 may in 
addition directly modulate the actin cytoskeleton as it contains two domains that allow 
its association with actin, in part via the actin-binding protein α-actinin 265, 293. Excessive 
synaptic activity results in the transcriptional upregulation of serum-inducible kinase (SNK) 
294-296, which phosphorylates SPAR1 294, 297. This triggers the ubiquitination of SPAR1 by the 
SCFβTRCP ubiquitin ligase complex, followed by its proteasome-mediated degradation and 
consequently alteration of spine morphology 294, 298. Thus, through the modulation of Rap 
signaling by decreasing SPAR1 levels, synaptic connections can be destabilized ultimately 
contributing to synaptic plasticity.

Concluding remarks 

Since its discovery as putative antagonist of oncogenic Ras, small G proteins of the Rap 
family have been implicated in a large variety of biological processes. The diversity in GEFs 
and GAPs for the five Rap proteins explains how many cellular pathways are linked to the 
regulation of Rap. It is becoming clear that this regulation not only includes control of its 
GDP/GTP-cycle, but also targeting of Rap signaling to distinct cellular compartments to 
allow specific downstream events. An unambiguous role in this is performed by the RapGEFs. 
These multi-domain proteins are regulated by distinct upstream signals, and through specific 
anchoring mechanisms locally control the activity of Rap. A notable contribution to their 
regulation is exerted by second messengers, and in particular the activation of Epac by cAMP 
has been characterized in detail. Post-translational modifications of the RapGEFs are starting 
to be unveiled, and future investigations will elucidate how these may contribute to local Rap 
signaling. The presence of RapGTP-binding domains within several GEFs in addition positions 
these proteins in a positive feedback mechanism that allows sustained activation of Rap. 
The direct regulation of various RapGEFs by junctional proteins has illustrated how Rap can 
respond to signals from the cellular structures that it regulates.  Although they are not yet 
as extensively studied, clearly also the RapGAPs participate in the control of Rap signaling. A 
number of anchoring mechanisms for these proteins has been identified and enable the local 
attenuation of Rap activity. Numerous pathways permit long-term signaling through Rap by 
targeting RapGAPs for degradation. Finally, although the major regulation of Rap occurs via 
its GEFs and GAPs, post-translational modifications and alternative regulatory mechanisms 
that directly impinge on the Rap proteins may contribute as well. While parts of the Rap 
signaling network have been unraveled (Figure 3), the continuously increasing amount of 
identified interacting proteins will further help to understand how Rap is regulated in time 
and space.
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Scope of this thesis

In this thesis, we have explored several aspects of the spatial regulation of Rap signaling. We 
have focused in particular on the RapGEF Epac1, which is regulated by cAMP and controls 
numerous Rap-mediated processes downstream of this second messenger (reviewed in 
Chapter 2). In Chapter 3, we describe the dual control of Epac1 by cAMP, as its binding not 
only releases Epac1 from auto-inhibition but also induces its translocation to the PM where 
it can locally activate Rap. An alternative PM-targeting mechanism for Epac1 is provided 
in Chapter 4, in which we explain the contribution of the Ezrin-Radixin-Moesin protein 
family to localized Rap signaling. The recruitment of Epac1 to the nuclear pore complex is 
examined in Chapter 5. Here, we reveal that RanBP2 maintains an inactive cellular pool of 
Epac1 at the nuclear pore, which can be released in order to enhance Rap signaling. Finally, 
in Chapter 6 we illustrate how confined activity of Rap at a specific cellular compartment 
allows distinct downstream signaling events. 
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Abstract

cAMP is a second messenger that is essential for relaying hormonal responses in many 
biological processes. The discovery of the cAMP target Epac explained various effects of 
cAMP that could not be attributed to the established targets PKA and cyclic nucleotide–
gated ion channels. Epac1 and Epac2 function as guanine nucleotide exchange factors for 
the small G protein Rap. cAMP analogs that selectively activate Epac have helped to reveal a 
role for Epac in processes ranging from insulin secretion to cardiac contraction and vascular 
permeability. Advances in the understanding of the activation mechanism of Epac and its 
regulation by diverse anchoring mechanisms have helped to elucidate the means by which 
cAMP fulfills these functions via Epac.
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Introduction

ormones allow for communication between distant cells, which is essential for the 
homeostasis of multicellular organisms. Occupation of the hormonal receptor on 
the target cell is translated into intracellular signaling that results in the desired 

response, which is often initiated by second messengers. A great number of hormone 
receptors are linked to the production of the second messenger cyclic AMP (cAMP) via the 
activation of membrane-tethered adenylate cyclases. cAMP signaling mediates a wide range 
of cellular responses involved in the regulation of processes such as cardiac contraction, 
insulin secretion, and neurotransmitter release. Initially, the effects of cAMP were solely 
attributed to activation of protein kinase A (PKA) and cAMP-gated ion channels, but the 
contribution of the alternative cAMP target Epac (exchange protein directly activated 
by cAMP, also known as cAMP-GEF) has become more and more appreciated. Epac was 
identified in a database screen conducted to explain the PKA-independent activation of 
the small G protein Rap by cAMP 1. Independently, a screen for proteins containing cyclic 
nucleotide–binding (CNB) domains revealed the presence of mRNA for both Epac proteins, 
Epac1 and Epac2, which are enriched in the striatum 2. Another protein highly homologous 
to Epac with activity towards Rap, known as Repac, has been identified; however, this protein 
lacks a cAMP-binding domain 3. Epac1 and Epac2 are present in most tissues, albeit with 
different expression levels. Epac1 is highly abundant in blood vessels, kidney, adipose tissue, 
central nervous system, ovary, and uterus, whereas Epac2 is mostly expressed in the central 
nervous system, adrenal gland, and pancreas 1, 2, 4.

Epac proteins function as guanine nucleotide exchange factors (GEFs) for both Rap1 
and Rap2 3. Rap belongs to the Ras family of small G proteins, which cycle between an 
inactive guanosine diphosphate (GDP)-bound state and an active guanosine triphosphate 
(GTP)-bound state. GEFs catalyze the exchange of GDP for the more abundant GTP and 
thereby the activation of the G protein, whereas GTPase-activating proteins (GAPs) enhance 
GTP hydrolysis. In addition to Epac, several other GEFs for Rap, which are all differentially 
regulated, have been identified. These GEFs connect different inputs to Rap activation and 
are linked to distinct functions of Rap. Rap1 was originally identified as a suppressor of Ras-
induced transformation, and on the basis of its similarity in effector-binding region, it was 
proposed to compete with Ras for the same downstream proteins 5. We now know that Rap 
functions mostly independently of Ras, and knockout models for different Rap isoforms and  
their GEFs established that Rap signaling is pivotal for cell adhesion and cell-cell junction 
formation 6–11. Various effector proteins, including adaptor proteins implicated in modulation 
of the actin cytoskeleton, regulators of G proteins of the Rho family, and phospholipases 
(reviewed in 12), relay signaling downstream from Rap.

Mechanism of Epac activation 

Epac1 and Epac2 are multidomain proteins (Figure 1a) containing an N-terminal regulatory 
region that has one (Epac1) or two (Epac2) CNB domains and a DEP (Dishevelled, Egl-10, and 
Pleckstrin) domain. The C-terminal catalytic region harbors the CDC25-homology domain 
(CDC25-HD) for exchange activity, which is stabilized by a Ras exchange motif (REM) domain. 
Present between these domains is a Ras-association (RA) domain. In vitro experiments with 
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the separate regions 
revealed an autoinhibitory 
function of the regulatory 
region that is relieved by 
binding of cAMP 3. The 
N-terminal CNB domain 
of Epac2 (CNB-A) binds 
cAMP with relatively low 
affinity and is dispensable 
for auto-inhibition 3, 13; 
however, it may serve a 
modulatory role. Crystal 
structure analysis of the 
inactive Epac2 and active 
Epac2 proteins in complex 
with a cAMP analog and 
Rap1 revealed in atomic 
detail the mechanism 
of autoinhibition and 
activation of Epac (Figure 
1b) 13, 14. In the inactive 
conformation, the CNB 
domains sterically hinder 
Rap binding to the 
catalytic site. An ionic 
interaction between the 
C-terminal CNB (CNB-B) 
domain and residues in 
the CDC25-HD that are 

critical for Rap binding stabilizes this conformation. Upon binding of cAMP, a subtle change 
within the CNB-B domain allows the regulatory region to move away to the back side of the 
catalytic region. This position is stabilized by interactions among cAMP, the CNB-B domain, 
and the REM domain. No significant differences between the conformation of the CDC25-
HD in the active and inactive conformations were found, supporting the idea that cAMP 
regulates the activity of Epac by lifting an autoinhibition, rather than by inducing an allosteric 
change in the Rap-binding site.

8-pCPT-2’-O-Me-cAMP: An Epac-selective agonist

cAMP is generated by hormonally regulated adenylate cyclases at the plasma membrane and 
by soluble adenylate cyclases, and it can subsequently be degraded by phosphodiesterase 
(PDE) enzymes. Several compounds are available to modulate intracellular cAMP levels. 
Most commonly used are (a) forskolin, a natural compound from the Indian medical plant 
Coleus forskohlii that directly activates adenylate cyclases, and (b) a variety of inhibitors of 
PDE enzymes. In addition, several membrane-permeable cAMP analogs that non-specifically 

inactive Epac active Epac  Rap complex

Rap
B

A

CNB-A      DEP      CNB-B                     CDC25-HDRAREM

CNB-A      DEP        CNB                     CDC25-HDRAREMEpac1

Epac2

regulatory region catalytic region

cAMP

Figure 1. Mechanism of Epac activation by cyclic AMP (cAMP). A. Domain 
architecture of the Epac proteins. The regulatory region contains one or two CNB (cyclic 
nucleotide–binding) domains and a DEP (Dishevelled, Egl-10, and Pleckstrin) domain. The 
catalytical region harbors the enzymatically active CDC25-homology domain (CDC25-HD) 
that is stabilized by the Ras exchange motif (REM) domain, with a Ras-association (RA) 
domain between the two. B. The crystal structure of inactive Epac2 and active Epac2 in 
complex with Rap1B and the cyclic nucleotide. For simplicity, only the catalytic region and 
the CNB-B domain (indicated with a dotted line in panel a) are shown. In the inactive 
conformation, the CNB-B domain sterically hinders binding of Rap to the CDC25-HD, 
which is relieved by a conformational change induced by binding of cAMP.
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target cAMP effectors, some 
of which are PDE insensitive, 
have been generated (see 15). 
During the development of 
Epac-selective analogs it was 
noted that Epac proteins lack 
the glutamate that, in PKA 
and cAMP-gated ion channels, 
interacts with the 2’OH 
group of the ribose of cAMP. 
Analogs in which the 2’OH 
group has been replaced 
with 2’O-Me selectively 
interact with Epac1 and 
Epac2 16. The addition of 
pCPT (4-chlorophenylthio) 
or related groups at the 8’ 
position of the base further 
increases affinity. As a 
consequence, 8-pCPT-2’-O-
Me-cAMP (Figure 2), also known as 007, is more than tenfold as efficient as cAMP in activating 
Epac1 in vitro (Kd is 2.9 μM for 007 versus 45 μM for cAMP) 17. Furthermore, 007 results in 
a threefold-higher maximum activity of Epac1, making this analog a so-called superagonist 
for Epac1 17. To resolve the relatively low membrane permeability of this compound, an AM 
(acetoxymethyl)-ester was introduced to mask the negatively charged phosphate group 18. 
This modification allowed exceptional cell permeability and is intracellularly removed by 
esterases to generate 007 18.  Although 007 is rather resistant to PDE action, it can bind and 
thereby inhibit PDE1, -2, and -6, and thus indirectly increase cAMP and 3’-5’-cyclic guanosine 
monophosphate (cGMP) levels 15. In addition, cellular effects induced by metabolites of 007 
have been described 19. Therefore, it remains essential to prove that any effect of 007 is not 
due to the activation of targets other than Epac. Currently, no inhibitors for Epac proteins are 
available. The ARF-GEF inhibitor brefeldin A was shown to be an inhibitor of Epac function 
20, but evidence that it directly attenuates Epac activity is lacking.

Spatial regulation of Epac

Although cAMP can rapidly diffuse within the cytosol, cAMP-elevating hormones do not 
induce homogenous increases of cAMP within the cell. Instead, cAMP becomes unevenly 
distributed and concentrated in local microdomains (reviewed in 21). At the foundation 
of this compartmentalization are various PDEs, which are confined to specific subcellular 
compartments. These PDEs mediate local cAMP degradation and the generation of cAMP 
gradients in the cell. In addition to the compartmentalization of cAMP,  the cAMP effectors 
are also spatially regulated by binding to scaffolding proteins, as has been extensively studied 
for PKA 22. A-kinase anchoring proteins (AKAPs) target PKA to distinct subcellular locations 
and mediate the assembly of large signaling complexes, thereby linking PKA to specific cellular 

8-pCPT-2'-O-Me-cAMP

N

N

NH2

N

N

O

O

O

P

O
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Figure 2. Chemical structure of the Epac-selective cyclic AMP (cAMP) 
analog 8-pCPT-2’-O-Me-cAMP (007). The proton of the 2’OH group of the ribose 
of cAMP has been replaced with a methyl (-CH3) group, and the proton at the 8 position 
of the base has been replaced with a 4-chlorophenylthio (pCPT) group (modifications 
are indicated in red) to mediate specificity for Epac proteins and increase affinity for 
Epac1.
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functions. Similarly, Epac proteins are spatially regulated by different anchoring mechanisms, 
which often discriminate between Epac1 and Epac2.

In response to the cAMP-induced conformational change, Epac1 is targeted to the 
plasma membrane via its DEP domain 23. This is essential for its ability to induce Rap activation 
at the plasma membrane and for efficient integrin-mediated cell adhesion 23. Interestingly, 
activation of Epac1 in Rat1a cells predominantly activates Rap1 at the perinuclear region due 
to high RapGAP activity at the plasma membrane 24. This illustrates that not only GEFs but 
also GAPs mediate the spatial regulation of Rap activity. Epac2 binds via its RA domain to 
activated Ras proteins, independently of its conformational state, and is thereby targeted to 
the plasma membrane 25, 26. An alternative membrane targeting sequence resides within the 
N-terminus of Epac2; this sequence is absent in an adrenal gland–specific Epac2 isoform 27. 
Both mechanisms of membrane targeting of Epac2 have been associated with Rap-mediated 
processes at the plasma membrane 25–27. 

Several other subcellular localizations of Epac1 that may link Epac1 to specific cellular 
processes have been described. Epac1 is present within the nucleus 23, 28, and nuclear Epac1 
was found to regulate the DNA damage–responsive kinase DNA-PK 29. Epac1 is also 
targeted to microtubules in both interphase and mitotic cells 28, 30. This targeting may be 
mediated either by direct interactions with tubulin or by the microtubule-associated protein 
MAP1 31, 32 and is probably required for the role of Epac in microtubule polymerization 30, 31. 
Other reported localizations of Epac1 that may be associated with distinct functions include 
centrosomes 28, 33, the nuclear pore complex 34, mitochondria 28, macrophagic phagosomes 33, 
and the apical membrane of renal epithelial cells 35, 36.

Biological functions of Epac

The major catalytic function of Epac is the guanine nucleotide exchange of Rap1 and Rap2, 
and Epac thus controls the Rap-mediated processes downstream of cAMP. The Epac-
selective cAMP analog 007 has helped to reveal a role for Epac and Rap in a wide range 
of biological processes, ranging from exocytosis of insulin in the beta cells of the pancreas 
to the regulation of calcium channels in cardiomyocytes and permeability of the vascular 
endothelium. Most of these processes are also modulated by signaling via the cAMP target 
PKA, demonstrating the interconnectivity between both cAMP pathways.  Although it has 
not yet been employed in all studies, Epac protein depletion has confirmed the importance 
of Epac in these processes and has allowed for discrimination between Epac1 and Epac2. The 
mechanism of action of Epac and Rap and the downstream pathways are now beginning to 
be unraveled, as discussed further below.

Cardiac function of Epac
For many years, cAMP has been known to be a critical regulator of heart function via both 
PKA and cAMP-gated ion channels. Dependent on the duration of signaling, cAMP can either 
induce acute alterations in cardiac contraction by modifying Ca2+ homeostasis or induce 
hypertrophy of the cardiomyocytes and eventually cardiac dysfunction 37. 

During cardiac contraction (Figure 3), depolarization of the cardiomyocyte membrane 
results in activation of Ca2+ channels (ICa), which mediates an inward Ca2+ current that 
triggers the release of Ca2+ from the sarcoplasmic reticulum (SR). This Ca2+-induced Ca2+ 
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release (CICR) allows activation of actin myofilament proteins and thereby contraction of 
the cardiomyocyte. Dissociation of Ca2+ from the contractile machinery and clearance of 
Ca2+ from the cytosol result in the subsequent relaxation of the cell. The strength of cardiac 
contraction depends on both the amplitude and the duration of the Ca2+ transient and can 
be further regulated through modification of the sensitivity of the myofilaments to Ca2+ 38.

Activation of the beta-adrenergic receptor (βAR) mediates both potentiation of the 
developed contraction and accelerated relaxation of the cardiomyocytes, thereby affecting 
contractility and heart rate 37. This has mainly been attributed to the cAMP effector PKA, 
whose downstream targets include ICa; the SR Ca2+ release pump Ryr2; myofilament proteins; 
and phospholamban, an inhibitor of Ca2+ re-uptake in the SR. Thereby, PKA signaling results 
in the increased release and accelerated re-uptake of Ca2+. 

The initial indication for a role of Epac in βAR-mediated regulation of excitation-
contraction coupling came from mice depleted of the Rap-effector phospholipase C epsilon 
(PLCε). These mice displayed decreased enhancement of electrically evoked Ca2+ transients 
and decreased left ventricular–developed pressure in response to βAR stimulation 39. Indeed, 
activation of Epac in murine ventricular myocytes resulted in an increase in amplitude of 
electrically evoked Ca2+ transients in a Rap- and PLCε-dependent manner 40. Together with 
PKA, Epac mediated the complete effect of βAR stimulation on CICR 40. PLCε requires 
phosphatidylinositol 4,5-bisphosphate (PIP2)-hydrolytic activity for this effect on Ca2+ 
downstream of Epac and Rap, and it transduces its effects via protein kinase C epsilon 
(PKCε) and its substrate  calcium/calmodulin-dependent protein kinase II (CaMKII) (Figure 
3) 41. Accordingly, 007 stimulation of ventricular cardiomyocytes results in an increased 
phosphorylation of the CaMKII substrates Ryr2 and phospholamban 41, 42.

Numerous reports support a role for Epac in cardiac Ca2+ regulation, showing that 
Epac mainly acts on Ca2+ release from the SR via Ryr2 while leaving Ca2+ influx via ICa 
and Ca2+ clearance unaltered 40–43. However, the outcome of Ryr2 activation by Epac is 
unclear, as inhibition of Ca2+ release from the SR in response to Epac activation has also been 
demonstrated 42. This inhibition is explained by an increase in spontaneous Ca2+ leakage from 
the SR, which leads to depletion of this pool of Ca2+ 42. Further studies confirm the effect of 
Epac activation on spontaneous Ca2+ oscillations but show no alterations in the amplitude 
of electrically evoked Ca2+ transients by Epac 43, 44. Although Epac clearly participates in the 
regulation of Ca2+ release in the cardiomyocyte, the actual consequence of this participation 
requires further verification. 

cAMP also affects heart contraction by enhancing the function of gap junctions, which 
mediate gating of ions and small molecules between cardiomyocytes and thus the coordinated 
excitation of the heart. The predominant gap junction protein in cardiomyocytes, connexin-43, 
is cooperatively regulated by PKA and Epac1. Whereas PKA increases the gating function of 
connexin-43-composed gap junctions, Epac1-Rap1 signaling enhances the accumulation of 
connexin-43 at cell-cell contacts 45. This may depend on the upregulation of N-cadherin at 
cell-cell contacts by Epac1 signaling, as the presence of adherens junctions is a prerequisite 
for the formation of gap junctions 45.

In contrast to the beneficial effects on heart function by acute βAR stimulation, 
prolonged βAR signaling in cultured cardiac myocytes and in animal models results in 
hypertrophy, which can progress into heart failure 37. Accordingly, failing hearts often show 
alterations in βAR expression and in levels of receptor agonists in the circulation 37. It 
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Figure 3. Proposed functions of Epac in cardiac function. Epac signaling can potentiate the contraction of cardiomyo-
cytes (top) and induce cardiomyocyte hypertrophy (bottom). The role of Epac in excitation-contraction coupling involves the 
activation of the Rap effector phospholipase C epsilon (PLCε) and the downstream kinases protein kinase C epsilon (PKCε) 
and calcium/calmodulin-dependent protein kinase II (CaMKII). Epac signaling results in activation of the CaMKII substrate Ryr2 
and thereby controls Ca2+-induced Ca2+ release (CICR) from the sarcoplasmic reticulum. The CaMKII substrate phospholamban 
(PLB), which inhibits Ca2+ re-uptake into the sarcoplasmic reticulum by sarco-/endoplasmic reticulum Ca2+-ATPase (SERCA), is 
also phosphorylated upon Epac activation, although the effects of Epac on Ca2+ reuptake have not yet been demonstrated. Cardiac 
hypertrophy induced by Epac signaling may be independent of Rap and has been linked to the Ca2+-dependent activation of Rac and 
the activation of H-Ras, which result in activation of the Ca2+-sensitive kinase CaMKII and phosphatase calcineurin. Epac1 is also 
part of a protein complex at the nuclear envelope that comprises muscle-specific A-kinase activating protein (mAKAP), protein 
kinase A (PKA), and phosphodiesterase 4D3 (PDE4D3). Activation of Epac in this complex results in Rap-dependent inhibition 
of extracellular signal–regulated kinase 5 (ERK5) and thereby relief of an inhibiting phosphorylation on PDE4D3 and inhibition 
of hypertrophic signaling via leukemia-induced factor (LIF). Abbreviations: MEK5, mitogen-activated protein/extracellular signal-
regulated protein kinase kinase 5; MEKK, MEK kinase; T-tubule, transverse tubule.
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remains unclear whether such alterations contribute to the pathogenesis of heart failure or 
reflect a compensatory mechanism.

Signaling via Epac1 contributes to the induction of hypertrophy by βAR stimulation 
(Figure 3). Prolonged 007 stimulation induces alterations in cell morphology and gene 
expression characteristic of cardiomyocyte hypertrophy, which requires the Ca2+-dependent 
phosphatase calcineurin and CaMKII 44, 46. Importantly, knockdown of Epac1 in neonatal 
rat ventricular myocytes impairs the induction of hypertrophic markers in response to 
βAR stimulation 46. Furthermore, Epac1 expression is upregulated in animal models of left 
ventricular hypertrophy and in the human failing heart, supporting a role for Epac1 in the 
progression of heart failure 46, 47. 

Conversely, Epac1 may also have inhibitory effects on cardiac hypertrophy, as Epac1 
activation inhibits cytokine-induced hypertrophy in neonatal cardiomyocytes 48. This 
inhibition involves the recruitment of Epac1 to a nuclear envelope–localized muscle-specific 
A-kinase activating protein (mAKAP) complex, which also harbors PKA, PDE4D, and 
extracellular signal–regulated kinase 5 (ERK5) (Figure 3) 48. Inhibition of ERK5 activity by 
Epac1-induced Rap activation enhances PDE4D-mediated cAMP degradation and negatively 
affects hypertrophic effects downstream of this kinase 48. Other proteins associated with 
mAKAP include the downstream Epac target Ryr2 49, which potentially renders the mAKAP 
complex a broader platform for Epac1 signaling in cardiac cells.

GLP-1

ATP

cAMP

Ryr

Rab3

Rim2
Piccolo

Epac2

AC

Glucose ATP/ADP

SUR1

K+

GLUT
KATP

Glucose

Mitochondrion

VDCC

Insulin

Glycolysis and
Krebs cycle

Membrane
depolarization

Vesicle
fusion

Gαs

Ca2+

Docking and
priming

CICR

Endoplasmic
reticulum

Figure 4. Proposed functions of Epac2 in insulin secretion. Glucose induces exocytosis of insulin by increasing the cytosolic 
ATP/ADP ratio and the subsequent closure of ATP-sensitive K+ channels (KATP channels). This process results in membrane 
depolarization and opening of voltage-dependent Ca2+ channels (VDCCs), which trigger the release of insulin granules docked at the 
plasma membrane. Peptide hormones, such as glucagon-like peptide 1 (GLP-1), increase cAMP levels and thereby potentiate insulin 
secretion via the combined action of PKA and Epac2. Epac2 participates in several ways: by inhibiting KATP channels; by activating the 
ryanodine-sensitive Ca2+ channel, Ryr2, that is involved in Ca2+-induced Ca2+ release (CICR) from the endoplasmic reticulum; and by 
recruiting insulin granules to the plasma membrane. The Epac2 interaction partners Sur1, Rim2, and Piccolo are implicated in this 
process. Rim2 and Piccolo also interact with the VDCC (interaction not shown), and SUR1 may also localize at the insulin granule 
membrane. Abbreviations: AC, adenylate cyclase; IP3R, inositol 1,4,5-trisphosphate receptor.
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Epac in insulin secretion
Glucose, the primary signal for insulin secretion by pancreatic beta cells (Figure 4), can be 
potentiated by cAMP signaling via the cooperative actions of PKA and Epac. Metabolism of 
glucose results in an influx of Ca2+ via voltage-dependent Ca2+-channels, which triggers the 
release of a primed pool of insulin granules docked at the plasma membrane. This first phase 
of insulin secretion is followed by the mobilization of additional insulin granules, mediating a 
sustained second phase of insulin release 50.

Glucose and other nutrients also mediate the release of GLP-1 (glucagon-like peptide 
1) and GIP (gastric inhibitory polypeptide) from gastrointestinal cells. These hormones act 
on receptors on the beta cell linked to cAMP production, which potentiates the glucose-
induced secretion of insulin 51. Knockdown and dominant-negative approaches have shown 
that Epac2, the main Epac isoform expressed in beta cells 52, is required for the full action of 
GLP-1/GIP on insulin exocytosis 53, 54. Furthermore, specific activation of Epac by 007 induces 
exocytosis in human beta cells, which requires the presence of glucose 55, 56. In particular, 
Epac stimulation increases the number of exocytic sites on the plasma membrane of the 
beta cell 57. Primary cells from Epac2 knockout mice revealed that Epac2-Rap1 signaling plays 
an essential role in the potentiation of the first phase of insulin granule release, probably by 
controlling granule density near the plasma membrane 58. 

Part of Epac2’s role in the potentiation of insulin secretion is mediated by its effects 
on Ca2+ signaling. GLP-1 receptor stimulation results in a glucose-dependent increase in 
intracellular calcium levels in beta cell lines and primary cultures that is partially dependent 
on Epac2 54, 55, 59. Similarly, 007 treatment of beta cells induces transient increases of Ca2+ 
associated with exocytosis 55, 56. Such increases may be mediated by direct effects of Epac2 
on the function of KATP channels, as the Epac-selective agonist 007 inhibits the activity of 
these channels 60, and Epac directly interacts with the regulatory subunit of this channel, 
SUR1 (sulfonylurea receptor 1) 61. CICR from the endoplasmic reticulum also contributes to 
insulin secretion, and GLP-1 mediates CICR in beta cells in an Epac2-dependent manner 54, 55. 
Because the Epac agonist 007 fails to elevate inositol phosphate (IP) levels in beta cells and 
the Epac-mediated rise in intracellular Ca2+ and insulin secretion is inhibited by ryanodine 
but not by inhibitors of the IP3 receptor, Epac probably targets the Ryr channel on the ER of 
the beta cell 54, 55, 62. As a consequence of this increased mobilization of Ca2+ from intracellular 
stores, Epac2 may also indirectly induce the closure of KATP channels by increasing ATP 
production in the mitochondria 59. 

Epac2 associates with various components of the beta cell exocytic machinery and may 
thereby regulate vesicle docking and fusion independently of its effects on intracellular Ca2+. 
Epac directly binds to Rim2, an effector of Rab3 that localizes to the cytosolic face of insulin 
granules and the VDCCs 61, 63. Disruption of the interaction between Epac and Rim2 inhibits 
cAMP-induced exocytosis in beta cells 53. Similarly, Epac2 binding to the Rim-related protein 
Piccolo, which can form heterodimers with Rim2 in a Ca2+-dependent fashion, is required 
for this effect 64. Furthermore, the Epac-interaction partner SUR1 is essential for the PKA-
independent effect of cAMP on exocytosis 65. SUR1’s interaction with Epac may affect not 
only KATP channel function but also Cl- influx into insulin granules involved in acidification 
and therefore priming of the granule 65. Recently, it has been reported that sulfonylureas, which 
potentiate insulin release by binding to SUR1, may also directly activate Epac2, although this 
needs to be confirmed with in vitro experiments 66. In conclusion, numerous Epac-interacting 
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proteins have been implicated in the Epac2-mediated potentiation of insulin secretion, but 
how these proteins link Epac2 to its downstream effects requires further study.

Neuronal Function of Epac
The mechanism of neurotransmitter release at the neuronal synapse, in response to action 
potential–induced Ca2+ influx, bears a strong resemblance to that of insulin secretion. Both 
Epac1 and Epac2 are expressed in most parts of the nervous system 2, and numerous 
neurohormones modulate the release of synaptic vesicles by elevation of cAMP, in part 
via the action of Epac. An initial indication for this function of Epac came from a study on 
gamma-aminobutyric acid (GABA) receptor signaling 67. GABA inhibits synaptic transmission 
via reduction of cAMP levels, an effect that is counteracted by 007 67. Further studies in 
the calyx of Held, hippocampal neurons, and the neuromuscular junction confirmed that 
Epac activation potentiates the excitation-induced postsynaptic current 20, 68–70. Similarly, Epac 
enhances exocytosis in neuroendocrine cells such as melanotrophs 71.

Expanding its role in neurotransmitter release, Epac activation also produces long-
lasting effects on synaptic transmission that underlie synaptic plasticity and thus learning and 
memory 20, 68, 72, 73. Indeed, stimulation with 007 shows beneficial effects on memory functions 
in fear-conditioning experiments in mice 74, 75. Additional studies in mice revealed that Epac 
augments sensitivity to mechanical pain stimuli by sensitizing pain receptors 76–78. This feature 
is linked to the activation of PKCε and the downstream purinergic receptor P2X3 in dorsal 
root ganglion neurons, which are involved in transduction of the pain signal 77, 78. The role 
of Epac in augmenting the pain response may be pronounced in inflammation, during which 
Epac1 expression and signaling are upregulated in the dorsal root ganglions 78. 

Together with PKA, Epac also contributes to the regulation of neuronal differentiation, 
neurite outgrowth, and axon regeneration, implicating a role for Epac in the development 
and maintenance of the nervous system 79–83. Furthermore, via activation of Rac, Epac-Rap 
signalling enhances alpha-secretase activity and therefore secretion of soluble amyloid 
precursor protein alpha (APPα), which harbors neurotrophic activities and memory-enhancing 
effects 84, 85. Finally, Epac takes part in the regulation of the circadian cycle downstream of 
oscillating cAMP levels in the suprachiasmatic nuclei (SCN) of the hypothalamus, and 007 
activates circadian gene expression  synchronously in individual SCN cells 86.

Vascular function of Epac
The vascular endothelium constitutes the inner lining of blood vessels, thereby forming 
a barrier that controls the exchange of solutes, macromolecules, and cells between the 
blood and the surrounding tissues 87. Extravasation occurs by transport both through and 
between the cells. Extravasation between the cells is regulated by cell-cell junctions, which 
comprise both tight junctions and adherens junctions. The latter are formed by homophilic 
interactions between transcellular cadherin molecules that are linked to the underlying 
actin cytoskeleton 87. Permeability of the endothelial barrier is essential for extravasation 
of leukocytes during inflammation, although extensive endothelial leakage may result in 
pathologies such as edema and chronic inflammation 88. It has been well established that 
hormonal signaling via cAMP strengthens the barrier and can thereby counteract the 
increased permeability elicited by inflammatory mediators. This cAMP effect has been linked 
to the inhibition of actin dynamics and actin-myosin-based contractility by PKA, in part via 
its effects on G proteins of the Rho family 89. 
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Genetic studies in Drosophila have revealed a role for Rap1 in the regulation of cell-cell 
adhesion 7. Clones of mutant Rap1 wing cells display nonuniformal distribution of junctional 
proteins, and mutant cells disperse into the surrounding wild-type tissue 7. In mammalian 
epithelial cells, inhibition of Rap activity prevents the recruitment of E-cadherin to newly 
formed cell-cell contacts 90 and suppresses E-cadherin mediated adhesion 91. Conversely, 
activation of Rap antagonizes the disruption of adherens junctions during cellular 
transformation 91.

Indeed, signaling to Rap via Epac1, the main Epac isoform expressed in vascular endothelial 
cells 30, 92, contributes to the effects of cAMP-elevating hormones on endothelial function. 
007 stimulation reduces permeability of cultured vascular endothelial cells, as measured 
by fluorescent dextran leakage and trans-endothelial electrical resistance, in an Epac1- and 
Rap-dependent manner 92–95. Similarly, the enhanced permeability induced by inflammatory 
mediators such as thrombin is counteracted by Epac1 activation 92, 93. Concurrently, activation 
of Epac results in accumulation of junctional proteins at cell-cell contacts, increased VE-
cadherin-dependent cell adhesion, and linearization of cell-cell junctions 92–95. Consequently, 
Epac affects trans-endothelial cell migration, although this effect has been shown only for 
differentiated HL60 cells 95 and was not observed with neutrophils 93. The role of Epac1 in 
the regulation of vascular permeability was confirmed in vivo, as administration of 007 inhibits 
vascular endothelial growth factor–induced dye leakage from murine dermal blood vessels 94. 
Similarly, 007 counteracts VE-cadherin redistribution and hyperpermeability in response to 
platelet-activating factor in perfused rat mesentery microvessels 96.

The actin cytoskeleton, which is connected to the junctional adhesion molecules and 
allows for the generation of contractile force, is crucial for the regulation of the integrity 
of the endothelium 97. Actin rearrangements may underlie the effects of Epac1 on barrier 
function, as actin depolymerisation by cytochalasin D blocks the effect of Epac activation on 
VE-cadherin-mediated cell adhesion and permeability 30, 94. Furthermore, Epac1-Rap signaling 
induces the accumulation of polymerized actin at the cell-cell contacts 92–94. The enrichment 
of cortical actin by 007 persists in the absence of cell-cell contacts, implying that Epac1 
directly mediates actin remodelling 92, 93. This may require signaling to G proteins of the Rho 
family, as cAMP-elevating hormones activate Rac in an Epac1-dependent manner, and both 
Rac and its GEFs Tiam1 and Vav2 are required for cAMP-induced actin rearrangements and 
barrier strengthening 98, 99. Indeed, stimulation of endothelial cells with 007 results in increased 
Rac1 activity and enrichment of this G protein at cell-cell contacts 100. Although 007 does not 
affect basal RhoA activity, thrombin-induced RhoA activation is attenuated by Epac1, which 
may contribute to the opposing action of Epac1 on thrombin-induced permeability 93, 98. 
Recently, Krit1 (Krev1 interaction trapped gene 1, also known as CCM1), a protein linked to 
vascular abnormalities because of its association with cerebral cavernous malformations 101 
and vascular phenotype of knockout animal models 102–106, was implicated in the regulation of 
barrier function downstream of Epac1 and Rap 107. Krit1 was identified as a direct interactor 
of active Rap1A 108, and Rap1 activity enhances the binding of Krit1 to adherens junction 
proteins such as beta catenin 107. Reduction of Krit1 levels in endothelial cells results in actin 
rearrangements, disruption of beta catenin at the cell-cell junctions, and decreased barrier 
function 107. Importantly, Krit1 depletion completely abolishes the inhibitory effect of 007 on 
thrombin-induced hyperpermeability 107. 

The endothelial barrier and its regulation by Epac1 also depend on the integrity of 
the microtubule network, which functionally interacts with the actin cytoskeleton 30, 109. 
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007-induced actin remodeling and elevation of trans-endothelial resistance are blocked by 
inhibition of microtubule polymerization, whereas they are enhanced by the microtubule-
stabilizing agent taxol 30. Epac has been implicated in microtubule polymerization in vitro 31, 
and exogenous Epac1 localizes to the microtubule network in endothelial cells 30. Indeed, 
007 induces the elongation of microtubules towards the cell periphery in these cells,  
independently of the presence of cell-cell junctions and downstream Rap activation 30. These 
findings suggest that Rap-independent effects on microtubule dynamics may contribute 
to the role of Epac1 in endothelium permeability, potentially by mediating the delivery of 
junctional or Rap effector proteins.

Epac1 signaling may also control intracellular responses in the vascular endothelium 
independently of its effect on endothelial permeability. For example, Epac1 inhibits activation 
of the JAK-STAT pathway by interleukin-6 receptor signaling in endothelial cells via 
upregulation of suppressor of cytokine signaling 3 (SOCS3) expression 110. In addition, Epac1 
interconnects with PKA in vascular remodeling, as it enhances extracellular matrix adhesion 
and migration of endothelial and vascular smooth muscle cells 111–113. Finally, 007 induces 
secretion of von Willebrand factor–containing Weibel-Palade bodies, which may further 
contribute to the regulation of vasculature homeostasis by Epac1 114.

Epac in Inflammation
In addition to affecting the vascular endothelium, cAMP signaling also directly controls 
inflammation by regulating the immune response of leukocytes. Most leukocytes express the 
Epac1 protein 115, which links part of the cAMP signal to the inflammatory response. 

Phagocytic cells participate in innate immunity by phagocytosis of the pathogen and its 
subsequent killing, in part via increased phagosomal production of reactive oxygen species. 
Furthermore, these cells secrete a variety of inflammatory mediators. Prostaglandin E2 
(PGE2), a lipid metabolite generated at sites of inflammation, negatively regulates these 
processes by increasing cAMP levels in phagocytes 116. The contribution of PKA and Epac 
downstream of cAMP in the inhibition of phagocyte activation varies among the different 
leukocytes. In alveolar macrophages, Epac1 inhibits FcγR-mediated phagocytosis, which may 
involve inhibition of PTEN activity, whereas the PKA-selective cAMP analog 6-Bnz-cAMP has 
no effect 117, 118. In contrast, in peripheral blood monocytes only PKA is involved 119, whereas 
in microglia and peritoneal macrophages both cAMP effectors attenuate myelin phagocytosis 
120. In liver macrophages, specific Epac1 activation also suppresses the pathogen-induced 
production of reactive oxygen species, in which PKA activity has no role 121. This control of 
the respiratory burst and bacterial killing is mediated by both cAMP effectors, or solely by 
PKA, in alveolar macrophages and circulating monocytes, respectively 119, 122. This function 
of Epac1 may require its physical association with the phagosomes (as shown in alveolar 
macrophages), which is enhanced by PGE2 stimulation 33. Finally, although initial studies 
only implicated PKA in the cAMP-induced attenuation of chemokine production 117, Epac1 
activation does modulate the pathogen-induced production of numerous inflammatory 
mediators in various leukocytes 122–126.

Epac1 may also function as a proinflammatory mediator by enhancing leukocyte adhesion 
and migration. At the site of inflammation, chemokines trigger the binding of circulating 
leukocytes to the endothelium, followed by their migration across the endothelium and to 
the site of infection. A role for Rap1 in integrin-mediated cell adhesion has been established in 
numerous cell lines including lymphocytes (reviewed in 127), and Rap1 activity is essential for 
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chemokine induced lymphocyte adhesion, polarization, and transmigration 128, 129. Activation 
of Epac1 in the monocytic cell line U937 results in beta 1 integrin activation and adhesion 
to both the extracellular matrix component fibronectin and the vascular endothelium 115. 
In addition, 007 enhances polarization and directed migration of U937 cells 115, supporting a 
role for Epac1 in the regulation of leukocyte recruitment.

Renal function of Epac
Epac1 is highly expressed throughout the various segments of the kidney tubules 1, 2, 36, 130. 
Although a polyclonal antibody directed against Epac2 also showed staining along the rat 
kidney epithelium 36, the specificity of this antibody requires further verification, as this 
observation seems to contradict evidence of Epac2 mRNA expression in adult human and 
mice kidney 2, 47. In the renal epithelium, Epac1 is enriched at the brush border membrane 
35, 36, which is mediated by binding to the actin-linking protein Ezrin ( J. Zhao and J.L. Bos, 
unpublished results). Its localization at the brush borders suggests a role for Epac1 in 
cAMP-mediated regulation of apical processes, such as ion and water absorption. Indeed, 
in the opossum and murine proximal tubule, activation of both PKA and Epac results in 
downregulation of Na+/H+ exchanger 3 (NHE3) activity 35, 131. Na+/H+ exchanger regulatory 
factor 1 (NHERF1) knockout mice revealed that this effect of 007 on renal NHE3 activity 
requires the presence of the adaptor protein NHERF1, which recruits Ezrin to NHE3 131. 
Although the Epac1 protein is present in the intestinal ileum, the cAMP-mediated regulation 
of NHE3 in these cells is solely mediated by PKA, demonstrating that cAMP utilizes different 
signaling pathways to regulate ion transport in different tissues 131, 132. 

In the cortical collecting duct, diverse intermingled cell types regulate the reabsorption 
of ions and water in response to cAMP elevation. Distinct hormones mediate this cAMP 
increase in the different cells and act on the beta-adrenergic, calcitonin, or vasopressin 
receptor. Epac1 activation was shown to be responsible for the calcitonin-induced stimulation 
of H,K-ATPase activity in the alpha-intercalated cells of the rat renal collecting duct 130. In 
contrast, H,K-ATPase activation in response to βAR stimulation in the beta-intercalated 
cells is completely PKA dependent 130. Finally, 007 stimulation mimics vasopressin-induced 
intracellular Ca2+ mobilization and, thus, apical exocytosis of the water channel aquaporin-2 
in isolated rat inner medullary collecting ducts 133. The role of Epac in the regulation of 
membrane channels extends from its function in the renal epithelium, as Epac affects the 
activity of sodium channels in lung epithelium 134, Ca2+ and Cl- channels in hepatocytes 135, and 
K+ and Ca2+ channels in pancreatic beta cells and cardiomyocytes.

Concluding remarks and future directions

Since their discovery in 1998, Epac proteins have been implicated in many cAMP-regulated 
processes, ranging from insulin secretion to cardiac contraction and vascular permeability. The 
Epac-selective cAMP analog 007 16 contributed to the recognition of many of these functions, 
but in some cases further verification may be required to confirm that the observed effects 
are indeed mediated by Epac. Conversely, due to the limited membrane permeability of 
007, some functions of Epac may have been overlooked and may be demonstrated with the 
improved Epac agonist 007-AM 18.

In addition to identifying and describing Epac’s biological functions, attaining a complete 
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understanding of its temporal and spatial regulation remains a challenge. Doing so will offer 
an explanation for the various functions that Epac may fulfill even within the context of a 
single cell. It is likely that in this regard Epac resembles PKA, whose multiple cellular functions 
are regulated by its spatial environment established by distinct anchoring mechanisms. The 
multidomain structure of Epac indicates that it may have multiple binding partners, and 
indeed numerous interacting proteins have been described for both Epac1 and Epac2. 
Alternative splicing may further add to the complexity of the spatial regulation of Epac, and 
tissue-specific Epac2 splice variants that are differentially localized have been described 27.

Rap1 and Rap2 relay most of the effects downstream of Epac, although Rap-independent 
effects have been reported as well 30, 46, 136. In order for us to fully understand the mechanism 
of Epac-dependent cAMP signaling, it will be crucial to identify the effector proteins that 
link Epac and Rap to downstream biological effects. Some of the previously identified Rap 
effectors are clearly implicated in Epac-mediated effects. For instance, PLCε is essential in 
the Epac-mediated regulation of intracellular Ca2+ in cardiomyocytes 40, as is Krit1 in the 
regulation of the endothelial barrier function 107. Frequently, multiple downstream proteins 
are implicated in the same processes, indicating that Epac and Rap may activate several 
distinct pathways to coordinate one process.

Another major challenge lies in understanding the interconnectivity of Epac with other 
signalling pathways, which may include diverse feedback mechanisms. Most notable is the link 
between Epac and PKA. Both cAMP targets are often associated with the same biological 
process, in which they fulfill either opposite or synergistic effects. The interaction between 
the two signaling pathways has been studied in detail in cardiomyocytes, where Epac1 and 
PKA are targeted to the same molecular complex 48. This dual control may enhance the 
dynamic range of cAMP signaling, as PKA-mediated events are proposed to occur at much 
lower cAMP levels than the activation of Epac 137.

Finally, the role of Epac in disease is an important aspect of study. Increased levels of 
Epac1 expression have been observed in the brains of Alzheimer patients and in cardiac 
tissue of individuals with failing hearts 46, 138. It is unclear whether Epac contributes to the 
pathogenesis of these diseases, and beneficial effects of 007 on memory function in mice 
74 instead suggest a compensatory role of Epac in Alzheimer disease. 007 has been further 
applied to mice to inhibit vessel leakage 94, implying that Epac1-selective agonists may be 
useful in the treatment of diseases with extensive vascular leakage such as septic shock and 
chronic inflammation. In addition, the role of Epac in integrin-mediated cell adhesion has been 
exploited to enhance homing of endothelial precursor cells to ischemic tissue and thereby 
to promote neovascularization 139. Similarly, induction of Epac-mediated cell adhesion by 
selective agonists may prove to be useful in inhibiting tumor metastasis. Finally, considering 
its role in insulin secretion, Epac2 selective agonists may be helpful in the treatment of 
diabetes.
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Abstract

Epac1 is a guanine nucleotide exchange factor (GEF) for the small G protein Rap and 
is directly activated by cyclic AMP (cAMP). Upon cAMP binding, Epac1 undergoes a 
conformational change that allows the interaction of its GEF domain with Rap, resulting in 
Rap activation and subsequent downstream effects, including integrin-mediated cell adhesion 
and cell-cell junction formation. Here, we report that cAMP also induces the translocation 
of Epac1 toward the plasma membrane. Combining high-resolution confocal fluorescence 
microscopy with total internal reflection fluorescence and fluorescent resonance energy 
transfer assays, we observed that Epac1 translocation is a rapid and reversible process. This 
dynamic redistribution of Epac1 requires both the cAMP-induced conformational change as 
well as the DEP domain. In line with its translocation, Epac1 activation induces Rap activation 
predominantly at the plasma membrane. We further show that the translocation of Epac1 
enhances its ability to induce Rap-mediated cell adhesion. Thus, the regulation of Epac1-Rap 
signaling by cAMP includes both the release of Epac1 from autoinhibition and its recruitment 
to the plasma membrane.
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Introduction

yclic AMP (cAMP) is an important second messenger that mediates many cellular 
hormone responses. It has become more and more appreciated that, along with 
the cAMP effector protein kinase A (PKA), Epac proteins also play pivotal roles in 

many cAMP-controlled processes, including insulin secretion 23, 39, cell adhesion 9, 17, 25, 49, 60, 
neurotransmitter release22, 53, 63, heart function 13, 35, 54, and circadian rhythm 38. Epac1 and Epac2 
are cAMP-dependent guanine nucleotide exchange factors (GEFs) for the small G proteins 
Rap1 and Rap2 12, 24. They contain a regulatory region with one (Epac1) or two (Epac2) 
cAMP-binding domains, a Dishevelled, Egl-10, Pleckstrin (DEP) domain, and a catalytic region 
for GEF activity 11. The binding of cAMP is a prerequisite for catalytic activity in vitro and in 
vivo 11. Recently, the structures of both the inactive and active conformations of Epac2 were 
solved 51, 52. This revealed that in the inactive conformation, the regulatory region occludes 
the Rap binding site, which is relieved by a conformational change induced by cAMP binding.

Like all G proteins of the Ras superfamily, Rap cycles between an inactive GDP-bound 
and active GTP-bound state in an equilibrium that is tightly regulated by specific GEFs 
and GTPase-activating proteins (GAPs). The GEF-induced dissociation of GDP results in 
the binding of the cellularly abundant GTP, whereas GAPs enhance the intrinsic GTPase 
activity of the G protein, thereby inducing the inactive GDP-bound state. Besides Epac, 
several other GEFs for Rap have been identified, including C3G, PDZ-GEF, and RasGRP, 
and these act downstream of different signaling pathways 7. Since Rap localizes to several 
membrane compartments, including the Golgi network, vesicular membranes, and the plasma 
membrane (PM) 2–4, 37, 42, 48, the spatial regulation of its activity is expected to be established 
by the differential distributions of its upstream GEFs, each activating distinct pools of Rap on 
specific intracellular locations.

Similarly to Rap, Epac1 also is observed at many locations in the cell, including the 
cytosol, the nucleus, the nuclear envelope, endomembranes, and the PM 5, 11, 14, 21, 29, 47. These 
various locations may reflect the many different functions assigned to Epac1, such as the 
regulation of cell adhesion, cell junction formation, secretion, the regulation of DNA-
dependent protein kinase by nuclear Epac1, and the regulation of the Na+/H+ exchanger 
NHE3 at the brush borders of kidney epithelium 19, 21, 26. Apparently, specific anchors are 
responsible for this spatial regulation of Epac1. Indeed, Epac1 was found to associate with 
phosphodiesterase 4 (PDE4) in a complex with mAKAP in cardiomyocytes 13, with MAP-LC 
bound to microtubules 62, and with Ezrin at the brush borders of polarized cells (M. Gloerich, 
J. Zhao, and J. L. Bos, unpublished data).

In this study, we report the unexpected observation that, in addition to the temporal 
control of Epac1 activity, cAMP also induces the translocation of Epac1 toward the plasma 
membrane. Using confocal fluorescence microscopy, total internal reflection fluorescence 
(TIRF) microscopy, and fluorescence resonance energy transfer (FRET)-based assays for high 
spatial and temporal resolution, we observed that the translocation of Epac1 is immediate 
and that Epac1 approaches the PM to within ~7 nm. In line with this, Epac1-induced Rap 
activation was registered predominantly on this compartment. Epac1 translocation results 
directly from the cAMP-induced conformational change and depends on the integrity of its 
DEP domain. We further show that Epac1 translocation is a prerequisite for cAMP-induced 
Rap activation at the PM and enhances Rap-mediated cell adhesion. Thus, cAMP exerts dual 
regulation on Epac1 for the activation of Rap, controlling both its GEF activity and targeting 
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to the PM.

Materials and Methods

Reagents and antibodies
Forskolin, IBMX, and H89 were from Calbiochem-Novabiochem Corp. (La Jolla, CA); 
isoproterenol, epidermal growth factor, cytochalasin D, latrunculin A, and nocodazol were 
from Sigma Chemical Co. (St. Louis, MO); 1-(2-nitrophenyl)ethyl adenosine-3’,-5’-cyclic 
monophosphate (NPE-caged cAMP) was from Jena Bioscience GmbH (Jena, Germany); 
8-pCPT-2’-O-Me-cAMP (007) 15 and 8-pCPT-2’-O-Me-cAMP-AM (007-AM) 59 were 
from Biolog Life Sciences (Bremen, Germany); Fura-Red-AM and BAPTA-AM were from 
Invitrogen; the Rap1 antibody (SC-65) was from SantaCruz Biotechnology; and the Rap2 
antibody (610216) was from BD Transduction Laboratories. The Epac1 antibody (5D3) has 
been described previously 46. Fibronectin was purified as described previously 45.

DNA constructs
The following expression vectors were described elsewhere: pcDNA3 CFP-Epac1-YFP 
and pcDNA3 CFP-Epac1(∆DEP,C.D.)-YFP 44, pcDNA3 CFP-Epac1(∆DEP,C.D.)-Venus 55, 
pMT2-SM-HA Rap1A(G12V) and pMT2-SM-HA RapGAP1 50, pMT2-SM-HA Epac1 11, and 
pcDNA3 CFP-CAAX 56. Epac1 (RapGEF3, Homo sapiens) was cloned C terminally to yellow 
fluorescent protein (YFP) in a pCDNA3 vector. Mutations were introduced by site-directed 
mutagenesis. The separate regulatory (amino acids 1 to 328) and catalytic (amino acids 330 
to 881) regions of Epac1 were cloned into pcDNA3 with an N-terminal cyan fluorescent 
protein (CFP) and YFP tag, respectively. GFP-RBD(RalGDS) was a kind gift from Mark Philips.
Cell culture. HEK293 cells and A431 human carcinoma cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM); OVCAR-3 and the Jurkat T-cell line JHM1 2.2 were grown 
in RPMI medium, each supplemented with 10% serum and antibiotics.

Live cell experiments
Cells were seeded in 6-well plates on 25-mm glass coverslips and cultured in 3 ml medium. 
Constructs were transiently transfected using Fugene 6 transfection reagent (Roche Inc.). 
Experiments were performed in a culture chamber mounted on an inverted microscope in 
bicarbonate-buffered saline (containing 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 
10 mM glucose, 23 mM NaHCO3, 10 mM HEPES), pH 7.2, kept under 5% CO2 at 37°C. 
Agonists and inhibitors were added from concentrated stocks.

Dynamic monitoring of YFP/CFP FRET
Cells on coverslips were placed on an inverted Nikon microscope equipped with a x63 
magnification lens (numeric aperture [N.A.], 1.30) and excited at 425 nm. The emission of 
CFP and YFP was detected simultaneously by two photon multiplier tubes through bandpass 
filters (470 ± 20 and 530 ± 25 nm, respectively). Data were digitized by Picolog acquisition 
software (Picotech), and FRET was expressed as the normalized ratio of YFP/CFP signals. 
The ratio was adjusted to 1 at the onset of the experiment, and changes are expressed 
as the percent deviation from this initial value. For some of these experiments, a CFP-
tagged version of K-Ras-CAAX was used as a PM marker. Whereas in hippocampal neurons 
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K-Ras-CAAX may translocate to endomembranes under certain conditions 16, under our 
conditions CFP-CAAX localizes to the PM, as we have extensively documented 56, 57. For the 
experiment described in Figure 3C, the YFP/CFP FRET ratio was determined in imaging mode 
by detecting CFP and YFP images simultaneously on a Leica fluorescence SP2 microscope 
equipped with a dual-view attachment and a Coolsnap-HQ charge-coupled device camera 
(Roper Scientific) using ASMDW acquisition software.

Confocal microscopy
Coverslips with cells expressing various constructs were mounted in a culture chamber 
and imaged at 37°C using an inverted TCS-SP5 confocal microscope equipped with a x63 
magnification oil immersion lens (N.A., 1.4; Leica, Mannheim, Germany). Imaging settings were 
the following: for CFP, excitation at 442 nm and emission at 465 to 500 nm; for GFP, excitation 
at 488 nm and emission at 510 to 560 nm; for YFP, excitation at 514 nm and emission at 522 
to 570 nm. For the detection of endogenous Epac1 in OVCAR-3 cells, cells were grown on 
12-mm glass coverslips for 72 h, and after 10 min of stimulation with 25 μM forskolin they 
were fixed with 3.8% formaldehyde, permeabilized using 0.1% Triton X-100, and blocked in 
2% bovine serum albumin (BSA). Cells were incubated with the Epac1 antibody (5D3) and 
subsequently with Alexa-conjugated secondary antibodies (Invitrogen). Mounted slides were 
examined using an Axioskop2 CLSM microscope (Zeiss) (x63 magnification lenses; N.A., 1.4).

Digital image analysis
For translocation studies, series of confocal images were taken from a medial plane at 5- 
or 10-s intervals. To quantitate the translocation of constructs, the ratio of cytosolic to 
PM fluorescence was calculated by the postacquisition automated assignment of regions 
of interest using Leica Qwin software 56. Note that in the individual traces, the gain of 
fluorescence at the PM appears small compared to the loss in the cytosol because of 
the under-representation of the membrane area in medial sections; the majority of the 
membrane is present in the basal membrane and in the strongly curved apical parts of 
the cell. Postacquisition brightness and contrast adjustments were performed with ImageJ 
software (NIH).

TIRF microscopy
Cells expressing GFP-Epac1 or YFP-RBD(RalGDS) were mounted in a culture chamber and 
imaged on a Leica TIRF setup equipped with a 488 argon excitation laser and a Hamamatsu 
EM charged-couple display detector. A x63 magnification, 1.45 N.A. objective was used, and 
the evanescent field penetration depth was set to 90 nm. TIRF imaging was at ambient 
temperature, and analysis was performed with LAS-AF software.

Loading and flash photolysis of NPE-caged cAMP
Cells were loaded by incubation with 100 μM NPE-caged cAMP for 15 min. Uncaging was 
done with brief pulses of UV light (340 to 410 nm) from a 100-W xenon mercury are 
lamp using a shutter. To define exposure times and UV light intensities for the desired 
cAMP release, cAMP was monitored ratiometrically (CFP/YFP) using the Epac-based sensor 
CFP-Epac(∆DEP-C.D.)-Venus 55. The translocation of GFP-Epac1 was monitored in parallel 
experiments.
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Rap activation assay
Rap activity was assayed as described previously 58. Briefly, HEK293 cells grown in 9-cm 
plates were lysed in buffer containing 1% NP-40, 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 
10% glycerol, 2 mM MgCl2, and protease and phosphatase inhibitors. Lysates were cleared 
by centrifugation, and active Rap was precipitated with a glutathione S-transferase fusion 
protein of the Ras-binding domain of RalGDS precoupled to glutathione-Sepharose beads.

Adhesion assay
The adhesion of Jurkat T cells to fibronectin was measured as described previously 10. In 
brief, 96-well Nunc Maxisorp plates were coated with 5 μg/ml fibronectin and blocked 
with 1% bovine serum albumin. Jurkat cells (1.2 x 107) were transiently transfected by 
electroporation (950 μF, 250 V) with 5 μg cytomegalovirus-luciferase plasmid and pcDNA3 
YFP-Epac1 plasmid adjusted to get equal expression levels and supplemented with pcDNA3 
empty vector to a total of 40 μg plasmid DNA using a Gene Pulser II (Bio-Rad). Cells were 
harvested 2 days after transfection and resuspended in TSM buffer (20 mM Tris-HCl, pH 
8.0, 150 mM NaCl, 1 mM CaCl2, 2 mM MgCl2). Cells (2.5 x 104) for each well were allowed 
to adhere for 45 min, and nonadherent cells were removed with 0.5% BSA in TSM buffer. 
Adherent cells were lysed and subjected to a luciferase assay as described previously 33. For 
Rap1 activity measurements in Jurkat T cells, transfected cells were subjected to the Rap 
activation assay after resuspension in TSM buffer and stimulation with 007 (100 μM,10 min).

RESULTS

cAMP induces translocation of Epac1 toward the PM
To study the subcellular localization of Epac1 during activation by cAMP, we monitored 
GFP-Epac1 using time-lapse confocal imaging in HEK293 cells. In accordance with previous 
reports 5, 11, 14, 29, 47, GFP-Epac1 is observed at the nuclear envelope, in the nucleus, at the PM, at 
endomembranes, and in the cytosol. Upon the addition of forskolin, which activates adenylate 
cyclase to produce cAMP, we observed a pronounced redistribution of GFP-Epac1 toward 
the periphery of the cell (Figure 1A; also see the online movie in the supplemental material). 
Automated image analysis 56 showed that the GFP-Epac1 redistribution is manifested both as 
a decrease in cytosolic fluorescence and an increase in PM-localized fluorescence, occurring 
within 2 min after stimulation (half time, ~40 s) (Figure 1A). In contrast, fluorescence in 
the nucleus was constant throughout the experiment (Figure 1A). TIRF microscopy was 
employed to monitor GFP-Epac1 selectively at the basal membrane. The forskolin-induced 
accumulation of GFPEpac1 was observed as an increase of 60% ± 4% (means ± standard 
errors of the means [SEM]; n = 17) relative to prestimulus levels (Figure 1B), suggesting that 
Epac1 translocation represents a large-scale recruitment to the PM. 

Similarly, isoproterenol stimulation, which induces physiological cAMP increases via the 
activation of β-adrenergic receptors, induced rapid Epac1 translocation in A431 cells (Figure 
1C). Epac1 translocation was observed in all cell types tested (HEK293, A431, OVCAR-3, 
ACHN, RCC10, MDCK, N1E-115, HeLa, Rat-1, GE11, and H1299) and across the full range 
of expression levels (data not shown). Importantly, the staining of OVCAR-3 cells with a 
monoclonal Epac1 antibody showed an increased presence of endogenous Epac1 at the PM 
after treatment with forskolin, reflecting the PM translocation of endogenous Epac1 (Figure 
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1D). Similar results were obtained with a polyclonal Epac1 antibody (data not shown). 
To further confirm the translocation of Epac to the PM, FRET was monitored between 

YFP-Epac1 and CFP-CAAX, which is membrane anchored by its prenylated K-Ras CAAX 
motif and, in these cells, constitutes a marker of the PM (see Materials and Methods). Forskolin 
induced immediate increases in the YFP/CFP ratio (10 to 15%) (Figure 1E), indicating that 
translocated GFP-Epac1 approaches the PM to within approximately 7 nm. Similar results 
were obtained using a C-terminally tagged Epac1 (data not shown). 

The translocation of Epac1 also can be induced by the Epac-specific cAMP analogue 
8-pCPT-2’-O-Me-cAMP (007) and the more cell-permeable 8-pCPT-2’-O-Me-cAMP-AM 

A

C

B

D

E

F G



C
hapter 3

66

(007-AM) (Figure 1E), suggesting that cAMP induces Epac1 translocation through the 
activation of Epac1 itself rather than via parallel pathways such as that of PKA. Indeed, 
Epac1(R279L), which is mutated in the cAMP-binding domain and thereby locked in the 
autoinhibited, inactive conformation 47 (Figure 1F), lacked the ability to translocate (Figure 
1G), indicating that Epac1 must be in its open conformation to translocate. In addition, the 
forskolin-induced translocation of GFP-Epac1 was not affected by the inhibition of PKA with 
H89 (data not shown). Thus, we show that Epac1 translocates toward the PM when it is 
bound by cAMP.

Epac1 translocation dynamically follows cAMP levels
High-resolution confocal imaging shows that translocating GFP-Epac1 is recruited from 
a homogeneous cytosolic pool. Indeed, fast fluorescence recovery after photobleaching 
experiments56 confirmed that the mobility of GFP-Epac1 approaches that of free GFP (data 
not shown). Conversely, active transport appears not to be involved, since Epac1 translocation 
is  insensitive to the disruption of the actin cytoskeleton (with cytochalasin D [1 μg/ml] or 
latrunculin A [1 μM]) or the microtubule network (with nocodazole [25 ng/ml]) (data not 
shown). Thus, upon cAMP binding, Epac1 finds the PM by passive diffusion. 

To examine the dynamics of Epac1 translocation, we loaded HEK293 cells with NPE-
caged cAMP and transiently released cAMP by the UV-induced photolysis of the NPE cage. 
Using CFP-Epac(∆DEP-CD)-Venus 55, an improved variant of the previously published cAMP 
sensor 44, we first established experimental conditions to instantly saturate Epac1 with cAMP 
(Figure 2A). When applying identical UV pulses to cells expressing comparable levels of GFP-
Epac1, we observed very rapid translocation that was halfway complete within 5 s and nearly 
complete in approximately 20 s (Figure 2A).

To investigate whether the PM recruitment of Epac1 is a reversible event, we 
photoreleased NPE-caged cAMP in GE11 cells, which rapidly clear cAMP, likely due to 
high levels of PDE activity 43, 44. This allowed cAMP transients to be evoked repetitively, as 
detected by the FRET-based cAMP sensor (Figure 2B). When similar amounts of cAMP were 

◄ Figure 1.   Epac1 translocates towards the PM upon elevation of cAMP levels.
A. In HEK293 cells stimulation with forskolin (25 μM) induces translocation of GFP-Epac1 towards the cell periphery. Inset: 
fluorescence intensity along the red line, showing sharp demarcation of the plasma membrane (width at half-maximum ~300 nm). 
Right: fluorescence intensity at the plasma membrane (red, PM) and in the cytosol (blue, Cyt) as well as the ratio PM/Cyt (green) 
during the response to forskolin; fluorescence levels in the nucleus (grey, Nucl) were constant. Traces are representative for n>15. B. 
Representative TIRF experiment showing the forskolin-induced accumulation of GFP-Epac1 at the basal membrane of HEK293 cells. 
Mean increase relative to pre-stimulus levels was 60 +/- 4% (mean +/- SEM; n=17). C. A431 cells expressing GFP-Epac1 were imaged 
during isoproterenol (1 nM) stimulation. Translocation of GFP-Epac1 was observed within 1 minute (n=8). D. Immunofluorescence 
of OVCAR-3 cells stained for endogenous Epac1. In resting cells little PM localization of Epac1 is observed. After forskolin 
stimulation (25 μM, 10 min) the amount of PM-localized Epac1 is markedly increased. Note that the nuclear immunofluorescence 
is background staining rather than Epac1, as it insensitive to siRNAi-mediated silencing of Epac1 (data not shown). E. Measurement 
of FRET between the PM-marker CFP-CAAX (see M&M) and translocating YFP-tagged Epac1 (traces are representative for n>5). 
FRET, expressed as YFP/CFP ratio, increases upon addition of forskolin (25 μM, black). FRET increases were also induced by the Epac-
specific cAMP analogue 8-pCPT-2´-O-Me-cAMP (007, 100 μM; red) or the more membrane-permeable analogue 8-pCPT-2´-O-Me-
cAMP-AM (007-AM, 1 μM; blue). F. Forskolin (25 μM) treatment of HEK293 cells transfected with the FRET sensor CFP-Epac1-YFP. 
The sensor reports the cAMP-induced conformational change as a loss of intramolecular FRET. In contrast to the wild-type sensor 
(blue), the mutant FRET construct CFP-Epac1(R279L)-YFP (red) lacks the ability to change conformation upon changing cAMP 
concentrations. G. Mutagenesis of Arginine279 to Leucine eliminated the ability of YFP-Epac1(R279L) to translocate upon forskolin 
stimulation (25 μM). Scale bars: 10 μm.
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released in GE11 cells expressing GFP-Epac1, we observed rapid translocations to the PM 
followed by relocation to the cytosol (Figure 2B). Analyses of the PM/cytosol ratio show 
that the translocation kinetics closely resemble the dynamic course of the cAMP levels. 
These experiments indicate that Epac1 translocation is a rapidly reversible event and that 
the momentary cAMP levels dictate the degree of PM localization.

Epac1 conformational change, rather than downstream signaling, is required for 
its translocation
As the opening up of Epac1, which is essential for cAMP-induced translocation (Figure 1G), 
also releases its catalytic activity, we examined whether downstream signals are required for 
its recruitment to the PM. As shown in Figure 3A, the overexpression of RapGAP1 inhibits 
cAMP-induced Rap activation by keeping both Rap1 and Rap2 in the GDP-bound, inactive 
state. RapGAP1 overexpression did not affect the translocation of GFP-Epac1 (Figure 3A, B), 
suggesting that Rap activity is not required. In line with this, the coexpression of constitutively 
active Rap1A(G12V) did not affect GFP-Epac1 localization in unstimulated cells (Figure 3A), 
nor did it affect the magnitude or kinetics of the 007-AM-induced translocation (Figure 
3A, B). Furthermore, in OVCAR-3 cells, the cAMP-binding mutant Epac1(R279L) does not 
translocate when Rap is transiently activated through the activation of endogenous Epac1 
(data not shown). Taken together, these data indicate that Epac1 translocation results from 
its conformational change rather than downstream signalling via Rap. This was further 
supported by using the CFP-Epac1-YFP probe, which allows the simultaneous visualization of 
localization as well as the conformational state via intramolecular FRET. These experiments 
showed that the kinetics of Epac1 translocation closely follow those of its conformational 
state (Figure 3C).

A B

Figure 2.   Epac1 translocation is a highly dynamic and reversible event.
A. cAMP-uncaging experiments in HEK293 cells. Upper trace: release of NPE-caged cAMP (arrows; see methods for details) 
saturates the FRET-based cAMP sensor CFP-Epac(ΔDEP)C.D.-Venus in that a subsequent UV-flash did not induce further FRET 
changes. Lower trace: ratio between PM and cytosolic fluorescence of GFP-Epac1 (expressed at comparable levels as CFP-
Epac1(ΔDEP)C.D.-Venus) showing the immediate translocation upon identical photolysis of caged-cAMP (τ1/2 < 5s). B. cAMP-
uncaging in GE11 cells. Upper trace: due to high speed of cAMP clearing in these cells, dosed release of NPE-caged cAMP evokes 
transient cAMP rises. Amounts of released cAMP are approximately proportional to the duration of UV flashes. Lower trace: release 
of identical amounts of caged cAMP in GE11 cells induces transient translocations of GFP-Epac1. The PM/cytosol ratio shows that 
the degree of translocation correlates with the dose of released cAMP.
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The DEP domain is essential 
but not sufficient for Epac1 
translocation
To determine which domains 
of Epac1 are involved in the 
translocation, a series of deletion 
mutants were analyzed (Figure 
4A). The removal of the DEP 
domain, which is essential 
for the proper intracellular 
targeting and functioning of 
DEP domain-containing proteins 
such as Dishevelled 40 and 
numerous RGS proteins 8, 20, 27, 31, 

32, completely abolished Epac1 
translocation (Figure 4B). The 
mutation of arginine 82 within 
the DEP domain of Epac1, which 
localizes within a proposed 
interaction surface that is crucial 
for the DEP-mediated targeting 
of Dishevelled-1 and Sst2 1, 40, 41, 61, 
also abolished the cAMP-induced 
translocation, further illustrating 
the critical role of the DEP domain 
in mediating the cAMP-induced 
translocation. Nonetheless, GFP-
DEP (comprising amino acids 50 
to 148) was not observed at the 
PM (data not shown). Similarly, 
the YFP-tagged regulatory region 
of Epac1 (YFP-Epac1-Reg), 
comprising the DEP domain 
and the cAMP-binding domain, 
did not localize at the PM, nor 
did it translocate to the PM 
upon cAMP elevation (Figure 
4A, B). However, the application 
of 007-AM to cells transfected 
with both YFP-Epac1-Reg and 
the CFP-tagged complementary 
catalytic region of Epac1 (CFP-
Epac1-Cat), which are able to 
reconstitute the structure of 
the full-length protein (data not 
shown), induced the combined 

A

B

C

Figure 3.  Rap activity is not involved in Epac1 translocation.
A. Western blot: Rap activation assay (see methods) confirming that RapGAP1 
overexpression effectively inhibits 007-AM-mediated activation of Rap1 and Rap2. 
Images: HEK293 cells expressing GFP-Epac1 plus overexpressed RapGAP1 (left) 
or constitutively active Rap1A(G12V) (right). Neither RapGAP1 nor Rap1A(G12V) 
overexpression had any effect on the distribution of unstimulated GFP-Epac1 
(upper panels) or on the 007-AM-induced translocation (lower panels). Scale bars: 
10 μm. B. Kinetic analyses were performed on cells transfected as in Fig. 3A. Kinetics 
of the 007-AM-induced translocation of GFP-Epac1 (black) were not affected by 
co-expression of RapGAP1 (dotted line) or Rap1A(G12V) (grey). Translocation 
was quantified from depletion of cytosolic fluorescence. Per condition, traces of 
>10 experiments were averaged after normalization to basal level (set to 100%) 
and end level (set to 0%). C. A431 cells expressing CFP-Epac1-YFP were imaged 
by simultaneous detection of CFP- and YFP emission (see Materials and Methods) 
allowing the analysis of both Epac1 activation state (FRET, Ratio YFP/CFP, red trace) 
and its translocation to the PM (Ratio PM/Cyt, blue trace). Submaximal stimulation 
of A431 cells with 0.5 nM isoproterenol evokes slow cAMP accumulation and 
thereby induces gradual activation of Epac1; subsequently, forskolin (25 μM) was 
added to saturate CFP-Epac1-YFP. The experiment illustrates that the kinetics 
of the construct´s PM-translocation strongly resemble its gradual activation 
(representative for n=6).
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translocation of both fragments (Figure 4C). This demonstrates that the DEP domain is 
required for the translocation of Epac1 to the PM, but that it can function only in conjunction 
with the catalytic region.

Epac1 translocation enhances Rap-dependent cell adhesion
As the main pool of Epac1 redistributes to the PM after its activation, we explored whether 
the translocation of Epac1 is a prerequisite for the activation of Rap at this compartment. 
For this, HEK293 cells were transfected with the YFP-tagged Ras-binding domain of RalGDS 
[YFP-RBD(RalGDS)], which recognizes Rap1 specifically in its GTP-bound, activated state 4. 
When cells were cotransfected with hemagglutin-Epac1 (HA-Epac1), the addition of 007-AM 
resulted in the rapid accumulation of YFP-RBD(RalGDS) at the PM, as visualized both by TIRF 
(Figure 5A, left) and confocal microscopy (Figure 5A, right). Interestingly, such accumulation 
was not observed in other subcellular compartments, suggesting that in HEK293 cells cAMP 
signaling via Epac1 activates Rap predominantly at the PM (Figure 5A). To test for the role of 
Epac1 translocation in Rap activation at the PM, we analyzed YFP-RBD (RalGDS) membrane 
recruitment in cells expressing either CFP-Epac1 or CFP-Epac1(∆DEP) by TIRF microscopy. 
007-AM induced the recruitment of the probe to the basal membrane in cells expressing 
CFP-Epac1 (12 of 14 cells), whereas this was almost absent in cells coexpressing CFP-
Epac1(∆DEP) (one of nine cells) (P << 0.01) (Figure 5B). Thus, the translocation of Epac1 is 
required for Rap activation at the PM.

A B C

Figure 4.   The DEP domain is essential but not sufficient for Epac1 translocation.
A,B. Overview of Epac1-mutants and their abilities to translocate (TL) upon addition of 007-AM (1 μM). Full-length Epac1 consists 
of a DEP domain (amino acid 50-148), the cyclic nucleotide binding domain (CNB), the Ras exchange motive (REM), a putative Ras 
association (RA) domain and the catalytic CDC25 homology GEF domain. Removal of the DEP domain (amino acid 50-148) or 
disruption of the interaction surface within the DEP domain (R82A) abolishes the translocation of Epac1 in response to 007-AM. 
The separate regulatory region (YFP-Epac1-Reg, amino acid 1-328), containing both the DEP domain and cAMP binding domain 
(CNB), did not translocate after 007-AM stimulation, indicating that the DEP domain cannot mediate the localization of Epac1 at the 
PM in the absence of the catalytic region. In accordance with the crucial role of the DEP domain, the complete catalytic region (CFP-
Epac1-Cat, amino acid 330-881) was not present at the PM either. C. In contrast to the separately expressed regulatory and catalytic 
region, coexpression of YFP-Epac-Reg (upper panels) + CFP-Epac-Cat (lower panels) restored the 007-AM-induced translocation, 
resulting in colocalization of both constructs at the PM. Scale bars: 10 μm
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Epac1-Rap signaling is involved in integrin-mediated cell adhesion by regulating both 
the affinity and avidity of actin-associated integrin molecules 6. For Jurkat T cells, it has 
been shown that this requires the presence of active Rap at the PM 4. To study the role of 
Epac1 translocation in its ability to mediate integrin regulation, we measured the adhesion 
of Jurkat T-cells in response to 007. For this, the cells were transfected with luciferase 
together with either wildtype Epac1 or the nontranslocating Epac1 variants mutated in 
their DEP domain, and adhesion was quantified by the detection of luciferase emission. 
Indeed, 007 induced strong adhesion to the fibronectin of wild-type Epac1-transfected cells 
(Figure 5C). In contrast, this cAMP-induced effect on cell adhesion was impaired when the 
translocation-deficient mutant Epac1(∆DEP) or Epac1(R82A) was expressed (Figure 5C). 
Rap1GTP pulldown experiments in Jurkat T cells show that these mutants do indeed result 
in reduced Rap1 activation compared to that of wild-type Epac1 (Figure 5D), implying that 
a significant fraction of Rap1 resides at the PM in these cells. These data indicate that the 
translocation of Epac1 significantly enhances the signaling cascade toward Rap-mediated cell 

A

B

C

D

Figure 5.  The translocation of Epac1 enhances Rap activation and Rap-mediated adhesion of Jurkat T-cells.
A. Left panel, in vivo TIRF imaging of Rap1 activation in HEK293 cells using YFP-RalGDS(RBD). When co-expressed with HA-Epac1, 
YFP-RalGDS(RBD) translocates to the basal membrane within seconds after 007-AM stimulation (1 μM). The 007-AM-induced 
increase was 46 ± 6 % (mean ± SEM) relative to pre-stimulus levels (n=9). Right panel, confocal imaging of YFP-RalGDS(RBD) 
translocation showing accumulation at the plasma membrane (PM) as well as the simultaneous depletion of cytosol (Cyt); nuclear 
fluorescence was constant (Nucl, grey). Accumulation of  YFP-RalGDS(RBD) was not observed on intracellular membranes. Scale 
bar: 10μm. B. HEK293 cells were transfected with CFP-Epac1 or CFP-Epac1(ΔDEP) and recruitment of co-transfected YFP-
RBD(RalGDS) to the basal membrane was measured by TIRF microscopy. Cells expressing low levels of CFP- and YFP-tagged 
proteins were selected. Traces are representative experiments. Bar graph shows relative occurrence of 007-AM-induced membrane 
accumulation of YFP-RBD(RalGDS): CFP-Epac1, 12 out of 14 cells; CFP-Epac1(ΔDEP, 1 out of 9 cells). C. Jurkat T-cells were 
transfected with either wildtype Epac1 or the non-translocating Epac1 mutants (Epac1(ΔDEP) and Epac1(R82A)) together with 
a luciferase reporter. Transfected cells were allowed to adhere to fibronectin-coated surface for 45 minutes and adhesion was 
subsequently detected as luciferase emission. Wildtype-Epac1, when activated by 007 (100 μM, black bars) greatly enhanced the 
adhesion as compared to unstimulated conditions (white bars). This effect was impaired when the translocation-deficient mutants 
Epac1(ΔDEP) or Epac1(R82A) were transfected and it was absent in empty vector-transfected cells (EV). Shown are data from a 
representative experiment performed in triplo (n=4). Total luciferase levels were comparable in all transfections. Right: western 
blot labeled with the Epac1 antibody (5D3) showing expression levels of the transfected wildtype- and mutant Epac1 used in the 
adhesion assay. D. Jurkat T-cells were transfected with similar amounts of either wildtype Epac1 or the translocation-deficient 
mutants Epac1(ΔDEP) and Epac1(R82A) and GTP-bound Rap1 was pulled down from lysates of cells after stimulation with 007 
(100 μM, 10 min).
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adhesion.

Discussion

In the current study, we have shown that cAMP induces the translocation of cytosolic Epac1 
toward the PM. Epac1 translocation is a generally occurring, physiological event, as it was 
observed in a wide array of cell types, both with overexpressed and endogenous Epac1 
(Figure 1). The translocation depends solely on the cAMP-induced conformational state of 
Epac1, since it could be induced by the Epac-selective analogues 007 and 007-AM and was 
prevented by a mutation in the cAMP-binding pocket (R279L) (Figure 1F, G). Furthermore, 
since neither the activation nor inhibition of Rap could affect Epac1 translocation, the 
involvement of Rap-mediated signalling could be excluded (Figure 3). Finally, the degree of 
Epac1 translocation closely followed the levels of free cAMP within the cells and showed 
kinetics similar to those of the cAMP-induced conformational change (Figure 2 and 3C). 
Thus, in addition to releasing Epac1 from autoinhibition, the direct binding of cAMP also 
regulates the translocation of Epac1 toward the PM. 

Epac1 translocation is based on passive diffusion, since fluorescence distribution in the 
cytosol is homogeneous throughout the translocation without discernible discrete moving 
structures that would indicate active transport. In line with the diffusion model, Epac1 
translocation shows rapid and reversible kinetics after cAMP uncaging (Figure 2) and is not 
affected by the disruption of the actin cytoskeleton or the microtubule network (data not 
shown). These data imply that upon transition to its opened conformation, Epac1 acquires 
an affinity for an anchoring factor at the PM, to which it subsequently is targeted via passive 
diffusion. 

Deletion and point mutations have indicated the DEP domain as an essential determinant 
of translocation. This is analogous to the targeting function of DEP domains in other proteins 
such as Dishevelled and RGS 1, 8, 27, 31, 40. However, crystal structure studies of Epac2 52 suggest 
that the DEP domain is solvent exposed regardless of cAMP binding. Therefore, a model 
wherein the cAMP-induced conformational change renders the DEP domain accessible is 
unlikely. Indeed, the separate DEP domain or regulatory region of Epac1 did not localize 
to the PM (Figure 4). Thus, the DEP domain can fulfill its function only in the context of 
the structure of the full-length protein. The interaction surface for PM anchoring thus is 
established by the combined structural features of the DEP domain and a determinant in the 
catalytic region, which are dependent on the cAMP-bound conformation. The identification 
of the membrane anchor likely would help to define the underlying structural mechanism. 

Many downstream effects of Epac1 occur at the PM: cell adhesion, cell-cell junction 
formation, and the regulation of NHE3. These effects may require the localized activation of 
Epac1 and, thereby, the localized activation of Rap. Indeed, we showed that the translocation 
of Epac1 is a prerequisite for Rap activation (Figure 5B). Furthermore, translocation strongly 
enhances Rap-mediated cell adhesion, as the translocation-deficient mutants Epac1(∆DEP) 
and Epac1(R82A) were impaired in their ability to induce the Rap-dependent adhesion 
of Jurkat T cells to fibronectin. It is important to note here that purified Epac1(∆1-148) 
mediates GDP dissociation from Rap1 in vitro equally as well as full-length Epac1 does 28, 
indicating that the DEP domain is not required for the catalytic activity. The residual effect 
of the Epac1 mutants on cell adhesion may be due to the relatively high expression of Epac1 
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in this system, allowing a fraction of the mutant Epac1 to locate near the PM regardless of 
the DEP-dependent translocation, thereby activating Rap. Indeed, TIRF experiments showed 
the membrane recruitment of YFP-RBD(RalGDS) in cells expressing CFP-Epac1(∆DEP) at 
relatively high levels (data not shown) but not at lower levels (Figure 5B). 

Recently, the DEP domain of Epac1 has been shown to be essential for the ability of the 
regulatory region to disrupt TSH-mediated mitogenesis, further supporting the notion that 
the proper localization of Epac1 via its DEP domain is required for its function 18. Different 
anchors may target Epac1 to other cellular compartments and thereby regulate alternative 
functions of Epac1 that are not linked to (processes at) the PM. Indeed, in cardiomyocytes 
Epac1 was found in a complex with muscle-specific mAKAP, PDE4A, and PKA to regulate 
ERK5 activity 13. Epac1 also is present at the nuclear membrane (Figure 1A), and this 
binding is maintained during the early time points of cAMP stimulation, indicating that only 
a subfraction of Epac1 translocates to the PM. Thus, in this respect Epac1 resembles PKA, 
which is targeted to distinct subcellular compartments through the binding to AKAPs. 

PM localization also has been reported to be essential for signaling via Epac2, which is 
mediated by the binding of its Ras association (RA) domain to activated Ras 29, 30. Originally 
this was proposed to be regulated by cAMP 29. However, the binding of Epac2 to Ras does 
not require the open conformation of Epac2 and is not affected by cAMP (30 and our own 
unpublished data). In addition, the expression of an active Ras mutant suffices for targeting 
Epac2 to the PM 29, 30. Conversely, the deletion of the putative RA domain within Epac1 does 
not affect its cAMP-induced translocation, as demonstrated by increased FRET between 
CFP-CAAX and a YFP-Epac1 mutant lacking the RA domain (data not shown). These data 
exclude the possibility that the RA domain is the missing determinant within the catalytic 
region of Epac1. The different mechanisms of PM targeting distinguish the roles of Epac1 and 
Epac2, which may add to the understanding of their specific biological functions.

Based on our data, we propose a model in which the binding of cAMP regulates Epac1 
in two manners: it targets Epac1 toward the PM and simultaneously releases the activity of 
its GEF domain. Such dual regulation imposes signal specificity by guaranteeing that cAMP 
predominantly affects PM-localized Rap molecules (Figure 5A), whereas, for example, growth 
factors such as epidermal growth factor activate a perinuclear pool of Rap 34. Analogously, the 
negative regulation of Rap by GAPs also may be spatially confined, as it has been reported 
that a PM pool of RapGAP restricts Rap activation in COS1 cells 36. Thus, it appears that 
the localization of GEFs andGAPs rather than that of the G protein itself determines the 
intracellular location of G protein activity. 

We can only speculate as to why the activation of Epac1 is dynamically regulated by 
the simultaneous cAMP-dependent translocation rather than by more static confinement 
via stable association to the PM. The translocation mechanism may serve to dynamically 
regulate the availability of Epac1 throughout the cell. In addition, the separation between 
Epac1 and Rap in resting conditions may be an ultimate guarantee against the stimulation of 
Rap by residual Epac1 activity. Adding a spatial component to the cAMP-mediated regulation 
of Epac1 undoubtedly renders the transition from unstimulated to stimulated Rap at the PM 
more pronounced.
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Addendum: 
A distinct targeting mechanism for the DEP domain of Epac1 
revealed in Ovcar3 cells

n Chapter 3 we have demonstrated the dual regulation of Epac1 by cAMP.  Binding of 
cAMP not only releases Epac1 from autoinhibition, but also induces its translocation to the 
plasma membrane (PM). Membrane targeting requires the DEP domain of Epac1, although 

the anchor for this domain at the PM remains elusive. Structural and functional analyses of 
the DEP domain of Dishevelled indicated that DEP-domain mediated PM association likely 
involves both lipid binding as well as interactions with membrane proteins. Binding to lipids 
is dependent on a cluster of exposed basic residues at one side of the DEP domain surface 
of Dishevelled 1, 2.  An electric dipole, consisting of a positively charged residue and two 
negatively charged residues located at an opposite surface of the DEP domain, appears 

crucial for protein-protein interactions 2-6. This 
electric dipole is conserved in most DEP domains, 
and mutation of the arginine residue (R82) 
within the dipole of Epac1 also disrupts its PM 
recruitment (Chapter 3). The cAMP-induced PM-
recruitment of Epac1 is a generally occurring event. 
The translocation of Epac1 was originally revealed 
in HEK293T cells, but YFP-Epac1 translocation is 
observed in a wide range of cell types (Chapter 3). 
This includes the ovarian carcinoma cell line Ovcar3, 
which also expresses Epac1 endogenously. Strikingly, 
live-imaging of sparsely grown Ovcar3 cells showed 
that upon stimulation with the Epac-selective cAMP 
analog 8-pCPT-2´-O-Me-cAMP-AM (007-AM) YFP-
Epac1 becomes highly enriched within dynamic 
membrane protrusions at the apical surface (Figure 
1A and 1B). These membrane protrusion resemble 
dorsal ruffles 7, 8, and are not induced by Epac1 
activation itself but already present in Ovcar3 cells 
prior to 007-AM stimulation (data not shown). To 
confirm that the cAMP-induced relocalization of 
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Figure 1. Translocation of Epac1 into dorsal ruffles in Ovcar3 cells 
A. Live-imaging of YFP-Epac1 in Ovcar3 cells before and 5 min after 
stimulation with 1 μM 007-AM. This shows the redistribution of YFP-
Epac1 to the plasma membrane, in particular to membrane protrusions 
at the apical surface. B. X/Z-projection of Ovcar3 cells expressing YFP-
Epac1 after stimulation with 1 μM 007-AM for 5 min. This shows that the 
Epac1-enriched membrane protrusions localize at the apical cell surface. C. 
Immunofluorescence of Ovcar3 cells transfected with CFP-tagged wildtype 
Epac1 together with YFP-tagged wildtype, ∆DEP, or R82A Epac1 after 
stimulation with 007-AM (1 μM, 5 min). The 007-AM induced redistribution 
of Epac1 to dorsal ruffles requires its DEP domain, but is independent on 
the electric dipole as R82A Epac1 is still targeted to these structures. 
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Epac1 into dorsal ruffles also depends on its DEP domain, Ovcar3 cells were transfected 
with a CFP-tagged wildtype Epac1 construct together with YFP-tagged Epac1 lacking its 
DEP domain. In contrast to CFP-Epac1, which accumulated in dorsal ruffles upon 007-AM 
stimulation, YFP-Epac1∆DEP was not present at these structures (Figure 1D). Next, the 
Epac1 R82A mutant was tested, which is unable to translocate to the PM in HEK293T 
cells (Chapter 3). Surprisingly, this mutant retained its ability to localize to dorsal ruffles 
in Ovcar3 cells upon 007-AM stimulation (Figure 1D). Thus, although the recruitment of 
Epac1 to dorsal ruffles depends on its DEP domain, the electric dipole within the DEP 
domain is dispensable. These data indicate that the DEP domain of Epac1 may exert distinct 
targeting mechanisms. DEP-domain anchoring of Epac1 to dorsal ruffles in Ovcar3 cells 
may be solely dependent on lipid binding, whereas additional interactions with membrane-
localized proteins through the electric dipole may be essential for PM targeting in HEK293T 
cells. Alternatively, recruitment of Epac1 to dorsal ruffles may require interactions with 
membrane proteins independent of its electric dipole. Dorsal ruffles have been implicated 
in several cellular processes including receptor internalization and macropinocytosis 7, 8, and 
whether Epac1 has any role in this requires further investigation. These findings underline 
the complexity of membrane anchoring by the DEP domain. Furthermore, together with the 
diverse membrane interactions that have previously been reported for the DEP domains 
of other proteins, this illustrates the lack of a general targeting mechanism for this domain. 

Material and Methods

Reagents, DNA constructs, and the culturing of Ovcar3 cells have been 
described in Chapter 3. For live-imaging of YFP-Epac1, transfected Ovcar3 cells were grown 
in Willco wells (WillcoWells BV, Amsterdam, The Netherlands) and examined on a Zeiss 
Axiovert 200M microscope in a climate-controlled incubator (40x magnification lens, N.A. 
0.55). For visualization of Epac1 in fixed cells, cells were grown on 12 mm glass cover slips 
and fixed with 3.8% formaldehyde. Mounted slides were examined using an Axioskop2 CLSM 
microscope (Zeiss) (63x magnification lenses, N.A. 1.4). 
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Abstract

Epac1 is a guanine nucleotide exchange factor for the small G protein Rap and is involved in 
membrane-localized processes such as integrin-mediated cell adhesion and cell-cell junction 
formation. Cyclic AMP (cAMP) directly activates Epac1 by release of autoinhibition and in 
addition induces its translocation to the plasma membrane. Here, we show an additional 
mechanism of Epac1 recruitment, mediated by activated Ezrin-Radixin-Moesin (ERM) 
proteins. Epac1 directly binds with its N-terminal 49 amino acids to ERM proteins in their 
open conformation. Receptor-induced activation of ERM proteins results in increased binding 
of Epac1 and consequently the clustered localization of Epac1 at the plasma membrane. 
Deletion of the N-terminus of Epac1, as well as disruption of the Epac1-ERM interaction 
by an interfering radixin mutant or siRNA-mediated depletion of the ERM proteins, impairs 
Epac1-mediated cell adhesion. We conclude that ERM proteins are involved in the spatial 
regulation of Epac1 and cooperate with cAMP and Rap-mediated signaling to regulate 
adhesion to the extracellular matrix.
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Introduction

yclic AMP (cAMP) is a second messenger that relays a wide range of hormone 
responses. The discovery of Epac as a direct effector of cAMP 15, 29 has triggered 
the elucidation of many cAMP-regulated processes that could not be explained by 

the previously known effectors protein kinase A (PKA) and cyclic nucleotide-regulated ion 
channels 21. Both Epac family members, Epac1 and Epac2, act as guanine nucleotide exchange 
factors (GEFs) for the small G proteins Rap1 and Rap2. Thereby, Epac functions in processes 
such as exocytosis 28, 48, 59, cell-cell junction formation 13, 20, 30, 53, 64, and cell-extracellular matrix 
(ECM) adhesion 55. Adhesion to the ECM induced by Epac1 and Rap is mediated by actin-
linked integrin molecules and is implicated in diverse biological processes such as homing 
of endothelial progenitor cells to ischemic tissue 9, remodeling of the vasculature 10, 36, and 
transendothelial migration of leukocytes 37, 60. 

Epac1 and Epac2 are multidomain proteins containing a C-terminal catalytic region, 
which consists of a CDC25 homology domain responsible for GEF activity, a Ras exchange 
motif (REM), which stabilizes the CDC25 homology domain, and a Ras association (RA) 
domain. In the autoinhibited state, the catalytic site is sterically covered by the N-terminal 
regulatory region, which harbors a DEP (Dishevelled, Egl-10, and pleckstrin) domain and one 
or two cyclic nucleotide-binding domains in Epac1 and Epac2, respectively. As demonstrated 
by the crystal structures of both active and inactive Epac2, autoinhibition is released by a 
conformational change induced by the binding of cAMP 56, 57. 

After its production at the plasma membrane (PM) by adenylate cylases, cAMP becomes 
compartmentalized due to local degradation by spatially restricted phosphodiesterases 1. 
Further compartmentalization of cAMP signaling is established by the confined targeting 
of the cAMP effector proteins. Numerous adaptor proteins that target PKA to distinct 
subcellular locations and mediate the assembly of large signalling complexes have been 
identified 3. Similarly, cAMP-Epac signalling appears to be spatially regulated by diverse 
anchoring mechanisms, which may reflect the many different functions assigned to Epac. 
For instance, the DNA damage-responsive kinase DNA-PK is regulated by nuclear Epac1 
26, whereas membrane recruitment by activated Ras is essential for the role of Epac2 in 
neurite outgrowth 34, 35. Recently, we reported that Epac1 translocates to the PM upon the 
binding of cAMP and that this translocation contributes to Rap-mediated cell-ECM adhesion 
51. Although the anchor at the PM remains elusive, it has become clear that the cAMP-
dependent translocation of Epac1 involves its DEP domain (amino acids 50 to 148) and 
requires the cAMP-induced conformation. 

In this study, we reveal an additional targeting mechanism of Epac1 by showing that 
its N terminus interacts with members of the Ezrin-Radixin-Moesin (ERM) family. ERM 
proteins show high sequence similarity and function as scaffolding proteins that link the 
actin cytoskeleton to the PM 18, 42, 47. Inactive ERM proteins reside in the cytoplasm in an 
autoinhibited state maintained by an intramolecular interaction between the N-terminal 
FERM (4.1 protein, Ezrin, Radixin, Moesin) domain and the C-terminal actin binding domain 
(ABD). This autoinhibition is released by binding to phosphatidylinositol-4,5-bisphosphate 
(PIP2) and threonine phosphorylation of the ABD, which induce the open conformation 
of the protein (reviewed in 8). Several kinases have been implicated in phosphorylation of 
this threonine in the ABD, including protein kinase Cα (PKCα), PKCθ, NIK, Mst4, and the 
Rho effector ROCK 2, 40, 46, 50, 61. Active ERM proteins directly link the actin cytoskeleton 
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to the PM and allow the recruitment of multiple signaling proteins. In this manner, ERM 
proteins function in numerous processes, such as the formation of microvilli, adherens 
junction stabilization, and leukocyte polarization 12, 18, 42, 47. Here, we demonstrate that ERM 
proteins also function as PM anchors for Epac1. The underlying interaction is mediated by 
the N terminus (residues 1 to 49) of Epac1 and is independent of its conformational state. 
Instead, the interaction is regulated at the level of the ERM proteins, which bind Epac1 when 
they are in their active, open conformation. G protein-coupled receptor (GPCR)-mediated 
signaling that results in activation of ERM proteins increases binding of Epac1 and results 
in a clustered localization of Epac1 at the PM. Together with DEP domain mediated PM 
translocation, ERM proteins control cell adhesion mediated by Epac1. In conclusion, our 
data show that ERM proteins mediate PM recruitment of Epac1 and couple Epac1 activity to 
integrin-mediated cell adhesion.

Materials and Methods

Reagents and antibodies
8-pCPT-2’-O-Me-cAMP (007) and the more cell-permeable 8-pCPT-2’-O-Me-cAMP-AM 
(007-AM) were obtained from Biolog Life Sciences (Bremen, Germany), 8-bromo-cAMP was 
obtained from Biomol International, and human thrombin and sphingosine 1-phosphate (S1P) 
were obtained from Sigma-Aldrich. The mouse monoclonal green fluorescent protein (GFP) 
antibody was obtained from Roche, Flag M2 antibody was from Sigma-Aldrich, monoclonal 
V5 antibody was from Invitrogen, phospho-ERM (Ezrin T567, Radixin T564, Moesin T558) 
antibody was from Cell Signaling Technology, monoclonal HA antibody was from Covance 
(HA11), and monoclonal Radixin antibody was from BD Biosciences. The 5D3 anti-Epac1 
antibody (Cell Signaling) has been described previously 53. Thrombin receptor-activating 
peptide (TRP; residues SFLRRN) was synthesized in-house.

DNA constructs
Ezrin (Homo sapiens; GI 161702985), Radixin (Homo sapiens; GI 62244047), Moesin (Homo 
sapiens; GI 53729335), Epac1 (RapGEF3; Homo sapiens; GI 3978530), Epac2 (RapGEF4; Mus 
musculus; GI 9790086), the Radixin actin binding domain (ABD; amino acids 492 to 584), and 
Radixin∆ABD (amino acids 1 to 492) were cloned N or C terminally to either GFP, citrine 
yellow fluorescent protein (YFP), red fluorescent protein tandem tomato (TdTom), or a 
Flag-His tag using a pCDNA3 vector or to a hemagglutinin (HA) tag using a PMT2 vector 
with the Gateway system (Invitrogen). cDNA for Ezrin, Radixin, and Moesin was obtained 
from RZPD (Berlin, Germany). Epac1∆DEP (amino acids 50 to 148 deleted), Epac1∆1-49, 
Epac1∆1-148, and point mutants were generated by site-directed mutagenesis. The cyan 
fluorescent protein (CFP)-Epac1∆DEP-YFP fluorescence resonance energy transfer (FRET) 
was generated by site-directed mutagenesis of the previously described full-length Epac1 
FRET probe 52.

Yeast two-hybrid screening 
Human full-length Epac1 (RapGEF3; Homo sapiens; GI 3978530), cloned using a pB27 vector, 
was screened with a randomly primed human placenta library by Hybrigenics S.A. (Paris, 
France), as previously described 54.
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Cell culture 
HEK293 (human embryonic kidney) cells were cultured in Dulbecco’s modified Eagle 
medium (DMEM); the Jurkat T-cell line JHM1 2.2, the monoclonal JHM1 2.2 cell line stably 
expressing Epac1 68, and Ovcar3 cells were cultured in RPMI medium; and ACHN cells were 
cultured in Eagle’s minimal essential medium (MEM) containing 2 mM L-glutamine, 1.5 g/liter 
sodium bicarbonate, 0.1 mM nonessential amino acids, and 1.0 mM sodium pyruvate.  All 
media were supplemented with 10% fetal bovine serum and antibiotics.

Immunoprecipitation 
HEK293 cells cultured in 6-cm dishes were transfected using Fugene 6 transfection reagent 
(Roche Inc.). For experiments in which Epac was immunoprecipitated, cells were lysed in a 
buffer containing 50 mM Tris, pH 7.5, 200 mM NaCl, 20 mM MgCl2, 1% NP-40, 10% glycerol, 
and protease and phosphatase inhibitors. For the reverse experiments, in which ERM proteins 
were immunoprecipitated, a buffer containing 1% Triton X-100, 0.5% deoxycholate, 50 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, pH 8.0, and protease and phosphatase inhibitors 
was used. Cell lysates were cleared by centrifugation, and lysates were incubated with protein 
A-agarose beads (Pharmacia) coupled to the appropriate antibody. After extensive washing 
with lysis buffer, bound proteins were eluted in Laemmli buffer and analyzed by SDS-PAGE.

For immunoprecipitation of endogenous Epac1 from ACHN cells, a lysis buffer containing 
20 mM Tris-HCl, pH 8.0, 1% Triton X-100, 0.5% deoxycholate, 10 mM EDTA, 150 mM NaCl, 
and protease inhibitors and phosphatase inhibitors was used. Immunoprecipitation with the 
monoclonal Epac1 antibody 5D3 was performed in the presence of 1 mM 8-bromo-cAMP.

Confocal microscopy
Cells were seeded in 6-well plates on 25-mm glass coverslips and transiently transfected 
using Fugene 6 transfection reagent (Roche Inc.). Coverslips were subsequently mounted 
in a culture chamber in bicarbonate-buffered saline (containing 140 mM NaCl, 5 mM KCl, 
1 mM MgCl2, 1 mM CaCl2, 10 mM glucose, 23 mM NaHCO3, and 10 mM HEPES; pH 7.2), 
kept under 5% CO2 at 37°C, and imaged using an inverted TCS-SP5 confocal microscope 
equipped with a 63x immersion oil lens (numerical aperture [NA], 1.4) (Leica, Mannheim, 
Germany). Imaging conditions were as follows: GFP, excitation at 488 nm, emission at 510 
to 560 nm; YFP, excitation at 514 nm, emission at 522 to 570 nm; TdTom, excitation at 551 
nm, emission at 560 to 600 nm. For detection of Epac1-YFP together with endogenous 
Radixin, cells were grown on 12-mm glass coverslips, stimulated for 10 min with 50 μM TRP, 
and subsequently fixed with 3.8% formaldehyde, permeabilized using 0.1% Triton X-100, and 
blocked in 2% bovine serum albumin (BSA). Cells were incubated with the Radixin antibody 
and subsequently with an Alexa-conjugated secondary antibody (Invitrogen). Mounted 
slides were examined using an inverted TCSSP5 confocal microscope equipped with a 63x 
immersion oil lens (NA, 1.4) (Leica, Mannheim, Germany). 

Postacquisition image adjustments for brightness and contrast enhancement were 
performed using ImageJ software (NIH).

Dynamic monitoring of TdTom/YFP FRET
Cells on coverslips were placed on an inverted Nikon microscope equipped with a 63x lens 
(NA, 1.30) and excited at 490 nm. Emission of YFP and TdTom was detected simultaneously 
by two photon multiplier tubes (PMT) through 555 ± 20-nm and 610 ± 25-nm bandpass 
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filters, respectively. Data were digitized by Picolog acquisition software (Picotech), and FRET 
was expressed as the normalized ratio of TdTom to YFP signals. Changes are expressed as 
percent deviations from this initial value. 

Adhesion assay
The adhesion of Jurkat T cells to fibronectin was measured as described previously 14. In brief, 
96-well Nunc Maxisorp plates were coated with 5 μg/ml fibronectin and blocked with 1% 
bovine serum albumin. Jurkat cells (1.2 x 107) were transiently transfected by electroporation 
(950 μF, 250 V) using the Gene Pulser II (Bio-Rad) with a cytomegalovirus (CMV)-luciferase 
plasmid, together with a YFP-Epac1 plasmid and/or V5-Radixin ABD, supplemented with 
pcDNA3 empty vector (EV) to a total of 40 μg plasmid DNA. Cells were harvested 2 days 
after transfection and resuspended in buffer containing 20 mM Tris-HCl, pH 8.0, 150 mM 
NaCl, 1 mM CaCl2, 2 mM MgCl2, and 0.5% BSA. Cells (2.5 x 104 for each well) were allowed 
to adhere in the absence or presence of 100 μM 007 for 45 min, and nonadherent cells were 
removed by washing with buffer. Adherent cells were lysed and subjected to a luciferase 
assay as described previously 43.

The adhesion of Ovcar3 cells was measured as described previously 38. In brief, 48-well 
polystyrene cell culture dishes were precoated with 5 μg/ml fibronectin and subsequently 
blocked with 1% bovine serum albumin. Sixty hours following transfection with either Ezrin 
(LQ-O17370-00-0005), Radixin (LQO11762-00-0005), and Moesin (L-O11732-00-0005) 
or control Dharmacon ONTARGETplus small interfering RNAs (siRNAs) using HiPerfect 
transfection reagent (Qiagen) according to manufacturer’s protocol, cells were trypsinized, 
washed once in RPMI medium containing 10% fetal calf serum (FCS), and allowed to recover 
surface proteins for 1.5 h in suspension in RPMI medium containing 0.5% FCS, glutamine, 
and 10 mM HEPES, pH 7.4, at 37°C with gentle rolling. Subsequently, 6.0 x 105 cells were 
plated per well in the absence or presence of 100 μM 007. Adhesion was allowed to proceed 
for 45 min at 37°C, and unbound cells were discarded by washing with phosphate-buffered 
saline (PBS). Adhered cells were lysed in buffer containing 0.4% Triton X-100, 50 mM sodium 
citrate, and 10 mg/ml phosphatase substrate (Sigma-Aldrich). The reaction mixture was 
incubated at 37°C, and the total amount of cellular protein was determined by measuring 
absorption at 405 nm.

In vivo Rap activation assay 
Rap activity was assayed as described previously 62. Briefly, transfected Jurkat T cells were 
stimulated for 10 min with 100 μM 007 and subsequently lysed in buffer containing 1% 
NP-40, 150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 10% glycerol, 2 mM MgCl2, and protease 
and phosphatase inhibitors. Lysates were cleared by centrifugation, and active Rap was 
precipitated with a glutathione S-transferase (GST) fusion protein of the Ras-binding domain 
of RalGDS precoupled to glutathione-Sepharose beads. Bound proteins were eluted in 
Laemmli buffer and analyzed by SDS-PAGE.
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Results

The N-terminal 49 amino acids of Epac1 contribute to Epac1-mediated cell 
adhesion 
We have previously shown that the DEP domain-mediated PM translocation of Epac1 
contributes to Epac1-regulated adhesion of cells to the ECM 51. In Jurkat T cells, which do not 
express Epac1 endogenously and are therefore suitable for the comparison of different Epac1 
mutants, activation of exogenous Epac1 with the Epac-selective cAMP analog 8-pCPT-2’-O-Me-
cAMP (007) increases adhesion of cells to fibronectin (Figure 1B). This induction of adhesion is 
significantly impaired when a DEP domain mutant of Epac1 (Epac1∆DEP) is transfected instead 
of wild-type Epac1, indicating that Epac1-mediated cell adhesion requires activation of Rap1 
at the PM 51 (Figure 1B). Interestingly, deletion of the complete N terminus of Epac1, including 
both the DEP domain and the 49 amino acids N-terminal to the DEP domain (Epac1∆1-148), 

completely abrogated 
Epac1-induced adhesion 
to fibronectin (Figure 1B). 
This suggests that Epac1 
contains an additional 
sequence outside its DEP 
domain that contributes 
to its correct localization 
to control cell adhesion. 
Indeed, Epac1 lacking 
its N-terminal 49 amino 
acids, which we refer to as 
N49 (Epac1∆1-49) (Figure 
1A), displays a partial 
reduction in 007-induced 
cell adhesion (Figure 
1B). Pulldown of Rap1-
GTP from these cells 
showed that 007-induced 
activation of Epac1∆DEP 
as well as Epac1∆1-49 
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Figure 1. The N-terminal 49 amino acids of Epac1 contribute to Epac1-mediated cell adhesion.
A. Domain architecture of Epac1. Epac1 contains a CDC25-homology domain (CDC25-HD) that mediates GEF activity, a Ras 
Exchange Motif (REM) that stabilizes the CDC25-HD, a cyclic nucleotide binding (CNB) domain, a DEP (Dishevelled, Egl-10, and 
Pleckstrin) domain and a Ras Association (RA) domain. B. Adhesion of Jurkat T-cells transfected with empty vector (EV), wildtype 
Epac1, or different Epac1 mutants together with a luciferase reporter. Transfected cells were allowed to adhere to a fibronectin-
coated surface for 45 minutes and adhesion was subsequently detected by measurement of luciferase activity. The induction of 
adhesion by activation of Epac1 with 007 (100 μM, black bars) is partially impaired with the Epac1 mutants lacking the DEP 
domain (Epac1ΔDEP) or N49 (Epac1Δ1-49), whereas adhesion is completely abrogated when both the DEP domain and N49 
are deleted (Epac1Δ1-148). Shown are average data with standard deviation from three individual experiments, with adhesion 
normalized to 100% for 007-activated wildtype Epac1. Statistical analysis was performed using a one-tailed Student’s t-Test. The 
western blot labeled with the Epac1 antibody (5D3) shows expression levels of the transfected Epac1 constructs. C. Jurkat T-cells 
were transfected with similar amounts of either wildtype Epac1, Epac1ΔDEP, Epac1Δ1-49 or Epac1Δ1-148, and GTP-bound Rap1 
was pulled down from lysates of cells after stimulation with 007 (100 μM, 10 min). 
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results in reduced activation of Rap1 compared to activation by wild-type Epac1 (Figure 
1C). Moreover, Epac1∆1-148 was completely unable to induce activation of Rap1 in these 
cells, in accordance with its incapability to induce cell adhesion (Figure 1C). Importantly, 
purified Epac1∆1-148 mediates GDP dissociation from Rap1 in vitro as well as full-length 
Epac1 does 31, implying that the decrease in Rap1 activation in Jurkat T cells is caused by the 
incorrect targeting of these mutants. Taken together, these results indicate that, besides its 
DEP domain (residues 50 to 148), Epac1 has an additional targeting sequence within its N 
terminus (residues 1 to 49), which is required for efficient Rap activation and the induction 
of cell adhesion.

N49 interacts with proteins of the ERM family
To identify binding partners for the N terminus of Epac1, a yeast two-hybrid screen was 
performed using a human placenta cDNA library and full-length Epac1 as bait. Positive clones 
containing partial cDNAs encoding the membrane-associated proteins Ezrin and Radixin 
were isolated. Together with Moesin, these proteins belong to the Ezrin-Radixin-Moesin 
(ERM) family and function as adaptor proteins that link the actin cytoskeleton to the PM 18, 42, 

47. To confirm the interaction between Epac1 and ERM proteins in mammalian cells, HEK293 
cells were transfected with HA-Epac1 and Flag-tagged variants of Ezrin, Radixin, or Moesin. 
Indeed, all ERM proteins were able to coimmunoprecipitate with Epac1 (Figure 2A). As the 
ERM proteins share high sequence similarity, we have arbitrarily chosen to generally use 
Radixin as a representative family member to further explore the interaction with Epac.

To examine whether Radixin is indeed a binding partner for the N terminus of Epac1, 
the interaction of Radixin with Epac1 mutants lacking either N49 or the DEP domain was 
tested. This revealed that the presence of N49 within Epac1 is essential for its binding to 
Radixin, whereas the DEP domain is dispensable (Figure 2B). Although Epac1 and Epac2 
are similar in domain architecture, the amino acids within N49 of Epac1 are not conserved 
between the two proteins. As expected, Flag-Radixin was not able to coimmunoprecipitate 
with Epac2 (Figure 2C), demonstrating that the interaction with ERM proteins is specific for 
the N terminus of Epac1.
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Figure 2. Epac1 directly interacts with ERM proteins. 
A. HA-Epac1 co-immunoprecipitation with Flag-Ezrin, Flag-Radixin and Flag-Moesin in HEK293 cells. B. Co-immunoprecipitation 
of Flag-Radixin with YFP-tagged wildtype-Epac1, Epac1Δ1-49 and Epac1ΔDEP in HEK293 cells. The 49 N-terminal amino acids of 
Epac1 are required for the interaction with Radixin. C. Co-immunoprecipitation of Flag-Radixin with HA-tagged versions of Epac1 
or Epac2 in HEK293 cells. In contrast to HA-Epac1, HA-Epac2 is unable to co-immunoprecipitate Flag-Radixin.
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Figure 3. ERM proteins require the open conformation to bind Epac1.
A. Domain architecture of Radixin. The FERM (4.1 protein, Ezrin, Radixin, Moesin) domain and actin binding domain (ABD) form 
an intramolecular interaction and are linked by an α-helical region. Phosphorylation of T564 is required for the open conformation 
of Radixin, I577 and I580 are part of the hydrophobic interaction surface between the ABD and the FERM domain. B. Co-
immunoprecipitation of HA-Epac1 with Flag-tagged wildtype Radixin and Radixin lacking the ABD (Flag-RadixinΔABD, residues 
1-492) in HEK293 cells. The separate N-terminus of Radixin shows enhanced binding to Epac1 compared to full-length Radixin, 
implying that the presence of the C-terminal ABD suppresses binding of Radixin to Epac1. C. Co-immunoprecipitation of HA-Epac1 
with wildtype Flag-Radixin and the constitutively open mutants Flag-Radixin(T564D) and Flag-Radixin(I577D,F580D) in HEK293 
cells. The amount of co-immunoprecipitated HA-Epac1 is significantly increased with these Radixin mutants. D. Live-imaging of YFP-
tagged wildtype Radixin and the constitutively open mutant Radixin(T564D) in HEK293 cells, showing that upon conformational 
opening Radixin is redistributed to the PM.  E. Live-imaging of Epac1 in HEK293 cells. From left to right: Epac1-YFP expressed alone; 
Epac1-YFP co-expressed with Radixin(T564D); Epac1Δ1-49-YFP co-expressed with Radixin(T564D); GFP-N49-Epac1 co-expressed 
with Radixin(T564D); Epac1ΔDEP-YFP co-expressed with Radixin(T564D); Epac1(R279L)-YFP co-expressed with Radixin(T564D).
F. 007-AM (1 μM) treatment of HEK293 cells transfected with the FRET sensor CFP-Epac1ΔDEP -YFP. The sensor reports 
the cAMP-induced conformational change as a loss of intramolecular FRET; deletion of the DEP domain precludes changes in 
intermolecular FRET due to cAMP-dependent relocalization 51. When this Epac1 FRET construct is recruited to the PM by co-
expressed Radixin(T564D), its conformational opening upon 007-AM remains unaffected. Scale bars in all images: 10 μm
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Epac1 is targeted to the plasma membrane by activated ERM proteins
In resting ERM proteins, binding to the PM and actin cytoskeleton is prevented by an 
intramolecular interaction between the N-terminal FERM domain and C-terminal actin 
binding domain (ABD) (Figure 3A). This autoinhibition can be relieved by PIP2 binding and 
threonine phosphorylation within the ABD (T564 within Radixin) 8. Coimmunoprecipitation 
experiments using a truncated mutant of Radixin lacking the ABD (Radixin∆ABD, amino 
acids 1 to 492) showed that Epac1 binding is mediated by the N-terminal part of Radixin 
(Figure 3B). Moreover, the interaction of Epac1 with this truncated mutant is greatly increased 
compared to that with wild-type Radixin, suggesting that the presence of the ABD suppresses 
Epac1 binding. To test whether Epac1 indeed has increased affinity for ERM proteins in the 
open conformation, the binding of Epac1 to two constitutively open Radixin mutants was 
examined. First, Radixin containing a phospho-mimicking mutation at the above-mentioned 
phosphorylation site [Radixin(T654D)] was tested. Second, a novel Radixin mutant, in which 
residues within the ABD that form a hydrophobic interaction surface with the FERM domain 
were replaced by negatively charged aspartic acid residues [Radixin(I577D, F580D)] was 
designed based on the crystal structure of Moesin 49. Indeed, both mutations result in a loss 
of interaction between the N- and C-terminal halves of Radixin (data not shown) and thus 
enforce the constitutively open conformation of the protein. Both of these Radixin mutants 
showed a dramatic increase in interaction with Epac1 compared to wild-type Radixin (Figure 
3C), indicating that Epac1 preferably interacts with ERM proteins that are in their open 
conformation. 

When in their closed conformation, ERM proteins reside in the cytosol, whereas 
activated ERM proteins are targeted to the PM 19 (Figure 3D). To test whether activated 
ERM proteins function as anchors for Epac1 at the PM, we cotransfected YFP-tagged Epac1 
with the constitutively open and thus PM-localized Radixin mutant Flag-Radixin(T564D). 
Whereas Epac1-YFP, when expressed alone, localized mainly to the cytosol and the nuclear 
envelope (Figure 3E), it showed complete accumulation at the PM when Radixin(T564D) 
was coexpressed (Figure 3E). This was not observed with Epac1∆1-49-YFP, while the isolated 
N terminus of Epac1 (GFP-N49-Epac1) was sufficient for PM targeting by Radixin(T564D) 
(Figure 3E). This indicates that this PM accumulation of Epac1 is indeed mediated by the 
interaction with ERM proteins. As expected, this relocalization of Epac1 was independent 
of the presence of its DEP domain (Figure 3E). Furthermore, Radixin(T564D) expression 
similarly induced PM accumulation of Epac1(R279L)-YFP (Figure 3E), which is mutated in its 
cAMP binding domain and thereby locked in the autoinhibited conformation 51. These data 
indicate that recruitment by ERM proteins is independent of the conformational state of 
Epac1 and instead is regulated by activation of the ERM proteins. Although Epac1 interacts 
with ERM proteins independently of its conformational state, likely it still requires cAMP 
binding to acquire its open, active conformation. To test this, we employed fluorescence 
resonance energy transfer (FRET) to monitor the conformational state of Epac1 52 during 
007-AM stimulation in cells overexpressing Radixin(T564D). To avoid potential changes in 
FRET because of the previously described cAMP-induced redistribution of Epac1 51, an Epac1 
FRET probe lacking the DEP domain was used (CFP-Epac1∆DEP-YFP). In cells showing 
complete accumulation of the probe at the PM (Figure 3F, top), 007-AM could induce strong 
loss of FRET (Figure 3F, bottom). This indicates that cAMP binding is still required for ERM-
targeted Epac1 to acquire its active, open conformation.
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GPCR signaling-induced ERM activation results in a clustered localization of 
Epac1 at the PM
We next investigated the recruitment of Epac1 to ERM proteins when their conformational 
opening is evoked by physiological stimuli. In HEK293 cells, activated thrombin receptors 
induce threonine phosphorylation and thereby the opening of ERM proteins 45 (Figure 4A). 
Indeed, coimmunoprecipitation experiments demonstrated that the interaction between 
Epac1 and wild-type Radixin is enhanced upon thrombin stimulation (Figure 4A; quantification 
in Figure 4B). This could also be visualized in living cells by detecting FRET between YFP-
Radixin and Epac1 tagged with the red fluorescent protein TdTom (Epac1-TdTom). Addition 
of thrombin receptor-activating peptide (TRP) induced an increase in FRET ratio (Figure 
4C), reflecting the interaction between Epac1 and Radixin. This experiment also revealed the 
rapid kinetics of this interaction, as maximal FRET levels were usually reached within ~30 s. 
Importantly, TRP stimulation did not result in an increased FRET ratio between YFP-Radixin 
and Epac1-∆1-49-TdTom (Figure 4C). Taken together, these findings show that the binding 
of Epac1 to Radixin is not restricted to heterologously expressed mutant proteins but also 
follows receptor-induced unfolding of wild-type Radixin.

Next, we tested whether GPCR-mediated ERM activation is able to induce the 
interaction between endogenous Epac1 and ERM proteins. For this, we used ACHN human 
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Figure 4. GPCR-mediated activation of ERM proteins induces binding of Epac1 
A. Co-immunoprecipitation of HA-Epac1 with Flag-Radixin in HEK293 cells stimulated with thrombin (0.2 U/ml, 2 min). Thrombin 
stimulation results in increased phosphorylation of the ERM proteins (Ezrin T567, Radixin T564 and Moesin T558, right panel) 
and the enhanced interaction of HA-Epac1 with Flag-Radixin. B. Quantification of the relative binding of Epac1 to Radixin from 
three independent experiments as performed in Figure 4A. Statistical analysis was performed using a one-tailed Student’s t-Test. 
C. Measurement of FRET between YFP-Radixin and Epac1-TdTom or Epac1Δ1-49-TdTom in HEK293 during stimulation with 
Thrombin Receptor-activating Peptide (TRP, 50 μM). FRET between YFP-Radixin and Epac1-TdTom, expressed as ratio of TdTom/
YFP fluorescence, increases upon TRP addition, confirming that binding to Epac1 is increased when Radixin is driven in the open 
conformation. Trace is representative for three independent measurements. Average ratio increase ΔTdTom/YFP was 6.0 ± 1.1 %, 
average ± st. dev. D. Co-immunoprecipitation of endogenous Ezrin with endogenous Epac1 in ACHN cells with or without pre-
stimulation with sphingosine 1-phosphate (S1P, 1μM) to induce the conformational opening of Ezrin. 
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kidney carcinoma cells, which express relatively high levels of Epac1 and Ezrin and, in addition, 
express the receptor for sphingosine 1-phosphate (S1P), which upon activation induces the 
open conformation of Ezrin 5, 19. In unstimulated cells, a minor fraction of Ezrin coprecipitated 
with Epac1, which indicates that under basal conditions a portion of Ezrin is in the open 
conformation in these cells (Figure 4D). Upon stimulation with S1P, an increased interaction 
between both endogenous proteins was observed, confirming that GPCR-induced ERM 
activation results in the increased binding of Epac1 (Figure 4D).
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Figure 5. GPCR-mediated activation of ERM proteins induces recruitment of Epac1 to a clustered localization at 
the PM
A. Live-imaging of Epac1-YFP before and after 50 μM Thrombin Receptor-activating Peptide (TRP) stimulation to induce 
phosphorylation and conformational opening of ERM proteins in HEK293 cells. In response to TRP, Epac1-YFP is targeted to 
a clustered localization at the PM. Quantitative analysis reveals the rapid kinetics of TRP-induced recruitment of Epac1 in this 
experiment. Shown are fluorescence intensities at (the right flank of) the plasma membrane (PM, red) and in the cytosol (blue) as 
well as the PM/cytosol ratio (green). B. Live-imaging of Epac1Δ1-49-YFP before and after 50 μM TRP in HEK293 cells. Epac1Δ1-49-
YFP is not targeted to the PM in response to TRP. C. Live-imaging of YFP-Radixin and Epac1-TdTom after 50 μM TRP stimulation to 
induce phosphorylation and conformational opening of Radixin in HEK293 cells. In response to TRP, both constructs are similarly 
targeted to a clustered localization at the PM. D. Subcellular localization of Epac1-YFP and endogenous Radixin after 50 μM TRP 
stimulation in HEK293 cells. E. Live-imaging of HEK293 cells that were transfected with CFP-N49 and Epac1Δ1-49-YFP and 
stimulated with TRP (50 μM) and 007-AM (1 μM). Both constructs accumulate at the PM, but show different subcellular distributions. 
F. Live-imaging of Epac1-YFP in HEK293 cells, showing the inhibition of plasma membrane recruitment by TRP (50 μM) by pre-
incubation with the exo-enzyme C3, an inhibitor of RhoA (16hr, 30 μg/ml). G. Live-imaging of Epac1-YFP in HEK293 cells, showing 
the recruitment of Epac1 to the plasma membrane by co-expression of the catalytic domain of p190-RhoGEF. The clustered 
localization of Epac1 remains upon activation of Epac1 by stimulation with 007-AM (1 μM). 
Scale bars in all images: 10 μm
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The PM recruitment of Epac1 by ERM proteins activated by GPCR signaling was 
examined by live imaging of Epac1-YFP during thrombin receptor stimulation in HEK293 cells. 
This revealed the PM accumulation of Epac1-YFP upon activation of the thrombin receptor 
(Figure 5A), which was dependent on the presence of N49 (Figure 5B). Interestingly, after 
thrombin-induced ERM binding, Epac1 does not localize uniformly at the PM but shows a 
clustered localization within this compartment (Figure 5A). Cotransfection of Epac1-TdTom 
with YFP-Radixin (Figure 5C) or co-staining of Epac1-YFP with endogenous Radixin (Figure 
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Figure 6. ERM-binding is required for efficient Epac1-mediated cell adhesion.
A. Co-immunoprecipitation of HA-Epac1 with Flag-Radixin in the presence of the V5-tagged C-terminal ABD of Radixin in HEK293 
cells. Overexpression of V5-ABD decreases the interaction of HA-Epac1 with Flag-Radixin. B. Live-imaging of YFP-Epac1 in HEK293 
cells co-expressed with CFP-Radixin-ABD. In the presence of CFP-Radixin ABD, plasma membrane recruitment by TRP (50 μM) 
is inhibited, whereas the subsequent 007-AM (1 μM)-induced translocation of Epac1 has remained unaffected. C. Adhesion of 
Jurkat T-cells that stably express Epac1, transiently transfected with either empty vector (EV) or the ABD of Radixin to compete 
for binding of Epac1 to endogenous ERM proteins. Transfected cells were allowed to adhere to a fibronectin-coated surface for 45 
minutes and adhesion was subsequently detected by measure of activity of co-transfected luciferase. Adhesion induced by activation 
of Epac1 with 007 (100 μM, black bars) is decreased by overexpression of the ABD of Radixin. Shown are average data with standard 
deviation from three individual experiments, with 007-induced adhesion in EV-transfected cells normalized to 100%. Statistical 
analysis was performed using a one-tailed Student’s t-Test. The western blot labeled with the V5 and Epac1 (5D3) antibody shows 
the expression of Epac1 and the transfected V5-Radixin ABD construct. D. Adhesion of Jurkat T-cells transiently transfected with 
YFP-Δ1-49-Epac1 and either empty vector (EV) or the ABD of Radixin. Adhesion of transfected cells was measured similar to Figure 
5C, showing that Radixin ABD does not reduce adhesion induced by YFP-Δ1-49-Epac1. Shown are average data with standard 
deviation from three individual experiments, with 007-induced adhesion in EV-transfected cells normalized to 100%. Statistical 
analysis was performed using a one-tailed Student’s t-Test. The western blot labeled with the V5 and Epac1 (5D3) antibody shows 
the expression of YFP-Δ1-49-Epac1 and the V5-Radixin ABD construct. E. Adhesion of Ovcar3 cells transfected with either control 
or Ezrin, Radixin and Moesin SMARTpools siRNAs. 60 hrs upon siRNA-transfection, cells were allowed to adhere to a fibronectin-
coated surface for 45 minutes in the absence or presence of 100 μM 007, and adhesion was subsequently detected by measure of 
endogenous phosphatase activity. Shown are average data with standard deviation from two individual experiments, normalized to 
adhesion of control siRNA-transfected cells. Statistical analysis was performed using a one-tailed Student’s t-Test. The western blot 
shows the expression of endogenous Ezrin, Radixin, Moesin, and tubulin as loading control. 
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5D) showed that activated ERM proteins display a similar clustered localization at the PM in 
these cells. Thus, the distribution pattern of Epac1 induced by GPCR-induced activation of ERM 
proteins differs notably from those described for the cAMP-induced translocation of Epac1 
51, which distributes Epac1 uniformly along the PM 51. To demonstrate the distinct localization 
patterns at the PM more directly, we cotransfected HEK293 cells with CFP-Epac1-N49 
and YFP-Epac1∆1-49 and stimulated these cells with TRP and 007-AM to simultaneously 
trigger both mechanisms of Epac1 recruitment to the PM. Indeed, whereas YFP-Epac1∆1-49 
translocated to the PM uniformly, CFP-Epac1-N49 was targeted asymmetrically along this 
compartment (Figure 5E). This demonstrates the clustered localization of Epac1 at the PM in 
response to receptor-induced activation of ERM proteins. 

Interestingly, the recruitment of Epac1 by activated ERM proteins downstream of the 
thrombin receptor can be blocked by the RhoA inhibitor C3 toxin (Figure 5F) and mimicked 
by overexpression of the catalytic region of p190-RhoGEF (Figure 5G). This implies that 
activation of ERM proteins downstream of the thrombin receptor depends on signaling via 
the small G protein RhoA, and thereby ERM proteins further connect the signaling pathways 
by the small G proteins Rho and Rap. Importantly, the clustered distribution of Epac1 
observed in RhoGEF-overexpressing HEK293 cells remains unaltered upon stimulation with 
007-AM. This indicates that cAMP-induced translocation is not dominant and Epac1 remains 
bound to ERM proteins when it is activated by cAMP.

ERM binding is required for efficient Epac1-mediated cell adhesion
The observations that efficient cell adhesion by Epac1 requires N49 (Figure 1B) and that this 
region mediates PM recruitment by activated ERM proteins (Figure 3 and 5) suggest that ERM 
proteins function in Epac1-mediated cell adhesion. Therefore, we blocked the interaction of 
Epac1 with ERM proteins by overexpression of the isolated ABD of Radixin. This domain is 
expected to bind the N termini of all three ERM proteins 49, which would disrupt binding of 
Epac1. Indeed, coexpression of the ABD in HEK293 cells resulted in a decrease in binding 
between Epac1 and full-length Radixin (Figure 6A). This confirms that the binding site for 
Epac1 is shielded in the closed conformation of the ERM protein. Accordingly, the TRP-
induced recruitment of Epac1 to ERM proteins at the PM was abolished by overexpression 
of the Radixin ABD, whereas its subsequent 007-AM-induced PM translocation was 
unaffected (Figure 6B). Next, we tested the requirement of the Epac1-ERM interaction for 
Epac1-mediated adhesion in Jurkat T cells. Importantly, these cells contain significant levels 
of activated ERM proteins under basal conditions 22. Jurkat T cells that stably express Epac1 
68 were transfected with either empty vector (EV) or the Radixin ABD, and adhesion of cells 
was detected by measurement of cotransfected luciferase. This showed that adhesion of EV-
transfected cells to fibronectin was greatly enhanced by activation of Epac1 by 007 and that 
this enhancement was significantly decreased when the Radixin ABD was transfected (Figure 
6C). To confirm that this inhibition by the Radixin ABD is a consequence of disruption of 
the Epac1-ERM interaction, we examined its effect on adhesion induced by Epac1∆1-49. 
This mutant cannot be targeted to the PM by ERM proteins (Figure 3E and 5B) but is still 
partially able to induce cell adhesion because of its DEP domain-mediated PM anchoring 
(Figure 1B) 51. Indeed, 007-induced adhesion of YFP-Epac1∆1-49-expressing cells was not 
altered by overexpression of V5-Radixin ABD (Figure 6D). Finally, we confirmed the role 
of ERM proteins in Epac1-mediated cell adhesion by siRNA-mediated depletion of ERM 
proteins in Ovcar3 cells. 007-mediated activation of endogenous Epac1 increased adhesion 
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to fibronectin of Ovcar3 cells transfected with control siRNA (Figure 6E). This induction 
of adhesion was significantly inhibited when ERM protein levels were depleted (Figure 6E). 
Together, these data confirm that the interaction with ERM proteins is required for efficient 
Epac1-mediated cell-ECM adhesion.

Discussion

Guanine nucleotide exchange factors are usually multidomain proteins that function in 
the temporal and spatial control of G protein signaling networks 7. We have previously 
shown that Epac1, a GEF for Rap proteins, is regulated both in time and in space by cAMP. 
cAMP is required for the release of autoinhibition of Epac1 15 and in addition induces its 
translocation to the PM 51. This translocation is mediated by the DEP domain in Epac1 in its 
active conformation and is required for efficient Epac1-mediated adhesion of cells to the 
ECM 51. Here, we report on an additional signaling event that regulates the PM recruitment 
of Epac1. We observed that for efficient Epac1-mediated adhesion of cells to fibronectin the 
N-terminal 49 amino acids of Epac1 are required. This region was found to interact with the 
ERM proteins Ezrin, Radixin, and Moesin. More-detailed analysis of this interaction revealed 
that Epac1 specifically interacts with the ERM proteins in their active, open conformation. 
Indeed, stimuli that induce the activation of ERM proteins, like sphingosine-1-phosphate 
and thrombin, increase the interaction between Epac1 and ERM proteins and induce the 
recruitment of Epac1 to distinct sites of the PM. Finally, disruption of the interaction of 
Epac1 with ERM proteins inhibited Epac1-mediated cell-ECM adhesion. From these results 
we conclude that Epac1 has at least two independent mechanisms for recruitment to the 
cell periphery for efficient adhesion. 

In the regulation of Rap activation and integrin-mediated cell adhesion by Epac1, ERM 
proteins cooperate with the DEP domain-mediated translocation of Epac1. Deletion of the 
DEP domain results in a partial decrease in cAMP-induced Rap activation and cell adhesion 
by Epac1 (Figure 1B and C), as Epac1∆DEP has lost part of its PM targeting mechanism. 
The residual cell adhesion induced by this Epac1 mutant depends on binding to active 
ERM proteins, and, when activated by cAMP, these ERM-bound Epac1 molecules represent 
an additional active pool of Epac1 at the PM. Similarly, deletion of N49 results in partial 
reduction of cAMP-induced cell adhesion by Epac1 (Figure 1B and C), as Epac1 loses its PM 
targeting by ERM proteins. Only when both targeting sequences are deleted are activation of 
Rap1 and, consequently, cell adhesion downstream of Epac1 completely disrupted (Figure 1B 
and C). This implies that these two regulatory mechanisms are not redundant to each other 
but rather are both required for efficient Epac1-induced cell adhesion. Importantly, purified 
Epac1∆1-148 mediates GDP dissociation from Rap1 in vitro as well as full-length Epac1 does 
31, indicating that the decreased Rap1 activation by Epac1∆1-49 and Epac1∆DEP results 
from their cellular mislocalization rather than from a direct effect on their catalytic activity. 
As both mechanisms recruit Epac1 to the PM, their cooperative effect may be explained 
by an increase in affinity of Epac1 for the PM by the two independent membrane anchors, 
and thereby more efficient signaling to PM-localized Rap. However, the difference in the 
distributions of Epac1 at the PM, with DEP-anchored Epac1 uniformly targeted and ERM-
bound Epac1 showing a clustered localization in HEK293 cells (Figure 5), suggests that ERM-
mediated targeting of Epac1 may be required for more specifically localized adhesion. In 
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addition, both anchoring mechanisms may allow distinct signaling downstream of Epac1 and 
Rap. In other cell systems, the distinct localization of ERM-bound Epac1 may serve different 
functions of the Epac1-Rap pathway. For instance, in kidney and intestinal epithelial cells, 
Epac1 has been implicated in the control of the sodium protein exchanger NHE3 25, 44, a 
protein that is physically linked to ERM proteins 11, 67.

Depletion of N49 of Epac1 and overexpression of the ABD of Radixin, which disrupt the 
interaction of Epac1 with ERM proteins, both result in reduced Epac1-induced cell adhesion 
(Figure 1 and 5). siRNA-mediated depletion of the individual ERM proteins did not have any 
significant effect on Epac1-mediated adhesion in different cell types tested (data not shown), 
whereas depletion of all three ERM family members in Ovcar3 cells also reduced Epac1-
mediated cell adhesion (Figure 6E). This may be explained by redundancy of the ERM family 
members in the spatial control of Epac1. All three ERM proteins are widely expressed in 
vertebrates, albeit with variable expression ratios among different tissues 26. The redundancy 
of ERM proteins is illustrated by knockout models for the individual ERM genes. Whereas 
loss of Drosophila Moesin, the only ERM protein expressed in this organism, results in severe 
defects in anterior-posterior polarity and leads to lethality 35, mice depleted of Moesin do 
not show any obvious abnormalities 36. Epac1 is able to interact with all three ERM proteins 
(Figure 2A), and although we have demonstrated the regulation of Epac1 recruitment using 
Radixin as the representative ERM protein, similar results were obtained with Ezrin (data 
not shown). Thus, ERM proteins appear to be redundant for PM recruitment of Epac1 and 
thereby for linking Epac1 activity to cell adhesion. 

As Epac1 recruitment and coupling to cell adhesion require ERM proteins in their open 
conformation, signaling pathways that lead to ERM activation will converge with Epac1-Rap 
signaling. Recruitment of Epac1 by activated ERM proteins downstream of the thrombin 
receptor is blocked by C3 toxin and mimicked by overexpression of the catalytic region of 
the RhoGEF p190 (Figure 5F and G), indicating that this depends on signaling via the small G 
protein RhoA. RhoA activity may lead to ERM activation either by direct phosphorylation of 
the threonine in the ABD by the Rho effector ROCK or by enhanced generation of PIP2 via 
phosphatidylinositol 4-phosphate 5-kinase 23, 24, 33, 40, 41, 66. Thereby, the Epac1-ERM interaction 
further connects the actions of Rho and Rap. Both small G proteins play central roles in 
actin remodelling and share involvement in processes such as cell adhesion and migration 
4, 6, 58. Cross talk between Rap and Rho at several levels has previously been reported. Rho 
can activate the atypical phospholipase C-ε (PLC-ε), which acts as a GEF for Rap1 27, 63, and 
conversely the Rho-GAPs ARAP3 and RA-RhoGAP have been identified as effectors of Rap1 
32, 65. However, the direct relevance of these interactions for either Rho or Rap1 function is 
currently largely elusive. Our current data show that Rho signaling confers spatial regulation 
to Epac1-mediated Rap activation. Similarly, signaling cascades activating alternative kinases 
for the ERM proteins, such as PKCα 46, PKCθ 50, NIK 2, and Mst4 61, may link to Epac1-
mediated signaling by controlling the cellular distribution of Epac1. Indeed, also the activation 
of Ezrin by Mst4, which can be triggered in LS174T-W4 cells by doxycycline-induced Stradα 
expression 61, results in the relocalization of Epac1 to ERM proteins at the apical membrane 
(data not shown). Whether all signals that activate ERM proteins lead to Epac1 translocation 
remains to be determined, but the GFP-tagged N-terminal 49 amino acids of Epac1 appear 
to be a useful tool to visualize the activation of ERM proteins in living cells. 

Spatial confinement of Epac1 by ERM proteins provides further support for the 
compartmentalization of Epac1 signaling. ERM proteins function as a direct anchor for Epac1, 
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as evidenced by their binding in a yeast two-hybrid model and the interaction of bacterially 
purified Ezrin with N-terminal peptides of Epac1 (K. Taskén and J. L. Bos, unpublished data). 
Together with alternative anchors, such as the mAKAP-PDE4D complex 16 and the light chain 
of MAP1 39, ERM proteins control specific functions of the GEF by recruitment to distinct 
subcellular locations. Interestingly, ERM proteins form a platform not only for Epac1 but also 
for PKA signaling as well 17. This suggests the coordinated regulation of both cAMP targets 
and may contribute to the interconnectivity between these cAMP-regulated pathways. A 
similar role has been described for mAKAP 16, and coordinated activation of PKA and Epac1 
within one single complex may represent a common feature of cAMP signaling.

ERM proteins are important regulators of the organization of the PM, which underlies 
their role in diverse cellular processes such as polarization, migration, and cell adhesion 12, 18, 

42, 47. In addition, ERM proteins serve as scaffolds to assemble large signaling complexes at the 
cortical membrane. Our results show that ERM proteins also recruit Epac1, a component 
of the Rap signaling network, and are required for efficient cAMP-induced, Epac1-mediated 
cell adhesion. This newly identified role of the ERM protein family further aids in the 
understanding of signaling by the ERM proteins and the diverse biological processes in which 
they function.
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Abstract

cAMP is a second messenger that relays a wide range of hormone responses. Here, we 
demonstrate that the nuclear pore component RanBP2 acts as a negative regulator of cAMP 
signaling through Epac1, a cAMP-regulated guanine nucleotide exchange factor for Rap. We 
show that Epac1 directly interacts with the zinc fingers of RanBP2, tethering Epac1 to the 
nuclear pore. RanBP2 binding inhibits the catalytic activity of Epac1 in vitro, by binding to 
its catalytic CDC25 homology domain. Accordingly, cellular depletion of RanBP2 releases 
Epac1 from the nuclear pore, and enhances cAMP-induced Rap activation and cell adhesion. 
Epac1 is released upon phosphorylation of the zinc fingers of RanBP2, demonstrating that 
the interaction is regulated. These results reveal a novel mechanism of Epac1 regulation, and 
elucidate an unexpected link between the nuclear pore complex and cAMP signaling.  
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Introduction

mall G proteins act as molecular switches that couple extracellular signals to diverse 
cellular responses by cycling between an inactive GDP-bound and active GTP-bound 
conformation. This activation cycle is regulated by guanine nucleotide exchange 

factors (GEFs), which induce dissociation of the bound nucleotide and its replacement by 
the more abundant GTP. The resulting conformational change allows the binding of effector 
proteins and induction of downstream signaling. Conversely, GTPase activating proteins 
(GAPs) stimulate GTP hydrolysis and thereby inactivation of the G protein. Together, GEFs 
and GAPs establish both temporal and spatial control of G protein signaling. They are 
typically multi-domain proteins, and signaling pathways that impinge on G proteins do so 
mainly by regulating the activity and localization of the associated GEFs and GAPs. This 
regulation includes the binding of second messengers, post-translational modifications, and 
their interaction with proteins and lipids 1. 

Epac1 and Epac2 are GEFs for small G proteins of the Rap family 2,3, and thereby 
function in cellular processes ranging from exocytosis to cell-cell junction formation and 
cell-extracellular matrix adhesion 4. The activity of Epac is directly regulated by the second 
messenger cAMP. cAMP is produced by hormone receptor-activated adenylate cyclases, and 
becomes compartmentalized due to its local degradation by phosphodiesterases 5. Similar 
to other GEFs for Ras-like small G proteins, activity of Epac is mediated by a CDC25-
homology domain (CDC25-HD), which is stabilized by a Ras Exchange Motif (REM) domain. 
In the auto-inhibited state, the catalytic site within the CDC25-HD is sterically covered by 
the N-terminal regulatory region, which harbors a DEP (Dishevelled, Egl-10, and Pleckstrin) 
domain and one or two cyclic nucleotide-binding domains in Epac1 and Epac2, respectively. 
As demonstrated by the crystal structures of both active and inactive Epac2, auto-inhibition 
is released by a conformational change induced by binding of cAMP 6,7. In addition, cAMP 
establishes spatial control of Epac1, as the cAMP-induced conformational change induces the 
translocation of Epac1 to the plasma membrane 8. This membrane recruitment is mediated 
by the DEP domain and is required for efficient Rap activation at the plasma membrane 
and consequently Rap-mediated cell adhesion 8. Alternative anchoring mechanisms further 
control the cellular distribution of Epac1, which may reflect the diverse functions assigned 
to this GEF. For instance, plasma membrane recruitment by activated Ezrin, Radixin, Moesin 
(ERM) proteins also couples Epac1 activity to cell adhesion 9, whereas nuclear Epac1 regulates 
the DNA damage-responsive kinase DNA-PK 10. 

RanBP2 (Nup358) is a cytosolic component of the nuclear pore complex (NPC) 
11,12. RanBP2 was originally described as a regulator of nucleocytoplasmic transport, based 
on its link with the small G protein Ran and the presence of docking motifs for nuclear 
transport receptors 13-19. The multi-domain structure of RanBP2 (Figure 1A) suggested a 
more pleiotropic function for this nucleoporin, and RanBP2 is now recognized as a regulator 
of various proteins that each associate with a selective domain of RanBP2. For instance, the 
cyclophilin homology domain is implicated in the interconversion of retinal opsins 20,21, the 
leucine-rich domain suppresses activity of mitochondrial Cox11 22, and the internal repeat 
domain binds Ubc9 and functions as E3 SUMO Ligase 23. By regulating the localization and 
function of these proteins, RanBP2 serves in a multitude of cellular processes that ranges 
from nuclear envelope assembly 24,25 to mitosis 24,26-28 and glucose metabolism 22. Here, we 
demonstrate a novel function for RanBP2 as a negative regulator of cAMP signaling, through 
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tethering of Epac1 to the nuclear pore and direct inhibition of its catalytic activity.
 

Materials and Methods

Reagents and antibodies
8-pCPT-2’-O-Me-cAMP (007, 100 μM) was from Biolog Life Sciences (Bremen, Germany), 
isoproterenol (5 μM) nocodazole (250 ng/ml), taxol (2 μM), thymidine (2.5mM) and noscapine 
(25 μM) from Sigma-Aldrich, okadaic acid (1 μM) from Enzo Life sciences, and λ-phosphatase 
(1 μM) from New England Biolabs. The following antibodies were used: mouse monoclonal 
GFP (Roche), Flag M2 (Sigma-Aldrich), rabbit polyclonal RanBP2 (Abcam), Rap1 (Santa-Cruz 
Biotechnology), monoclonal Epac1 antibody (Cell Signaling) has been described previously. 
The goat polyclonal RanBP2 antibody was a kind gift from Frauke Melchior and has previously 
been described 23. The rabbit polyclonal Epac1 antibody (2293) was generated in house 
by injection of purified ∆1-148-Epac1. ON-TARGETplus SMARTpools siRNAs targeting 
RanBP2 (L-004746), Epac1 (L-007676), and control siRNAs were obtained from Dharmacon. 

DNA constructs
Full length Epac1 (RapGEF3, Homo sapiens, GI: 3978530) and Epac2 (RapGEF4, Mus musculus, 
GI: 9790086), the separate regulatory (amino acid 1-328) and catalytic (amino acids 330-
881) region of Epac1, the individual REM (amino acid 330-486), RA (amino acid 487-593) 
and CDC25-homology domain (amino acid 598-867) of Epac1, and the zinc finger domain 
(amino acid 1341-1819) and individual zinc finger (zinc finger #2, amino acid 1407-1456) 
of RanBP2, were cloned C-terminally to either a Citrine YFP or Flag-His tag in a pcDNA3 
vector or an HA tag in a pMT2 vector, using the Gateway system (Invitrogen). cDNA for 
RanBP2 was a kind gift from Takeharu Nishimoto. The YFP-∆RA-Epac1 mutant has been 
described previously 8. In this mutant, the RA domain between the REM and CDC25-HD of 
Epac1 has been replaced by the homologous region of the RasGEF Sos (which lacks a RA 
domain) in order to maintain structural integrity of Epac1. 

Yeast two-hybrid screening
Human full length Epac1 cloned in a pB27 vector was screened with a randomly primed 
human placenta library by Hybrigenics S.A. (Paris, France), as previously described 29. 

Protein purification
Rap1 (amino acids 1-167), Epac1 (amino acids 149-882) and Epac2 (amino acids 280-993) 
proteins were purified as described 7,30. The zinc finger domain (amino acid 1341-1819) 
was cloned into a pGEX6P3 vector (Pharmacia, GE Healthcare) and expressed in the 
bacterial strain CK600K as described for Epac 30 but in medium supplemented with 100 
μM ZnSO4. The protein was essentially purified as described for Epac 30, but all buffers were 
supplemented with 10 μM ZnCl2 and instead of on column cleavage the protein was eluted 
with 20 mM glutathione, cleaved with PreScission Protease, dialyzed and reloaded to a GST-
column to remove the cleaved GST.

Cell culture and transfection
HEK293T (Human Embryonic Kidney) and U2OS (human osteosarcoma) cells were cultured 
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in DMEM, Ovcar3 (ovarian carcinoma) cells in RPMI medium. All media were supplemented 
with 10% Fetal Bovine Serum (FBS) and antibiotics. Cells were transfected with expression 
plasmids using Fugene transfection reagent (Roche Inc.) and with ON-TARGETplus 
SMARTpools siRNA using Hiperfect (Qiagen), according to manufacturers protocol.

Co-immunoprecipitations
Immunoprecipitations were performed in lysis buffer containing 1% Triton X-100, 20mM 
Tris-HCl pH 7.5, 150 mM NaCl, 5 mM MgCl2, and protease and phosphatase inhibitors. 
Cell lysates were cleared by centrifugation and incubated with protein A agarose beads 
(Pharmacia) coupled to the indicated antibody. After extensive washing with lysis buffer, 
bound proteins were eluted in Laemmli buffer and analyzed by SDS-PAGE and western 
blotting with the indicated antibodies. Where indicated, cells were treated for 1 hr with 1 μM 
okadaic acid prior to lysis. For co-immunoprecipitations in mitotic cells, cells were treated for 
24 hr with 2.5 mM thymidine, followed by extensive washing with PBS and 16 hr incubation 
with 250 ng/ml nocodazole, 2 μM taxol, or 25 μM noscapine. Mitotic cells were subsequently 
collected by mitotic shake-off. The in vitro interaction between bacterially purified Epac1 and 
GST-tagged RanBP2 zinc finger domain was performed in a buffer containing 100 mM NaCl, 
5 mM dithiothreitol, 2,5% glycerol and 0,005% Tween, using either protein A agarose beads 
coupled to the Epac1 antibody or glutathione-agarose beads. 

Confocal Microscopy
For visualization of YFP-Epac1 and RanBP2 in fixed cells, cells were grown on 12 mm glass 
cover slips (for experiments with HEK293T cells pre-coated with poly-L-lysine, (Sigma-
Aldrich), fixed 3.8% formaldehyde, permeabilized using 0.1% Triton X100 and blocked in 2% 
BSA. For visualization of endogenous Epac1 cells were fixed in ice-cold methanol followed 
by 3.8% formaldehyde. Cells were incubated with the indicated primary antibodies and 
subsequently with Alexa-conjugated secondary antibodies (Invitrogen). Mounted slides were 
examined using an Axioskop2 CLSM microscope (Zeiss) (63x magnification lenses, N.A. 1.4). 
For live-imaging of YFP-Epac1, transfected cells were grown in Willco wells (WillcoWells 
BV, Amsterdam, The Netherlands) and examined at 37°C in L-15 medium (Leibovitz, Sigma-
Aldrich) using an Axioskop2 CLSM microscope (Zeiss) (63x magnification lenses, N.A. 1.4). 
Post-acquisition image adjustments were performed using ImageJ software (NIH).

In vitro Rap activation assay
Loading of Rap with the fluorescent GDP analogue mantGDP (2’-/3’-O-(N’-Methylanthraniloyl)
guanosine-5’-O-diphosphate) and the general assay set-up was performed as described 30, 
but with 10 μM ZnCl2 in the reaction buffer. RanBP2 zinc finger was added to the reaction 
at concentrations as indicated in the figures.

In vivo Rap activation assay
Rap activity was assayed as described previously 31. Briefly, 60 hrs following siRNA 
transfection of Ovcar3 cells grown in 6-well plates, cells were stimulated for 5 min with 5 
μM isoproterenol and subsequently lysed in buffer containing 1% NP40, 150 mM NaCl, 50 
mM Tris-HCl pH 7.4, 10% glycerol, 2 mM MgCl2 and protease and phosphatase inhibitors. 
Lysates were cleared by centrifugation and active Rap was precipitated with a GST fusion 
protein of the Ras-binding domain of RalGDS precoupled to glutathione-sepharose beads. 
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Bound proteins were eluted in Laemmli buffer and analyzed by SDS-PAGE and western 
blotting with the indicated antibodies.

Adhesion assay
Adhesion of Ovcar3 cells was measured as described previously 32. In brief, 48-well 
polystyrene cell culture dishes were pre-coated with 5 μg/ml fibronectin and subsequently 
blocked with bovine serum albumin (Sigma-Aldrich). 60 hrs following siRNA transfection 
cells were trypsinized, washed once in RPMI containing 10% FBS, and allowed to recover 
surface proteins for 1.5 h in suspension in RPMI containing 0.5% FBS, glutamine and 10 mM 
Hepes, pH 7.4, at 37 °C with gentle rolling. Subsequently, 6.0 x 105 cells were plated per well 
in the presence of 5 μM isoproterenol where indicated. Adhesion was allowed to proceed 
for 45 minutes at 37 °C, and unbound cells were discarded by washing with PBS. Adhered 
cells were lysed in buffer containing 0.4% Triton X-100, 50 mM sodium citrate, and 10 mg/ml 
phosphatase substrate (Sigma-Aldrich). The reaction was incubated at 37 °C, and the total 
amount of cellular protein was determined by measuring the absorption at 405 nm.
 

Results

Epac1 directly interacts with the zinc finger domain of RanBP2
In order to identify novel Epac1-interacting proteins, a yeast two-hybrid screen was 
performed using a human placenta cDNA library and full length Epac1 as bait. Multiple 
positive clones were isolated containing partial cDNAs that encode for the nuclear pore 
component RanBP2. All isolated cDNAs of RanBP2 contained a fragment of its zinc finger 
(ZNF) domain that consists of 8 individual zinc fingers, implying that binding to Epac1 is 
mediated by the zinc fingers of RanBP2 (Figure 1A). To confirm the interaction of Epac1 with 
RanBP2 in mammalian cells, HA-tagged Epac1 was immunoprecipated from HEK293T cells, 
which showed the co-immunoprecipitation of endogenous RanBP2 (Figure 1B). Also in other 
mammalian cell lines, including U2OS cells, we could confirm the interaction of RanBP2 with 
exogenous Epac1 (data not shown). Similarly, immunoprecipitation of endogenous Epac1 
from Ovcar3 cells revealed the binding of RanBP2, demonstrating that RanBP2 and Epac1 
interact in cells endogenously (Figure 1C). In contrast, HA-tagged Epac2 was unable to co-
immunoprecipitate RanBP2 from HEK293T cells, indicating that the binding of RanBP2 is 
selective for Epac1 (Figure 1D). 

As the yeast two-hybrid results implied the binding of Epac1 to the zinc fingers of RanBP2, 
HEK293T cells were transfected with Flag-tagged Epac1 together with the YFP-tagged ZNF 
domain, or with an individual zinc finger of RanBP2 (YFP-ZNF). Indeed, immunoprecipitation 
of Flag-Epac1 demonstrated the binding of both of these fragments (Figure 1E, 1F). To 
exclude that the interaction requires additional proteins that are conserved in S. cerevisiae, 
we tested the binding between both proteins in vitro using bacterially purified Epac1 and the 
ZNF domain of RanBP2. This demonstrated the ability of both purified proteins to interact 
(Figure 1G), confirming the direct interaction between the zinc fingers of RanBP2 and Epac1. 

RanBP2 recruits Epac1 to the nuclear pore complex
RanBP2 constitutes the cytoplasmic filaments of the nuclear pore complex (NPC) 33,34. 
Because also Epac1 has been reported to localize to the nuclear pore 35,36, we examined 
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whether RanBP2 functions as an anchoring protein for Epac1 at this cellular compartment. 
For this, HEK293T cells were transfected with YFP-tagged Epac1 and upon fixation cells 
were immunolabeled for endogenous RanBP2. This revealed the presence of exogenous 
Epac1 within the cytosol and nucleus, and a large fraction of Epac1 that co-localized with 
RanBP2 at the nuclear envelope (Figure 2A). To test whether RanBP2 is required for the 
targeting of Epac1 to the nuclear pore, HEK293T cells were depleted of RanBP2 by siRNA-
mediated knockdown of the protein. Importantly, other nuclear pore components are not 
affected by cellular depletion of RanBP2 33. RanBP2 downregulation resulted in a complete 
loss of YFP-Epac1 from the nuclear envelope, and the enrichment of Epac1 in the cytosol 
and nucleus (Figure 2A). Similarly, YFP-Epac1 localized in a RanBP2-dependent manner at the 
nuclear envelope in a variety of other cell lines tested, including U2OS cells (Figure 2B). As 
expected, Epac2, which does not interact with RanBP2 (Figure 1D), was not present at the 
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Figure 1. Epac1 directly interacts with the zinc finger domain of RanBP2.
A. Domain architecture of RanBP2 with below the fragments of RanBP2 isolated in a yeast two-hybrid screen using full length 
Epac1 as bait. RBD: Ran-binding domain; ZNF: zinc finger; IR: internal repeat domain; CHD: cyclophilin homology domain. B. Co-
immunoprecipitation of endogenous RanBP2 with Flag-tagged Epac1 in HEK293T cells. Note that besides a major band of 358 
kDa (asterisk), multiple additional bands of RanBP2 are present on a 6%-SDS PAGE gel, which all disappear upon siRNA-mediated 
depletion of RanBP2 (data not shown). C. Co-immunoprecipiation of endogenous RanBP2 with Epac1, immunoprecipitated with a 
rabbit polyclonal Epac1 antibody, but not with pre-immune serum (N.I.) in Ovcar3 cells. The 358 kDa band of RanBP2 is indicated 
with an asterisk. D. Co-immunoprecipitation of endogenous RanBP2 with Flag-tagged Epac1 but not with Flag-tagged Epac2 in 
HEK293 cells. E. Co-immunoprecipitation of the YFP-tagged zinc finger (ZNF) domain of RanBP2 with HA-tagged Epac1 in HEK293 
cells. F. Co-immunoprecipitation of a YFP-tagged version of one on the individual zinc fingers (ZNF #2) of RanBP2 with HA-tagged 
Epac1 in HEK293 cells. G. Pull-down of bacterially purified Epac1 with the GST-tagged bacterially purified zinc finger (ZNF) domain 
of RanBP2, and conversely the ZNF domain with Epac1. Proteins were visualized by simply blue staining. 
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nuclear envelope (data not shown). To confirm that RanBP2-mediated targeting of Epac1 to 
the NPC also occurs endogenously, fixed Ovcar3 cells were immunolabeled for both Epac1 
and RanBP2. This revealed the presence of endogenous Epac1 at the nuclear envelope, which 
disappeared upon siRNA-mediated depletion of RanBP2 from these cells (Figure 2C). In 
conclusion, these data show that RanBP2 functions as an anchoring protein for Epac1 at the 
nuclear pore. 

Epac1 remains bound to RanBP2 at the nuclear pore upon cAMP binding
The cAMP-induced conformational change of Epac1 not only results in its activation, but also 
in its translocation to the plasma membrane 37. Potentially, also RanBP2-bound Epac1 may be 
released upon cAMP binding 
and become redistributed 
to the plasma membrane. 
To test whether activated 
Epac1 remains associated 
with RanBP2, HEK293T cells 
were transfected with Flag-
tagged Epac1 and its binding 
to RanBP2 was determined 
upon stimulation with the 
Epac-selective cAMP analog 
8-pCPT-2’-O-Me-cAMP (007). 
After prolonged stimulation 
(up to 1 hr) with 007, Flag-
Epac1 retained its ability 
to co-immunoprecipitate 
RanBP2 to a similar extent as 
in unstimulated cells (Figure 
3A). In addition, the presence 
of Epac1 at the nuclear pore 
during its activation by cAMP 
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Figure 2. RanBP2 recruits Epac1 to 
the nuclear pore complex.
Localization of YFP-Epac1 in HEK293T 
cells (A) and U2OS cells (B), and of 
endogenous Epac1 in Ovcar3 cells (C). 
Cells were transfected with either control 
(scr) or RanBP2 siRNAs, and the HEK293T 
and U2OS cells the next day with YFP-
Epac1. 60 hrs after siRNA transfection, cells 
were fixed and stained for endogenous 
RanBP2 with the goat polyclonal RanBP2 
antibody, and also for endogenous Epac1 in 
the Ovcar3 cells. Epac1 co-localizes with 
RanBP2 at the nuclear envelope, which is 
dependent on the presence of the RanBP2. 
Scale bars correspond to 10 μm. 
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was visualized by live-imaging of HEK293T cells transfected with YFP-tagged Epac1. Whereas 
007-stimulation resulted in the re-localization of the cytosolic fraction of Epac1 to the plasma 
membrane, the localization of Epac1 at the NPC remained unaffected (Figure 3B). These data 
indicate that Epac1 remains targeted to NPC by RanBP2 independent of cAMP signaling.
 
Phosphorylation of the zinc fingers of RanBP2 releases Epac1 from the nuclear 
pore
Epac1 remains associated with RanBP2 upon cAMP binding, but alternative signaling pathways 
may impinge on RanBP2 or Epac1 to affect their interaction. During mitosis, the nuclear 
envelope is broken down and NPCs are disintegrated, which involves the post-translational 
modification of diverse nucleoporins by mitotic kinases 38,39. RanBP2 and Epac1 display a 
distinct localization pattern in mitosis, with RanBP2 being enriched at the kinetochores 
24,40 and Epac1 localizing at the mitotic spindle and centrosomes41. This suggests that Epac1 
is released from RanBP2 during this phase of the cell cycle, which might reveal a potential 
regulatory mechanism for their interaction. Therefore, we examined the binding of Epac1 to 
RanBP2 in mitotic cells. U2OS cells were transfected with Flag-tagged Epac1 and arrested 
in mitosis by treatment with the microtubule-destabilizing agent nocodazole following a 
thymidine release. Subsequently, mitotic cells were collected by mitotic shake-off, and 
the binding of RanBP2 to Flag-Epac1 was tested. As hypothesized, mitotic arrested cells 
displayed a large decrease in the Epac1-RanBP2 interaction compared to unsynchronized 
cells (Figure 4A). Likewise, when U2OS cells were arrested in mitosis by taxol or noscapine, 
the interaction between Epac1 and endogenous RanBP2 was diminished (data not shown). 
Interestingly, RanBP2 displayed a decreased electrophoretic mobility in mitotic cells, 
suggesting its increased phosphorylation in mitosis similar to other nucleoporins (Figure 4A 
and data not shown).

The contribution of this potential phosphorylation to the loss of Epac1 binding was 
tested by treatment of cell lysates from mitotic cells with λ-phosphatase prior to co-
immunoprecipitation. λ-phosphatase reverted the band-shift of endogenous RanBP2 and 
moreover restored the interaction between Epac1 and RanBP2 (Figure 4B). Importantly, 
also YFP-ZNF displayed a decreased electrophoretic mobility and reduced binding to Epac1 
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Figure 3. Epac1 remains bound to RanBP2 at the nuclear pore upon cAMP binding.
A. Co-immunoprecipitation of endogenous RanBP2 with Flag-tagged Epac1 in HEK293 cells after stimulation with 100 μM 8-pCPT-
2’-O-Me-cAMP (007) for the indicated time-points. B. Confocal live-imaging of HEK293T cells transfected with YFP-Epac1 before 
and 10 min after stimulation with 1 μM 8-pCPT-2’-O-Me-cAMP-AM (007-AM). Whereas the cytosolic fraction of Epac1 relocalizes 
to the plasma membrane upon 007-AM stimulation, its localization at the nuclear envelope remains unaltered.
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Figure 4. Phosphorylation of the zinc fingers of RanBP2 releases Epac1 from the nuclear pore.
A. Co-immunoprecipitation of endogenous RanBP2 with Flag-tagged Epac1 in U2OS cells that were arrested in mitosis by 24 hrs 
incubation with thymidine (2.5 μM), washed three times with PBS and incubated for 16 hrs with nocodazole (250 ng/ml). Mitotic 
cells were subsequently collected by mitotic shake-off and subjected to co-immunoprecipitation. B. Co-immunoprecipitation of 
endogenous RanBP2 with Flag-tagged Epac1 in U2OS cells that were arrested in mitosis similar to Figure 4A, but with treatment 
of the lysate with λ-phosphatase (30 min, 1 μM) prior to immunoprecipitation of Flag-Epac1. The quantification shows the average 
with standard deviation of the relative binding of RanBP2 to Flag-Epac1 from three independent experiments. Statistical analysis was 
performed using a one-tailed Student’s t-Test. Asterisks indicate the p-value of the respective sample with the associated control 
sample, * p < 0.007, ** p < 0.0005, *** p < 0.007. C. Co-immunoprecipitation of YFP-ZNF with Epac1 in U2OS cells that were arrested 
in mitosis similar to Figure 4A. D. Co-immunoprecipitation of the YFP-tagged individual zinc finger (ZNF #2) of RanBP2 (YFP-ZNF) 
with Flag-tagged Epac1 in HEK293T cells after stimulation with the phosphatase inhibitor okadaic acid (OA, 1 μM) for 1 hr. OA 
results in a decrease in electrophoretic mobility of both YFP-ZNF and Flag-Epac1, and a decrease in association of the two proteins. 
E. Confocal live-imaging of HEK293T cells transfected with YFP-Epac1 before and 1 hr after stimulation with OA (1 μM). This shows 
the decreased presence of Epac1 at the nuclear envelope upon OA stimulation. Note that also the plasma membrane localization of 
Epac1 is affected by OA stimulation, whereas an increase in cytosolic YFP-Epac1 is observed. F. Co-immunoprecipitation of YFP-ZNF 
with Flag-tagged Epac1 after selective induction of phosphorylation of either YFP-ZNF or Flag-Epac1 by OA. Two separate dishes 
of HEK293T cells were transfected with either YFP-ZNF or Flag-Epac1 where indicated, and either one of the two or both were 
stimulated with OA (1 μM). Subsequently, the cell lysates of YFP-ZNF and Flag-Epac1 expressing cells were mixed and subjected ►



Inhibition of Epac1 by RanBP2

T
o

C
ha

pt
er

 5

111

in nocodazole-arrested cells (Fig 4C). This suggests that Epac1 is released from RanBP2 by 
phosphorylation of the zinc fingers. To verify this, binding of Flag-Epac1 to YFP-ZNF was tested 
upon stimulation of cells with the phosphatase inhibitor okadaic acid (OA). By inhibiting 
protein phosphatase 1 and 2A 42, OA stimulation decreases protein dephosphorylation and 
results in the elevated phosphorylation state of proteins. Indeed, YFP-ZNF as well as Flag-
tagged Epac1 displayed a band-shift upon treatment of HEK293T cells with OA (Figure 
4D). Immunoprecipitation of Flag-Epac1 following OA treatment demonstrated a significant 
decrease in binding of YFP-ZNF (Figure 4D). Similar results were obtained with an alternative 
protein phosphatase inhibitor Canyculin A (data not shown). In line with these binding 
experiments, live-imaging of YFP-Epac1 in HEK293T cells revealed the release of Epac1 from 
the nuclear envelope upon OA stimulation (Figure 4E). 

To confirm that Epac1 is indeed released by phosphorylation of the zinc fingers and 
exclude a contribution of Epac1 modification, HEK293T cells were transfected with either 
Flag-tagged Epac1 or the YFP-tagged ZNF. Next, either the Epac1 or ZNF transfected cells, 
or both, were subjected to OA treatment, resulting in selective phosphorylation of Flag-
Epac1 or YFP-ZNF. Upon mixture of the lysates, the subsequent co-immunoprecipitation 
revealed that OA stimulation of YFP-ZNF expressing cells, but not Flag-Epac1 expressing 
cells, decreases the Epac1-ZNF interaction (Figure 4F). Thus, we demonstrate that the pool 
of Epac1 bound to RanBP2 at the nuclear pore can be released by phosphorylation of the 
zinc fingers. It should be noted that although we have identified this regulation to occur 
downstream of mitotic signaling pathways, the involved kinase(s) are currently unclear and 
other kinase-mediated pathways may impinge on the interaction as well. 

RanBP2 binds to the CDC25-HD of Epac1 
In order to examine which region of Epac1 is responsible for NPC-anchoring, several 
truncated versions of Epac1 were tested for RanBP2-binding. In contrast to the regulatory 
region, the catalytic region was able to co-immunoprecipitate RanBP2 from HEK293T cells 
similar to full length Epac1 (Figure 5A and 5B). Further truncation of this region into the 
individual domains revealed that the CDC25-HD is mediating the interaction with RanBP2 
(Figure 5B). Accordingly, both the YFP-tagged catalytic region as well as the CDC25-HD 
localized to the nuclear membrane in these cells (Figure 5C). Although the RA domain of 
Epac1 has been implicated previously in NPC targeting 43, the individual RA domain does not 
localize to the nuclear envelope (Figure 5C). Furthermore, a mutant of Epac1 lacking this 
domain localizes to the nuclear envelope similar to wildtype Epac1 (Figure 5D). 

RanBP2-binding inhibits GEF activity of Epac1 
Because the CDC25-HD is catalyzing the nucleotide exchange of Rap, the interaction of 
RanBP2 with this domain might affect the ability of Epac1 to activate Rap. Therefore, the effect 
of RanBP2 binding on the activity of Epac1 was tested in vitro. For this, bacterially purified 
Epac1 was incubated with Rap1B loaded with fluorescently labeled mantGDP, in the presence 
of excess unlabelled GDP.  The exchange of Rap-bound mantGDP by cAMP-activated Epac1 

◄ to co-immunoprecipitation. This demonstrates that OA-stimulation of YFP-ZNF transfected cells, but not Flag-Epac1 transfected 
cells, inhibits the binding between the two proteins. The quantification shows the average with standard deviation of the relative 
binding of YFP-ZNF to Flag-Epac1 from three independent experiments. Statistical analysis was performed using a one-tailed 
Student’s t-Test. Asterisks indicate the p-value of the respective sample with the associated control sample, * p < 0.0001.
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was measured as a decrease in fluorescence, both in the absence or presence of increasing 
amounts of the ZNF domain of RanBP2. This revealed that the ZNF domain inhibited the 
activity of Epac1 towards Rap (Figure 6A). Importantly, the activity of Epac2 was not altered 
by the presence of the RanBP2 ZNF domain (Figure 6A), compatible with the notion that 
Epac2 does not interact with RanBP2 (Figure 1D). To confirm this inhibitory function for 
RanBP2 in vivo, we tested the activity of Epac1 after its activation by physiological levels of 
cAMP in Ovcar3 cells upon depletion of RanBP2. Activation of Epac1, by stimulation of the 
β-adrenergic receptor with isoproterenol, increased Rap1-GTP levels in these cells, and this 
was diminished upon siRNA-mediated depletion of Epac1 (Figure 6B). Indeed, Epac1-induced 
Rap1 activation was enhanced after knockdown of RanBP2, indicating the increased pool of 
cellular Epac1 that is capable of activating Rap1 upon RanBP2 depletion (Figure 6B). To verify 
that RanBP2 binding also functionally impedes Epac1 signaling, Epac1-induced adhesion of 
Ovcar3 cells to the extracellular matrix protein fibronectin was measured. In accordance 
with the Rap-GTP pull down experiment, depletion of Epac1 abolished isoproterenol-induced 
adhesion of Ovcar3 cells, whereas this was enhanced by knockdown of RanBP2 (Figure 6C). 
Thus, by interacting with the CDC25-HD of Epac1, RanBP2 functions as a negative regulator 
of Epac1 and establishes an inactive pool of this GEF at the nuclear pore.
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of Rap, which is stabilized by the Ras Exchange 
Motif (REM) domain. In addition, the catalytic 
region contains a Ras-association (RA) motif. The 
regulatory region of Epac1 contains the cAMP-
binding (CNB) domain and a Dishevelled, Egl-10, 
and Pleckstrin (DEP) domain. B. Co-immuno-
precipitation of endogenous RanBP2 with YFP-
tagged full-length Epac1, the individual regulatory 
region (Reg Region), catalytic region (Cat Region), 
and the individual domains from the catalytic 
region of Epac1 in HEK293T cells. The CDC25-
HD of Epac1 mediates the binding to RanBP2. C. 
Confocal live-imaging of HEK293T cells transfected 
with the YFP-tagged individual regulatory region 
(Reg Region), catalytic region (Cat Region), and 
the individual domains from the catalytic region of 
Epac1. Both the catalytic region and the CDC25-
HD localize to the nuclear envelope. Scale bars 
correspond to 10 μm. D. Confocal live-imaging of 
HEK293T cells transfected with YFP-tagged Epac1 
lacking its RA domain (YFP-Epac1ΔRA) together 
with Tandem-Tomato tagged wildtype Epac1 
(TdTom-Epac1), showing that Epac1 lacking its RA 
domain is recruited to the nuclear envelope similar 
as wildtype Epac1. The scale bar corresponds to 
10 μm.
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Discussion

cAMP is a second messenger that is essential for relaying hormonal responses in many 
biological processes. Spatial regulation of cAMP signaling is established by local degradation of 
cAMP by spatially restricted phosphodiesterases, and further by the confined targeting of the 
cAMP effector proteins. We have previously described several aspects of the spatiotemporal 
control of the cAMP-effector Epac1. Epac1 is released from auto-inhibition by binding of 
cAMP 2,6,30, and in addition diverse anchoring mechanisms including plasma membrane 
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Figure 6. RanBP2-binding inhibits GEF activity of Epac1. 
A. Measurement of Epac1 activity in vitro. Rap1B was loaded with fluorescent mantGDP and the release of mantGDP by Epac1Δ1-148 
(left) or Epac2 (right) in the presence of 10 μM cAMP was measured in real time in the absence (open circles), or presence of 1 
μM (squares) or 10 μM (triangles) of the zinc finger (ZNF) domain of RanBP2. B. Pull-down of Rap1-GTP from Ovcar3 cells upon 
stimulation for 5 min with isoproterenol (iso, 5 μM), 60 hrs after transfection with control (scr), RanBP2, or Epac1 siRNAs. The lower 
blot shows the efficiency of knockdown of RanBP2 and Epac1. The quantification shows the average with standard deviation of Rap1 
activity from four independent experiments. Statistical analysis was performed using a one-tailed Student’s t-Test. Asterisks indicate 
the p-value of the respective sample with the associated control sample, * p < 0.006, ** p < 0.0003. C. Adhesion of Ovcar3 cells 
transfected with either control (scr), RanBP2, or Epac1 siRNAs. 60 hrs after siRNA-transfection, cells were allowed to adhere to a 
fibronectin-coated surface for 45 minutes in the absence or presence of isoproterenol (iso, 5 μM), and adhesion was subsequently 
detected by measure of endogenous phosphatase activity. Shown are average data with standard deviation from three individual 
experiments, normalized to the adhesion of control siRNA-transfected cells. Statistical analysis was performed using a Student’s 
t-Test. Asterisks indicate the p-value of the respective sample with the associated control sample, * p < 0.02, ** p < 0.0003.
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targeting 8,9 recruit Epac1 to specific subcellular localizations. This compartmentalization 
of Epac1 results in local activation of Rap, which couples Epac1 signaling to specific cellular 
processes. We now show that Epac1 in addition is negatively regulated by its interaction 
with the nucleoporin RanBP2. We found that Epac1 directly interacts with the zinc fingers 
of RanBP2, which recruits Epac1 to the nuclear pore complex. RanBP2 interacts with the 
catalytic CDC25 homology domain of Epac1, resulting in inhibition of catalytic activity of 
Epac1 towards Rap1 in vitro. Finally, we show that depletion of RanBP2 liberates Epac1 from 
the nuclear pore and enhances Epac1-dependent cAMP responses, i.e. induction of Rap1 
activity and consequently cell-extracellular matrix adhesion. Thus, RanBP2 establishes an 
inactive pool of Epac1 at the nuclear pore, which upon release may enhance cAMP-Epac1-
Rap signaling. Collectively, these results show for the first time that components of the 
nuclear pore function to maintain an inactive state of guanine nucleotide exchange factors 
in the cell. 

Our results show that the zinc fingers of RanBP2 directly inhibit Epac1 activity by 
binding to the catalytic CDC25 homology domain of Epac1. Elucidation of the mechanism 
awaits structural analysis of the complex, but RanBP2 may reorient the Rap binding surfaces 
within the CDC25-HD, or alternatively prevent Rap binding by steric hindrance. Clearly this 
interaction is regulated, and our data indicate that this regulation includes the phosphorylation 
of the zinc fingers of RanBP2 (Figure 4). Firstly, Epac1 is released from RanBP2 during mitosis, 
which correlates with a mobility shift of RanBP2 as well as of the individual zinc finger 
of RanBP2. Secondly, both this decrease in electrophoretic mobility and the release of 
Epac1 can be reverted by incubation with λ-phosphatase. Finally, the phosphatase inhibitor 
okadaic acid induces the release of Epac1 from the nuclear pore complex by elevating the 
phosphorylation state of the zinc fingers. Thus, phosphorylation of the zinc fingers is the 
most likely trigger to induce the release of Epac1 from RanBP2. Currently, the involved 
residues within RanBP2 are elusive, but since RanBP2 contains multiple zinc fingers it is likely 
that multiple phosphorylation sites are involved. Several phosphorylation sites have been 
reported within the zinc fingers of RanBP2 44-47, but more detailed analysis is required to 
identify the critical sites for Epac1 release and the involved upstream kinase(s). In addition 
to the phosphorylation of RanBP2, alternative mechanisms may also induce the release 
of Epac1 from the nuclear pore. For instance, the DNA-binding capacity of ZNFs within 
transcription factors can be regulated by oxidation of the zinc-binding cysteines 48, and a 
similar mechanism may exist for RanBP2. 

Our results show that depletion of RanBP2 results in an increase in cAMP-induced 
Epac1-dependent Rap1 activation and consequently cell adhesion, which is in accordance 
with a function for RanBP2 as a negative regulator of Epac1. One intriguing question is 
why this inactive pool of Epac1 is maintained at the nuclear pore. Potentially, RanBP2 might 
contribute further to the regulation of Epac1 than merely inhibiting its GEF activity. RanBP2 
functions as E3 sumo ligase 23, however thus far we were unable to detect sumoylation of 
Epac1 by RanBP2 in vivo or in vitro (M. Gloerich, F. Melchior, J.L. Bos, unpublished results). 
RanBP2 also plays a role in nuclear import 14,16,18, however RanBP2 likely does not control 
nuclear import of Epac1, as Epac1 remains nuclearly localized in cells depleted of RanBP2 
(Figure 2A and 2B). Alternatively, Epac1 itself may exert a local function at the nuclear pore 
upon its release from RanBP2. Recently, it was suggested that the localization of Epac1 at 
the nuclear pore is mediated by binding of its putative RA domain to the NPC-associated 
small G protein Ran, and that this might enable local activation of Rap1 43. Although our data 
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clearly indicate that NPC-targeting of Epac1 is instead mediated by the direct interaction 
with RanBP2 (Figure 1 and 2), and that RanBP2 inhibits Epac1 both in vivo and in vitro (Figure 
6), the release of Epac1 from RanBP2 might indeed allow local signaling to Rap at the nuclear 
envelope. Finally, Epac1 may function at the nuclear pore independent of its Rap nucleotide 
exchange activity; for instance by directly affecting the function of RanBP2 in nuclear import 
or sumoylation, or as an adaptor protein to recruit additional proteins to the nuclear pore. 

Our data indicate that phosphorylation of the zinc fingers and consequently their 
decrease in affinity for Epac1 occurs in mitosis when the NPC is broken down (Figure 5). 
RanBP2 is pivotal for various aspects of mitosis, which involves both its E3 sumo ligase as 
well as adaptor protein function, and ablation of RanBP2 function results in various mitotic 
defects 24-28,40. Potentially, the liberation of Epac1 from RanBP2 may be a prerequisite for 
proper mitosis to take place, as release of Epac1 may allow the binding of other proteins 
to the zinc fingers. For instance, binding of the coatomer complex COPI to the zinc fingers 
of RanBP2 has been implicated in nuclear envelope breakdown 25. Alternatively, RanBP2-
released Epac1 itself may contribute to aspects of this phase of the cell cycle. cAMP levels 
rapidly drop during the onset of mitosis and rise again during the transition into interphase 
49, which would restrict a role for RanBP2-released Epac1 and consequently Rap1 activation 
to the end of mitosis. In line with this, it was recently demonstrated that Rap1 activity is 
required for re-spreading of rounded cells at the end of mitosis 50, which may involve its 
activation by Epac1.

In summary, we have demonstrated the regulated recruitment of Epac1 to the nuclear 
pore by RanBP2, thereby maintaining an inactive cellular pool of Epac1. RanBP2 might function 
as a generic node that transduces different cellular inputs to regulate the availability of Epac1 
and consequently to modulate the cAMP-Epac1-Rap1 signaling network. Very recently, it was 
shown for the Dbl family of RhoGEFs that binding of myosin II to its catalytic site suppresses 
GEF activity 51. This implies that the formation of inhibitory protein complexes mediated by 
the catalytic domain might represent a common mechanism for the regulation of GEFs.
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Abstract

Lkb1 and its invertebrate ortholog Par-4 are master regulators of cellular polarity. In 
intestinal epithelial cells, activation of Lkb1 induces apical-basal polarity. The formation of a 
highly specialized apical structure, the microvillus brush border, can thus be induced by Lkb1 
even in a single, isolated cell. Here, we show that Lkb1-induced brush border formation 
requires activation of the small G protein Rap2A. Rap2A is dispensable for acquisition of 
apical-basal polarity, but is responsible for Lkb1-induced targeting of its effector TNIK to 
the apical membrane. TNIK then recruits the kinase Mst4, which in turn phosphorylates 
the actin-linking protein Ezrin to induce brush border formation. In conclusion, we identify 
Rap2A and TNIK as novel components of the Lbk1 signaling pathway in a specific aspect of 
intestinal epithelial polarity.
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Introduction

he establishment of cellular polarity is a fundamental process both during 
development and adult tissue homeostasis. Different cell types require distinct 
polarized phenotypes in order to fulfill their functions 1. In the intestinal epithelium, 

establishment of apical-basolateral polarity and the resulting formation of an apical brush 
border allows the regulated uptake of nutrients from the intestinal lumen. The acquisition of 
polarity involves the reorganization of the cytoskeleton and trafficking machinery to mediate 
the asymmetric distribution of cellular components 2. A key regulatory role in this process is 
exerted by the family of Par genes (reviewed in 3). These genes encode functionally distinct 
proteins, originally identified to control early asymmetric cell divisions in the C. elegans 
embryo 4,5. The Par-4 gene genetically occupies the top of the Par hierarchy. Par-4 and its 
mammalian ortholog Lkb1 encode a serine/threonine kinase, which requires the pseudo-
kinase Strad and the scaffolding protein Mo25 for catalytic activity 6-11. The role of Par-4/
Lkb1 in cell polarity has been confirmed in Drosophila oocytes 12 and in mammalian cells 13. 
In human intestinal epithelial cells, the induced expression of Stradα results in stabilization, 
cytosolic localization and activation of Lkb1 13. This leads to the polarization of individual 
cells even in the absence of cell-cell and cell-matrix contacts. This is evidenced by the correct 
sorting of basolateral and apical markers separated by junctional complexes, as well as the 
formation of brush borders.  A role of Lkb1 further extends to the polarization of other cell 
types, including neuronal cells in which Lkb1 controls specification of the axon and polarized 
migration 14-17. Numerous kinases have been implicated in the establishment of polarity 
downstream of Lkb1; AMPK, the Par-1 homologs Mark1–4, and BRSK1/BRSK2 (reviewed 
in 18). Recently, the Mo25-interacting kinase Mst4 was shown to be regulated by Lkb1 in 
the intestinal epithelium 19. Mst4 relocalizes from the Golgi to the apical membrane upon 
Lkb1 activation and mediates the formation of brush borders by phosphorylating the actin-
linking protein Ezrin. Mst4 is not required for the acquisition of apical-basolateral polarity 
itself,which illustrates that Lkb1 controls different aspects of polarity through separate 
pathways.

The Rap protein family has mainly been linked to the regulation of cell adhesion, although 
a role for Rap1 in aspects of cellular polarity has previously been suggested. In the budding 
yeast S. cerevisiae, positioning of the bud-site where the daughter cell will grow requires 
the yeast Rap1 homologue Bud1p/Rsr1p and its regulators Bud5 and Bud2 20.  Analogously, 
Rap1 controls the chemokine-induced polarization of human leukocytes, required for the 
formation of a leading edge and uropod structure 21-23. Here, we examine the contribution of 
Rap proteins to the polarization of intestinal epithelial cells downstream of Lkb1. 

 
Material and Methods

Reagents and antibodies
The following antibodies were used: FlagM2 (Sigma-Aldrich), Rap2, Villin, Fitc-CD66 and Fitc-
CD71 (BD Biosciences), GFP (Roche), TNIK (Santa-Cruz), MINK (Novus Biologicals), CD71 
and V5 (Invitrogen), HA11 (Covance), phosphoERM (Ezrin T567, Radixin T564, Moesin T558) 
and MAP4K4 (Cell Signaling Technology), Villin and CD13 (Abcam).
DNA constructs

T
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Rap2A (homo sapiens, GI: 197245435), TNIK (homo sapiens, GI: 239735578), and the Citron 
Homology (CNH) Domain of TNIK (amino acid 1060 – 1360) were cloned C-terminal to 
a V5 or Citrine YFP tag in a pcDNA3 vector using the Gateway system (Invitrogen). The 
indicated mutations were introduced by site-directed mutagenesis. The following contructs 
have been described previously: pcDNA3 Flag-Epac1 and pMT2-SM-HA RapGAP1 24, 
pcDNA3 YFP-Ezrin(T654D) and Mst4-GFP 19. Lentiviral MISSION shRNAs targeting Rap1A 
(NM_002884), Rap1B (NM_015646), Rap2A (NM_021033), Rap2B (NM_002886), Rap2C 
(NM_021183), TNIK (NM_015028), MINK (NM_015716) and MAP4K4 (NM_145687) and 
scr shRNAs (SHC002) were obtained from Sigma-Aldrich. The Lifeact-Ruby construct was a 
kind gift from Roland Wedlich-Söldner. 

Cell culture
Ls174T-W4 cells 13 were grown in RPMI medium supplemented with 10% Tetracyline-free 
Fetal Bovine Serum and antibiotics. Caco-2 and HEK293T cells were grown in DMEM 
medium supplemented with Fetal Bovine Serum and antibiotics. 

For knockdown experiments in Ls174T-W4 cells, cells were infected with lentiviral 
shRNA constructs from the Sigma Mission shRNA library for two succeeding days, and two 
days after the second infection seeded overnight in the absence or presence of doxycycline. 

Confocal Microscopy
For imaging of Ls174T-W4 cells, cells were seeded overnight in the presence or absence of 
doxycyline (1 μg/ml) on 12 mm glass cover slips, fixed with 3.8% formaldehyde, permeabilized 
using 0.1% Triton X100 and blocked in 2% BSA. Cells were incubated with the indicated 
primary antibodies and subsequently with Alexa-conjugated secondary antibodies together 
with phalloidin (Invitrogen) and DAPI. Mounted slides were examined using an Axioskop2 
CLSM microscope (Zeiss) (63x magnification lenses, N.A. 1.4). For live-imaging of Ls174T-W4 
cells, one day after transfection cells were seeded overnight in WillCo wells (WillCo Wells 
B.V.) in the presence of doxycyline (1 μg/ml) where indicated, and examined in L-15 Leibovitz 
medium (Invitrogen) using a temperature controlled Axioskop2 CLSM microscope (Zeiss) 
(63x magnification lenses, N.A. 1.4). 

Rap activity assay 
Rap activity was assayed as described previously 25. Briefly, Ls174T-W4 cells, transfected with 
pcDNA3 V5-Rap2A were stimulated for the indicated time points with doxycyline (1 μM) 
and subsequently lysed in buffer containing 1% NP40, 150 mM NaCl, 50 mM Tris-HCl pH 7.4, 
10% glycerol, 2 mM MgCl2 and protease and phosphatase inhibitors. Lysates were cleared 
by centrifugation and active Rap2A was precipitated with a GST fusion protein of the Ras-
binding domain of RalGDS precoupled to glutathione-sepharose beads. Bound proteins were 
eluted in Laemmli buffer and analyzed by SDS-PAGE.

Statistical analysis
All quantitative data is represented as means ± SD. Statistical evaluation was performed 
using the two-tailed, unpaired Student t-Test. Protein expression level was quantified by 
densitometry analysis using Odyssey 2.1 application software (LI-COR biosciences).
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Results

Rap2A is required for Lkb1-induced brush border formation
In Ls174T-W4 intestinal epithelial cells, doxycyline-induced expression of Flag-Stradα leads 
to the cytosolic stabilization and activation of Lkb1 and the subsequent polarization of 
individual cells 13. In order to test whether small G proteins of the Rap family fulfill a role in this 
polarization process, we transfected Ls174T-W4 cells with HA-tagged RapGAP1 to inactivate 
all cellular Rap proteins. Polarization of transfected cells was assessed by visualization of the 
apical brush border by phalloidin staining. In empty vector (EV) transfected control cells, 
we observed a clear induction of brush border formation in approximately 80% of the cells 
upon 16 hr doxycyclin stimulation. In contrast, Ls174T-W4 cells expressing HA-RapGAP1 
showed a marked reduction of brush border formation, implying that the activity of Rap 
proteins is required for Lkb1-mediated cell polarization (Figure 1A). 

The Rap family consists of five individual Rap proteins; Rap1A, Rap1B, Rap2A, Rap2B and 
Rap2C, which are all expressed in Ls174T-W4 cells (Figure 1D). Therefore, we used different 
pools of five lentivirally-introduced shRNAs to deplete the individual Rap proteins in these 
cells and examine which of the family members contributes to Lkb1-induced polarization. 
Only expression of shRNAs targeting Rap2A resulted in a significant decrease in brush 
border formation (Figure 1B). As no antibodies selectively recognizing Rap2A are available, 
the efficiency of shRNA-mediated knockdown was evaluated by western blot analysis 
using a Rap2 antibody. This antibody recognized two individual bands, which both partially 
disappeared upon introduction of Rap2A shRNAs (Figure 1C). To validate the specificity of 
the Rap2A shRNAs, we analysed mRNA levels of the individual Rap proteins by qPCR, which 
showed that the Rap2A shRNAs indeed depleted Rap2A mRNA and not other Rap family 
members (Figure 1D). To exclude potential other off-target effects, we generated a V5-tagged 
Rap2A construct that is not targeted by one of the Rap2A shRNAs (shRNA #2) out of the 
pool of Rap2A-targeting shRNAs. Introduction of this Rap2A construct into Ls174T-W4 
cells, in which endogenous Rap2A was depleted by expression of Rap2A shRNA #2, rescued 
the defect in Lkb1-induced brush border formation (Figure 1E). 

Recently, we have demonstrated that polarization of intestinal epithelial cells and the 
subsequent brush border formation downstream of Lkb1 are two independent processes 19. 
To address whether the role of Rap2A is restricted to brush border formation or extends to 
other aspects of Lkb1-induced polarity, we studied the sorting of apical-basolateral markers 
in Ls174T-W4 cells that expressed Rap2A shRNAs. In Ls174T-W4 cells expressing scr 
shRNAs, stimulation with doxycyline induced the targeting of the CD66 protein to the apical 
membrane, where also the actin-rich brush borders are formed (Figure 1F). Conversely, the 
basal protein CD71 became enriched at the basolateral compartment (Figure 1G). In Rap2A 
depleted cells that lack brush border formation, this polarized distribution of CD66 and 
CD71 was retained, indicating that Rap2A contributes to brush border formation but not 
the correct sorting of apical and basolateral proteins (Figure 1F and 1G). Thus, active Rap2A 
is required for brush border formation but not for acquisition of apical-basolateral polarity 
downstream of Lkb1. 

Rap2A is required for brush border formation in spontaneously polarizing cells 
Intestinal epithelial cells such as Caco-2 rely on Lkb1 for their spontaneous polarization 
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13. To confirm the role of Rap2A in spontaneous brush border formation, we tested the 
contribution of Rap2A to the polarization of Caco-2 cells. Upon puromycin selection of cells 
transfected with either scr or the Rap2A #2 shRNA, Caco-2 cells were cultured for 3 weeks 
in a confluent monolayer to induce their polarization and differentiation. Upon fixation, 
brush borders were visualized by staining with phalloidin together with the microvillar 
protein Villin. Control cells showed the formation of actin-rich, Villin-containing microvilli. In 
contrast, Villin-positive actin-structures were absent in Rap2A-depleted cells, indicating that 
these cells lost their ability to form brush borders (Figure 2A). Nonetheless, the polarized 
distribution of the apical protein CD13 and basolateral membrane protein CD71 in Caco-2 
cells in which Rap2A was downregulated indicated these cells had retained their ability 
to polarize (Figure 2B). Thus, similar to Ls174T-W4 cells, cells that rely on Lkb1 for their 
spontaneous polarization depend on Rap2A for brush border formation but not for apical-
basolateral polarity.

Activation of Rap2A at the plasma membrane downstream of Lkb1
As both overexpression of HA-RapGAP1 and depletion of the Rap2A protein impair Lkb1-
induced brush border formation, we assessed whether Rap2A activity is altered downstream 
of Lkb1. Ls174T-W4 cells were stimulated for various time points with doxycyline, and 
exogenous GTP-bound Rap2A was pulled down with the Rap-binding domain (RBD) of 
RalGDS. This demonstrated a significant increase in Rap2A-GTP upon 3 hours of doxycyline 
stimulation, which further increased upon prolonged stimulation corresponding to the 
induction of Flag-Strad expression (Figure 3A). To visualize the localization of Rap2A in 
polarizing cells, Ls174T-W4 cells were transfected with YFP-tagged Rap2A together with 
the actin-binding peptide Lifeact-ruby 26 to visualize Rap2A and the actin cytoskeleton in 
living cells. Subsequently, cells were seeded in the absence or presence of doxycyline. Live-
imaging of unstimulated cells revealed the presence of YFP-Rap2A at the plasma membrane 

◄ Figure 1. Rap2A is required for Lkb1-Strad-induced brush border formation.
A. Immunostaining of HA-RapGAP1-transfected Ls174T-W4 cells after doxycycline stimulation. Cells were stained for HA together 
with DAPI and phalloidin to visualize the actin-rich brush borders (indicated with an asterisk), which are absent in HA-RapGAP1-
expressing cells. The quantification shows the relative number of cells with brush borders with standard deviation from three 
independent experiments, normalized to 1 for control cells. * p < 0.005. B. Quantification of doxycyline-induced brush border 
formation in Ls174T-W4 cells that were infected with a pool of five shRNAs targeting either Rap1A, Rap1B, Rap2A, Rap2B or Rap2C, 
or control scr shRNAs. The quantification shows the relative number of cells with brush borders with standard deviation from two 
independent experiments, normalized to 1 for control shRNA expressing cells. The lower image shows a representative phalloidin 
staining of cells infected with either scr control or Rap2A shRNAs that are stimulated with doxycycline. * p < 0.007. C. Western 
blot showing protein expression levels of Rap2 in Ls174T-W4 cells expressing either control or Rap2A shRNAs.  D. qPCR showing 
relative mRNA levels of the Rap proteins in Ls174T-W4 cells expressing control or Rap2A shRNAs. Shown is a representative 
experiment that was performed in triplo. E. Rescue of doxycycline-induced brush borders by transfection of non-targetable V5-
Rap2A in Ls174T-W4 cells in which endogenous Rap2A was depleted by expression of Rap2A shRNA #2. The quantification 
shows the relative number of cells with brush borders with standard deviation from three independent experiments, normalized 
to 1 for control cells. * p < 0.004. F. Immunostaining of Ls174T-W4 cells expressing either scr shRNAs or Rap2A shRNAs for the 
apical marker protein CD66, together with phalloidin and DAPI. In control cells, doxycycline-mediated Lkb1 activation induces 
the relocalization of CD66 to the apical membrane where the actin-rich brush borders are formed. Despite the absence of brush 
borders in Rap2A shRNA expressing cells, CD66 retains its polarized localization upon doxycyline-stimulation (indicated with 
an asterisk). G. Immunostaining of Ls174T-W4 cells expressing either scr shRNAs or Rap2A shRNAs for the basolateral marker 
protein CD71, together with phalloidin and DAPI. In control cells, doxycycline-mediated Lkb1 activation induces the relocalization 
of CD71 to the basolateral compartment. Despite the absence of brush borders in Rap2A shRNA expressing cells, CD71 retains 
its polarized localization upon doxycyline-stimulation (indicated with an asterisk). 
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and within vesicular structures in the cytosol (Figure 3B). After stimulation with doxycyline, 
Rap2A remained at the plasma membrane, and in addition became enriched in vesicles at 
the apical membrane underneath the brush borders of polarized cells (Figure 3B). Co-
transfection with RFP-tagged Rab11 identified these vesicles as apical recycling endosomes 
(Supplementary Figure 1). 

In order to test which of these pools of Rap2A becomes activated upon Lkb1-activation, 
Ls174T-W4 cells were transfected with a GFP-tagged version of RalGDS-RBD together 
with lifeact-Ruby. In unstimulated cells, GFP-RalGDS-RBD localized diffuse throughout the 
cytosol and nucleus (Figure 3C, upper panel). In contrast, in doxycyline-stimulated cells GFP-
RalGDS-RBD was targeted to the plasma membrane, in particular at the apical membrane 
where the brush borders were being formed (Figure 3C, middle panel). In fully polarized 
cells, GFP-RalGDS-RBD became completely enriched at the actin-rich brush borders at the 
apical membrane (Figure 3C, lower panel). As expected, cells expressing high levels of GFP-
RalGDS-RBD completely lacked the formation of brush borders by blocking endogenous 
Rap2A (data not shown). Altogether, these data indicate that in intestinal epithelial cells, Lkb1 
signaling leads to the activation of Rap2A at the plasma membrane, in particular within the 
apical compartment. 

Lkb1-induced brush border formation requires the Rap2A-effector TNIK
Although all Rap proteins are expressed in Ls174T intestinal epithelial cells, only depletion of 
Rap2A affects Lkb1-induced brush border formation (Figure 1B). Diverse Rap-effectors that 
selectively bind to Rap2 have been described, including the kinases of the Germinal Center 

A
Phalloidin / Villin 
scr shRNA Rap2A shRNA

B
5 µm5 µm

Rap2A shRNAscr shRNA

z
x

CD13 / CD71 / DAPI

10 µm 10 µm

Figure 2. Rap2A is required for brush border formation in spontaneously polarizing cells. 
A. Z-projection of Caco-2 cells stained for the microvillar protein Villin, together with phalloidin and DAPI. Cells were transfected 
with either scr or Rap2A #2 shRNA, and cultures in a monolayer for 3 weeks to allow polarization and differentiation. Brush 
borders, present as villin-positive actin-structures, were lost upon depletion of Rap2A. B. X/Z-projection of Caco-2 cells, cultured 
similar as in Figure 2A and stained for the apical protein CD13 and the basolateral protein CD71, together with DAPI. Rap2A #2 
shRNA expressing cells have retained the polarized distribution of CD13 and CD71.  
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Kinase (GCK)-IV family TNIK, MINK 
and MAP4K4 27-29. The contribution of 
these kinases to Lkb1-induced brush 
border formation was examined by 
their shRNA-mediated depletion in 
Ls174T-W4 cells. Visualization of the 
actin cytoskeleton with phalloidin 
showed that the presence of TNIK is 
required for doxycylin-induced brush 
border formation (Figure 4A). Although 

both MINK and MAPK4K are expressed in Ls174T-W4 cells, they were dispensable for 
Lkb1-induced brush border formation (Figure 4A). TNIK-depleted Ls174T-W4 cells that 
lacked brush borders retained the polarized distribution of the apical protein CD66 and 
basolateral CD71 (Figure 4B), in accordance with TNIK functioning downstream of Rap2A. 

Because Lkb1 signaling activates Rap2A at the plasma membrane (Figure 3), Rap2A may 
control the localization of its effector TNIK downstream of Lkb1. Therefore, the cellular 
distribution of TNIK was examined during Lkb1-mediated cell polarization upon transfection 
of Ls174T-W4 cells with YFP-tagged TNIK together with Lifeact-ruby. The localization of 
TNIK was monitored by live-imaging of transfected cells seeded in the absence or presence 
of doxycyline. In unstimulated cells, TNIK was present within the cytosol, with no apparent 
localization at specific cellular structures (Figure 4D, upper panel). Upon doxycyline 
stimulation, a major fraction of YFP-TNIK became redistributed to the plasma membrane in 
polarizing cells, in particular to the apical membrane where brush borders are being formed 
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Figure 3. Activation of Rap2A at the plasma 
membrane downstream of Lkb1.
A. Pull-down of GTP-bound V5-Rap2A from Ls174T-W4 
cells that were stimulated for the indicated time points 
with doxycyline, using GST-RalGDS-RBD. Rap2A-GTP 
levels are increased after 3 hrs doxycyline stimulation, 
and further increase at later time points corresponding 
to Flag-Strad expression levels. B. Live-imaging of  YFP-
Rap2A and Lifeact-Ruby in Ls174T-W4 cells before and 
after stimulation with doxycyline. In unstimulated cells, 
YFP-Rap2A localizes in vesicular structures in the cytosol 
and at the plasma membrane. Upon doxycyline-induced 
cell polarization, YFP-Rap2A remains at the plasma 
membrane and becomes enriched in vesicle structures 
below the apical membrane (indicated with an asterisk) as 
well. C. Live-imaging of GFP-RalGDS-RBD in Ls174T-W4 
cells before and after stimulation with doxycyline. In 
unstimulated cells, GFP-RalGDS-RBD localizes diffuse 
throughout the cytosol and nucleus (upper panel), 
whereas it becomes enriched at the plasma membrane 
after doxycycline stimulation, in particular at the apical 
membrane (indicated with an asterisk) where the brush 
borders are being formed (middle panel, indicated with 
an asterisk). In fully polarized Ls174T-W4 cells, YFP-TNIK 
becomes restricted to the brush border compartment 
(lower panel).
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Figure 4. Lkb1-Strad-induced brush border formation requires the Rap2A-effector TNIK.
A. Quantification of doxycyline-induced brush border formation in Ls174T-W4 cells that were infected with a pool of five shRNAs 
targeting either TNIK, MINK, MAP4K4, or control scr shRNAs. The quantification shows the relative number of cells with brush 
borders with standard deviation from three independent experiments, normalized to 1 for control shRNA expressing cells. * p < 
0.00002. B. Immunostaining of TNIK shRNA-expressing Ls174T-W4 for the apical marker protein CD66 or the basolateral protein 
CD71, together with phalloidin and DAPI. Despite the absence of brush borders in TNIK shRNA expressing cells, CD66 and CD71 
retain their polarized localization upon doxycyline-stimulation (indicated with an asterisk). C. Live-imaging of YFP-TNIK and Lifeact-
Ruby in Ls174T-W4 cells with and without doxycyline stimulation. In unstimulated cells, YFP-TNIK shows a diffuse localization 
throughout the cytosol (upper panel). Upon doxycycline stimulation, YFP-TNIK becomes recruited to the plasma membrane, in 
particular the apical membrane where the brush borders are being formed (middle panel, indicated with an asterisk). In fully 
polarized Ls174T-W4 cells, YFP-TNIK becomes restricted to the brush border compartment (lower panel). D. Live-imaging of 
YFP-TNIK and Lifeact-Ruby in Rap2A shRNA-expressing Ls174T-W4 cells after stimulation with doxycyline. Both brush border 
formation as well as YFP-TNIK plasma membrane recruitment is lost in these cells. E. Live-imaging of YFP-TNIK and Lifeact-Ruby 
in Ls174T-W4 cells transfected with an active mutant of Rap2A (V5-Rap2A(G12V)). Overexpression of Rap2A(G12V) recruits YFP-
TNIK to the plasma membrane, but is not sufficient for the induction of brush border formation. 
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► endogenous Rap2A was depleted by expression of Rap2A shRNAs, by transfection of an constitutively active mutant of Ezrin 
(YFP-Ezrin(T567D)). The quantification shows the relative number of cells with brush borders  with standard deviation from three 
independent experiments, normalized to 1 for control cells. * p < 0.02, ** p < 0.0001.
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Figure 5. Rap2A and TNIK control brush border formation by apical recruitment of Mst4 and subsequent 
phosphorylation of Ezrin. 
A. Live-imaging of Mst4-GFP and Lifeact-Ruby in scr, Rap2A, or TNIK shRNA-expressing Ls174T-W4 cells. In control cells, 
doxycycline-mediated Lkb1 activation induces the relocalization of Mst4-GFP to the apical membrane (indicated with an asterisk). In 
Rap2A and TNIK shRNA expressing cells, this redistribution of Mst4-GFP is not observed. B. Live-imaging of Mst4-GFP and Lifeact-
Ruby in Ls174T-W4 cells transfected with an active mutant of Rap2A (V5-Rap2A(G12V)). Already in the absence of doxycyline 
stimulation, Mst4-GFP is recruited uniformly to the plasma membrane, which frequently results in the non-polarized formation of 
brush borders. C. Western blot of lysates from scr, Rap2A, or TNIK shRNA expressing Ls174T-W4 cells, either in the absence or 
presence of doxycyline stimulation, labeled for phospho-Ezrin (T567) with the phospho-ERM (Ezrin T567, Radixin T564, Moesin 
T558) antibody. D. Immunostaining of Ls174T-W4 cells expressing either scr, Rap2A, or TNIK shRNAs for phospho-Ezrin (T567) 
with the phospho-ERM (Ezrin T567, Radixin T564, Moesin T558) antibody, together with phalloidin and DAPI. In control cells, 
doxycycline-mediated Lkb1 activation induces Ezrin phosphorylation at the apical membrane (indicated with an asterisk), which is 
absent in Rap2A and TNIK shRNA expressing cells. E. Rescue of doxycycline-induced brush borders in Ls174T-W4 cells in which ◄
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(Figure 4D, middle panel). In fully polarized cells, TNIK was strongly enriched in the brush 
borders at the apical compartment (Figure 4D, lower panel). 

To test whether this membrane recruitment of TNIK depends on its interaction with 
Rap2A, we monitored the localization of YFP-TNIK upon doxycyline stimulation in Rap2A 
depleted Ls174T-W4 cells. Indeed, these cells did not display any membrane relocalization of 
TNIK (Figure 4E). Accordingly, overexpression of a V5-tagged active mutant of Rap2A (V5-
Rap2A(G12V)) lead to (unpolarized) plasma membrane targeting of YFP-TNIK independent of 
doxycyline stimulation (Figure 4F). Importantly, unstimulated cells that contain Rap2A(G12V)-
recruited TNIK lacked brush borders, showing that other Lkb1-induced pathways need to 
be activated prior to Rap2A/TNIK-mediated microvilli formation. In conclusion, these data 
indicate that the kinase TNIK functions at the apical membrane as an effector of Rap2A in 
the formation of brush borders in intestinal epithelial cells. 

Rap2A and TNIK control brush border formation by apical recruitment of Mst4 
and subsequent phosphorylation of Ezrin 
Recently, we showed that Lkb1-induced brush border formation involves the activation of 
the actin-linking protein Ezrin by the kinase Mst4 19. TNIK and Mst4 interact and TNIK 
phosphorylates Mst4 in vitro (Supplementary Figure 2 and 3), suggesting that Rap2A signaling 
might regulate Mst4. Under basal conditions, Mst4 is restricted to the cytosol and to GM130-
positive Golgi vesicles, but upon Lkb1-activation it relocalizes to the apical membrane where 
it phosphorylates Ezrin and induces the formation of microvilli 19. To explore whether Rap2A 
and TNIK control the Lkb1-induced translocation of Mst4, we transfected Ls174T cells with 
Mst4-GFP together with Lifeact-ruby. Live-imaging of unstimulated scr shRNA expressing 
cells confirmed the presence of Mst4 in the cytosol and Golgi vesicles (Figure 5A). After 
doxycycline stimulation, Mst4 accumulated near the apical membrane directly underneath 
the brush border that was visualized by Lifeact (Figure 5A). In contrast, upon doxycyline 
stimulation of cells depleted of Rap2A or TNIK, Mst4-GFP did not appear near the apical 
membrane, and instead remained localized only in the cytosol and Golgi structures. (Figure 
5A). 

To verify that Rap2A and TNIK directly control Mst4 translocation, the localization 
of GFP-Mst4 was monitored in Ls174T-W4 cells transfected with V5-Rap2A(G12V) to 
constitutively target endogenous TNIK to the plasma membrane. In these cells, already in 
the absence of doxycyline stimulation, GFP-Mst4 was present at the plasma membrane in a 
non-polarized fashion (Figure 5B). Surprisingly, these cells frequently formed non-polarized 
brush borders, indicating that membrane targeting of exogenous Mst4 is sufficient to trigger 
brush border formation (Figure 5B). 

Next, we examined whether the disrupted translocation of Mst4 upon Rap2A or 
TNIK depletion indeed results in loss of Ezrin phosphorylation. Ls174T-W4 cells expressing 
scr, Rap2A, or TNIK shRNAs were seeded in the absence or presence of doxycyline, and 
either fixed and stained for phospho-Ezrin or subjected to western blot analysis for Ezrin 
phosphorylation. In control cells, doxycycline stimulation induced a clear induction of Ezrin 
phosphorylation (Figure 5C) which localized at the apical membrane (Figure 5D). This 
induction of Ezrin phosphorylation was significantly inhibited in cells depleted of Rap2A or 
TNIK (Figure 5C and 5D). 

Finally, to confirm that Rap2A signaling controls brush border formation by allowing 
Mst4-mediated Ezrin activation, we transfected a constitutively active mutant of Ezrin (YFP-
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EzrinT564D) in Rap2A-depleted cells. This completely rescued the defect in brush border 
formation (Figure 5E). Thus, Rap2A is required for Mst4-mediated phosphorylation of Ezrin 
at the apical membrane downstream of Lkb1-Strad, and thereby controls brush border 
formation but no other polarity events downstream of Lkb1. 

Discussion

Lkb1 controls polarization of the intestinal epithelium. In this process, the specification of 
the apical and basolateral membranes precedes the formation of microvilli brush borders 
at the apical membrane. A dedicated signaling pathway downstream of Lkb1 specifically 
establishes the brush border, and the kinase Mst4 is one component of this pathway 19. In 
the current study, we unveil two additional components of this pathway, i.e Rap2A and TNIK. 
We demonstrate that the small G protein Rap2A and its effector TNIK link Lkb1 to the 
apical targeting of Mst4. In intestinal epithelial cells, the induced expression of Stradα and 
consequently activation of Lkb1 leads to increased activity of Rap2A. This enables targeting 
of the kinase TNIK to the apical membrane in polarized cells. Here, TNIK initiates the 
recruitment of Mst4, resulting in phosphorylation of Ezrin and formation of microvilli. Thus, 
Rap2A-TNIK signaling is regulated downstream of Lkb1 and controls the formation of brush 
borders, but not the establishment of epithelial polarity itself. 

Rap2A activity becomes enriched at the apical membrane of polarized cells, to which 
it targets its effector TNIK. This local elevation of Rap2A-GTP might involve modulation of 
the catalytic activity or cellular distribution of a GEF downstream of Lkb1, or alternatively 
the local exclusion of GAP signaling. Another major fraction of Rap2A resides within 
apical recycling endosomes. Previously, a role for Rap2A in endosomal trafficking has 
been demonstrated in X. laevis, in which Rap2 controls the recycling of TGFβ receptors 30. 
However, using the GFP-RalGDS-RBD probe we could not detect any activity of Rap within 
recycling endosomes, implying that this pool of Rap2A is inactive and that specifically the 
apical fraction of Rap2A controls brush border formation. TNIK belongs to the Germinal 
Center Kinase (GCK)-IV family, which members share strong homology in the kinase and 
C-terminal Citron-homology (CNH) domains 31. The CNH domain was originally described 
as an effector domain for Rho G proteins 32. In GCK-IV family members, it binds selectively 
to Rap2 but not Rap1 27-29. Although all three GCK-IV proteins are expressed in the intestinal 
epithelium, only TNIK is required for the formation of brush borders downstream of Rap2A. 
This suggests an involvement of the less conserved intermediate region of TNIK, which 
may allow specific protein-protein interactions. TNIK may regulate components of the 
apical membrane to allow tethering of Mst4 at this compartment, or alternatively directly 
affect Mst4. Interestingly, TNIK and Mst4 interact and TNIK phosphorylates Mst4 in vitro 
(Supplementary Figure 2 and 3), however it is yet unclear whether this contributes to apical 
targeting or activation of Mst4. Lkb1 may in addition regulate Mst4 at the Golgi apparatus, 
to which Mst4 is recruited by GM130 33, in order to trigger its trafficking to the plasma 
membrane. Recently, the Mst-family kinase Ysk1 was shown to interact both with the Lkb1-
Strad complex and with GM130, and presumably plays a kinase-independent scaffolding role 
to link Lkb1 signaling to GM130 and Golgi regulation 33,34. The Xenopus orthologs of Rap2 
and TNIK have been implicated in the recruitment of Dishevelled from endocytic vesicles to 
the plasma membrane, thereby contributing to both the canonical and non-canonical Wnt-
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pathway 35,36. Thus, targeting of signaling proteins might represent a general function for the 
Rap2-TNIK pathway.  Analogously, the Rap1-effector RapL mediates targeting of Mst1 to the 
leading edge of chemokine-stimulated T-lymphocytes, providing another link between Rap 
signaling and Mst kinases 37.

Lkb1 controls varies aspects of cell polarity, not only in the intestinal epithelium but 
also in other tissues that includes the differentiation of axons and distinct dendrites 14-17. 
Interestingly, Rap1 and Rap2 have also been linked to axon determination and dendrite 
outgrowth 38,39. From our current study, we predict that a “Rap/GCK-IV cassette” may occur 
as a critical component of diverse pathways controlling the function of polarized cellular 
processes.
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Supplementary Figure 3. In vitro phosphorylation 
of Mst4 by TNIK
In vitro kinase assay for YFP-TNIK using Flag-Mst4 as 
substrate, which are both immunoprecipitated from 
HEK293T cells.  As wildtype Mst4 shows massive 
autophosphorylation, a kinase-dead mutant of Mst4 
(T162A) is used to visualize phosphorlyation of Mst4 
by TNIK. This shows that TNIK is able to phosphorylate 
Mst4 in vitro. 

Supplementary Figure 1. Localization of Rap2A in 
apical recycling endosomes.
Live-imaging of YFP-Rap2A and RFP-Rab11 in Ls174T-W4 
cells after stimulation with doxycyline. This shows that the 
apical vesicular structures containing Rap2A are positive 
for Rab11, identifying them as apical recycling endosomes.
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Supplementary Figure 2. Interaction of TNIK with 
Mst4.
Co-immunoprecipitation of YFP-Mst4 with Flag-tagged 
TNIK in HEK293T cells. The binding of Mst4 is enhanced 
with kinase-dead mutants of TNIK (TNIK K54A and TNIK 
R152A), indicative for a kinase-substrate interaction 
between TNIK and Mst4.
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he Rap family of small G proteins has been implicated in diverse biological processes, 
which often involves an effect on the cytoskeleton, adhesion molecules, or 
intracellular trafficking. The GDP/GTP cycle and consequently downstream signaling 

by Rap is under tight regulation by its GEFs and GAPs. These multi-domain proteins are 
themselves controlled by distinct upstream pathways and thereby couple different extra- 
and intracellular signals to Rap. Furthermore, because of specific anchoring mechanisms, 
the individual RapGEFs and RapGAPs are targeted to distinct cellular locations. As a result, 
they may participate in the control of specific cellular pools of Rap. In this thesis, we have 
explored this spatial regulation of Rap signaling, and illustrate how the confined activity of 
Rap at specific cellular compartments allows distinct downstream signaling events.

Dual control of Epac1 by cAMP

We have focused on the spatiotemporal regulation of one of the RapGEFs, Epac1. By directing 
the activation of Rap, this GEF participates in a wide range of physiological processes, which 
includes insulin secretion, cardiac contraction and cell adhesion (reviewed in Chapter 2). 
As the structures of both the active and inactive conformation of Epac are known 1,2, the 
mechanism of its activation has been revealed in atomic detail. Epac is directly activated 
by the second messenger cAMP, which induces a conformational change that releases the 
protein from a steric auto-inhibition. In Chapter 3 we have revealed that binding of cAMP 
in addition induces the relocalization of Epac1 from the cytosol to the plasma membrane 
(PM) (Figure 1). This membrane targeting requires the DEP domain of Epac1, and is a direct 
consequence of the conformational change induced by cAMP binding. Indeed, recruitment 
to the PM can be induced by an Epac-selective cAMP analog, and the translocation of Epac1 
is abolished in a mutant that is not capable of cAMP binding. Using caged cAMP that can 
be rapidly and transiently released by UV-induced photolysis, we have demonstrated that 
Epac1 translocation closely follows the generation of cAMP within cells. Finally, the kinetics 
of Epac1 membrane recruitment are not altered by overexpression of Rap1GAP1, indicating 
that downstream signaling to Rap is not needed. This dual control of Epac1 by cAMP imposes 
signal specificity by guaranteeing that cAMP predominantly affects PM-localized Rap. This 
links the activation of Epac1 to PM-localized processes, including Rap-mediated adhesion of 
cells to the extracellular matrix. 

The cAMP-induced translocation of Epac1 clearly depends on its DEP domain, however 
the anchor for this domain at the PM remains elusive. As the DEP domain-mediated 
relocalization of GFP-Epac1 is observed in all cell lines tested, this implies the putative 
binding partner for Epac1 at this compartment is ubiquitously present and at levels sufficient 
to drive a large fraction of exogenous Epac1 to the PM. Although PM-anchoring of Epac1 is 
triggered by cAMP binding, the crystal structure of Epac2 suggests the DEP domain is largely 
solvent exposed regardless of cAMP 2. Importantly, the DEP domain appears insufficient 
for membrane targeting, as neither the individual DEP domain nor the regulatory region 
(comprising the DEP and cAMP binding domain) of Epac1 localize to the PM. This argues 
for a contribution of an additional region within the catalytic region of Epac1, which may 
become exposed in its open conformation.  Alternatively, the context of the full length Epac1 
protein may be required for establishment of a conformation of the DEP domain compatible 
with membrane targeting. Finally, the cAMP-induced conformational change may release 

T
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proteins that impede membrane interactions and thereby trigger its association with the PM. 
Identification of the membrane anchor(s) will help to define the underlying mechanism, and 
further explain why only Epac1 but not the related protein Epac2 undergoes cAMP-induced 
membrane recruitment.

Identity of the DEP domain anchor: lessons from Dishevelled 
and RGS proteins

The DEP domain has originally been identified in D. melanogaster Dishevelled; C. elegans 

dorsal ruffles

plasma membrane

Epac1

ERM activation
ERM

N-terminus

nuclear pore complex

nucleus

cAMP
DEP domain

R82
dependent

RanBP2

β-adrenergic receptor

plasma membrane
(clustered)

CNB          DEP        CNB                     RAREM CDC25-HD

R82

phosphorylation
CDC25-HD

cAMP

Figure 1. The spatial regulation of Epac1.
The spatial regulation of Epac1 as described in this thesis. Binding of cAMP releases Epac1 from autoinhibition, and in addition 
induces the translocation of cytosolic Epac1 to the plasma membrane (PM). This is mediated by binding of its DEP domain to 
an unknown lipid and/or protein anchor at the PM.  An arginine residue (R82) within the electric dipole of the DEP domain is 
required for this PM recruitment. In contrast, the DEP domain-mediated translocation of Epac1 to dorsal ruffles, as revealed in 
Ovcar3 cells, is independent of this electric dipole. This indicates that multiple anchoring mechanisms for the DEP domain of Epac1 
may exist. Activation of ERM (Ezrin, Radixin, Moesin) proteins provides an alternative targeting mechanism for Epac1. In the open 
conformation, ERM proteins bind the N-terminal 49 amino acids of Epac1 and recruit Epac1 to the PM as well. This presumably 
targets Epac1 to a distinct signaling complex at the PM, which is illustrated by its clustered localization at this compartment upon 
ERM binding that is in contrast to the uniform PM-distribution by the DEP domain. Both the DEP domain- and ERM-mediated PM 
recruitment are needed for Epac1-mediated cell adhesion. Epac1 can further be tethered to the cytosolic face of the nuclear pore 
complex by the nucleoporin RanBP2. This interaction is mediated by the CDC25 homology domain of Epac1 that catalyses the 
nucleotide exchange of Rap.  As a result, RanBP2 inhibits the activity of Epac1 towards Rap and thereby maintains an inactive pool 
of Epac1 at the nuclear pore. Diverse signaling pathways may impinge on this interaction to increase the available pool of Epac1 that 
signals to Rap, which is at least in part driven by the phosphorylation of RanBP2. 
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EGL-10, and mammalian Pleckstrin 3,4. SMART database recognizes the existence of over 60 
human proteins containing a DEP domain, including proteins that harbor two DEP domains 
in tandem. Generally, the DEP domain directs these proteins to membranes similar as the 
DEP domain of Epac1, indicating a common function for this domain. The solved structures 
of the DEP domain of multiple proteins (Dishevelled and its mammalian ortholog Dvl 5,6, 
Pleckstrin 7, RGS7 8, and Epac2 9) revealed its core consists of three α-helices, stabilized 
by multiple hydrophobic interactions. The first two helices are interrupted by a ß-hairpin, 
and the third helix is followed by two short ß-strands. In these connecting regions the 
sequence diversity is highest, which presumably allows distinct interactions for the various 
DEP domains and consequently deviation in their targeting mechanism. 

Most studies have focused on the DEP domain of Dishevelled and its orthologs. As 
membrane targeting of Dishevelled exhibits parallels with Epac1, these studies may help 
in the understanding of Epac1 translocation. Dishevelled is recruited to the Wnt-receptor 
Frizzled, after which it mediates canonical Wnt signaling involving the accumulation of 
nuclear ß-catenin, as well as non-canonical Wnt signaling (reviewed in 10). Non-canonical Wnt 
signaling entails the activation of Rho G proteins downstream of Dishevelled, and regulates 
cytoskeletal reorganization, cell movement, and planar cell polarity. Although the PDZ domain 
of Dishevelled may weakly associate with the C-terminus of Frizzled 11, the DEP domain is 
crucial for its recruitment to the PM and required for both the canonical and non-canonical 
Wnt pathways 12-16. Moreover, the isolated DEP domain of Dishevelled is sufficient to relay 
non-canonical Wnt signaling 17-19. The NMR-structure of murine Dvl1 shows the presence 

of a cluster of exposed 
basic residues at one side 
of the DEP domain surface, 
which were proposed 
to mediate electrostatic 
interactions with acidic 
membrane lipids (Figure 2) 
5. Subsequent interaction 
studies revealed the 
binding of Dishevelled 
to phosphatidic acid 
(PA), which carries 
a negative charge at 
physiological pH 20. This 
electrostatic interaction 
with PA is essential for PM 
targeting of Dishevelled 
and consequently for 
downstream signaling. 
The DEP domain of the 
S. cerevisiae protein Sst2 
was also analyzed for 
lipid interactions and was 
suggested to interact 
with lipids non-specifically, 

protein-protein
interaction

Lipid 
interaction

Figure 2. Interaction surfaces on the DEP domain of Dishevelled.
The surface potential of the DEP domain of Dishevelled, based on its NMR-structure. Red 
regions represent negative, blue positive and white neutral potential. A cluster of exposed 
basic residues localizes at one site of the DEP domain surface and mediates binding of the 
phospholipid phosphatidic acid. An electric dipole, composed of a lysine residue and two 
aspartic acid residues, is implicated in protein-protein interactions. This figure has been 
adapted from 5. 
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however only PIP2 and PIP3 were tested in this study 21. Interestingly, also Epac1 displays 
affinity for PA in a DEP domain-dependent manner (unpublished results, S. Consonni, M. 
Gloerich and J.L. Bos). This implies that membrane recruitment of Epac1 may depend on 
binding to PA as well. Simons et al. further demonstrated that binding of Dishevelled to PA 
is controlled by the Na+/H+ exchanger nhe2 that maintains a basic pH near the PM 20. Local 
changes in intracellular pH might similarly affect the cAMP-induced translocation of Epac1. 
Interestingly, Epac1 signaling inhibits the human ortholog of nhe2 (NHE3), which may provide 
negative feedback signaling to its PM-recruitment 22,23. 

Although PA may contribute to membrane anchoring of Epac1, this phospholipid is not 
restricted to the PM 24. Because binding of cAMP targets Epac1 only to this compartment, 
presumably additional mechanisms aid in membrane selectivity. Potentially this involves 
interactions with proteins selectively present at the PM, which may bind the DEP domain 
as well or interact with an alternative region within Epac1. A clear indication for a role 
of membrane proteins in DEP domain anchoring is provided by “Regulator of G protein 
Signaling” (RGS) proteins 25. These proteins attenuate G protein coupled receptor (GPCR) 
signaling by increasing the rate of GTP hydrolysis of the Gα subunit. RGS proteins of the 
R7 family are directed to their affiliated receptors by their DEP domain. This involves 
direct interactions with different cytosolic regions of the GPCRs 21,26,27. In addition, the 
DEP domain of R7 RGS associates with GPCRs by interacting with proteins related to the 
syntaxin family of SNARE proteins, R9AP and R7BP 28-34. This interaction also requires a 
helical extension C-terminal to the DEP domain, and therefore binding to R9AP and R7BP 
is likely specific for the DEP domain of RGS proteins 8,29,35. A different mode of DEP domain 
mediated protein interactions is suggested by the NMR-structure of the DEP domain of 
Dvl1, which revealed the presence of an electric dipole (Figure 2) 5. In Dvl1 this dipole 
consists of a lysine and two aspartic acid residues that localize opposite to the surface with 
basic residues involved in PA-binding, and presumably the electric dipole enables protein-
protein interactions 5,6,33. A naturally occurring allele of Drosophila Dishevelled in which this 
lysine is mutated demonstrated the importance of the electric dipole in PM association 
6,12,16-18. Similarly, for the interaction of the S. cerevisiae RGS protein Sst2 with the C-terminus 
of its corresponding receptor, the involvement of residues within the electric dipole has 
been shown 21. Disruption of the electric dipole of Epac1 by an R82A mutation also abolishes 
its PM-recruitment, supporting a role for protein-protein interactions in its membrane 
association. The putative protein anchor of Epac1 is elusive, but analogous to the R7 RGS 
proteins the upstream GPCR complex would be a likely candidate for recruiting Epac1 
to the PM. Interestingly, an association of Epac1 with GPCRs has been reported, as Epac1 
interacts with the adaptor protein ß-arrestin that is recruited to the activated ß1-adrenergic 
receptor 36. ß-arrestin also binds the PA-generating enzyme DAG kinase, which allows 
local enrichment of PA that might further aid in the enrichment of Epac1 at the receptor 
complex 37. However, it is yet unclear whether the interaction with ß-arrestin requires the 
DEP domain of Epac1. Furthermore, activation of Epac1 in a receptor-independent manner is 
sufficient for its PM association, and as ß-arrestin is only recruited to the activated receptor 
this indicates that the receptor complex is unlikely to function as the PM-anchor protein 
for Epac1. The diversity of reported DEP domain interacting proteins indicates that there 
is no general targeting mechanism for this domain. Thus, although there are indications that 
the DEP domain of Epac1 mediates binding to membrane proteins, which may either allow 
PM-anchoring or lead to further compartmentalization at this location, additional studies are 



General discussion

T
o

C
ha

pt
er

 7

143

needed to identify the involved proteins. Furthermore, it is conceivable that the DEP domain 
of Epac1 provides multiple anchoring mechanisms. This is illustrated in Ovcar3 cells, in which 
cAMP-binding induces the translocation of Epac1 to the membrane within dorsal ruffles in 
a DEP domain dependent, yet R82-independent manner (Addendum Chapter 3) (Figure 
1). In conclusion, although the DEP domain-mediated translocation of Epac1 may exhibit 
parallels with the regulation of other DEP domain containing proteins, the exact mechanism 
of its membrane targeting requires further investigation. 

Signaling by Epac1 within the ERM complex

As Epac1 is not statically confined to the PM by its DEP domain but translocates here upon 
binding of cAMP, this allows further dynamic regulation of its cellular distribution. Indeed, in 
Chapter 4 we describe an alternative targeting mechanism for Epac1, mediated by proteins 
of the Ezrin, Radixin, Moesin (ERM) family. Numerous signaling pathways can trigger the 
phosphorylation and consequently open conformation of the ERM proteins 38. Subsequently 
the activated ERM proteins are targeted to the PM where they associate with the actin 
cytoskeleton. In their open conformation ERM proteins can interact with Epac1, and thus they 
provide an additional anchoring mechanism for Epac1 at the PM (Figure 1). The interaction 
with ERM proteins is independent of both cAMP binding and the DEP domain, and instead 
is mediated by the N-terminal 49 amino acids (N49) of Epac1. Upon its activation by cAMP, 
Epac1 remains tethered within the ERM complex, and this allows efficient activation of Rap1 
in vivo and consequently integrin-mediated cell adhesion. 

In the regulation of integrin-mediated cell adhesion by Epac1, ERM proteins cooperate 
with the DEP domain-mediated translocation. Either deletion of the DEP domain or 
disruption of ERM binding results in a partial decrease in cAMP-induced cell adhesion by 
Epac1. This cooperative function of the DEP domain and N49 of Epac1 may be explained 
by an increased affinity of Epac1 for the PM using two independent membrane anchors. 
However, it is likely that these anchoring mechanisms target Epac1 to specific complexes at 
the PM, and thereby allow distinct Rap-mediated downstream signaling pathways that both 
affect cell adhesion. In line with this, the reduced induction of cell adhesion by an Epac1 
mutant lacking its N-terminus (including both N49 and the DEP domain) can not be fully 
restored by addition of a PM-targeting CAAX-motif (M. Gloerich and J.L. Bos, unpublished 
results). The recruitment into distinct membrane complexes is further supported by 
the localization of Epac1 in HEK293T cells. Whereas the DEP domain distributes Epac1 
uniformly at the PM of these cells, ERM activation results in a clustered localization of Epac1 
at this compartment. The nature of these membrane clusters remains elusive, and potentially 
represents the previously reported enrichments of ERM proteins in local microdomains 
such as lipid rafts 39-42. 

Binding to ERM proteins allows crosstalk of Epac1 with other proteins within this 
complex, which may link Epac1 to distinct cellular processes. We have revealed that the ERM 
family member Ezrin is also needed downstream of Rap1 in the regulation of cell spreading 
(Ross et al., manuscript in preparation). This suggests the presence of downstream effectors 
of Rap1 within the Ezrin complex, which may be regulated by the local activation of Rap1 
by Ezrin-bound Epac1. In addition, ERM proteins associate both directly and indirectly with 
the ß-adrenergic receptor 43,44. ERM proteins might consequently target Epac1 to the site of 
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cAMP production and thereby augment the activation of Epac1. The biological importance 
of the Epac1-ERM interaction may be most evident in tissues in which the ERM family 
members display a clear polarized distribution. ERM proteins contribute to several aspects 
of leukocyte polarization, and are enriched at the posterior side of these cells were they 
participate in the formation of the uropod 45,46. Epac1 accumulates at this posterior side of 
leukocytes as well, dependent on its interaction with ERM proteins (M. Gloerich and J.L. 
Bos, unpublished results), and has been implicated in the formation of the uropod structure 
in the monocytic cell line U937 47. In epithelial cells Ezrin is highly enriched at the apical 
compartment, where it functions in brush border formation and scaffolds the recruitment 
of various proteins 38. As expected, Epac1 also accumulates within the brush border of 
epithelial cells, and this likely underlies several of the described functions of Epac1 at the 
apical membrane 22,23,48. The cAMP effector PKA functions in these processes as well. In 
fact, Epac and PKA commonly associate with the same biological process, in which they 
fulfill either opposite or cooperative effects 49. As ERM proteins also act as scaffolds for 
PKA 50, they may coordinate the regulation of both cAMP-targets and thereby contribute 
to the interconnectivity between these cAMP-regulated pathways. A similar role has been 
described for mAKAP 51, and coordinated activation of PKA and Epac1 within one single 
complex may represent a common feature of cAMP signaling. 

An inactive pool of Epac1 at the nuclear pore

In Chapter 5, we reveal a negative regulatory mechanism for Epac1 signaling. Epac1 directly 
binds to the zinc fingers of the nucleoporin RanBP2, which targets Epac1 to the cytosolic 
face of the nuclear pore complex (NPC) (Figure 1). This interaction is mediated by the 
CDC25 homology domain of Epac1 that catalyses the nucleotide exchange of Rap. As a 
result, binding of RanBP2 inhibits the activity of Epac1 towards Rap in vitro. Possibly, RanBP2 
binding may reorient the Rap binding surfaces within the CDC25 homology domain, or 
directly prevent Rap binding by steric hindrance. Epac1 remains associated with the nuclear 
pore upon cAMP-stimulation, implying that RanBP2 maintains an inactive cellular pool of 
Epac1 at the nuclear pore. Indeed, release of this fraction of Epac1 by siRNA-mediated 
depletion of RanBP2 enhances cAMP-induced Rap activation and cell adhesion. 

Diverse pathways may impinge on the interaction between Epac1 and RanBP2 to 
augment the available pool of Epac1 that signals to Rap. Previously, disintegration of the 
nuclear pore during mitosis has been associated with phosphorylation of multiple nuclear 
pore components, in part triggered by the mitotic kinase Cdk1 52-56. We hypothesized that 
this phosphorylation event might induce the release of Epac1 from RanBP2, which would 
elucidate a potential regulatory mechanism for their interaction. Indeed, the zinc fingers 
of RanBP2 are hyperphosphorylated during this stage of the cell cycle. This impedes the 
binding of Epac1, which can be restored in cell lysates by incubation with λ-phosphatase. 
Similarly, phosphorylation of the zinc fingers can be induced by incubation of cells with the 
phosphatase inhibitor okadaic acid, and this results in the release of Epac1 from the nuclear 
pore. Large-scale phosphoproteome analysis has previously revealed numerous modified 
residues within the zinc fingers of RanBP2 during mitosis 57. We have identified additional 
serine/threonine residues within this region that are specifically phosphorylated during 
mitosis or upon treatment with okadaic acid (L.A.T. Meijer, M. Gloerich, J.L. Bos, unpublished 
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results). We could not pinpoint a single residue within the zinc fingers that confers the 
regulation of Epac1 binding. This is in part explained by the presence of multiple zinc fingers 
within RanBP2, and likely multiple phosphorylation sites are needed for the release of Epac1. 
Moreover, it is plausible that clusters of phosphorylated residues within each zinc finger are 
involved, as has been described for the regulation of other nucleoporins 52.  Although RanBP2 
phosphorylation clearly contributes to the regulation Epac1, identification of the responsible 
kinase(s) is needed to understand the upstream pathways, and may potentially link additional 
pathways to Epac1-Rap signaling. 

It remains ambiguous why an inactive pool of Epac1 is maintained specifically at the 
nuclear pore. Potentially, Epac1 may function at this compartment independent of its 
nucleotide exchange activity, and several Rap-independent effects of Epac1 have previously 
been described 58-60. Recently it was suggested that the localization of Epac1 at the nuclear 
pore is mediated by binding of its putative RA domain to the NPC-associated small G protein 
Ran, and that this might enable local activation of Rap1 61. However, truncation constructs 
used in this study not only affected the RA domain but also regions within adjacent domains.  
Importantly, our data clearly indicate that RanBP2 recruits Epac1 to the nuclear pore and 
that RanBP2-bound Epac1 is not able to signal to Rap in vitro and in vivo. Indeed, in HEK293T 
cells in which a large fraction of exogenous Epac1 localizes at the nuclear pore, cAMP 
stimulation does not induce the recruitment of the RapGTP probe GFP-RalGDS-RBD to 
the nuclear envelope but only to the PM (Chapter 3). Nonetheless, upon its release from 
RanBP2, Epac1 might indeed locally signal to Rap at the nuclear envelope. Several reports have 
confirmed the presence of Rap1 at this compartment 61,63,64, and interestingly also RapGEFs 
of the CalDAG-GEF family localize to the nuclear envelop upon binding to diacylglycerol 65-

67. Although the putative role of Rap at the nuclear envelope remains elusive, its previously 
described functions make it tempting to speculate a role in the local regulation of the actin 
cytoskeleton. A dynamic link of actin with the nuclear envelope is involved in positioning of 
the nucleus during cell migration 68. This exhibits several parallels with focal adhesions, which 
connect the actin cytoskeleton to the extracellular matrix and are clearly regulated by Rap1 
69. Thus, binding to RanBP2 might not only serve to maintain an inactive, releasable pool of 
Epac1, but may contribute to localized effects of Epac1 as well either in a Rap-independent 
manner or upon release of Epac1 from RanBP2.

The release of Epac1 from RanBP2 during mitosis may be of functional importance 
as well. RanBP2 is pivotal for various aspects of mitosis, and liberation of Epac1 might be a 
prerequisite for mitosis to take place properly. The release of Epac1 may allow the binding 
of other proteins to the zinc fingers, and for instance binding of the coatomer complex 
COPI to the zinc fingers of RanBP2 has been implicated in nuclear envelope breakdown 70. 
Alternatively, RanBP2-released Epac1 itself may contribute to aspects of this phase of the cell 
cycle. cAMP levels rapidly drop during the onset of mitosis and rise again during the transition 
into interphase 71. This would limit a role for RanBP2-released Epac1 and consequently Rap1 
activation to the end of mitosis. It was recently demonstrated that Rap1 activity is required 
for re-spreading of rounded cells at the end of mitosis 72, although we did not observe similar 
spreading defects in cells in which Epac1 signaling was perturbed (M. Gloerich and J.L. Bos, 
unpublished results). Upon its release from the nuclear pore during mitosis, Epac1 becomes 
highly enriched at the cleavage furrow via its binding to ERM proteins (M. Gloerich, J.L. Bos, 
unpublished results). Possibly, Epac1 and Rap may locally regulate the actin cytoskeleton at 
this site during cytokineses. In line with this, endothelial cells depleted of Rap1B frequently 
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display defects in cytokinesis, resulting in multinucleated cells (J.G. van Dijk, M. Gloerich, J.L. 
Bos, unpublished results). Paradoxally, cytokinesis defects are also frequently observed in 
YFP-Epac1 expressing cells, which may be a dominant negative effect of its overexpression 
(M. Gloerich and J.L. Bos, unpublished results). Although a mitotic function of Epac1 and 
Rap is appealing, whether these proteins truly function in cytokinesis and if this explains the 
release of Epac1 from RanBP2 during mitosis requires further investigation.

A role for localized Rap2A signaling in brush border formation 

Finally, we have illustrated the biological consequence of the spatial regulation of Rap 
signaling. In Chapter 6, we have demonstrated how localized Rap activity regulates a 
specific signaling pathway during epithelial cell polarization. In intestinal epithelial cells, the 
kinase Lkb1 controls the establishment of apical-basal polarity and the subsequent formation 
of apical brush borders 73. This polarization of the intestinal epithelium allows the efficient 
exchange of nutrients with the intestinal lumen. To study the role of Rap in this process, we 
have made use of the Ls174T-W4 cell line in which Lkb1 activation can be triggered by the 
doxycyline-inducible expression of its co-factor Stradα. Doxycycline-induced activation of 
Lkb1 results in the polarization of individual cells, even in the absence of cell-cell and cell-
matrix contacts 73. Upon depletion of Rap2A, the formation of brush borders is abolished 
in these cells, whereas they retain their ability to polarize. Rap2A is activated downstream 
of Lkb1, and consequently targets its effector TNIK to the apical membrane. TNIK in turn 
allows the recruitment of Mst4, which mediates the activation of the actin-linking protein 
Ezrin that induces the formation of brush borders (Figure 3). 

Rap2A localizes uniformly at the PM of polarized Ls174T-W4 cells, however the GTP 
bound form of Rap2A is highly enriched within the apical compartment. This allows the 
targeting of TNIK selectively to this site. Conceivably, Lkb1 signaling modulates the catalytic 
activity or cellular distribution of one of the RapGEFs, and thereby enhances Rap2A nucleotide 
exchange at the apical membrane. Alternatively, this local elevation of Rap2AGTP levels may 
result from exclusion of its GAPs from this location. This regulation may be a direct effect of 
Lkb1 signaling, or result from the establishment of cell polarity downstream of this kinase. 
In polarized cells, another major fraction of Rap2A localizes within Rab11-positive recycling 
endosomes that accumulate underneath the apical membrane. This endosomal localization 
of Rap2A is in accordance with previous reports in X. laevis cap cells and mammalian Cos-1 
cells 74-76. Furthermore, a role for Rap2 in endosomal trafficking has been demonstrated in 
X. laevis, in which Rap2 controls the recycling of TGFß receptors 77. However, using the GFP-
RalGDS-RBD probe we could not detect any activity of Rap within recycling endosomes, 
implying that this pool of Rap2A is inactive. Importantly, overexpression of a constitutively 
active Rap2A mutant did target the probe to this compartment, indicating that RalGDS-
RBD can be recruited to endosomes when Rap2A is active here (M. Gloerich and J.L. Bos, 
unpublished results). It is possible that activation of endosomal Rap2A during Lkb1-induced 
polarization occurs very transiently. However, these data suggest that specifically the apical 
fraction of Rap2A controls brush border formation, whereas other pools of Rap2A may 
function in different cellular processes. 

Although Rap2A is regulated downstream of Lkb1 by an effect on its GTP-binding, 
previously diverse alternative mechanisms have been described that control signaling by 
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this small G protein. The Xenopus Rab40/XCullin5 complex ubiquitinates Rap2 and thereby 
controls its PM localization in X. laevis cap cells 75. Conversely, ubiquitination of Rap2A by 
Nedd4-1 in neurons affects its ability to interact with effector proteins 78. We could detect 
a mono-ubiquitinated pool of Rap2A in Ls174T-W4 cells as well, although this was not 
altered upon Lkb1 activation (M. Gloerich and J.L. Bos, unpublished results). Nevertheless, 
this illustrates that other regulatory mechanisms for Rap2A, including ubiquitin ligases, may 
be important in brush border formation as well.

How the Rap2A-recruited kinase TNIK controls trafficking of Mst4 from the Golgi 
apparatus upon Lkb1 activation is not completely understood. Several routes from the Golgi 
network to the apical membrane have previously been described 79. Mst4 is targeted to the 
Golgi apparatus by the Golgi matrix protein GM130, which results in its autophosphorylation 
and consequent activation 80. Trafficking of Mst4 from the Golgi may involve Ysk1, another 
Mst-family kinase that was recently shown to contribute in a kinase-independent manner to 
Lkb1-induced brush border formation 81. Ysk1 interacts both with the Lkb1-Strad complex 
and with GM130, and may play a scaffolding role to link Lkb1 signaling to GM130 and Golgi 
regulation 80,81. In addition, this may involve the adaptor protein Mo25, which scaffolds Lkb1 
to Strad and also interacts with Mst4 82. Since TNIK localizes to the apical membrane, it is 
likely that it functions in tethering Mst4 at this compartment upon transport of Mst4 from 
the Golgi apparatus. This may involve either modulation of components within the apical 
membrane by TNIK, or require a direct effect on Mst4. The latter possibility is supported 
by an interaction of TNIK with Mst4, which is enhanced when a catalytic inactive mutant of 
TNIK is used. This is indicative for a kinase-substrate interaction 83, and indeed TNIK is able to 
phosphorylate Mst4 in vitro. Whether this phosphorylation of Mst4 is involved in its function 
during brush border formation requires further investigation. Moreover, the Rap2 effectors 
MINK and MAP4K4, which are close homologues of TNIK, are also expressed in Ls174T-W4 
cells but dispensable for brush border formation. This suggests the less conserved region 
between the highly homologous kinase domain and Rap2 binding domain may contribute 
to this specific role of TNIK. Interestingly, the Xenopus orthologs of Rap2 and TNIK have 
been implicated in the recruitment of Dishevelled from endocytic vesicles to the plasma 
membrane, thereby contributing to both the canonical and non-canonical Wnt-pathways 74,75. 
Targeting of signaling proteins might thus represent a general function for the Rap2-TNIK 
pathway, although the mechanism by which TNIK controls the localization of downstream 
proteins remains to be resolved. 

Not only Ls174T-W4 cells but also Caco2 cells that rely on Lkb1 for their spontaneous 
polarization depend on Rap2A for brush border formation. In these cells, Lkb1 signaling 
might be induced by E-cadherin engagement during the formation of adherens junctions, 
leading to polarization of these cells 84. The role of Lkb1 further extends to the polarization 
of other tissues, and possibly Rap proteins participate in certain aspects of this as well. For 
instance, Lkb1 controls numerous aspects of neuronal polarity, including the differentiation 
of axons and distinct dendrites 85-88, for which a role for Rap1 and Rap2 has previously 
been implicated 78,89. Similarly, TNIK and the other GCK-IV family members have further 
been implicated in various additional cellular processes, which includes a role for nuclear 
TNIK in TCF-mediated transcription 90-92. Future studies may elude whether the regulation 
of GCK-IV kinases links the localized activation of Rap2 protein to additional biological 
responses.
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Concluding remarks

In this thesis, we have unveiled multiple 
aspects of the spatial regulation of Rap 
signaling. The recruitment of Epac1 
to the PM illustrates how the cellular 
distribution of RapGEFs allows localized 
signaling by Rap. Furthermore, as this 
PM-recruitment is established by two 
independent anchoring mechanisms 
that are both required for Rap-mediated 
cell adhesion, this implies that RapGEFs 
are further compartmentalized into 
distinct complexes to establish specific 
downstream pathways. Cellular 

targeting of RapGEFs will not always result in localized Rap signaling, as illustrated by the 
binding of RanBP2 that not only recruits Epac1 to the nuclear pore but also prevents its 
activity towards Rap. Finally, we have identified Rap2A and TNIK as novel components in 
Lkb1-induced brush border formation, and this highlights the biological consequence of 
localized Rap activity. Although we have revealed part of the spatial regulation of Rap, the 
existence of multiple Rap proteins and a number of differentially regulated GEFs and GAPs 
indicates that many cellular pathways will impinge on the spatial regulation of Rap to control 
specific aspects of its function. The anchoring mechanisms for the RapGEF and RapGAPs are 
now starting to be unraveled, and the increasing amount of identified interacting proteins 
will help to broaden our understanding of the spatiotemporal regulation of the Rap signaling 
network. 
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Figure 3. Rap2A and TNIK control brush border 
formation downstream of Lkb1.
Lkb1 controls polarization of the intestinal epithelium 
upon its activation in the cytosol in a complex with 
Strad and Mo25. This results in the formation of an 
apical and basolateral membrane, which are separated 
by tight junctions. Through an independent pathway, 
Lkb1 controls the subsequent formation of apical brush 
borders. This involves the activation of Rap2A at the 
apical membrane and mediates recruitment of the Rap2-
effector TNIK to this site. TNIK allows targeting of Mst4 
from the Golgi apparatus to the apical compartment, 
where Mst4 activates the actin-linking protein Ezrin to 
induce formation of brush borders. 
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y cycling between an inactive GDP-bound and active GTP-bound state, small G 
proteins of the Rap family act as molecular switches that relay upstream signals 
to diverse cellular processes. This GDP/GTP-cycle and consequently downstream 

signaling by Rap is under tight regulation by its GEFs and GAPs. (summarized in Chapter 
1). The biological consequence of Rap activity depends on its cellular position and local 
environment. As specific anchoring mechanisms may recruit the individual RapGEFs and 
RapGAPs to distinct cellular locations, they can control discrete cellular pools of Rap in 
order to establish different downstream signaling events. In this thesis, we have explored 
several aspects of this spatial regulation of Rap signaling. We have focused on the regulation 
of the RapGEF Epac1, which is activated by the second messenger cAMP that induces a 
conformational change to release the protein from auto-inhibition (reviewed in Chapter 2). 
We have revealed in Chapter 3 that binding of cAMP in addition induces the relocalization 
of Epac1 from the cytosol to the plasma membrane (PM). This allows activation of Rap at this 
compartment, which links the activation of Epac1 to PM-localized processes including Rap-
mediated adhesion of cells to the extracellular matrix.  As Epac1 is not statically confined to 
the PM but translocates here upon binding of cAMP, this allows further dynamic regulation of 
its cellular distribution. Indeed, in Chapter 4 we describe an alternative targeting mechanism 
for Epac1, mediated by binding to proteins of the Ezrin, Radixin, Moesin (ERM) family in their 
open conformation. Numerous signaling pathways can trigger the open conformation of the 
ERM proteins, which are subsequently targeted to the PM and thus provide an additional 
anchoring mechanism for Epac1 at this compartment. Epac1 in addition interacts with the 
nucleoporin RanBP2, which targets Epac1 to the nuclear pore as described in Chapter 5. 
This interaction is mediated by the domain of Epac1 that catalyses the nucleotide exchange 
of Rap.  As a result, binding of RanBP2 inhibits the activity of Epac1 towards Rap in vitro and 
in vivo. Diverse pathways may impinge on this interaction to augment the available pool of 
Epac1 that signals to Rap, which involves phosphorylation of RanBP2. RanBP2 thus functions 
to maintain a regulated, inactive cellular pool of Epac1. In Chapter 6 we have demonstrated 
how localized Rap activity regulates a specific signaling pathway during epithelial cell 
polarization. In intestinal epithelial cells, the kinase Lkb1 controls the establishment of 
apical-basal polarity and the subsequent formation of apical brush borders that allows the 
efficient exchange of nutrients with the intestinal lumen. Rap2A is activated downstream 
of Lkb1, which occurs specifically at the apical membrane. Rap2A controls brush border 
formation by targeting its effector TNIK to the apical compartment. TNIK in turn allows the 
recruitment of Mst4, which mediates activation of the actin-linking protein Ezrin to induce 
brush border formation. Thus, we have identified Rap2A and TNIK as novel components 
of the Lbk1 signaling pathway in a specific aspect of epithelial polarity. In summary, we 
have unveiled multiple aspects of the spatial regulation of Rap that are further discussed 
in Chapter 7, which will help to broaden our understanding of the Rap signaling network. 
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Inleiding

et menselijk lichaam is opgebouwd uit miljarden cellen. Deze cellen geven vorm aan 
de weefsels en organen en voeren hierin specifieke functies uit. Zo zijn bijvoorbeeld 
hartspiercellen belangrijk voor de contractie van het hart, terwijl darmcellen 

gespecialiseerd zijn in de opname van voedingsstoffen. Hoewel verschillende celtypen 
karakteristieke functies hebben, moeten alle cellen ook veel vergelijkbare taken volbrengen, 
zoals groeien, delen en bewegen. 

Cellen zijn verdeeld in verschillende compartimenten, genaamd organellen. De 
organellen bevinden zich in het cytosol, een waterige oplossing die afgesloten is door het 
plasmamembraan die de buitenkant van de cel vormt. Elk organel voert een specifieke 
functie uit binnen de cel. Zo bevat de celkern het DNA, terwijl het mitochondrium zorgt 
voor energieproductie en het Golgi-apparaat belangrijk is voor transport binnen de cel.

Eiwitten zijn de bouwstenen voor de cellen. Zij zorgen voor de structuur van de cel, 
maar daarnaast ook dat een cel zijn verschillende functies kan uitvoeren. Om dit allemaal 
te bewerkstelligen komen eiwitten daarom in vele soorten voor. Sommige eiwitten geven 
een cel stevigheid en vorm, terwijl andere eiwitten enzymatische activiteit hebben of op een 
andere manier signalen door kunnen geven in de cel. Al deze eiwitten worden gecodeerd 
door genen in het DNA, het genetische materiaal dat zo nodig gebruikt kan worden om 
nieuwe eiwitten aan te maken. 

Voor het goed functioneren van cellen en daarmee de organen is communicatie tussen 
cellen van essentieel belang. Spiercellen kunnen bijvoorbeeld een signaal afgeven om cellen in 
het hart sneller te laten kloppen, en bij een ontsteking leiden naburige cellen de afweercellen 
naar de plek waar ze nodig zijn. Als het mis gaat met de communicatie tussen cellen kan dit 
leiden tot verschillende ziekten. Het bekendste voorbeeld hiervan is kanker, waarbij cellen 
ongecontroleerd blijven delen omdat ze niet meer reageren op signalen van buitenaf. Er 
zijn meerdere manieren waarop cellen met elkaar kunnen communiceren. Voor een groot 
deel gebeurd dit door het uitscheiden van signaalstoffen (hormonen), die via de bloedbaan 
bij een andere cel terecht komen. De hormonen binden vervolgens aan eiwitten die in het 
plasmamembraan aan de buitenkant van deze cel aanwezig zijn (receptoren), waarop deze het 
signaal doorgeven aan signaaleiwitten in de cel. Afhankelijk van welke signaaleiwitten worden 
geactiveerd kan de cel hier op verschillende manieren op reageren, bijvoorbeeld door meer 
te gaan delen of te stoppen met bewegen. De regulatie van één van deze signaaleiwitten, het 
eiwit Rap, is uitgebreid bestudeerd in dit proefschrift.

Onderzoek naar het signaaleiwit Rap

Rap is een signaaleiwit met verschillende functies in de cel. Eén van de belangrijkste functies 
van Rap is ervoor zorgen dat cellen goed kunnen hechten aan hun ondergrond zodat de 
cellen niet zomaar kunnen migreren door het lichaam. Maar dit zorgt er bijvoorbeeld ook 
voor dat afweercellen vanuit de bloedbaan naar de goede plek gebracht kunnen worden. Rap 
kan verder ook een effect uitoefenen op onder andere het delen van cellen, de opname van 
glucose, en het contracteren van hartspiercellen. Rap doet dit door zelf verschillende andere 
eiwitten aan te sturen die deze processen dan bevorderen of afremmen. 
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Andersom zijn er ook verschillende eiwitten die Rap kunnen beïnvloeden. Daarom 
kunnen verscheidene signalen van buiten de cel zorgen voor de activatie van Rap, hetgeen 
uitgebreid besproken wordt in hoofdstuk 1. Eén van deze signaalpaden volgt na activatie 
van de hormoonreceptor, waarna een signaalmolecuul genaamd “cyclisch AMP” (cAMP) 
aangemaakt wordt. cAMP kan vervolgens binden aan het eiwit Epac1, welke hierdoor actief 
wordt en op zijn beurt Rap kan activeren (een overzicht van de literatuur over Epac1 wordt 
gegeven in hoofdstuk 2). Zo zijn er nog veel meer van deze “cascades” van signaaleiwitten 
die uiteindelijk leiden tot het activeren van Rap en daardoor bepaalde effecten in de cel 
teweeg brengen. Het door Rap veroorzaakte effect is afhankelijk van het celtype waarin Rap 
wordt geactiveerd. Bovendien bevindt Rap zich op allerlei plekken in de cel en in verschillende 
organellen. Daarom zal de invloed van Rap activatie ook bepaald worden door de plek waar 
dit gebeurd in de cel. Om dit te bestuderen hebben we deze “ruimtelijke regulatie” van Rap 
signalering in dit proefschrift nader onderzocht. 

In eerste instantie hebben we vooral gekeken naar het eiwit Epac1, die Rap kan reguleren 
als het zelf eerst geactiveerd wordt door cAMP. Een overgroot deel van Epac1 bevindt zich 
in het cytosol, een plek waar Rap zich niet bevindt. In hoofdstuk 3 beschrijven we de 
verrassende vinding dat wanneer Epac1 geactiveerd wordt door cAMP, het zich razendsnel 
verplaatst naar het plasmamembraan. Hier bevindt zich ook een deel van de Rap eiwitten in 
de cel, en we zien dan ook dat vooral hier Rap geactiveerd wordt door Epac1. Deze activatie 
van Rap op het plasmamembraan is van groot belang om de cel te kunnen laten hechten 
aan zijn ondergrond. In hoofdstuk 4 laten we zien dat Epac1 verder ook interacties kan 
aangaan met eiwitten die zich bevinden op het plasmamembraan, namelijk eiwitten van de 
zogenaamde “ERM” familie (hetgeen staat voor de drie eiwitten die deel uitmaken van deze 
familie; Ezrin, Radixin en Moesin). ERM eiwitten zijn niet zozeer signaaleiwitten zoals Epac1 
en Rap, maar kunnen wel binden aan verschillende signaaleiwitten waardoor deze dicht bij 
elkaar gebracht worden in de cel. Hierdoor zijn de signaaleiwitten beter in staat een signaal 
aan elkaar door te geven en om uiteindelijk een effect in de cel teweeg te brengen. We 
hebben gevonden dat Epac1 één van deze signaaleiwitten is die aan de ERM eiwitten kan 
binden en dat deze interactie belangrijk is voor Epac1 om celhechting te kunnen reguleren. 

Een groot deel van Epac1 bevindt zich verder op een heel karakteristieke plek in de cel,  
namelijk de buitenkant van de celkern. De oorspronkelijke verwachting was dat Epac1 op 
deze plek Rap zou kunnen activeren, maar onze experimenten beschreven in hoofdstuk 5 
laten iets anders zien. Epac1 wordt naar deze plek toegehaald door een ander eiwit genaamd 
RanBP2. Als RanBP2 bindt aan Epac1, is Epac1 niet meer in staat om Rap te activeren. Dit 
betekent dat de buitenkant van de celkern als opslagplek dient voor inactief Epac1, en dat dit 
deel van Epac1 niet meedoet aan de signaalcascades in de cel. Pas als het nodig is om meer 
Rap activatie in de cel te hebben, zal Epac1 vrij komen van deze plek. We hebben inderdaad 
verschillende signalen gevonden die er toe leiden dat Epac1 los komt van RanBP2, waarna 
er een toename in Rap activatie plaatsvindt en cellen bijvoorbeeld beter kunnen hechten. 

In hoofdstuk 6 beschrijven we een nieuwe biologische functie van Rap, waarbij een 
specifiek deel van Rap in de cel een rol speelt. Verschillende celtypen hebben vaak een hele 
karakteristieke structuur. Hierdoor heeft een cel niet zozeer een gelijkmatige, ronde vorm 
zoals het vaak getekend wordt, maar kan het er aan één kant compleet anders uitzien dan 
aan de andere kant van de cel.  Anders gezegd, cellen zijn vaak sterk “gepolariseerd”. Een 
goed voorbeeld van gepolariseerde cellen zijn de cellen die zorgen voor opname van de 
voedingstoffen in de darm. Deze hebben aan één kant, de zijde die grenst aan de binnenkant 
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van de darm (de “apicale” zijde), een heleboel kleine uitstulpingen van het celmembraan 
genaamd de microvilli. Door deze microvilli wordt het oppervlak van de cellen drastisch 
vergroot, hetgeen de opname van voedingsstoffen vergemakkelijkt. We hebben een 
signaalcascade ontdekt die zorgt voor de vorming van deze microvilli. Het was al bekend 
dat het signaaleiwit Lkb1 nodig is voor darmcellen om microvilli te laten vormen. Door 
verschillende eiwitten uit cellen te verwijderen en vervolgens te bekijken wat er gebeurd 
met de vorming van microvilli, hebben we gevonden dat ook Rap hier belangrijk bij is. Als 
Lkb1 actief is, leidt dit tot activatie van Rap specifiek op de apicale membraan. Actief Rap 
zorgt er uiteindelijk voor dat het eiwit Mst4 naar deze plek in de cel komt. Eenmaal daar 
aangekomen reguleert Mst4 op zijn beurt het eiwit Ezrin (wat eerder ook beschreven is als 
Epac1-bindend eiwit, echter is Epac1 in deze cellen niet aanwezig en speelt hierin dus geen 
rol). Ezrin bindt niet alleen verschillende signaaleiwitten, maar ook eiwitten die de structuur 
van de cel bepalen. Hierdoor zorgt Ezrin ervoor dat de microvilli op de apicale membraan 
gemaakt worden. 

We hebben in dit proefschrift dus verscheidene manieren geïdentificeerd waarop Rap 
in de cel zowel positief als negatief gereguleerd kan worden, hetgeen verschillende effecten 
heeft op de cel. De implicaties van deze bevindingen worden in hoofstuk 7 uitgebreid 
bediscussieerd. 
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5 jaar geleden had ik nog geen idee hoe m’n boekje er ooit uit zou komen te zien, maar het is 
zover...hij is af! Er zijn een hoop mensen zonder wie dit zeker niet gelukt zou zijn, maar ook 
zonder wie de afgelopen jaren binnen en buiten het lab een stuk minder leuk waren geweest!

Als eerste wil ik natuurlijk mijn promotor bedanken, Hans. Jij bewees dat je soms het lot 
een handje moet helpen: want nadat ik bij jou gesolliciteerd had, was er plotseling geen plek 
meer bij andere labs waar ik nog langs zou gaan… Maar ik heb geen moment spijt gehad van 
m’n keuze en denk dat er geen plek is waar ik mezelf beter had kunnen ontwikkelen dan 
hier. Vanaf de allereerste dag zaten we op één lijn, heb je me alle vrijheid gegeven, en konden 
we (als dat nodig was) alles tegen elkaar zeggen, wat een geweldige manier van werken 
was. Ik heb een hoop van je geleerd, waaronder de politiek die bij wetenschap komt kijken 
hetgeen jij als geen ander beheerst. Ik heb je veel te danken en hoop dat jouw deur net als 
de afgelopen jaren nog altijd voor me open staat als ik het stratenum uit ben. 

Holger, geen idee waarom ik na al die jaren nog steeds Engels tegen je praat, want dat 
Nederlands gaat je goed af. Soms lopen dingen anders dan je van te voren verwacht, maar ik 
ben je ontzettend dankbaar dat jij me onder je hoede hebt genomen toen ik op ’t lab kwam. 
Bedankt dat je altijd tijd had om over proeven te praten en zo nodig om frustraties te delen. 
Ik had nooit gedacht dat eindeloos staren naar eiwitten zo leuk kon zijn! Heel veel succes 
met de Rehmann groep, dat er maar veel pannenkoeken en champagne mogen volgen!

Fried, op elk lab zouden ze iemand als jij moeten hebben. Niet alleen kan iedereen altijd 
bij jou terecht voor goede suggesties over proeven, maar ook ben je voor velen een steun 
op persoonlijk vlak. Ik voel me nog steeds een beetje schuldig dat jij in Oxford aan kwam 
met je handen vol blikjes bier, maar wij echt te moe waren om langer vol te houden. Als 
we elkaar weer eens tegen komen op een meeting, huren we dan weer een auto voor een 
mooi tochtje? Boudewijn, bedankt voor jouw kritische blik en mij eraan herinneren dat je 
eigen data niet altijd zo overtuigend is als je zelf soms denkt. Als ik nog eens in de buurt van 
Bennekom ben, kan ik dan weer zo’n lekker ontbijtje komen halen?

Dan mijn paranimfen, WJ en Lars. Er is toch iets moois ontstaan op die drugsboot in 
Oslo! WJ, samen begonnen, een bench en een heleboel hotelkamers gedeeld, een tijd lang 
veel te vaak in de Brink gegeten, ons veel te veel laten afleiden door voetbalzone, en als jij 
die bewuste winsterse dag geen boodschappen bij de Albert Heijn had gedaan misschien 
ook nog wel samen gepromoveerd! Willempie, bedankt voor al je nuttige en soms minder 
nuttige geouwehoer, het lab had niet hetzelfde geweeste zonder jou! Er is niemand die 
zó goed modelletjes kan verzinnen als jij, pragmatisch is gewoon een erg duur woord en 
dat gaat echt helemaal goed komen met je boekje! Binnenkort nog één keer samen op 
een kamer met de retraite?...ik zal weer een lading fluorescent zand voor je meebrengen! 
Lars. Duuuude!!! Koning van de mass-spec, de co-auteurschapjes, het passje, het matje, de 
bierglas-karaoke en ja, ook de rode nakijkpen! Ik weet zeker dat jouw boekje straks ook 
goed gevuld is met mooie papertjes, die gouden tijden zijn aangebroken! Ik hoop niet dat je 
ooit nog een schadeclaim gaat indienen voor al die racistische opmerkingen die je dagelijks 
hebt moeten verduren van ons! Bedankt dat ik elke keer weer kon rekenen op een bedje en 
tandenborstel als de tocht naar Houten niet meer zo’n goed idee was! Ook al worden we 
een beetje ouder en wordt de dag erna steeds zwaarder...dat er nog maar een hoop mooie 
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avondjes mogen volgen! 

Marjolein, wat had er van dit boekje moeten worden zonder al jouw hulp? Heel erg bedankt 
daarvoor, en dat je daar tijd voor had tussen het basketballen, fietsen, gitaar spelen, praten 
over fietsen, Tai Chi-en, spierpijn hebben, nog meer praten over fietsen (wat zit er eigenlijk 
in je bidon?) en al je andere hobby’s door. Heel veel geluk in jullie nieuwe huisje strakjes, 
niet meteen burgerlijk worden hè? En laat je de volgende AIO met wie je samenwerkt wel 
af en toe een keertje uitpraten…? Sah, the living proof that a diet of carrots doesn’t make 
you grow very much. Although I still think it isn’t “fraai” to put Epac in pink, with your 
enthusiasm I’m sure Epac is in great hands! Don’t forget to include a little “yeeeeeh” in your 
presentations now and then! Anneke, de eerste AIO met nog echt een sociaal leven, hou je 
de 17e wel een avondje vrij? Ik ben blij dat ik niet de enige ben die een beetje vergeetachtig is 
af en toe…kijk wel een beetje uit met je koffie voor je laptop en belangrijke papieren! Heel 
veel succes met Radil, of was het nou Rasip? Anna, all the bad luck you have during your 
PhD will truly be made up for during your postdoc, so you should definitely stay in science! 
And if you otherwise still want to open that Polish shop I’ll come by every day to lunch 
there! Thanks for always bringing wodka with you from Poland and all the great (really, really 
great) times that followed from it! We’ll finally make that diner for you guys soon! Maaike, 
met jou was zelfs practicum geven leuk! Wanneer gaan we nou een keertje Mario karten? 
Als het nog wat wordt met Foxo en polarity als ik straks weg ben en je zoekt nog een goede 
“objectieve” reviewer weet je me te vinden! Hesther, toen jij net bij ons begon zei je dat jij 
je altijd een beetje inhield in het weekend als je collega’s erbij waren…gelukkig dat jij je daar 
niet lang aan gehouden hebt! Het was altijd gezellig met je op ’t lab, al rook je de laatste tijd 
wel een beetje naar vis... Diana, Diaaaaaantje! Bedankt dat je nog even ‘n paar weken voor 
mij voordoet hoe dat ook alweer moet, dat promoveren! Jij haalde met het koken voor het 
kerstdiner bij mij altijd de druk er een beetje af, want niemand kon toch ooit tippen aan jouw 
creaties! Heel veel succes met je nieuwe baan waar dat ook zal zijn! OY, ik ben blij dat ik 
een medestander heb gevonden die polarity ook cool vindt! Laat je niet te bang maken door 
al die zogenaamd belangrijke meneren, je bent echt een stuk beter dan je soms denkt  (nee 
niet “perhaps”, echt waar)! Anouk, sorry dat ik je zo lang heb lastig gevallen met de vraag of 
je die PDZ-GEF cellen al gefilmd had…je zult het nog gaan missen als ik weg ben! Misschien 
een beetje vroeg, maar jij ook heel veel succes met het afronden van je boekje...voor iemand 
die de “Rhenen Open” kan organiseren moet dat toch geen probleem zijn! Milica (or is it 
Melica?), thanks for always being so interested when I was writing, especially by asking every 
couple of minutes how it’s going! And so you know, I did get your Serbian humor, you just 
didn’t understand my Dutch “humor” when I was responding to it… Good luck with all your 
proteins, I’m sure you’ll get beautiful crystals one day! Marije, onze enige echte lab-oma (ik 
weet dat je dat eigenlijk niet wilt horen)! Bedankt dat je altijd een beetje op ons let in het lab, 
gaan we nou binnenkort eindelijk samen richting de zon? Astrid, er is niemand zo gezellig na 
een paar wijntjes als jij (maar ook zonder die wijntjes hoor)! Bedankt dat je altijd zo oprecht 
geïnteresseerd bent! Marrit, wat goed dat je de vrijdagmiddagborrels weer nieuw leven 
hebt ingeblazen! Moeten we dat niet eens gaan combineren met die grote muziekquiz van 
jouw orkest? Harm-Jan, wanneer gaan we weer eens bij jou thuis babysitten, of wachten we 
tot ze oud genoeg zijn om een biertje mee te doen? Ik sta voor altijd bij je in het krijt voor 
het regelen van die tractor en redden van de labstapdag! Marlous, hé Loesje! Leuk dat je 
vanuit Leiden onze kant op bent gekomen, maar de voorraad H2O2 in het Burgering lab gaat 
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wel heel snel sinds jouw komst! Succes met Rheb, ik hoop dat je nog eens die link met Rap 
vindt zodat je ook lekker aan cell spreading kan werken! David, het gaat gelukkig een stuk 
beter met die miRNAs dan mijn student je ooit voorspeld heeft! Wanneer kom je weer een 
keertje mee xboxen, ik zorg echt dat de batterijen vol zijn dit keer! Tobias, bedankt voor 
alle hele goede adviezen en alle hele slechte grappen! En ja, die statistiek pas ik echt nog even 
aan voordat die hoofdstukken gepubliceerd zijn! Lydia, jij bent echt onmisbaar voor het lab, 
je hoeft maar een paar dagen ziek te zijn en het is chaos… Ingrid, ons bezige bijtje, zowel 
binnen als buiten het lab, alle respect voor hoe je dat allemaal voor elkaar krijgt! Bedankt 
dat je elke keer weer zonder te klagen naar ’t stikstof vat ging als ik weer een verzoekje had 
voor cellen (zonder gist). Patricia, je bent een mooie aanwinst voor ons lab, zeg maar! Als 
je je ooit nog bedenkt en niet in NY maar aan de westkust een analisten-baan zoekt weet 
je me te vinden! Evi, sorry for always scaring you when I came in the lab in the weekends! 
Good luck with your projects, and don’t feel so bad for taking some holiday now and then…
too much Dutch weather is not good for a Greek! Sarah, there’s nothing better than a 
presentation on focal adhesions with your Scottish accent! Good luck with Ezrin! Emma, 
ook al ben je geadopteerd door Johan, natuurlijk hoor jij er ook bij! Je bent precies het 
omgekeerde van het beeld dat ik altijd van computer programmeurs had...bedankt voor ‘t 
ons vermaken met je coole fimpjes op de woensdagochtend! Nayara, you scared us a bit 
last year, but I’m happy you’re back again! Good luck with getting crystals! Miranda, gingen 
die weken echt zo snel, of was jij er stiekem veel vaker dan alleen donderdag en vrijdag? 
Paulien, de échte bikkel die wel elke dag op en neer komt fietsen vanuit Houten! Veel geluk 
in ons mooie dorpje samen met je mannen! Marieke en Marten, wat heerlijk voor jullie 
om nog zoveel tijd voor de boeg te hebben als AIO, maar het is voorbij voordat je er erg in 
hebt! Heel veel succes en plezier in ons lab! Pelin, only 3 months in our lab but you made 
an unforgettable impression! Should I bring some tequila for the 17th? Marianne, Christina 
en Andrea, bedankt voor al jullie hulp als ik (vaak op het allerlaatste moment) weer eens 
bij jullie aankwam! Marianne, als externe geheugen van Hans ben je echt onmisbaar voor 
ons, bedankt voor van alles en nog wat! En sorry dat je 5 jaar lang zo achter me aan moest 
zitten voor het invullen van formulieren. Carin, Marc en Annelies, goed dat jullie iedereen 
die nog geen lab-nerd is zoals ons ook enthousiast weten te maken voor de wetenschap! 
Marcel, je bent er toch wel bij op het feestje hè, dan zorg ik voor Duitse dance muziek met 
het juiste aantal bpm! Zorg jij een beetje goed voor de dames op ‘t lab? Kees,  bedankt voor 
al je hulp in het magazijn als ik weer eens te lang ergens naar stond te zoeken! Marjoleine, 
bedankt voor die eindeloze lijst van bestellingen en het niet doorgeven aan Hans hoe duur 
dat wel niet was! Wim en kornuiten, bedankt voor het 5 jaar lang aan de praat houden van 
m’n computer! 

Dan de studenten die ik heb mogen begeleiden, ik weet het klinkt heel afgezaagd, maar ik 
heb zeker net zoveel geleerd van jullie als (hopelijk) andersom. Laila, ik dacht voordat jij 
kwam dat ‘t misschien lastig zou zijn om zowel in Amsterdam als Utrecht tegelijk stage te 
lopen…maar wat hadden Bas en ik zonder je gemoeten! Heel veel succes met je eigen 
onderzoek, dat gaat vast helemaal goedkomen met die freaky muisjes van je! Boekhout, 
ik voelde me een beetje schuldig dat ik je zo lang aan speckles heb laten werken (maar ik 
vond ze zelf ook gaaf!), maar toen je vertelde dat jij je 2e stage aan zakpijpen wilde gaan 
werken was dat gelukkig snel voorbij. Ik heb me goed vermaakt tijdens jouw stage, ouwe gek, 
en je was nooit te beroerd om biertjes te regelen of midden in de nacht tosti’s te maken. 
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Ik ben blij en stiekem ook best een beetje trots dat je nu ook AIO bent! Esther, jij kwam 
met een kleine gebruiksaanwijzing, maar als je ooit nog eens twijfelt aan je kwaliteiten als 
onderzoeker: je staat niet voor niks ook bovenaan dat RanBP2 verhaal! Hopelijk vind je snel 
ook een leuk lab! Vincent and Thijs, jullie waren dan wel niet mijn eigen studenten (en ik 
voelde me ook totaal niet verantwoordelijk voor jullie gedrag), natuurlijk mogen jullie hier 
niet ontbreken. Vincent, maaaaaah nigga! Heeft u een probleem? Wanneer kom je weer eens 
ouderwets Kees Kaassoufflé uithangen met ons, misschien is er binnenkort nog wel een leuk 
feestje bij de IBB (of ben jij daar nu ook te oud voor)? Heel veel succes in Amsterdam, er 
is niks romantischer dan samen met je vriendinnetje een paper bij elkaar pipeteren! Thijs, 
van samen urenlang achter de deltavision zitten, tot de game avondjes (sorry, ondanks jouw 
frommelgoals zijn Lars en ik toch écht beter in Fifa) en de vele biertjes in de stad: ut woar 
un mooie tied! Binnenkort ben je niet langer de eeuwige student maar zelf AIO, voor iemand 
met jouw motivatie en intelligentie (en dat voor een Achterhoeker) wordt dat een makkie! 
Misschien moeten we maar een samenwerking beginnen zodat je af en toe langs kan komen 
in San Francisco, ze hebben vast mooie straatnaambordjes die je mee kan nemen daar! 

Natuurlijk wil ik ook alle voormalige collega’s niet vergeten, ten eerste de oude elite! 
Matthijs, eerst even oefenen als vaderfiguur voor WJ en mij, en nu zelf echt papa! Ik 
moet zeggen dat ik onze eindeloze gesprekken bij jouw op de bank en alle briljante, nooit 
uitgevoerde, ideeën die we daar bedachten toch wel een beetje heb gemist… Peter, wat 
leuk dat jij nog een tijdje in San Francisco zit als wij aankomen, snel een keertje barbecueën 
daar? Zijn ze al een beetje gewend aan jouw tepelwrijven op je nieuwe lab? Jij ook heel veel 
succes met de slapeloze nachten binnenkort! Judith en Ester (ja jullie horen echt samen 
in één zin genoemd te worden), wat was het stil nadat jullie weg waren… Wanneer komen 
jullie nou eindelijk eens mee met de mannenavond, er is plek zat met al die vrouwen op ’t 
lab tegenwoordig! Mike and Jun, thanks for teaching me how to make Hot Pot and to play 
table tennis the Chinese way! And of course for all the work you did on Epac before I came 
in the lab which really helped me a lot! Jantine, als mede-AIO zijnde leer je iemand pas echt 
kennen, want tijdens onze studie had ik echt nooit kunnen vermoeden dat jij net zo (prettig) 
gestoord zou zijn als die kamergenoten van je! Het blijft jammer dat je weg bent gegaan, 
maar gelukkig heb je een leuk plekje gevonden! Wordt je tegenwoordig niet meer midden in 
de nacht wakker na een nachtmerrie over de ECIS? Sander, niet echt weg want alleen maar 
een verdieping naar beneden…ik kijk uit naar al je publicaties met hopelijk een heleboel 
woordgrappen over LRRC50! Iris, wanneer krijgen we weer zwarte bitterballen en vers 
geperst sinaasappelsap in de witte ballons of in je nieuwe stamkroeg in Amersfoort? Verzin 
je voor de 17e dit keer wel een goed smoesje? Wendy, nog maar net weg, maar bedankt 
voor alle gezelligheid toen je er nog was! En nu je weg bent kan ik het ook wel opbiechten, 
je geheime wattman voorraad was soms verrekte handig! To all the other former members 
of the Bos-Burgering lab, thanks for all the great times!

Natuurlijk ook de rest van de 3e verdieping, de Timmertjes, Vermeulentjes en Kopsjes 
(Tale, kijk je een beetje uit voor de muren in ’t stratenum na de lab-borrels? Mathijs, kijk jij 
een beetje uit voor jezelf na de lab-borrels?) en iedereen van de 2e verdieping bedankt voor 
de goede tijd hier! Livio, jij in het bijzonder bedankt voor al je hulp en geduld met mij en 
de microscopen!
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Dit boekje had een heel stuk dunner geweest zonder een aantal mensen van buiten ’t lab die 
een hele belangrijke bijdrage hebben geleverd. Bas, wat waren we een goede aanvulling op 
elkaar! Soms gingen er eindeloos lange mailtjes overheen, maar we hebben ’t toch maar mooi 
voor elkaar gekregen met z’n tweeën! Kees, hoewel mijn communicatie met Amsterdam 
meestal direct met Bas verliep, jouw scherpe blik op onze projecten en jouw gave om alles 
begrijpelijk op papier te krijgen was onmisbaar. JP, Juppie! Hoewel eigenlijk veel te kort, 
die samenwerking van ons ging wel erg lekker! Ik vraag me af hoeveel papers we af hadden 
gekregen als jij nog een tijdje door was gegaan in ‘t Hubrecht! Bedankt dat je me warm hebt 
gemaakt om te werken aan polarity, en voor het nu en dan opsturen van hele vrolijke foto’s! 

Artur, thanks for making this amazing image that’s on my cover!

Gelukkig brachten ook een hoop mensen buiten het lab de nodige gezelligheid en zorgden 
ervoor ik dat ik niet helemaal ben geëindigd als wereldvreemde verstrooide wetenschapper. 
Frank, Huubje! Jij wist altijd de nodige afleiding te brengen, van de barbecues met vieze 
worsten in onze achteruin tot al je verhuizingen! Houden je huidige buren nog een beetje van 
Frans Duits? Ruben en Francisca, wordt weer tijd voor sushi met een heleboel saké niet? 
Jammer dat we altijd op verschillende dagen druk zijn. Leuk dat jullie een huisje voor jezelf 
gevonden hebben, ik hoop dat we er nog net zijn voor de housewarming! Ook alle andere 
vriendjes en vriendinnetjes uit Papendrecht en omstreken, hopelijk zijn jullie er allemaal bij 
de 17e! Jorg, Nathalie en Bram, al hebben we bijna alle restaurantjes in Utrecht wel gehad 
en heeft de helft van ons inmiddels al kinderen, goed dat we onze traditie in stand blijven 
houden! Wordt wel een stukje rijden voor jullie voor onze volgende date!

Ton en Dieny, jullie zijn geweldige schoonouders, bedankt voor al jullie hulp waar dat nodig 
was. Sorry dat ik Willianne een tijdje meeneem naar Amerika, maar ik beloof jullie dat we 
echt weer terugkomen! Mijn schoonzusjes Marjolein en Lonneke en zwagers Michel en 
Thomas,  bedankt dat jullie altijd proberen te begrijpen wat we nu precies doen, vooral als 
we onze cellen weer ‘ns eten moesten geven! Thomas, wanneer gaan we nou eindelijk weer 
eens kooidansen? Mijn lieve kleine neefjes Jullian en Ruben en nichtje Valerie, bedankt dat 
jullie ons altijd laten zien dat er veel leukere dingen zijn dan werken, komen jullie nog een 
keertje langs in Amerika om ons daar aan te herinneren?

Sanne en Jeroen, we zijn dan eindelijk bijna “afgestudeerd”! Lieve zus, wat zijn we toch 
verschillend maar in heel veel dingen heel erg hetzelfde. Zoals dat we allebei gek zijn om 
tot diep in de nacht spelletjes te spelen, dat gaan we snel inhalen als we langs komen in 
Noorwegen! Ook al hebben we nog één klein obstakel te nemen in Amerika, over dat oom 
en tante worden hoeven jullie je echt geen zorgen te maken…

Lieve ouders, ik hoop dat jullie beseffen hoe gelukkig ik ben met jullie! Het is fijn om te 
weten dat jullie me altijd overal mee steunen en volledig achter mijn keuzes staan. Jullie 
begrijpen altijd wanneer we behoefte hebben aan gezelligheid of daar juist even te druk voor 
zijn. Hopelijk komen jullie vaak langs als we aan de andere kant van de wereld zitten, en niet 
alleen voor de stempeltjes! 
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Als allerlaatste en ook als allerbelangrijkste: lieve Willianne.  Als we samen kunnen 
promoveren, dan kunnen we toch echt alles aan! Ook al waren we soms erg druk, het is 
zo fijn om na een lange dag weer thuis te komen bij jou. Er is niemand die mij, en al mijn 
eigenaardigheden, beter begrijpt en aanvult dan jij! Al meer dan tien jaar sinds de slechtste 
openingszin ooit en ik ben nog steeds ontzettend gelukkig met je...en ook al heb ik je nog 
stééds niet ten huwelijk gevraagd er is echt geen plek op de wereld waar ik liever ben dan 
ben bij jou. Ik heb zin in ons volgende avontuur samen, eerst naar de States en wie weet wat 
er allemaal nog volgt... Kus,



T
o

171

Curriculum Vitae
and publications



C
V

172



T
oC

V

173

Curriculum Vitae

Martijn Gloerich werd geboren op 12 juni 1983 te Dordrecht. In 2000 behaalde hij zijn 
VWO-diploma aan het Willem de Zwijger College te Papendrecht, waarna hij in datzelfde 
jaar begon met de opleiding Biomedische Wetenschappen aan de Universiteit Utrecht. 
Tijdens deze studie doorliep hij een onderzoeksstage van zes maanden bij de afdeling 
Vasculaire Geneeskunde in het UMC Utrecht onder begeleiding van Prof. Dr. Anton-Jan 
van Zonneveld en Dr. Eelco de Koning. Tijdens deze stage heeft hij de regeneratie van beta-
cellen in de pancreas vanuit stamcellen uit het beenmerg bestudeerd. Aansluitend heeft hij 
een onderzoeksstage doorlopen bij de afdeling Metabole en Endocrine ziekten in het UMC 
Utrecht onder begeleiding van Dr. Jo Höppener en Dr. Wendy van Veelen. Gedurende deze 
stage heeft hij de rol van p18 als tumor-suppressor in schildkliertumoren onderzocht. Na 
het cum laude behalen van zijn doctoraal diploma Biomedische Wetenschappen, is Martijn 
in oktober 2005 begonnen als onderzoeker in opleiding (OIO) bij de afdeling Molecular 
Cancer Research (voorheen Fysiologische Chemie) in het UMC Utrecht. Onder begeleiding 
van Prof. Dr. Hans Bos heeft dit onderzoek uiteindelijk geleid tot de resultaten beschreven in 
dit proefschrift. Martijn zal zijn carrière voortzetten als postdoc in het lab van James Nelson 
aan de universiteit van Stanford in Californië. 
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