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Summary
Rap1 is a Ras-like small GTPase that is activated 
by many extracellular stimuli and strongly implicated 
in the control of integrin-mediated cell adhesion. 
Recent evidence indicates that Rap1 also plays 
a key role in formation of cadherin-based cell-cell 
junctions. Indeed, inhibition of Rap1 generates 
immature adherens junctions, whereas activation of 
Rap1 tightens cell-cell junctions. Interestingly, Rap1 
guanine nucleotide exchange factors, such as C3G 
and PDZ-GEF, are directly linked to E-cadherin or to 
other junction proteins. Furthermore, several junction 
proteins, such as afadin/AF6 and proteins controlling 
the actin cytoskeleton function as effectors of Rap1. 
These findings point to a role of Rap1 in spatial and 
temporal control of cell-cell junction formation. 

Introduction
Rap1 is a small GTPase that was identified as a 
clone in a revertant screen for cell transformation by 
oncogenic Ras and independently as a very close 
relative of Ras (Bourne et al., 1990; Kitayama et al., 
1989). Initial studies mainly focused on the possibility 
that Rap1 interferes with Ras signalling by directly 
interacting with Ras effectors, but more recent results 
indicate that Rap1 functions in independent signalling 
pathways that control diverse processes, such as cell 
adhesion, cell-cell junction formation, and cell polarity 
(Bos, 2005; Knox and Brown, 2002; Schwamborn 
and Puschel, 2004). Rap1 is activated by various 
extra cellular stimuli, which induce the conversion 
of the inactive, GDP-bound form into the active, 
GTP-bound form, by stimulating different guanine 
nucleotide exchange factors (GEFs). Many of these 
GEFs are regulated by common second messengers, 
such as calcium, diacylglycerol, and cyclic AMP 
(cAMP) (Fig. 1). Inactivation of Rap1 is mediated 
by a number of specific GTPase-activating proteins 
(GAPs). Downstream of Rap1, a variety of proteins 
that interact with its GTP-bound form have been 
identified and these may serve as effectors in Rap1-
regulated processes, such as integrin activation, 
vesicle trafficking, neuronal polarity and phagocytosis 
(reviewed in (Bos, 2005; Caron, 2003)). Furthermore, 

Rap1 is involved in the regulation of cadherin-based 
cell-cell junctions.
Cadherins comprise a large group of cell-cell adhesion 
molecules that mediate intercellular adhesion by 
engaging in Ca2+-dependent, homophilic trans-
interactions. E-cadherin and VE-cadherin are two 
of the most studied members of the family. These 
proteins are major components of adherens junctions, 
in epithelial and endothelial cells respectively. 
Adherens junctions, together with tight junctions, 
are assembled at cell-cell contacts when cells form 
a monolayer (Fig. 2). Cell surface proteins such as 
nectins may be involved in the initial contacts (Takai 
et al., 2003). Subsequently junctional proteins, such 
as E/VE-cadherin and junctional adhesion molecules 
(JAMs), are recruited to the contact sites. Clustering 
of adhesion molecules and recruitment of intracellular 
components connecting the junctional complex to the 
actin cytoskeleton induce further maturation of the 
junction and subsequent formation of tight junctions. 
The adhesive activity of classical cadherins is 
mediated by their N-terminal extracellular domain 
and requires extracellular Ca2+. Upon Ca2+ binding, 
they form cis and trans dimers; removal of Ca2+ by 
EGTA leads to loss of cadherin-mediated cell-cell 
adhesion. (Adams and Nelson, 1998; Bazzoni, 2003; 
Reynolds and Roczniak-Ferguson, 2004; Takeichi, 
1995). The cytoplasmic tail comprises two domains: 
the C-terminal, distal β-catenin-binding domain, which 
regulates adhesion to the actin cytoskeleton through 
a complex of adaptor proteins including β-catenin, α-
catenin, vinculin and α-actinin; and the juxtamembrane 
domain, which contains the p120-catenin-binding site 
that regulates clustering, transport, and endocytosis 
of cadherins (Davis et al., 2003; Kowalczyk and 
Reynolds, 2004; Nieset et al., 1997; Yap et al., 
1998).
Cell-cell junctions are dynamic structures that display 
high levels of turnover of E/VE-cadherin. For instance, 
endothelial cell permeability is largely regulated at 
the level of VE-cadherin. Tyrosine phosphorylation 
of β-catenin (Brunton et al., 2004), degradation of 
E-cadherin through the binding of the E3 ligase 
Hakai (Fujita et al., 2002), and recycling through the 
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endocytic/exocytic compartments (Davis et al., 2003; 
Xiao et al., 2005) are among the processes that 
regulate these junctions. Noteworthy, disruption of the 
integrity of cell-cell junctions has serious pathological 
consequences, including unwanted vessel leakage 
and, in cancer, the induction of metastasis. Recently, 
the Rap1 signalling pathway has been found to play 
a crucial role in the regulation and maintenance of 
cell-cell contacts. The present review focuses on the 
evidence that led to the appreciation of Rap1 as a 
master regulator of cell-cell junctions.

Rap1 and E-cadherin regulation
The fi rst evidence that Rap1 is involved in the regulation 
of cell-cell junctions came from genetic studies in 
Drosophila melanogaster (Knox and Brown, 2002). 
rap1-mutant cell clones in the wing have a different 
shape and disperse into the surrounding normal 
tissue, which indicates a defect in cell-cell junction 
formation. Indeed, whereas Drosophila E-cadherin 
(DE-cadherin) is evenly distributed along the lateral 
side of the wild-type (WT) wing cells, the distribution 
is not uniform in rap1-mutant cells: DE-cadherin is 
present in clusters and frequently localizes at one 
side of the cell. These clusters contain other junction 
proteins including α-catenin, β-catenin, ZO-1, and 
the Afadin/AF-6 ortholog Canoe. Importantly, apical-

basolateral polarity and the localisation of α-catenin, 
β-catenin and DE-cadherin along the apicobasal 
axis are not affected in rap1-mutant cells. Moreover, 
septate junctions, located at the basal side of adherens 
junctions, form normally. The uneven distribution of 
DE-cadherin in rap1-mutant cells is generated during 
or after cell division, which suggests that Rap1 helps 
maintaining the circumferential distribution of adherens 
junctions. This is compatible with the observation that 
GFP-tagged Rap1 concentrates at sites of adherens 
junctions in imaginal disk cells and is enriched at the 
junction of newly formed sister cells. Interestingly, at 
sites where mutant cells attach to WT cells, normal 
adherens junctions are formed, which suggests that 
correct distribution of proteins at one side of the cell-
cell junction is suffi cient for proper junction formation.
A role for Rap1 in cell-cell junction regulation in 
mammalian cells was highlighted by the identifi cation 
of DOCK4 as an atypical RapGEF. This protein was 
identifi ed in a screen for tumour suppressor genes in 
mice, and inactivating mutations in DOCK4 are also 
found in human tumour cell lines (Yajnik et al., 2003). 
Cell-cell junctions are not present in an osteosarcoma 
cell line lacking DOCK4 but readily form after the 
introduction of either WT DOCK4 or an active form of 
Rap1. In addition, knocking down DOCK4 in primary 
mouse osteoblasts results in the disruption of cell-cell 
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adhesion. This emphasizes the importance of DOCK4 
in cell-cell junction formation and clearly reveals 
that activation of Rap1 stimulates this process. 
Importantly, the re-introduction of DOCK4 into the 
mutant osteosarcoma cell line reduced its metastatic 
property; Rap1 activation may therefore have anti-
metastatic effects.
In Madine-Darby Canine Kidney (MDCK) cells, 
oncogenic Ras induces the disruption of cell-cell 
junctions, resulting in the conversion of an epithelial 
phenotype into a spindle-cell-like phenotype. This 
effect can be rescued completely by the introduction 
of active Rap1. Furthermore, activation of endogenous 
Rap1 blocks hepatocyte growth factor (HGF)-induced 
junction breakdown and cell scattering, which 
indicates that Rap1 activity regulates cell-cell junction 
stability. Furthermore, adhesion of ovarian carcinoma 
cells (OVCAR) to Fc-E-cadherin is inhibited by 
expression of dominant negative Rap1, which means 
that Rap1 regulates E-cadherin directly. (Price et al., 
2004). Importantly, Hogan et al found that introduction 
of RapGAP into MCF7 cells does not disrupt mature 
E-cadherin based cell-cell junctions, but strongly 
reduces the reformation of adherens junctions upon 
re-addition of Ca2+ (so-called Ca2+ switch), which 
supports a role for Rap1 in junction maturation, not 
maintenance (Hogan et al., 2004). Remarkably, 
the tight junction marker ZO-1 is present at cell-cell 
contacts after Ca2+ chelation. Rap1 might therefore 
only affect adherens junctions regulation and not 
tight junctions directly. However, Hogan et al. did not 

discuss whether the tight junctions were disrupted in 
any way under these experimental conditions (Hogan 
et al., 2004).

Rap1 and the regulation of VE-cadherin
Endothelial cell-cell junctions are highly dynamic 
structures, allowing the regulation of endothelial 
integrity and permeability as well as diapedesis of 
leukocytes (Dejana, 2004). Junctional integrity is 
regulated by cAMP, and stimuli such as prostacyclins 
that elevate the level of cAMP inhibit cell permeability 
(Moy et al., 1998). It was anticipated that protein kinase 
A (PKA) mediates this effect, but the findings that Rap1 
is involved in formation of E-cadherin-based junctions 
and that cAMP directly activates the RapGEF Epac 
prompted several groups to examine whether Epac 
and Rap1 mediate the cAMP-induced effect. Indeed, 
endothelial cells treated with the Epac-specific cAMP 
analogue 8-pCPT-2’OMe-cAMP (007) (Enserink et 
al., 2002) show increased junction maturation (Fig. 3) 
(Cullere et al., 2005; Fukuhara et al., 2005; Wittchen 
et al., 2005), and this effect is completely abolished 
by knocking down Epac1 (Kooistra et al., 2005). 
Consequently, 007 also decreases permeability of the 
endothelial monolayer and inhibits thrombin-induced 
increase in permeability. One study also reported that 
endothelial transmigration of differentiated HL-60 cells 
is inhibited (Wittchen et al., 2005), whereas others 
observed no effect of Rap1-activation on endothelial 
transmigration of human neutrophils (Cullere et al., 
2005). 
Although the mechanism of regulation is still elusive, 
VE-cadherin is considered to play a key role in the 
integrity of endothelial cell-cell junctions and the 
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Fig. 2. Schematic overview of adherens and tight junctions.
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Fig. 3. Activation of Rap1 in endothelial cells induces cell-cell 
junction maturation. Anti-VE-cadherin and F-actin staining of HUVE 
cells treated for 30 minutes with vehicle or the Epac-specific cAMP 
analog 007. Stimulation with 007 clearly increased cell-cell junction 
maturation as the adherens junctions form a smoother line between 
the cells. Endothelial cell permeability is reduced as a biological 
consequence of the junction tightening (bar = 10μm).
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regulation of permeability. Indeed, adhesion of cells 
to Fc-VE-cadherin coated plates is inhibited by 
expression of RapGAP, which indicates that Rap1 
activity is required for VE-cadherin-mediated adhesion 
(Fukuhara et al., 2005). Furthermore, inhibition of 
endothelial cell permeability by 007 is lost in VE-
cadherin-null cells (Kooistra et al., 2005). In contrast 
with the observation in MCF7 cells that junction 
disassembly is not initiated by RapGAP expression, it 
causes junction disassembly, including loss of the tight 
junction protein ZO-1 in endothelial cells (Hogan et 
al., 2004; Wittchen et al., 2005). In spite of this, Rap1-
induced regulation of E- and VE-cadherin may not be 
a general mechanism for all classical cadherins since 
overexpression of RapGAP in HEK293 cells does not 
affect N-cadherin mediated cell-cell junction formation 
(Hogan et al., 2004). 

Activation of Rap1 by cell-cell contacts
Having established that Rap1 is involved in the control 
of cell-cell adhesion probably through E/VE-cadherin, 
two questions arise. First, how is Rap1 is activated 
and, second, how does Rap1 regulate cell-cell 
junctions? The accumulation of Rap1 at the cell-cell 
contacts suggests that Rap1 functions locally, rather 
than being part of a signalling cascade that ultimately 
targets the junction. Also, Rap1 is activated after 
restoration of the cell-cell junctions following a Ca2+ 
switch and after interaction with Fc-VE-cadherin in 
endothelial cells (Sakurai et al., 2006; Wittchen et al., 
2005). As mentioned above, in Drosophila imaginal 
disk cells, Rap1 accumulates at adherens junctions. In 
addition, GFP-tagged Rap1 translocates specifically 
to relatively mature cell-cell junctions after calcium 
restoration in MCF7 cells and to the interaction site 
with Fc-E-cadherin-coated beads, where it becomes 
activated. Indeed, the RapGEF C3G interacts with E-
cadherin and competes with β-catenin for binding to 
E-cadherin. The interaction is most prominent when 
cell-cell adhesion is induced after a Ca2+ switch, and 
C3G disappears as the junctions mature (Hogan et 
al., 2004). C3G is also involved in nectin-induced 
activation of Rap1 (Fukuyama et al., 2005). Nectins 
are Ca2+-independent Ig-like cell-cell adhesion 
molecules that form adherens junctions cooperatively 
with cadherins (Sakisaka and Takai, 2004). When 
nectins are engaged, the tyrosine kinase Src is 
activated and through Crk recruits C3G to nectins, 
resulting in the activation of Rap1 (Fukuyama et al., 
2005). 
Another exchange factor for Rap1 that might be 

involved in cell-cell adhesion is PDZ-GEF1. PDZ-
GEF1 binds to β-catenin and to the scaffold proteins 
MAGI-1 and MAGI-2, which both interact with β-
catenin as well (Dobrosotskaya and James, 2000; 
Kawajiri et al., 2000; Mino et al., 2000; Ohtsuka et al., 
1999; Sakurai et al., 2006). The presence of MAGI-1 
at the endothelial cell-cell junctions and its β-catenin 
binding site are required for cell-cell-contact-induced 
Rap1 activation (Sakurai et al., 2006). Whether 
Epac1 is also located at the endothelial cell junctions 
is unclear. Interestingly, in epithelial cells, Epac1 is 
predominantly on the apical side of polarized cells (J. 
Zhao and J.L. Bos, unpublished observations); yet 
its activation can block HGF-induced scattering and 
junction breakdown (Price et al., 2004). Thus, it seems 
that localized GEFs are involved in the activation 
of Rap1 after initial cell-cell adhesion. In addition, 
external stimuli can induce activation of Rap1 that 
impinges on its regulation of cell-cell junctions, as 
shown for prostacyclins in endothelial cells (Fukuhara 
et al., 2005). Overall, it appears that Rap1 is activated 
and required during the initial phase of cell-cell junction 
formation and is down-regulated when the junctions 
have matured. Interestingly, when junctions are 
disassembled, Rap1 is activated again and induces 
formation of focal adhesions. This involves Src and is 
triggered by internalisation of E-cadherin. Since Rap1 
also regulates integrins, these observations indicate 
the complex role of Rap1 signalling in cell adhesion 
(Balzac et al., 2005).

Mechanism of action of Rap1
Rap1 thus seems to be locally activated during the 
initial phase of cell-cell junction formation and required 
for the maturation of junctions. How this maturation 
occurs is still elusive and so is the role of Rap1 in this 
process. Rap1 has been implicated in two different 
processes: the regulation of the actin cytoskeleton 
and the recruitment of E-cadherin.
Hogan and colleagues have reported that Rap1 
activity is required for the activation of the Rho family 
GTPase Cdc42 during cell-cell junction formation. 
They showed that introduction of a ‘fast-cycling’ active 
mutant of Cdc42 can rescue the effects of RapGAP 
on cell-cell junction formation, placing Cdc42 
downstream of Rap1 (Hogan et al., 2004). Others 
have shown that activation of Rap1 by nectins is 
required for the activation of Cdc42 and another Rho 
family member, Rac. Fukuyama et al. have proposed 
a model in which activation of Vav, a GEF for Rac, and 
FRG, a GEF for Cdc42, requires both active Src and 
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active Rap1 (Fukuyama et al., 2005; Fukuyama et al., 
2006). Interestingly, Vav2 interacts with Rap1-GTP 
and Rap1 is required for Vav2-induced cell spreading 
(Arthur et al., 2004). Moreover, the RacGEF Tiam1 
interacts with Rap1 and is required for cell-cell 
junction maturation (Arthur et al., 2004; Malliri et al., 
2004; Mertens et al., 2005). Thus, one of the functions 
of Rap1 activation may be the recruitment of Rac and 
Cdc42 GEFs to the site of initial cell-cell contact to 
provide a link with the actin cytoskeleton. The effect 
of Rap1 on the actin cytoskeleton is also apparent 
in endothelial cells, in which stimulation of Rap1 
results in the formation of cortical actin. This effect 
is independent of cell-cell adhesion and could be the 
driving force for the decreased permeability of the cell 
monolayer (Cullere et al., 2005; Kooistra et al., 2005). 
Interestingly, in these cells, Rap1 activation reduces 
thrombin-induced RhoA activity (Cullere et al., 2005).
Rap1 may also be involved in the recruitment of 
junctional proteins. One protein heavily involved in 
this process is afadin/AF6, an adaptor protein that 
binds to various junctional proteins, such as nectins, 
ZO-1, and JAM-A (Boettner et al., 2000; Ebnet et al., 
2000; Takahashi et al., 1999). Afadin/AF6 has two 
Ras-association (RA) –domains, which can bind to 
both Ras and Rap1. In vitro studies show that afadin/
AF6, in the presence of Rap1, inhibits endocytosis 
of E-cadherin that is not engaged in a homophilic 
trans-interaction. A mutant of afadin/AF6 lacking 
the RA domain, but not WT afadin/AF6, can inhibit 
endocytosis in the absence of Rap1. Furthermore, 
afadin/AF6 forms a complex with p120-catenin which 
increases the interaction between p120-catenin and 
E-cadherin (Hoshino et al., 2005). In MDCK cells, 
knocking down afadin/AF6 disrupts the recruitment of 

the tight junction proteins claudin-1, occludin, JAM-A 
and ZO-1 to cell-cell contact sites, but not E-cadherin, 
β-catenin, α-catenin, and p120-catenin. However, 
E-cadherin appears to be modifi ed under these 
conditions, since common antibodies fail to recognize 
the protein in AF6-knockdown cells. Interestingly, the 
effect of knocking down afadin/AF6 on E-cadherin 
can be rescued by a mutant p120-catenin (ΔN-p120-
catenin) that is proposed to be constitutively active, 
but not by full length p120-catenin (Sato et al., 2006). 
These results point to a model in which nectins 
activate Rap1, which then binds to and activates 
afadin/AF6. Active afadin/AF6 interacts indirectly 
with p120-catenin, which inhibits endocytosis of E-
cadherin and induces trans-interactions between 
E-cadherin molecules. This model is an interesting 
starting point for further investigation.

Conclusions
It is clear that Rap1 plays a key role in the control of 
adherens junctions at different levels in the process. 
First, when cell-cell junctions are formed, initial 
cell-cell contact results in the activation of Rap1 by 
various means, including the engagement of nectins 
and the interaction of C3G with E-cadherin. This 
activation of Rap1 is required for the maturation of 
cell-cell junctions through the inhibition of endocytosis 
of E-cadherin, activation of E-cadherin or remodelling 
of the actin cytoskeleton. Further maturation may be 
mediated by PDZ-GEF, which interacts with β-catenin, 
or by extracellular stimuli that activate Rap1 (Fig. 4). 
As a Rap1 effector and a regulator of p120-catenin, 
afadin/AF6 is a good candidate as a mediator of Rap1-
dependent effects on E-cadherin (Boettner et al., 
2000; Davis et al., 2003; Sato et al., 2006). In addition, 

Fig. 4. Model for the involvement of Rap1 in cell-cell 
junction formation. 
At initial cell-cell contacts, C3G bound to E-cadherin is 
activated, resulting in Rap1 activation. Upon maturation, 
C3G is displaced by β-catenin, which interacts with PDZ-
GEF to further activate Rap1. Also, extracellular stimuli, 
including stimuli that stimulate production of cAMP which 
activates Epac, induce Rap1 activation.
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Rap1 plays an important role in the regulation of the 
cytoskeleton by activating Rac and Cdc42 through 
the binding and recruitment of the GEFs Tiam1 and 
Vav2 (Arthur et al., 2004). Nevertheless, additional 
mechanisms of Rap1 function in cell-cell junction 
regulation are likely to exist. For instance, Rap1 
regulates axon-fate in neural development through 
the Cdc42-Par3-Par6-aPKC complex (Schwamborn 
and Puschel, 2004), which is also recruited to the 
initial contact sites in junctions and is essential for 
junction maturation (Suzuki and Ohno, 2006).
Furthermore, Rap1 has a role in the maintenance 
of cell-cell adhesion. Particularly in endothelial cells, 
activation of Rap1 by cAMP results in an inhibition of 
cell permeability. This process requires VE-cadherin, 
but how Rap1 induces the tightening of junctions 
remains elusive (Kooistra et al., 2005). It may involve 
the induction of cortical actin, perhaps through the 
inhibition of Rho (Cullere et al., 2005). Currently, it 
is unclear whether the regulation of cadherins and 
the regulation of the actin cytoskeleton by Rap1 are 
independent or interconnected processes. 
Finally, Rap1 may regulate cell-cell adhesion through 
tight junctions, although the precise role of Rap1 in this 
is process is not clear. For instance, inhibition of Rap1 
in MCF7 cells does not affect localisation of the tight 
junction marker ZO-1 (Hogan et al., 2004), whereas 
it is affected in endothelial cells (Wittchen et al., 
2005). Note that activation of Rap1 in cardiomyocytes 
induces the formation of gap junctions, a process that 
is preceded by the formation of adherens junctions 
(Somekawa et al., 2005).
The function of Rap1 is not restricted to the regulation 
of cell-cell junctions and also includes the regulation 
of integrin-mediated cell adhesion and secretion. A 
common theme appears to be that Rap1 is involved 
in processes at the plasma membrane that require 
a link to the actin cytoskeleton. At these sites, Rap1 
responds to spatial cues, such as the initial contact 
site in junctions, or to second messengers. In this 
respect, the analogy with yeast is striking; the yeast 
ortholog of Rap1, Rsr1, in response to positional cues 
is responsible for guiding the position of the future 
bud. Activation of Rsr1 results in the association with 
a GEF for Cdc42 and the subsequent activation of 
Cdc42 as a regulator of the actin cytoskeleton (Chant 
and Herskowitz, 1991; Park et al., 2002). Despite this 
analogy, the function of Rap1 in mammalian cells 
seems to be more complex and not restricted to the 
regulation of the actin cytoskeleton. We have only 
begun our journey towards understanding the function 

of Rap1 in the regulation of cell-cell adhesion, but it is 
already clear that it plays an essential role.
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Abstract
The inner wall of the vasculature is comprised of 
endothelial cells. The main function of the endothelial 
cells is their involvement in angiogenesis and, in the 
adult vessels, the formation of a barrier to regulate the 
passage of macromolecules, leukocytes and fluids 
from the blood to the underlying tissue. Pathological 
conditions such as oedema, chronic inflammation 
and sepsis show aberrant barrier function regulation. 
The endothelial integrity depends on the intercellular 
junctions as well as actomyosin based cell contractility. 
Here we discuss the endothelial cell-cell junctions and 
how the endothelial barrier is regulated by various 
extra-cellular stimuli. 

Endothelial cell-cell junctions
Cell-cell junctions are most thoroughly studied in 
MDCK epithelial cells, where they consist of two 
separate compartments, adherens junctions and tight 
junctions. During the formation of cell-cell junctions 
in these cells we can identify multiple steps leading 
from initial cell-cell contacts to a fully polarised and 
impermeable monolayer. First, initial cell-cell contact 
results in the accumulation of E-cadherin at the cell-cell 
interface and the formation of an adherens junction. 
The next step involves the induction of polarity by the 
cadherins through the PAR-complex which results 
in the formation of tight junctions. Although the 
endothelial cell-cell junctions also consist of adherens 
and tight junctions, in contrast with epithelial cells 
these are often overlapping. The establishment of the 
endothelial cell-cell junctions is similar to epithelial 
cell-cell junctions, although endothelial cells express 
specific adhesion molecules such as VE-cadherin 
and PECAM (reviewed in (Dejana, 2004)). Whereas 
the adherens junctions are present throughout the 
vasculature, the organisation of the endothelial tight 
junctions varies in composition in concordance with 
their location in the vascular tree. For instance, tight 
junctions are poorly organised in capillaries where 
fluids are traversing over the endothelium rapidly, 
whereas these junctions in the brain vasculature are 
highly organised to achieve high stringency in the 
barrier function. 
VE-Cadherin
The main adhesion molecule of endothelial adherens 
junctions is VE-cadherin. VE-cadherin is specifically 
expressed in the endothelium and forms calcium-
dependent homophilic interactions (Lampugnani et 
al., 1992). Through its cytoplasmic tail VE-cadherin 

binds to β-catenin and p120-catenin, which anchor 
cadherin proteins to the actin cytoskeleton, but also 
induce signalling pathways. Despite the fact that 
VE-cadherin null cells still form PECAM- and JAM-
based cell-cell junctions, a monolayer of these cells 
is more permeable for solutes than wild-type cells 
(Lampugnani et al., 2002). Furthermore, inhibition of 
homophilic interactions of VE-cadherin with specific 
antibodies decreases the endothelial barrier (Corada 
et al., 2001). Whereas in epithelial cells E-cadherin is 
only required for the formation of cell-cell junctions, 
this indicates that in endothelial cells VE-cadherin is 
also required for the maintenance of cell-cell junctions. 
However, VE-cadherin is not only involved in the 
formation and maintenance of endothelial integrity, 
it also plays a crucial role in survival signalling and 
angiogenesis as VE-cadherin null mice die at e9.5 due 
to their inability to remodel and mature the vascular 
tree (Carmeliet et al., 1999). Furthermore, VE-
cadherin interacts with the Rac-GEF Tiam, resulting 
in the activation of Rac and the reorganisation of 
the actin cytoskeleton (Lampugnani et al., 2002). 
Interestingly, Tiam is involved in the signalling from 
adherens junctions towards tight junction formation in 
epithelial cells (Mertens et al., 2005), but whether it 
has a similar role in endothelial cells is still unknown. 
In addition, a recent report shows that VE-cadherin 
interacts with the polarity proteins PAR-3 and PAR-6 
but no atypical PKC, the classical interaction partner 
for PAR-3 and PAR-6, suggesting a new role for VE-
cadherin in the establishment of endothelial polarity. 
Interestingly, PAR-3 co-localizes very rapidly with 
VE-cadherin after reaching confluence, whereas 
PAR-6 is only found in cell-cell contacts 3 days after 
reaching confluency, suggesting distinct functions for 
these polarity proteins in endothelial cells (Iden et al., 
2006). 
Nectin/AF6
Besides VE-cadherin, the adherens junctions comprise 
of the Nectin adhesion complex. Although their function 
in endothelial cells is poorly studied, Nectins form 
homophilic interactions independent of calcium. Their 
main interaction partner is Afadin/AF-6. AF-6 localises 
to cell-cell contacts, both in epithelial and endothelial 
cells and functions as a linker between Nectins and the 
actin cytoskeleton (reviewed in (Takai and Nakanishi, 
2003)). Indeed, evidence is accumulating that AF6 
plays an important role in the formation of cell-cell 
junctions. For instance, although E-cadherin and ZO-
1 localize normally to the junctions of epithelial cells 
in the intestine of AF6 knock-out mice, the integrity 
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of the intestinal epithelium is affected (Zhadanov et 
al., 1999). Similarly, knock-down of AF6 in epithelial 
cells results in loss of tight junctions. It is suggested 
that this is dependent on the involvement of AF-6 in 
changing the conformation of E-cadherin by nectins 
through p120-catenin (Sato et al., 2006). 
Junctional adhesion molecules (JAMs)
Besides Nectins, AF-6 also interacts with the junctional 
proteins JAMs and ZO1. JAMs are trans-membrane 
adhesion molecules localised in the tight junctions 
of both epithelial and endothelial cells, although 
localisation in adherens junctions is also reported. 
The three isoforms of JAM, JAM-A/B/C, hetero-
dimerise and localise to intercellular contacts, where 
they participate in the assembly and maintenance 
of junctions, signalling to cytoskeleton-associated 
proteins and recruitment of polarity proteins, such as 
PAR3 (Ebnet et al., 2003; Ebnet et al., 2001; Weber 
et al., 2007). Although JAMs are involved in junction 
formation through the establishment of polarity, their  
role in endothelial permeability is rather ambiguous. 
JAM-A null cells have similar permeability as wild-
type cells (Bazzoni et al., 2005), whereas knock-
down of JAM-C decreases permeability presumably 
by increasing VE-cadherin dependent adhesion. 
Interestingly, also Rap1 activity is increased upon 
depletion from JAM-C (Orlova et al., 2006). Moreover, 
JAMs are more and more implicated in other 
processes linked to the endothelial barrier function, 
such as leukocyte adhesion and transmigration to 
the endothelium. As JAMs are also expressed on 
circulating blood cells, it is suggested that JAMs act 
as docking molecules for leukocyte adhesion and 
transmigration (reviewed in (Weber et al., 2007)). 
Furthermore, JAM-A regulates the activity of β1-
integrin through the GTPase Rap1 in epithelial cells, 

possibly through AF-6, which can bind to both JAM-A 
and Rap1 (Mandell et al., 2005). 
Tight junctions
Together with JAMs, the main constituents of 
endothelial tight junctions are occludin and claudin-5. 
Although down regulation of these proteins reduces 
the barrier function of the endothelium, occludin-null 
embryo’s bear no vascular defects (Saitou et al., 
1998). Adult mice suffer, amongst other abnormalities, 
from chronic inflammation, suggesting a more 
complex role for occludin. Ablation of the endothelial 
tight-junction protein Claudin-5 in mice results in 
death shortly after birth due to leakage specifically in 
the blood-brain-barrier, despite normal development 
of the vasculature (Nitta et al., 2003). In conclusion, 
endothelial adherens junctions are present throughout 
the vasculature and its proteins are involved in barrier 
function, as well as angiogenesis and leukopedesis, 
whereas tight junction proteins are mainly expressed 
in the brain vascularity where they seal the blood-
brain barrier for leukocytes and large molecules.

Down-regulation of the endothelial barrier 
function
Under normal conditions, where leukocytes do 
not pass and junctions are normally present, the 
endothelium is in a quiescent state. However, during 
injury of the vascular wall, which also includes 
deposition of atherosclerotic plaques, or when the 
underlying tissue is inflamed, the endothelium is 
activated by various extra-cellular stimuli allowing 
migration of endothelial cells into the wound and 
passage of leukocytes towards the inflamed region. 
Obviously, under such conditions, the endothelial cell-
cell junctions are disrupted and the endothelial barrier 
is reduced. In contrast, upon platelet activation or 
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hormonal regulation, endothelial cells are stimulated 
to enhance the endothelial barrier function. 
Thrombin
Decreased barrier function is caused by impaired cell-
cell contacts or actomyosin contraction. Loss of cell-
cell junctions can be induced by phosphorylation and 
internalisation of junctional components. Signalling 
pathways regulating cell-cell junction components will 
therefore likely affect endothelial barrier function. The 
mechanisms underlying thrombin-induced endothelial 
permeability has been studied most intensively and 
it is suggested that the effects of thrombin-induced 
breakdown of endothelial barrier is due to increased 
actomyosin contractility (Wojciak-Stothard and Ridley, 
2002). Increased actomyosin contractility is refl ected 
by the formation of stress fi bres associated with 
non-muscle myosin II. The best characterized signal 
triggering formation of stress fi bres is phosphorylation 
of the regulatory part of the myosin molecule to change 
conformation, interact with actin and slide along actin 
fi laments causing contractility. Thrombin-induced 
actomyosin contractility can be inhibited by Myosin-
light-chain kinase (MLCK) inhibitors (Moy et al., 
1996) and scavenging of intracellular calcium inhibits 
thrombin-induced stress fi bre formation (van Nieuw 
Amerongen et al., 1998). Also, the RhoA GTPase is 
activated upon thrombin stimulation and inhibition 
of RhoA as well as inhibition of ROCK with Y-27632 
prevents thrombin induced permeability (Carbajal 
and Schaeffer, 1999; van Nieuw Amerongen et al., 
2007; van Nieuw Amerongen et al., 2000). Other 
vaso-active substances, such as lysophosphatidic 
acid (LPA), histamine and bacterial lipopolysaccaride 
(LPS) also induce actomyosin contraction. Although 
the underlying mechanisms are not completely clear, 
RhoA activation is suggested to be required for most 
permeability-increasing agents (reviewed in (Wojciak-
Stothard and Ridley, 2002)). It should be noted though 
that RhoA activation with the E. coli toxin CNF-1 
induces stress fi bres, it is not suffi cient to decrease 
the endothelial barrier function, indicating that other 
signalling pathways besides RhoA are involved 
(Vouret-Craviari et al., 1999). 
VEGF
Vascular endothelial growth factor (VEGF) stimulates 
angiogenesis, proliferation and migration of endothelial 
cells in vivo and therefore is targeted for therapeutic 
interventions in cancer. Furthermore, VEGF induces 
endothelial permeability both in vitro and in vivo and 
similar to other permeability-inducing factors, VEGF 
induces stress-fi bres and focal contact formation in 

endothelial cells (Soga et al., 2001). Although RhoA, 
Rac and Cdc42 have all been linked to VEGF induced 
permeability through CNF1, only Rac-signalling was 
shown to be required for VEGF-Receptor mediated 
permeability (Soga et al., 2001). Also, inhibiting the 
translocation of the Rac-effector PAK with a peptide, 
blocks, amongst others, VEGF-induced permeability 
(Stockton et al., 2004). More recently, data were 
presented that showed that PAK activation upon 
VEGF stimulation is required for the activation of 
ERK, which is also required for VEGF-dependent 
permeability, probably through phosphorylation of 
MLC. Finally, the complex between β-PIX, GIT1 and 
PAK was implicated in this process, leading towards a 
model that suggests that VEGF-induced permeability 
requires cooperative signalling between Rac, via PAK/
bPIX/GIT1 and Ras via ERK (Stockton et al., 2007).  

Enhancement of the endothelial barrier
Beside its role in VEGF signalling, the Rho-like 
GTPase Rac is also required for assembly and 
maturation of endothelial junctions and Rac is 
activated during junction formation. Although the 
mechanisms employed by Rac are not clear, one 
possibility is that it releases IQGAP from β-catenin, 
allowing β-catenin to bind to E-cadherin (Kuroda et 
al., 1998). This would then result in stabilisation of 
E-cadherin at the cell-cell contacts. Transfection 
of dominant negative Rac into endothelial cells 
increases endothelial permeability and affects cell-
cell junctions (Wojciak-Stothard et al., 2001). Besides 
regulation of junctions a cross-talk between RhoA and 
Rac, as observed in other cell-types, can contribute to 
the RhoA-induced endothelial permeability as well as 
to Rac induced barrier increase (Wojciak-Stothard et 
al., 2001). For instance, during thrombin stimulation, 
Rac activity is down-regulated and possibly works 
in concert with RhoA activation (Vouret-Craviari et 
al., 1998; Wojciak-Stothard et al., 2001), although 
another report found no change in Rac activation 
during thrombin treatment (van Nieuw Amerongen 
et al., 2000). Although dominant-negative cdc42 
attenuates thrombin-induced actomyosin contractility, 
it is not activated upon thrombin stimulation (Wojciak-
Stothard et al., 2001). As cdc42 and Rac share some 
guanine-nucleotide exchange factors (GEFs), it is 
possible that the use of a dominant negative form of 
cdc42 results in recruitment of these GEFs, thereby 
inhibiting also Rac-dependent signalling pathways.
S1P
The lysophospholipid sphingosine-1-phosphate 
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(S1P) represents another stimulus that enhances 
the endothelial barrier function. S1P is released by 
activated blood platelets and is proposed to act through 
the activation of both Rac and Src-kinase. It induces 
cortical actin formation, which is usually associated 
with the stabilisation of cell-cell junctions (reviewed 
in (McVerry and Garcia, 2005)). Interestingly, both 
Rac and RhoA are activated by S1P stimulation, 
although RhoA activation is delayed compared to Rac 
activation (Vouret-Craviari et al., 2002). (Intriguingly,) 
it was recently shown that enhancement of trans-
endothelial electrical resistance (TER) by S1P does 
not require VE-cadherin or extra-cellular calcium (Xu 
et al., 2007). This might suggest that S1P regulates the 
tight junctions directly. However, it is also possible that 
spreading of cells independent of cell-cell contacts is 
suffi cient to enhance TER.
cAMP
Besides S1P, also prostaglandins increase the 
endothelial barrier function. Prostaglandins are 
hormones that via G-protein-coupled receptors, 
activate adenylate cyclase and produce of cAMP. 
Treatment of endothelial cells with the adenylate 
cyclase-agonist Forskolin is suffi cient to decrease 
endothelial permeability and results in cortical actin 
formation and enhancement of VE-cadherin at the 
cell-cell contacts. 
Elevation of cAMP levels in endothelial cells results in 
activation of Protein kinase A (PKA) and the exchange 
protein activated by cAMP (Epac). Protein kinase A 
consists of two catalytic and two regulatory subunits. 
Upon cAMP binding to the regulatory subunits, the 
catalytic subunits are released and can phosphorylate 
a wide variety of substrates. Epac1 and Epac2 are 

GEFs for the Ras-like small GTPase Rap1 and Rap2. 
Although activation of either PKA or Epac is suffi cient 
to enhance the endothelial barrier, their respective 
downstream mechanisms are distinct. One striking 
difference is revealed when endothelial resistance is 
analysed in the absence of integrin-dependent cell-
matrix binding. In cells adhering to poly-L-lysine coated 
electrodes activation of PKA no longer enhances the 
trans-endothelial electrical resistance, whereas the 
effect of Epac1-activation is unaffected. This suggests 
that in contrast with Epac1-mediated barrier function, 
PKA enhances the endothelial barrier in an integrin-
dependent manner (Lorenowicz et al., 2007). 

Effectors of cAMP-dependent barrier 
enhancement
PKA
As the role of Epac1 in endothelial barrier function 
was only established recently, earlier publications 
attributed all cAMP-effects to PKA. For instance, 
vasodilator-stimulated phosphoprotein (VASP) is 
phosphorylated by PKA in endothelial cells and 
translocates . from the focal contacts to the cell-cell 
contacts upon elevation of intracellular cAMP levels. 
VASP is a member of the Enabled/VASP protein 
family, involved in cortical actin dynamics. Although 
their exact function in the regulation of actin is unclear, 
it is suggested that Ena/VASP is uncaps the actin 
cytoskeleton, thereby decreasing the barbed actin 
and enhancing more elongated actin fi bres. Indeed, 
Ena/VASP proteins are involved in the regulation of 
the actin cytoskeleton in lamellipodia, fi lopodia and 
cell-cell junctions. Furthermore, a recent publication 
proposes that Rac1 is required for the effects of 
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both PKA and Epac on the endothelial barrier. Upon 
stimulation with prostaglandins, Rac1 is activated and 
this activation is attenuated upon PKA-inhibition or 
knock-down of Epac1. Additionally, siRNA for Rac1 
inhibits prostaglandin mediated endothelial barrier 
function (Birukova et al., 2007b).  However, specific 
activation of either Epac1 or PKA with selective cAMP 
analogues was not investigated, thereby missing an 
opportunity to distinguish between the action of these 
cAMP targets. Also, Forskolin induces phosphorylation 
of RhoGDI, resulting in an increased interaction with 
RhoA and thereby keeping RhoA inactive (Qiao et al., 
2003). Altogether this suggests that PKA enhances 
the endothelial barrier through regulation of Rho-like 
GTPases in an integrin-dependent manner. 
Epac1
As the role of Epac in endothelial permeability 
becomes more and more established, also the 
underlying mechanisms are being unravelled. Direct 
activation of Rap1 by Epac1 is required for the effects 
of the Epac1-specific cAMP analog 8-pCPT-2’O-
Me-cAMP (007), since RapGAP transfected cells no 
longer increase their barrier function upon stimulation 
(Cullere et al., 2005; Fukuhara et al., 2005; Wittchen 
et al., 2005). As mentioned above, it is proposed 
that Rac1-signalling is required for Epac1-induced 
barrier function (Birukova et al., 2007a; Birukova 
et al., 2007b). However, recent data also support a 
role for the Rap1-effector KRIT1 in Epac1-induced 
endothelial barrier regulation. KRIT1, or CCM1, is a 
multi-domain protein, consisting of a FERM-domain 
and several ankyrin repeats and was previously 
identified as a binding partner for Rap1 in yeast-
2-hybrid (Wohlgemuth et al., 2005). Glading and 
colleagues now show that KRIT1 is localised to the 
cell-cell contacts and is internalised upon thrombin 
stimulation. However, when Rap1 is active, either 
by activation of Epac1 or transfection with dominant 
active form of Rap1, KRIT1 is retained at the cell-
cell contracts. Interestingly, this probably holds 
true for most junction proteins, as Rap1 activation 
prevents thrombin-induced contraction. Intriguingly, 
knock-down of KRIT in endothelial cells results in 
increase permeability and abrogates the effect of 
007 on thrombin-induced permeability. Furthermore, 
over-expression of KRIT1 also prevented thrombin-
induced permeability and rescues RapGAP-induced 
permeability. The underlying mechanisms for KRIT1 
remain elusive, although it is suggested that binding 
of Rap1 to KRIT1 results in binding to β-catenin 
and thereby stabilising the junctions (Glading et al., 

2007). Interestingly, mutations in KRIT1 can underlie 
cerebral cavernous malformations (CCM), a disease 
characterised by lesions in the brain vasculature 
(Revencu and Vikkula, 2006). Two other proteins 
involved in these malformations, CCM2 and CCM3 
are potentially involved in the endothelial barrier 
function regulated by Rap1, especially since we found 
CCM2 and the KRIT1-interacting protein ICAP1 in our 
siRNA approach (Chapter 5).  
Although most reports suggest a role of the actin 
cytoskeleton in Epac1-mediated barrier function, 
recent evidence suggests that microtubules (MTs) 
may play a role as well. Transfected GFP-Epac1 
partially co-localises with MTs in endothelial cells and 
stimulation of endothelial cells with 007 increases the 
growth of the microtubules. However, the length of 
the MTs was also claimed to be increased, although 
the level of detail in these experiments is rather low. 
Interestingly, the increased length was independent of 
Rap1 activation, as over-expression of RapGAP had 
no effect on MT outgrowth (Sehrawat et al., 2008). 
Previous reports already indicated a role for Epac1 
in microtubule regulation (Yarwood, 2005); however, 
the functional relevance was never established. Also 
in the data presented by Sehrawat and colleagues 
the relation between microtubule outgrowth and 
endothelial barrier function is rather weak. The only 
evidence for the involvement of microtubules in 
Epac1-mediated endothelial barrier function is that 
complete disruption of the microtubule network with 
the MT-destabilising drug nocodazole perturbed 007-
induced TER, suggesting that intact microtubules are 
required. Interestingly, the MT-stabilizing drug Taxol 
has no effect on 007-induced TER (Sehrawat et al., 
2008), suggesting that the microtubule network is 
required, but does not need a normal turnover for the 
effects of Epac1 activation on the endothelial barrier 
function. The requirement for microtubules is not 
unexpected since the microtubule and actin networks 
are linked and perturbation of one affects the other. 
Altogether, enhancement of the endothelial barrier 
function by cAMP is mediated both by PKA and Epac1 
through distinct signalling pathways. Whether cross-
talk between these pathways exists is still elusive.

Scope of this thesis
At the start of the research described in this thesis, two 
observations suggested a role for Rap in junctions. In 
D. melanogaster the organization of the cell junctions 
in the wing discs was shown to be dependent on 
the small GTPase Rap1(Knox and Brown, 2002). 
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Furthermore, in mammalian cells inhibition of Rap1 
prevented the formation of Cadherin-based cell-cell 
junctions (Hogan et al., 2004; Price et al., 2004). 
In this thesis we describe our studies on the role of 
Rap1 in the regulation of cell-cell junctions and its 
role in endothelial barrier function. In Chapter 1 we 
summarise our current understanding of the regulation 
of cell-cell junctions by Rap1. In Chapter 3 and 4 
we describe the role of two Rap1 activators in the 
formation of cell-cell junctions. Our results in Chapter 
3 show that the activation of the Rap1 GEF Epac1 
results in increased barrier function and that activation 
of Epac1/Rap1 results in a dramatic re-organization of 
the actin cytoskeleton in a VE-cadherin independent 
manner. 
In Chapter 4 we investigate the role of another Rap1 
activator, PDZGEF2 in epithelial and endothelial 
cells. Depletion of PDZGEF2 results in zipper-like 
junctions or retraction fibers, structures that are 
normally observed as an intermediate during junction 
maturation. We also show that PDZGEF2 is required 
for the activation of Rap1 during junction breakdown 
by chelating calcium. Finally, we could show that 
re-activation of Rap1 rescues the phenotype of 
PDZGEF2. 
Apart from Rap1 regulators, we also investigated 
the down-stream signaling pathways. AF-6 is a cell 
junction protein that has been genetically linked to 
Rap1 in dorsal closure in D. melanogaster and binds 
directly to Rap1 (Boettner et al., 2003; Yamamoto et 
al., 1999). In Chapter 5 we investigated the role of AF-
6 in Epac1/Rap1-induced barrier function. However, 
depletion of AF-6 in endothelial cells has no effect on 
Epac1-induced endothelial resistance. Interestingly, 
knock-down of AF-6 results in decreased basal 
endothelial resistance and reorganizes the actin 
cytoskeleton, whereas the cell junctions are normal. 
To identify modifiers of the Rap1-mediated barrier 
regulation in endothelial cells, we used the siRNA 
approach described in Chapter 6. We present a small 
siRNA screen using a customized library on Epac1-
induced endothelial resistance. We identify a few 
potential regulators of Epac1-induced barrier function. 
In Chapter 7 we investigate one of these regulators, 
Lamellipodin in more detail. Lamellipodin is required for 
Epac1-induced endothelial resistance. Translocation 
of VASP upon 007-treatment is independent of VE-
cadherin. Furthermore VE-cadherin is not required for 
Epac1-induced endothelial resistance, whereas an 
intact actin cytoskeleton is required. 
Finally, in Chapter 8 the mechanisms employed by 

Rap1 to regulate the endothelial barrier function are 
discussed.
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Abstract
We have previously shown that Rap1 as well as its 
guanine nucleotide exchange factor Epac1 increase 
cell-cell junction formation, most likely through the 
regulation of E-cadherin. Here we show that human 
umbilical vein endothelial cells express endogenous 
Epac1 and that the Epac-specific analog 8CPT-2’OMe-
cAMP (007) resulted in a tightening of the junctions and 
a decrease in the permeability of the endothelial cell 
monolayer. In addition, 007 treatment resulted in the 
breakdown of actin stress fibers and the formation of 
cortical actin. These effects were completely inhibited 
by siRNA against Epac1. To investigate whether 
VE-cadherin mediates Epac1-induced cell junction 
formation, we used VE-cadherin knock-out cell lines. 
In these cells Epac1 did not affect cell permeability, 
whereas in cells re-expressing VE-cadherin this effect 
was restored. Finally, the effect of Epac activation on 
the actin-cytoskeleton was independently of junction 
formation. From these results we conclude that in 
HUVEC cells Epac1 controls VE-cadherin-mediated 
cell junction formation by a process that includes the 
reorganization of the actin cytoskeleton

Introduction
Epac represents a small family of two guanine 
nucleotide exchange factors for the small GTPases 
Rap1 and Rap2. Epac1 and Epac2 are activated by 
direct binding of cAMP and elevated levels of cAMP 
results in the activation of both Rap1 and Rap2 in cells 
that do express Epac1 and/or Epac2. The analysis of 
the function of these proteins was greatly facilitated 
by the development of a cAMP analog, 8CPT-2’OMe-
cAMP (007) specific for Epac1 and Epac2 (Enserink et 
al., 2002). This analog does not activate other cAMP 
targets, i.e. PKA and ion channels. Using this analog 
it was found that Epac functions, among others, in 
integrin-mediated adhesion, calcium-induced calcium 
release and subsequent insulin secretion, activation 
of phosphoinositol-3-kinase, protein kinase B (PKB) 
and activation of phospholipase C (PLC) (reviewed 

in (Bos, 2003)). More recently, Rap proteins were 
found to regulate cell junction formation as well. The 
first evidence for involvement of Rap in the formation 
of adherens junctions came from genetic studies in 
Drosophila melanogaster. Here, loss of the Rap gene 
resulted in asymmetric positioning of cadherins at cell-
cell contact sites, suggesting that Rap may directly 
modulate cadherin function (Knox and Brown, 2002). 
Also, DOCK4, an activator of Rap1, enhances the 
formation of adherens junctions, again hinting towards 
a role for Rap1 in the regulation of cadherin-mediated 
cell-cell adhesion (Yajnik et al., 2003). In addition, 
another GEF for Rap, C3G associates with E-cadherin 
and through Rap regulates the formation of nascent 
junctions (Hogan et al., 2004). Finally, inhibition of 
Rap inhibits E-cadherin function. Interestingly, Epac1 
expression in epithelial MDCK cells makes these 
cells sensitive to cAMP-induced junction formation. 
This suggests that also Epac could be involved in the 
control of junction formation (Price et al., 2004). 
For endothelial cells it is well established that cAMP 
stimulates the formation of cell junctions, thereby 
increasing the barrier function and the protection 
against various inflammatory mediators has been 
well. Previously, it was suggested that PKA mediates 
this cAMP effect. However, inhibition of PKA did not 
abolish all cAMP effects, suggesting that Epac maybe 
involved in this process as well (Ishizaki et al., 2003; 
Moy et al., 1998). In keeping with our previous results 
that Epac is able to regulated E-cadherin-mediated 
cell junction formation (Price et al., 2004), we have 
investigated whether Epac plays a role in endothelial 
junction formation by siRNA and if so whether VE-
cadherin is involved in this process. We observe 
that in HUVEC Epac1 is the main mediator of cAMP-
induced junction formation, a process that requires 
VE-cadherin, and may involve the formation of cortical 
actin.
 
Materials and methods
Cell culture and transfections
HUVEC were isolated according to Jaffe et al. with some modifications 
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as described and cultured in EBM-2 Bulletkit culture medium (EBM-2 
supplemented with EGM-2 SingleQuots (hEGF, hydrocortisone, fetal 
bovine serum, VEGF, hFGF-B, R3-IGF-1, Ascorbic Acid, GA-1000, 
heparin) (Clonetics)(Jaffe et al., 1973; Willems et al., 1982). Second 
to fourth passage cells were used. Cells were cultured on 1% gelatin 
(Sigma) and experiments were performed on 7μg/ml fibronectin (Sigma). 
18 hours after plating HUVEC were transfected with or without siRNA 
oligos (Dharmacon) against Epac1 (GCACCTACGTCTGCAACAA) or 
AF6 (GAAUAUAGUGAACCAAAGA) as indicated using Oligofectamine 
(Invitrogen) according to manufacturers recommendation. Transfection 
was repeated after 24 hours. Samples were analyzed 48 hours after 
the second round of transfections. Endothelial cells with a homozygous 
null mutation of the VE-Cadherin-gene and VEC null cells expressing 
wild-type VE-cadherin (VE-cadherin positive) were described previously 
(Lampugnani et al., 2002). 8CPT-2’O-Me-cAMP/007 (Biolog) was used 
at a final concentration of 100μM; Forskolin (Sigma) was used at 
10μM. 

Antibodies
The mouse mAb 5D3 against Epac1 has been described previously 
(Price et al., 2004). Mouse mAb against the extracellular domain of 
human VE-cadherin used was clone TEA 1.31, clone BV9 (Breviario 
et al., 1995; Lampugnani et al., 1992) and Cadherin-5 (Transduction 
labs). Rap1 polyclonal antibodies (Santa Cruz), Cortactin monoclonal 
antibodies (Cell Signaling) and Tubulin monoclonal antibodies 
(Oncogene) were used.

Rap1 Activation Assay
Rap1 activity was assayed as described previously (van Triest and Bos, 
2004). Briefly, cells were washed with cold PBS and lysed with buffer 
containing 1% Nonidet P-40. Lysates were cleared by centrifugation, 
and active Rap was precipitated with glutathione-Sepharose beads pre-

coupled to a GST fusion protein of the Ras binding domain of RalGDS. 
Precipitates were washed three times with lysis buffer and solubilised in 
SDS sample buffer. A portion of the cell lysate was reserved for analysis 
of total Rap content. Rap1 was detected following Western blotting with 
anti-Rap1 antibodies. 

Permeability assay
Transwell units (6.5-mm diameter, 0.4-µm pore size polycarbonate 
filters, Corning Costar Corporation) coated with fibronectin (7 µg/mL) 
were used. Culture medium in the upper and lower compartments was 
100 and 600 µL, respectively, as suggested by the manufacturer. Cells 
were cultured for 72 hours prior to analysis. Cells were incubated with 
007 before addition of fluorescein (FITC)-conjugated dextran (38 900 
Daltons, final concentration 1 mg/mL, (Sigma)) to measure permeability, 
immediately followed by thrombin (0,1U/ml). After 30 minutes, a 50-µL 
sample was removed from the lower compartment and measured using 
a fluorospectrometer at 492nm.

Immunofluorescence
Cells were cultured on fibronectin-coated (7 μg/mL) glass coverslips 
(13mm). After stimulation, cells were fixed with 3.8% formaldehyde, 
permeabilised using 0,2% Triton X-100 and blocked with 2% BSA in 
PBS. Cells were incubated with indicated antibodies for 1 hour and 
subsequently incubated with FITC-phalloidin and/or Cy3-labeled anti-
mouse antibody (Jackson labs). After mounting the coverslips onto 
slides, cells were examined using a Zeiss Axiokop2. Quantifications 
were performed using Metamorph software (Universal Imaging). 

Results
To investigate whether and if so, which Epac is 
functional in HUVE cells, we first tested which of the 

Fig. 1. Epac1 mediates cAMP-induced Rap1 activation in HUVEC. (A) Expression of Epac1 and Epac2 in HUVEC whole cell lysates was 
determined by Western blotting using the Epac1 monoclonal antibody (5D3) and compared with cell lysates from OVCAR3 and INS1 cells, 
respectively. (B) Epac1-RNAi was established by transfection of sequence-specific siRNA oligos. HUVEC lysates were analysed 48 hours after 
transfection by Western blotting against Epac1 and tubulin. (C) Rap1 activity assay was essentially performed as described in the methods section. 
Cells were stimulated with 007 or Forskolin for 15 minutes. (D) Cells were treated with 007 for the indicated timepoints and Rap1GTP levels were 
determined as in (C).
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two Epac proteins, Epac1 or Epac2, is present. Using 
monoclonal antibodies to either Epac1 or Epac2 we 
only observe a positive signal with a mAb against 
Epac1 (Figure 1A). Epac1 is represented by a double 
band as previously observed in Ovcar3 cells. To 

investigate whether both bands represent proteins 
from the Epac1 gene we used siRNA to knock-down 
Epac1. Indeed, both bands disappear indicating that 
they represent two forms of Epac1 (Figure 1B). The 
difference between the two forms is currently unclear. 

Fig. 2. Epac1 activation induces junction formation and actin remodeling and reduces permeability. 
(A) HUVE cells were treated with or without 007 for 30 minutes and stained for VE-cadherin and phalloidin. Bar = 50 μm. (B) Cells wer treated as 
indicated for 30 minutes and stained for cortactin. Bar = 50 μm. (C) siRNA transfected cells were subjected to a permeability assay in the absence 
or presence of 007 for 30 minutes. Data shown are representative of three experiments. (D) Cells were treated with or without 007 for 30 minutes 
prior to treatment with thrombin for 30 minutes. Slides were stained as in (A). (E) HUVEC were treated with or without 007 for 30 minutes previous 
to the addition of fluorescent dextran in the presence or absence of thrombin and permeability was measured. Average permeability was shown as 
a relative increase to that observed in unstimulated cells. Differences were significant as determined by student’s t-test (p<0.05). Data shown are 
representative of at least three experiments. Inset represents an enlargement of the mock treated samples. (F) Rap1GTP levels were determined 
after treating HUVE cells as indicated.
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Epac is a GEF for the small GTPases Rap1 and Rap2 
and is directly activated by cAMP. To investigate 
whether Epac1 is functional in HUVEC we stimulated 
the cells with forskolin, a compound that activates 
adenylate-cyclase, resulting in an increase in cAMP. 

In addition we used a cAMP analog, 8-CPT-2’0Me-
cAMP (007) that specifically activates Epac and not 
protein kinase A. Both compounds indeed activate 
Rap1. This activation is completely inhibited by siRNA 
against Epac1, showing that both cAMP- and 007-

Fig. 2 (continued).
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induced activation of Rap1 is mediated by Epac1 
(Figure 1C). Time course analysis revealed that 
007 activates Rap1 rapidly. This activation persists 
for at least 30 min (Figure 1D). From these results 
we conclude that HUVECs have a functional cAMP-
Epac1-Rap1 signaling pathway.
cAMP is a well established mediator of stimuli that 
can affect the integrity of the endothelial cell layer by 
tightening the junctions between endothelial cells. To 
investigate whether activation of Epac results in more 
robust cell junctions we stimulated endothelial cells 
with 007 and stained the cells for both VE-cadherin 
and actin. VE-cadherin is one of the critical and 
first components in the formation of cell junctions. 
Whereas in unstimulated cells the junctions are still 
rather immature, zipper-like, with small gaps between 
the cells, 30 min of stimulation with 007 results in 
much more tightened junctions. In addition, a clear 
change of the actin cytoskeleton is observed from 
stress fibers spanning the cell body in the unstimulated 
cells to filamentous actin at the cell periphery in 007-
stimulated cells (Figure 2A).
To further stress the appearance of peripheral 
filamentous actin in 007-stimulated cells we stained 
the cells for cortactin, a marker for cortical actin. 
Clearly, stimulation of HUVECs with 007 results in a 
remarkable increase in cortactin staining at the cell 
junctions. This increase is largely abolished when 

the cells were first treated with siRNA against Epac1. 
Importantly, also forkolin-induced peripheral cortactin 
staining is largely inhibited by siRNA against Epac1, 
indicating that Epac1 is the main mediator of these 
changes (Figure 2B).
Permeability of endothelial cell layers is regulated in 
part by the opening and closure of the cell junctions. 
To investigate whether 007 regulates endothelial 
permeability in vitro HUVEC were seeded in trans-
well plates and permeability for FITC-dextran was 
measured. As shown in Figure 2C, 007 reduced 
permeability by 30 to 50% dependent on the 
experiment. Again, Epac1 siRNA completely abolished 
the 007 effect, supporting the notion that Epac1 
mediates the 007 effect. Permeability of endothelial 
cells is strongly induced by various stimuli, including 
α-thrombin. Also this effect is strongly reduced by 007 
treatment, as shown both by staining for VE-cadherin 
(Figure 2D) and by measuring cell permeability 
(Figure 2E). Cell permeability of α-thrombin-treated 
cells even in the presence of 007 is much higher than 
untreated cells. To investigate whether this difference 
may correlate with Rap1 activity, we measure α-
thrombin-induced Rap1 activation in the presence 
and absence of 007. However, we did not observe 
thrombin-induced Rap1 activation, whereas 007-
induced Rap1 activation is similar in α-thrombin-
treated compared to untreated cells (Figure 2F). From 
these results we conclude that in HUVEC activation 
of Epac1 stimulates the formation of cell junction 
and reduces cell permeability. In addition, we show 
that Epac1-Rap1 signaling antagonizes α-thrombin-
induced cell junction disruption at a level downstream 
from Rap1.  
One of the first steps in junction formation is a 
calcium dependent, homotypic interaction between 
VE-cadherin between two neighboring cells. To 
investigate whether VE-cadherin is required for 007 
induced effects on cell junction formation we used VE-
cadherin null mouse cells immortalized with polyoma 
mT. These cells still form junctions although at a slower 
rate and with an increased permeability. Importantly, 
treatment with 007 did not affect the permeability of 
these cells, whereas cells rescued with a mammalian 
VE-cadherin did show a consistent 20% decrease in 
permeability after treatment with 007 (Figure 3A). This 
difference is not due to the differences in activation 
of Rap1 by 007, since in both cell types 007 induce 
similar Rap1 activation (Figure 3B). We therefore 
conclude that VE cadherin is an essential mediator of 
Epac-Rap1-induced cell junction formation. 

Fig. 3. 007-induced reduction of endothelial permeability is 
dependent on VE-cadherin. 
(A) Endothelial permeability was measured in VE-cadherin null- and 
VE-cadherin positive cells in the absence or presence of 007 for 5 min-
utes. (B) Indicated cell-lines were stimulated with 007 for the indicated 
timepoints and used in a Rap1 activity assay.
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Since the actin cytoskeleton and adherens junctions 
are intimately linked we investigated whether the effects 
we observed on the actin cytoskeleton are dependent 
on junction formation. To investigate whether VE-
cadherin is required for the actin remodeling, we 
investigated whether the remodeling also occurs in 
VE-cadherin null cells. Unfortunately, both in the VE-

cadherin positive and VE-cadherin null cells we could 
not observe 007 induced actin remodeling (data not 
shown). As an alternative approached we used the 
VE-cadherin-specific blocking antibody BV9. Binding 
of BV9 to VE-cadherin causes the disappearance of 
VE-cadherin from cell-cell contacts (Corada et al., 
2001). However, incubation of HUVEC with BV9 did 

Fig. 4. Actin remodeling by 007 is not dependent on junctions.
(A) HUVEC were grown to confluency in 3-4 days. Indicated antibodies were added to the cells for 7 hours and were subsequently incubated with 
007 for 30 minutes before cells were fixed and stained for F-actin. Bar = 50 μm. (B) HUVEC were plated at 1x104 cells/12well. After 24h cells were 
treated with or without 007 for 30 minutes. Cells were examined using immunofluorescence for F-actin. Bar = 10 μm. (C) Cells were treated as in 
(B). Intensity of phalloidin staining was measured over an imaginary line through the cell. The average intensity of the outer quarters of the line was 
divided over the inner two quarters. Average values and SE of 40 cells are shown. (p< 0.0001).
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not affect 007-induced actin rearrangements that 
resembled the changes observed within an intact 
monolayer (figure 4A), suggesting that 007-induced 
actin rearrangements is not due to VE-cadherin-
mediated cell junction formation. To exclude the 
possibility that cell-cell adhesion is still somehow 
involved in 007-induced actin rearangements 
we treated a sparse culture of HUVEC with 007. 
Importantly, the single cells did show rearrangement 
of the actin cytoskeleton similar to that observed within 
a monolayer of HUVEC, i.e. a decrease in medial 
stress fibers and an increase in peripheral stress 
fibers or cortical actin (figure 4B). Quantification of 
these actin rearrangements in multiple cells showed 
a 30% increase in cortical/medial-actin ratio upon 007 
treatment (figure 4C). From these results we conclude 
that the observed 007-induced actin rearrangements 
are independent of cell junction formation.

Discussion
In this paper we show firstly, that HUVECs express the 
cAMP-responsive Rap1 GEF, Epac1 predominantly 
over Epac2 and by siRNA that cAMP-induced Rap1 
activation is mediated by Epac1. Secondly, treatment 
of HUVEC with 007 results in morphologically more 
tight cell junctions, a rearrangement of the actin 
cytoskeleton from stress fibers spanning the cell 
body in unstimulated cells to more cortically located 
filamentous actin after 007 stimulation. Again this 
effect was abolished by siRNA against Epac1.  
Thirdly, we found that VE-cadherin is required for 
Epac-induced cell junction formation and finally we 
found that Epac activation results in a rearrangement 
of the actin cytoskeleton independently of junction 
formation. While these studies were in progress three 
papers were published which collectively come to a 
similar conclusion (Cullere et al., 2004; Fukuhara et 
al., 2005; Wittchen et al., 2005). In these studies, a 
role for Epac in endothelial cell junction formation 
was demonstrated using the Epac specific analog 
8CPT-2’OMe-cAMP (007). In all these studies 007 
was found to tighten cell junctions and to increase the 
barrier function of an endothelial monolayer in vitro. 
Our studies extended these findings by showing that 
Epac1, and not Epac2 is mediating this effect. This 
conclusion is based on the observations that we 
only observe clear Epac1 expression in HUVEC and 
more importantly, siRNA against Epac1 completely 
abolished 007-induced Rap1 activation and 007-
induced effects on cell junctions. 
The mechanism by which Epac regulates endothelial 

cell junctions is however still largely elusive. However 
it is clear that VE-cadherin plays a critical role in this 
process, because, firstly, 007 treatment results in 
more active VE-cadherin at the cell surface (Fukuhara 
et al., 2005) and secondly, 007 is unable to increase 
endothelial barrier function in cells lacking VE-
cadherin (this paper). This result is compatible with 
previous results showing that the Rap1 signalling 
pathway controls cell junction formation in epithelial 
cells through E-cadherin (Hogan et al., 2004; Knox 
and Brown, 2002; Price et al., 2004). In addition, it is 
clear that Epac induces a rearrangement of the actin 
cytoskeleton, from stress fibers that span the cell body 
to cortical actin and the recruitment of the cortical 
actin-binding protein cortactin to the cell junctions. 
Importantly, cell junction formation is not required 
for this cytoskeletal rearrangement because, firstly, 
disruption of junctions by calcium-depletion or VE-
cadherin-specific blocking antibodies is not interfering 
with actin remodeling and secondly, because actin 
remodeling is observed in sparse cultures (Cullere 
et al., 2004),  this paper). This opens the attractive 
hypothesis that the effect of Epac on cell junction 
formation is mediated by Epac-induced cytoskeletal 
rearrangements. Indeed a number of proteins that are 
involved in the organization of the actin cytoskeleton 
have been implicated as downstream effectors of Rap 
and thus Epac. These proteins include Vav and Tiam, 
two GEFs for Rac, ARAP3, a GTPase activating protein 
for Rho and Arf, and Riam, a profiling binding protein 
(Arthur et al., 2004; Krugmann et al., 2004; Lafuente 
et al., 2004). More recently AF-6 was implicated in the 
Rap1 dependent regulation of E-cadherin endocytosis 
(Hoshino et al., 2005). Also several studies have 
implicated Rap signaling upstream from cdc42 
(Fukuyama et al., 2005; Schwamborn and Puschel, 
2004). Whether these proteins are involved in the 
observed Epac effects in HUVEC is currently unclear. 
Intriguingly, 007 was found to inhibit thrombin-induced 
Rho activation, but not basal Rho activity(Cullere et 
al., 2004). Indeed, thrombin reduces barrier function 
of endothelial cells by activation of Rho and thus 
inhibition of Rho by Epac signaling counteracts the 
thrombin effect (van Nieuw Amerongen et al., 2000). 
Since Epac has apparently no effect on basal Rho 
activity, a different mechanism may be used by Epac 
to control junction formation. 
Vascular leakage as a consequence of a failure in 
endothelial barrier function often results in serious 
pathological conditions, including edema and chronic 
inflammation. The findings that activation of Epac1 
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can restore endothelial barrier function makes Epac1 
a promising target for drugs to restore endothelial 
integrity. We are currently testing whether indeed the 
cAMP analog 007 has this protecting effect.
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Abstract
The small G-protein Rap1 is a critical regulator of 
cell-cell contacts and is activated by the remodeling 
of adherens junctions. Here we identify the Rap1 
guanine nucleotide exchange factor PDZ-GEF2 as an 
upstream activator of Rap1 required for the maturation 
of adherens junctions in the lung carcinoma cells 
A549. Knockdown of PDZ-GEF2 results in the 
persistence of adhesion zippers at cell-cell contacts 
and prevents Rap1 activation upon epithelial cadherin 
internalization. Activation of Rap1A rescues junction 
maturation in absence of PDZ-GEF2, demonstrating 
that Rap1A is downstream of PDZ-GEF2 in this 
process. Moreover, depletion of Rap1A, but not 
Rap1B, impairs adherens junction maturation. siRNA 
for PDZ-GEF2 also lowers the levels of E-cadherin, an 
effect that can be mimicked by Rap1B, but not Rap1A 
siRNA. Since junctions in Rap1B depleted cells have 
a mature appearance, these data suggest that PDZ-
GEF2 activates Rap1A and Rap1B to perform different 
functions. Our results present the first direct evidence 
that the PDZ-GEF2/Rap1A pathway plays a critical 
role in the maturation of adherens junctions.

Introduction
Rap1 is a small G-protein that acts as a molecular 
switch in many different processes, including integrin-
mediated cell adhesion and epithelial cadherin (E-
cadherin)-based adherens junction (AJ) formation 
(Bos, 2005). AJ are mainly composed of cadherins 
that interact homophilically with cadherins of 
neighboring cells in a calcium (Ca2+)-dependent 
manner to mediate cell-cell adhesion. Depending 
on the cell type, the formation of AJ requires two 
neighboring cells to extend their filopodia into the 
membrane of the opposing cell to enhance cell-
cell contacts. Cadherin-catenin complexes are 
recruited at the tip of these filopodial projections, 
also know as puncta or transmembrane clusters of 
AJ proteins. Dimers of cadherin-catenin complexes 
then reorganize to generate a zipper-like structure 

of assembled puncta. Further junction maturation is 
ensured by the lateral clustering of cadherins as well 
as the recruitment of a variety of junctional scaffolding 
proteins that promote the association of actin-binding 
and actin polymerization regulators, such as vinculin, 
zyxin, VASP and Mena (Vasioukhin et al., 2000). 
Finally, actin polymerization drives the sealing of the 
cell-cell contacts into a linear shape by generating 
the mechanical forces to stabilize the junctions and 
by providing a connection between the E-cadherin 
complexes and the actin cytoskeleton (Mege et al., 
2006; Vaezi et al., 2002; Vasioukhin et al., 2000). 
Alternatively, in epithelial cells, interactions between 
opposing lamellipodia initiate E-cadherin clustering 
while a circumferential actin cable surrounds the cells. 
As cell-cell adhesion proceeds, E-cadherin molecules 
cluster into puncta within the cell-cell contact interface 
and associate with actin filaments. E-cadherin puncta 
stabilize actin filaments, leading to the dissolution of 
the circumferential actin cables and their insertion into 
the cell-cell contact. At the same time, clustering of E-
cadherin puncta into E-cadherin plaques at the edges 
of the cell-cell contacts strengthens cell-cell adhesion 
(Adams et al., 1998; Perez et al., 2007; Yamada and 
Nelson, 2007). Moreover, myosin II, myosin VI, as well 
as microtubule dynamics are thought to be important 
for the establishment of E-cadherin-based junctions 
(Maddugoda et al., 2007; Shewan et al., 2005; 
Stehbens et al., 2006). In addition to the steps and 
proteins mentioned above, the coordinated actions of 
several other processes such as trafficking and cell 
surface organization of E-cadherin are also involved 
in the formation and maturation of E-cadherin-based 
cell-cell contacts (Yap et al., 2007). However, the 
exact molecular mechanisms involved in AJ formation 
and maturation remain elusive.
Increasing evidence suggests that Rap1 plays a critical 
role in the formation of AJ. Indeed, Rap1 localizes at 
the junctions in epithelial and endothelial cells (Hogan 
et al., 2004; Knox and Brown, 2002; Mandell et al., 
2005; Wittchen et al., 2005) and is activated at cell-
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Fig. 1. Activation of Rap1 by Ca2+ depletion is dependent on PDZ-GEF2 expression. 
A, B, C and D. Confluent (A), sparse cultures (B), E-cadherin siRNA (C), or control, PDZ-GEF1, PDZ-GEF2 siRNA (D) treated A549 cells were 
incubated in the presence or absence of EGTA (4 mM) for indicated times and lysates were incubated with GST-RalGDS-RBD to precipitate active 
(GTP-bound) Rap1. Cell lysates were analyzed by Western blotting with anti-Rap1, anti-E-cadherin, anti-PDZ-GEF1 or anti-PDZ-GEF2 antibodies. E. 
A549 cells were transfected with control or PDZ-GEF2 (PG2 #1) siRNA and replated 24 hours before the Rap1-GTP pull-down. For the Ca2+ switch 
experiment, cells were incubated in Ca2+-free media supplemented with EGTA (4mM) for 30 minutes (EGTA), followed by two washes in PBS and 
incubated in 20 μM Ca2+ (EGTA + low Ca2+) for 30 minutes, a condition that does not allow the complete reformation of cell-cell junctions. Cells were 
further incubated in 1.8mM Ca2+ (EGTA + low Ca2+ + 1.8 mM Ca2+) for 30 minutes. The lysates were incubated with immobilized GST-RalGDS-
RBD to precipitate active Rap1. Immunofluorescence studies using anti-E-cadherin antibodies demonstrated that EGTA treatment leads to the loss of 
E-cadherin staining at cell-cell contacts and that addition of 1.8 mM Ca2+ restored E-cadherin-based cell-cell junctions (data not shown). Cell lysates 
were analyzed by immunoblotting with anti-Rap1 and anti-PDZ-GEF2 antibodies. For the quantification of Rap1-GTP levels relative to total Rap1 
protein, Rap1 signals were determined by densiometry and reported as mean ± standard deviation of the mean (SEM). A: 0’ (n=5), 5’ (n=3), 15’ (n=4), 
30’, 45’ and 60’ (n=2); B: 0’ and 15’ (n=3); C: Control 0’ and 15’ (n=3), E-cad 0’ and 15’ (n=2); D: Control 0’ (n=5), Control 5’ (n=3), Control 15’ (n=2), 
PG1 #1 0’ (n=3), PG1 #1 5’ (n=1), PG1 #1 15’ (n=2), PG2 #1 0’ (n=4), PG2 #1 5’ (n=2), PG2 #1 15, (n=2); E: all time points (n=3) except Control and 
PG2 #1 EGTA + low Ca2+ + 1.8mM Ca2+ (n=2). T-test: * p<0.03; ** p<0.007.
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cell contacts in endothelial cells (Sakurai et al., 2006). 
In epithelial cells, disruption of AJ activates Rap1 and, 
inversely, restoration of cell-cell adhesion decreases 
Rap1 activity in an E-cadherin dependent manner 
(Balzac et al., 2005).
Several Rap-specific guanine nucleotide exchange 
factors (GEFs), e.g. C3G, Epac, CalDAG-GEF, and 
PDZ-GEF, respond to different stimuli to activate Rap1 
and are thought to be critical for the spatio-temporal 
regulation of Rap1 (Hisata et al., 2007; Kooistra et al., 
2007). Interestingly, several of these GEFs were found 
to play a role in the formation of AJ as well (Kooistra 
et al., 2007; Price et al., 2004; Yajnik et al., 2003). For 
instance, C3G (RapGEF1) interacts with E-cadherin 
(Hogan et al., 2004) and is required for E-cadherin 
recruitment at cell-cell contacts (Fukuyama et al., 
2005). Epac1 (RapGEF3), in contrast, is not directly 
involved in the formation of junctions, but controls 
endothelial integrity and permeability (Cullere et al., 
2005; Fukuhara et al., 2005; Kooistra et al., 2005; 
Wittchen et al., 2005). PDZ-GEF1 (RapGEF2, RA-
GEF-1) was shown to associate with the junctional 
scaffolding proteins membrane-associated guanylate 
kinase with inverted orientation-1 and -2 (MAGI-1 
and -2), and to bind and colocalize with β-catenin 
(Dobrosotskaya and James, 2000; Kawajiri et al., 
2000; Mino et al., 2000; Ohtsuka et al., 1999; Sakurai 
et al., 2006). Genetic studies suggest that C. elegans 
PDZ-GEF (pxf-1) is required for maintenance of 
epithelial integrity (Pellis-van Berkel et al., 2005). 
Additionally, loss of function of the Drosophila PDZ-
GEF (dPDZ-GEF, Gef26) impairs AJ formation at the 
non-dividing somatic cell-germline stem cell interface, 
causing loss of stem cell identity (Wang et al., 2006). 
Recently dPDZ-GEF was also shown to modulate cell 
shape and cell plasticity in epithelial cells (Boettner 
and Van Aelst, 2007), further stressing a possible role 
for this GEF in junction formation. However, whether 
the mammalian PDZ-GEF1 or its family member PDZ-
GEF2 (RapGEF6, RA-GEF-2) plays a role in cell-cell 
junction formation is currently unknown. Here we 
report two novel and distinct roles of PDZ-GEF2, first 
in AJ maturation in epithelial and endothelial cells, and 
second in the regulation of E-cadherin levels. We also 
find that these functions are differentially regulated by 
Rap1 isoforms.

Experimental Procedures
Cell culture
A549 cells were maintained in RPMI media (BioWhittaker) supplemented 
with 10% FBS (Cambrex), 1.2 mM L-Glutamine, 100 units/ml penicillin, 
100 μg/ml streptomycin (BioWhittaker). Human vascular endothelial 

cells (HUVEC) were isolated and cultured as previously described 
(Kooistra et al., 2005). Second to fifth passage cells were used.

Antibodies
Recombinant protein corresponding to the first atypical cyclic nucleotide 
binding domain of human PDZ-GEF1 (gene ID 9693; amino acids 1-
260) and PDZ-GEF2 (gene ID 51735; amino acids 1-123) were used 
to produce polyclonal antibodies. Other antibodies used are anti-
α-catenin, anti-β-catenin and anti-p120-catenin (BD Transduction 
Laboratories); anti-ZO-1 and anti-Occludin (Zymed); anti-E-Cadherin 
(HECD-1) (AbCam); anti-Tubulin (Oncogene); anti-Rap1 (Santa Cruz); 
anti-HA (12CA5); Alexa Fluor 488 anti-human CD324  (anti-E-cadherin; 
clone 67A4) (BioLegend); Alexa Fluor 488 Mouse IgG1, κ isotype 
control (clone MOPC-21) (BioLegend); anti-Epac1 (clone 5D3) (Price et 
al., 2004); anti-VE-cadherin (clones TEA 1.31 and BV9) (Breviario et al., 
1995; Lampugnani et al., 1992); anti-mouse and anti-rabbit Alexa 488 
and 568 (Molecular Probes).

Expression vectors
HA-Epac1 (de Rooij et al., 1998) and HA-V12Rap1A (Zwartkruis et al., 
1998) vectors were transfected using FuGENE6 (Roche Diagnostics 
Corporation).

siRNA transfection
Small interfering RNA (siRNA) oligo duplexes were obtained 
from Dharmacon and transfected using oligofectamine according 
to the manufacturer’s instructions (Invitrogen). For HUVEC, the 
transfection was repeated after 24 hours and samples were 
analyzed 48 hours after the second round of transfection. Oligo 
sequences: PG1 #1 (CTGCCGTATTCTCAATCAA); PG2 #1 
(GGATCCAACTTATATAGAA); Rap1A #2 (GTGGTGTAACTGTGCCTTT + 
CCTGGAAGATGAGCGAGTA); Rap1B #2 (CCTAGTGCGGCAAATTAAC 
+ GTGCGGCAAATTAACAGAA); on-target plus SMARTpool:  PG2 #2 
(L-008593); Rap1A #1 (L-003623); Rap1B #1 (L-010364); E-cadherin 
(L-003877); α-catenin (L-010505); β-catenin (L-003482); p120-catenin 
(L-012572).

Immunofluorescence
Cells were fixed in 4% formaldehyde, permeabilized in 0.1% Triton 
X-100 and blocked with 2% BSA in PBS. Coverslips were incubated 
with the indicated primary antibodies, followed by incubation with Alexa 
antibodies and mounted on glass slides. Actin filaments were stained 
with rhodamine-phalloidin (Molecular Probes). Images were acquired 
on a DeltaVision Restoration Imaging System (Applied Precision, 
Seattle) with a 40X/1.42NA Plan-ApoN objective (Olympus) using 
SoftWorx software. Acquisitions in Z were at 0.2 micron intervals, and 
stacks were deconvoluted using SoftWorx. Alternatively, images were 
acquired using a Zeiss LSM 510 Meta confocal microscope. 8-pCPT-
2’O-Me-cAMP (007) (Biolog, Bremen, Germany) was used at a final 
concentration of 50 μM.

Quantification of adhesion zippers
The percentage of adhesion zippers was determined by counting the 
number of cells that displayed a straight, linear organization of E-
cadherin at cell-cell contacts (mature AJ) compared to junctions where 
the E-cadherin staining presented a non-linear, zipper-like organization 
(adhesion zippers).

Electron microscopy
siRNA transfected A549 cells were replated and fixed for electron 
microscopy 24 hours later with a mixture of 2% glutaraldehyde, 5 mM 
CaCl2, 10 mM MgCl2 in 0.1 M Na-cacodylatebuffer pH 7.4 for four 
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hours at room temperature. Post fixation was performed in 1% OsO4, 
1.5% K4Fe(Cn)6-3H2O in distilled water for two hours at 4°C. After 
ethanol dehydration, cells were flat embedded in Epon and sectioned 
in parallel to the substrate of growth. Ultrathin sections were stained 
with uranylacetate and lead citrate. To establish the type of contacts 
between neighboring cells, grids were scanned along a random track, 
by which all encountered cell-cell interactions were ascribed to one 
of the following categories: “sealed”, where the plasma membranes 
of the neighboring cells very close together, often running in parallel 
over extended distances; “intermediate”, tight regions of close contact 
alternating with regions in which the two plasma membranes were 
at considerable distance; “loose”, where the plasma membranes of 
neighboring cells were mostly at a considerable distance, with very few 
points of contact, but no regions of membranes running in parallel. Only 
cell-cell interactions by which both nuclei were visible in the plane of the 
section were taken into account for the quantification.

E-cadherin cell surface levels
siRNA transfected A549 cells were replated and collected 24 hours later 
in cold PBS containing 2% FBS on ice. Cell suspensions were incubated 
with Alexa Fluor 488 anti-human CD324 (anti-E-cadherin; clone 67A4) 
or Alexa Fluor 488 Mouse IgG1, κ isotype control (clone MOPC-21). 
Data acquisition was done on a FACSCalibur flow cytometer (Becton 
Dickinson) using CellQuest software, and analysis was performed using 
WinMDI 2.9 software.

Ca2+ switch experiments and Rap-GTP pull-down assay
Cells transfected with siRNA were replated in growth media for 24 hours, 
rinsed with PBS and incubated in serum-free and Ca2+-free media 
containing 4 mM EGTA for 30 minutes at 37°C to disrupt E-cadherin-
mediated cell-cell contacts. Cells were lysed (200 mM NaCl, 50 mM 
Tris-HCl pH 7.6, 1% NP-40, 10% glycerol, 2mM MgCl2, containing 
protease inhibitors, sodium vanadate and sodium fluoride) or incubated 
in media supplemented with low Ca2+ (20 μM) for 30 minutes, then 

Fig. 2. PDZ-GEF2 or Rap1A depletion in epithelial cells impairs AJ maturation. 
A and B. A549 cells transfected with control, PDZ-GEF2 (PG2 #1, PG2 #2), Rap1A (Rap1A #1) or Rap1B (Rap1B #1) siRNA were replated on glass 
coverslips, fixed and immunostained with anti-E-cadherin antibodies or rhodamine-phalloidin (F-actin) after 24 (A) and 48 hours (B). Similar results 
were obtained with two different sets of siRNA oligos. A representative picture from at least three independent experiments is shown in each panel. 
Bar, 20 μm. C, D and E. Cell lysates were analyzed by Western blotting with anti-PDZ-GEF2 or Rap1 antibodies, and anti-Tubulin antibodies were 
used as a loading control. F. Quantification of adhesion zippers at cell-cell contacts. The ratios were determined blindly by counting the number of 
junctions that displayed a straight, linear organization of E-cadherin at cell-cell contacts (mature AJ) compared to junctions where the E-cadherin 
staining presented a non-linear, zipper-like organization (adhesion zippers). The data is expressed as percentage of the number of junctions scoring 
as “adhesion zippers” over the total E-cadherin junction staining (total of mature AJ + adhesion zippers) of at least 200 junctions per experiment. 
Averages represent the mean ± SEM of two to five independent experiments. T-test: * p<0.05.
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lysed or further incubated in media containing 1.8 mM Ca2+ for 30 
minutes. Levels of Rap1-GTP were determined by precipitation with 
a GST fusion protein of the Ras binding domain of RalGDS, which 
recognizes only active, GTP-bound Rap. Pull-downs were resolved 
by SDS-PAGE and immunobloted with anti-Rap1 antibodies to detect 
precipitated Rap1-GTP (van Triest et al., 2001).

Western blottingCells were washed in ice-cold PBS and lysed in 150 
mM NaCl, 50 mM Tris-HCl pH 7.4, 1% NP-40 or 200 mM NaCl, 50 
mM Tris-HCl pH 7.6, 1% NP-40, 10% glycerol, 2mM MgCl2 containing 
protease inhibitors, sodium vanadate and sodium fluoride, cleared by 
centrifugation at 14,000 x g for 10 minutes at 4°C, and subjected to 
Western Blotting. Signals were quantified using ImageJ software.

Results
PDZ-GEF2 regulates Rap1 activation during Ca2+ 
switch. In our search for a function for PDZ-GEF/
Rap1 signaling in E-cadherin-mediated cell adhesion, 
we used human alveolar cells derived from a basal 
cell lung carcinoma (A549) as they express both PDZ-
GEFs (Fig. 1D) and form E-cadherin-based junctions. 
We first addressed the question whether disruption of 
junctions in these cells would lead to Rap1 activation 
as reported for other epithelial cell lines (Balzac et 
al., 2005). Indeed, EGTA treatment of A549 cells, 
which triggered E-cadherin internalization, disrupted 
AJ and resulted in the activation of Rap1 (Fig. 1A), 
whereas Rap1-GTP levels remained unchanged in 

sparse cells lacking cell junctions (Fig. 1B). The basal 
Rap1 activity in sparse cells was higher compared 
to confluent cells, compatible with the observation 
that Rap1 activation is reduced in cells reaching 
confluence (Posern et al., 1998). Similarly, E-cadherin 
knockdown by siRNA resulted in higher Rap1 activity 
(Fig. 1C), indicating that the presence of E-cadherin-
based cell-cell junctions is required to maintain 
Rap1 activity low. These results show that Rap1 is 
activated when E-cadherin-based cell-cell contacts 
are disrupted and confirm previously published data 
(Balzac et al., 2005).
To analyze the putative role of PDZ-GEFs in AJ 
disruption-induced Rap1 activation, PDZ-GEF1 
or PDZ-GEF2 siRNA was introduced in A549 
cells. siRNA to PDZ-GEF2, but not to PDZ-GEF1, 
abolished EGTA-induced Rap1 activation (Fig. 1D). 
As expected, reformation of AJ by addition of Ca2+ 
resulted in the downregulation of Rap1 in control 
cells, but the Rap1-GTP levels remained unchanged 
in PDZ-GEF2 depleted cells (Fig. 1E). This suggests 
that PDZ-GEF2 responds to E-cadherin-based cell-
cell junction disruption by activating Rap1.

PDZ-GEF2/Rap1A pathway is essential for AJ 

Fig. 3. Electron micrographs illustrating the different types 
of cell-cell contacts observed in control and PDZ-GEF2 
depleted cells.
A549 cells transfected with control, PDZ-GEF2 (PG2 #1 or PG2 
#2), or Rap1A (Rap1A #1) siRNA were replated, fixed 24 hours 
later and processed for electron microscopy. A, Typical type 
of cell-cell contact found between two control siRNA treated 
cells, named “sealed” contact. The arrows point at two cellular 
junctions, probably desmosomes. B, PDZ-GEF2 depleted cells 
(PG2 #2) displaying a cell-cell contact classified as “intermediate”. 
C, Neighboring PDZ-GEF2 depleted cells (PG2 #1) showing a 
“loose” contact phenotype. The enlarged gap between the cells 
is filled with fibrillar membrane extensions (arrows). Bars, 500 
nm. D, The total number of “sealed”, “intermediate” and “loose” 
cell-cell contacts observed in the control, PDZ-GEF2, and Rap1A 
depleted cells were counted and expressed as percentage of 
the total number of cell-cell contacts. The number of junctions 
counted for each condition were: control: 31; PG2 #1: 42; PG2 #2: 
33; Rap1A #1: 35. P, plasma membrane.
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maturation in epithelial cells.
The sustained activation of Rap1 after junction 
disruption and the downregulation of Rap1 following 
junction formation seems to be counterintuitive with 
previous observations that Rap1 activity is required 
for junction formation (Hogan et al., 2004; Price et al., 
2004; Sakurai et al., 2006). However, Rap1 might be 
activated upon cell-cell contact disruption to maintain 
junctional integrity. If so, one would predict that PDZ-
GEF2 plays a role in junction formation. Therefore 
we measured the effect of PDZ-GEF2 knockdown on 
the formation of junctions. E-cadherin staining was 
analyzed in cells treated with two distinct siRNA for 
PDZ-GEF2, 24 and 48 hours after replating of the 
cells (Fig. 2A-C). The junctions observed in PDZ-
GEF2 depleted cells were zipper-like structures (Fig. 
2A and B), as previously observed in cells establishing 
cell-cell contacts (Vaezi et al., 2002; Vasioukhin et al., 
2000). Both siRNA resulted in a 2-fold increase in the 
number of adhesion zippers (Fig. 2F), demonstrating 
that PDZ-GEF2 is involved in junction maturation. The 
kinetics of E-cadherin recovery at cell-cell contacts 
following a Ca2+ switch was similar in control and 
PDZ-GEF2 depleted cells (data not shown), implying 
that E-cadherin is recruited at cell-cell contacts but the 
junctions cannot proceed to complete maturation and 
are “trapped” in the zipper state. PDZ-GEF1 depletion 
had no measurable effect on junction formation (data 
not shown), indicating that this effect is specific to 
PDZ-GEF2.
Since PDZ-GEF2 is a GEF for Rap1A as well as for 
Rap1B, we tested isoform specific effects of Rap1A 
and Rap1B knockdown by siRNA on AJ maturation. 
Rap1A or Rap1B depletion gave an approximately 
40% reduction of the total Rap1 levels (Fig. 2D) and 
together a further decrease (Fig. 2E). This indicates 
that both proteins are expressed in A549 cells and 
that each of the isoforms is significantly depleted by its 
respective siRNA. Interestingly, Rap1A siRNA impaired 
AJ maturation and gave a similar increase in the 
number of adhesion zippers as PDZ-GEF2 depletion, 
whereas Rap1B depleted cells did not present 
significant alterations in AJ maturation (Fig. 2A, B and 
F). Hence, Rap1A, and not Rap1B, mediates junction 
maturation in A549 cells. Importantly, if the A549 
cells were not replated following siRNA transfection, 
adhesion zippers were not observed in PDZ-GEF2 
depleted (data not shown), suggesting that the Rap1 
pathway is required for the establishment rather than 
the maintenance of cell-cell contacts.
The structure of the adhesion zippers was further 

investigated by electron microscopy. Control siRNA 
treated cells presented in general a typical “sealed” 
cell-cell contact phenotype, with the closely opposed 
adjacent plasma membranes (P1 and P2) running in 
parallel (Fig. 3A). In contrast, PDZ-GEF2 depleted 
cells presented strongly meandering cell-cell 
attachment sites, with frequent openings between the 
two membranes and extensions crossing the gaps, 
supporting the presence of adhesion zippers (Fig. 
3B and C). The cell-cell contacts were phenotyped 
as “sealed” (Fig. 3A), “intermediate” (Fig. 3B), and 
“loose” (Fig. 3C). Quantification of the type of junctions 
revealed a dramatic increase in intermediate and loose 
junctions following PDZ-GEF2 knockdown, from 16% 
in control cells compared to 79-88% in PDZ-GEF2 
depleted cells (Fig. 3D). Similarly, a strong increase 
in intermediate and loose cell-cell contact types was 
observed in Rap1A depleted cells (Fig. 3D). These 
results indicate that the PDZ-GEF2/Rap1A pathway is 
a predominant mediator of AJ maturation.

Expression of activated Rap1A or Epac1 rescues AJ 
maturation in A549 PDZ-GEF2 depleted cells.
To further corroborate that the PDZ-GEF2/Rap1A 
pathway is involved in AJ maturation, we introduced 
active Rap1A (V12Rap1A) in PDZ-GEF2 depleted 
cells to rescue the defective AJ maturation. The linear 
E-cadherin organization at cell-cell contacts indicated 
that V12Rap1A restored junction maturation to levels 
observed in control cells (Fig. 4A and C). Similar 
results were obtained when we activated endogenous 
Rap1 by overexpressing a Rap1 GEF (Epac1), whose 
endogenous levels are low in A549 cells (Fig. 4A and 
C).

PDZ-GEF2 knockdown in human vascular endothelial 
cells leads to adhesion zippers. 
PDZ-GEF2 depletion also impaired AJ maturation in 
primary HUVEC. VE-cadherin staining of PDZ-GEF2 
depleted HUVEC showed adhesion zippers (Fig. 4D 
and E). Activation of Rap1 using the Epac1 selective 
agonist 8-pCPT-2’-O-Me-cAMP restored junction 
maturation in PDZ-GEF2 depleted cells (Fig. 4D and 
E).

The PDZ-GEF2/Rap1B pathway regulates cell surface 
E-cadherin levels. 
To gain insight into the maturation defect observed 
in PDZ-GEF2 and Rap1A knockdown A549 cells, we 
investigated whether the levels of junctional proteins 
were modified by the introduction of the siRNA. E-
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Fig. 4. Expression of constitutively activated Rap1A or Epac1 restores AJ maturation in PDZ-GEF2 depleted cells. 
A. A549 cells were treated with control or PDZ-GEF2 (PG2 #1) siRNA and transfected 24 hours later with HA-tagged constructs (EV, V12Rap1A or 
Epac1). Cells were replated on glass coverslips the next day, grown for 24 hours, fixed and immunostained with anti-E-cadherin antibodies. Bar, 
15 μm. B. Cell lysates were analyzed by Western blotting with anti-PDZ-GEF2 or anti-HA antibodies to assess PDZ-GEF2, Epac1 and V12Rap1A 
expression. C. E-cadherin junction staining was quantified as described in Fig. 2F. Averages represent the mean ± SEM of two to six independent 
experiments. T-test: * p<0.04; ** p<0.006. D. PDZ-GEF2 knockdown impairs adherens junction maturation in endothelial cells. HUVEC were 
transfected twice with control or PDZ-GEF2 (PG2 #1) siRNA and replated on glass coverslips. When the cells formed a monolayer, they were treated 
with vehicule (mock) or 8-pCPT-2’-O-Me-cAMP (007) for 30 minutes, then fixed and immunostained with anti-VE-cadherin antibodies. Bar, 10μm. E. 
Quantification of zipper-like cell-cell contacts. The ratios were determined has described in Fig. 2F, by counting blindly at least 100 cells per condition. 
Averages represent the mean ± SEM. T-test: * p<0.00003; ** p<0.00001. F. HUVEC lysates were analyzed by Western blotting with anti-PDZ-GEF2 
antibodies, and anti-Tubulin antibodies were used as a loading control.
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cadherin levels were slightly reduced in PDZ-GEF2 
depleted cells, whereas the other AJ or tight junction 
(TJ) proteins were unaffected (Fig. 5A). The TJ proteins 
ZO-1 and Occludin were also normally present at 
junctional membranes in PDZ-GEF2 depleted cells 
(data not shown). Depletion of α-catenin, β-catenin 
and p120-catenin was previously reported to reduce 
E-cadherin levels in whole cell lysates (Davis et al., 
2003; Haegel et al., 1995; Torres et al., 1997), but 
the levels of these proteins were unchanged in PDZ-
GEF2 deficient cells (Fig. 5A). We next analyzed E-
cadherin surface levels by flow cytometry using Alexa 
Fluor 488 labeled anti-E-cadherin antibodies and 
observed a reduction of cell surface E-cadherin in 
PDZ-GEF2 depleted cells (Fig. 5B and summarized in 
F). To determine if the Rap1 pathway is downstream 
of PDZ-GEF2 in this process, we measured E-
cadherin levels in Rap1A and Rap1B deficient cells. 
Interestingly, Rap1B depletion, but not Rap1A, gave 
a slight reduction in E-cadherin levels (Fig. 5E). The 
cell surface E-cadherin levels were also significantly 
lower in Rap1B deficient cells as demonstrated by 
the shift in mean fluorescence measured by flow 
cytometry (Fig. 5D and summarized in F). Since 
Rap1B knockdown had no effect on AJ maturation but 
decreased E-cadherin levels, our results suggest that 
AJ maturation can occur in part independently of E-
cadherin levels. Taken together, our findings indicate 
that the PDZ-GEF2/Rap1A pathway is required for 
AJ maturation, whereas PDZ-GEF2/Rap1B signaling 
regulates E-cadherin levels.

Discussion
Our results illustrate that Rap1 activation upon AJ 
disruption is mediated by PDZ-GEF2 in epithelial 
cells. Furthermore, we show that PDZ-GEF2 depleted 
epithelial and endothelial cells present adhesion 
zippers, demonstrated by E-cadherin organization at 
cell-cell contacts and further confirmed by electron 
microscopy studies, where the adjacent plasma 
membranes were rarely seen in parallel and cell-cell 
contacts presented irregular membrane invaginations. 
Since E-cadherin is still at the junctions, it is likely that 
they form homotypic interactions with neighboring 
cells but the junctions fail to adopt a linear shape 
(Vasioukhin et al., 2000). Adhesion zippers were also 
observed after depletion of Rap1A, and overexpression 
of Rap1A or activation of endogenous Rap1 could 
rescue the defect caused by PDZ-GEF2 depletion. 
Interestingly, Rap1B knockdown did not impair 
junction maturation. From these results we conclude 

that PDZ-GEF2 is required for AJ maturation through 
the activation of Rap1A, while Rap1B signaling may 
play a different role in this process.

Mechanism of PDZ-GEF2 activation. 
Although it is currently unknown how PDZ-GEF2 is 
activated, it could occur through protein translocation, 
conformational change, or by a small molecule. Our 
data indicate that EGTA treatment or knockdown of 
E-cadherin in epithelial cells results in the activation 
of Rap1, suggesting that the dissociation of the 
E-cadherin-catenin complex may trigger Rap1 
activation. It was previously shown that EGTA or 
Src-induced endocytosis of E-cadherin might be an 
essential step in disruption-induced Rap1 activation 
(Balzac et al., 2005). One possibility is that the E-
cadherin complex keeps PDZ-GEF2 in an inactive 
conformation and dissociation of the complex, either 
by E-cadherin internalization or depletion, results in 
the activation and/or relocalization of PDZ-GEF2. In 
that respect, PDZ-GEF2 binds to MAGI-3 (N.D. and 
J.L.B., unpublished data), a protein that localizes at 
cell-cell contacts (Adamsky et al., 2003). Interestingly, 
MAGI-1 is required for Rap1 activation upon cell-
cell contact formation (Sakurai et al., 2006), further 
suggesting that the E-cadherin complex as well as 
the scaffolding proteins regulate Rap1 activation. 
However, thus far we were unable to detect PDZ-
GEF2 at cell-cell contacts and overexpressed PDZ-
GEF2 is located in the cytosol (N.D. and J.L.B., 
unpublished data). Nonetheless, our results suggest 
that the absence of trans-linked E-cadherin may play 
a role in the activation of PDZ-GEF2. Alternatively, 
PDZ-GEF2 may be regulated similarly as Epac, where 
its auto-inhibited state is released by binding of cAMP 
(Rehmann et al., 2003). Like Epac, PDZ-GEF2 has 
a cyclic nucleotide-like binding domain, but currently 
no molecules that can activate the protein are known. 
As well, PDZ-GEF2 binds to the small G-protein M-
Ras, resulting in the translocation of PDZ-GEF2 to 
the plasma membrane (Gao et al., 2001; Yoshikawa 
et al., 2007), but the stimulus that activates M-Ras is 
currently unclear.

Distinct functions of Rap1A and Rap1B. 
One intriguing observation is that the knockdown of 
Rap1A or Rap1B led to distinct cellular phenotypes: 
Rap1A depletion impaired AJ maturation and cells 
presented normal E-cadherin levels, whereas 
Rap1B deficiency did not affect junction maturation 
but reduced E-cadherin levels. Although Rap1A 
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and Rap1B are 95% identical and only differ by 9 
amino acids mostly located in the hypervariable C-
terminal region, their respective null mice phenotypes 
are different. Rap1A null mice are viable and their 

hematopoietic cells present decreased adhesion 
on ICAM and fibronectin, suggesting that Rap1A 
regulates integrins (Duchniewicz et al., 2006). In 
contrast, Rap1B inactivation by gene-targeting is 

Fig. 5. The PDZ-GEF2/Rap1B pathway regulates E-cadherin levels. A549 cells were transfected with the indicated siRNA, grown for 24 hours and 
replated 24 hours before the experiments. A. Lysates from A549 cells treated with control, PDZ-GEF2 (PG2 #1), E-cadherin, α-catenin, β-catenin or 
p120-catenin siRNA were immublotted for the indicated junctional proteins. siRNA against E-cadherin, α-catenin, β-catenin and p120-catenin were 
used as controls to ensure the proper identity of the bands observed by immunoblotting. B and D. E-cadherin cell surface staining was determined 
by flow cytometry analysis of Alexa Fluor 488 anti-human CD324-stained A549 cells treated with control, PDZ-GEF2 (PG2 #1, PG2 #2), Rap1A 
(Rap1A #1, Rap1A #2), Rap1B (Rap1B #1, Rap1B #2) or E-cadherin siRNA. Cells were grown for 24 hours following siRNA transfection and replated 
24 hours before flow cytometry analysis. Alexa Fluor 488 Mouse IgG1, κ isotype control was used as a control. A representative result from at least 
three independent experiments is shown in each panel. C and E. Lysates of the samples used for the flow cytometry experiment were analyzed by 
Western blotting with anti-PDZ-GEF2, anti-Rap1 and anti-E-cadherin antibodies to ensure protein knockdown, and anti-Tubulin antibodies were used 
as a loading control. F. Summary of E-cadherin surface levels by flow cytometry analysis. Relative values of E-cadherin levels at the cell surface from 
PDZ-GEF2, Rap1A, Rap1B and E-cadherin samples were calculated by fixing the control values to 100%. “% Positive” represents the percentage of 
cells stained with anti-E-cadherin antibodies and “Mean Fluo” indicates the average fluorescence of E-cadherin on the cells. Data are mean ± SEM 
from at least three independent experiments. T-test: * p<0.01; ** p<0.0004; *** p<0.00004.
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embryonic lethal and results in a bleeding defect due 
to a reduction in platelet aggregation (Chrzanowska-
Wodnicka et al., 2005). Whether these phenotypic 
differences reflect a distinct function is currently 
unclear. A different function for very homologous 
small G-proteins is not without a precedent: Ral and 
Ras have highly similar isoforms but with apparent 
different roles (Camonis and White, 2005; Ehrhardt et 
al., 2002).
PDZ-GEF2 is a GEF for both Rap1A and Rap1B and 
the phenotype obtained by depleting PDZ-GEF2 is 
a combination of simultaneous Rap1A and Rap1B 
knockdown, where cells presented adhesion zippers 
and reduced surface E-cadherin levels. Although we 
were unable to measure activation of Rap1A and 
Rap1B separately in the Rap1-GTP pull-down, we 
conclude that PDZ-GEF2 activates Rap1A to mediate 
junction maturation, and Rap1B to regulate E-cadherin 
levels. Indeed, introduction of Rap1GAP, which blocks 
all Rap proteins, prevents junction formation (Hogan et 
al., 2004; Price et al., 2004). Since the knockdown of 
both Rap1A and Rap1B did not result in a phenotype 
as severe as Rap1GAP on AJ formation, it is possible 
that more Rap proteins such as Rap2 are involved 
in this process. However, other explanations are 
possible and we are currently investigating the role of 
other Rap GEFs in further detail.
Which processes are regulated by the two Rap1 
proteins in AJ formation? In Rap1A depleted cells, 
E-cadherin levels are normal but the junctions fail 
to stretch and to form tight cell-cell contacts. The 
extensions observed are decorated with E-cadherin, 
representing immature adhesions. This suggests 
either a defect in the linkage of E-cadherin to the 
actin cytoskeleton or a failure to generate tension 
at cell-cell contacts, as actomyosin contractility 
and adequate cytoskeletal tension are required for 
proper AJ assembly (Miyake et al., 2006; Shewan 
et al., 2005). In that respect, it is important to note 
that activation of Rap1 can result in accumulation 
of cortical actin, independent of junction formation 
(Kooistra et al., 2005). In PDZ-GEF2 depleted cells, 
F-actin is not properly organized at cell-cell contacts. 
This phenocopies the inhibition of actin assembly 
at cadherin adhesive contacts blocked by inhibiting 
Arp2/3 activity, which is known to be necessary for the 
formation of cadherin-based cell junctions (Verma et 
al., 2004). Furthermore, replating A549 cells in media 
containing the ROCK inhibitor Y27632, which inhibits 
actin contractility (Yamada and Nelson, 2007), resulted 
in impaired actin organization at cell-cell contacts, 

mimicking the PDZ-GEF2 knockdown phenotype 
(data not shown). An alternative explanation for the 
presence of adhesion zippers is that PDZ-GEF2 
depletion decreases the strength of the homotypic 
interaction between cadherins. We assessed this 
possibility by plating A549 cells on a Fc-E-cadherin-
coated surface, but we were unable to measure clear 
adhesiveness, both in the control and PDZ-GEF2 
depleted cells. Perhaps the relatively low levels of 
p120-catenin expressed in these cells are responsible 
for the weak adhesive properties (Fox and Peifer, 
2007; Thoreson et al., 2000). In contrast, Rap1B may 
play a role either in E-cadherin translocation or E-
cadherin stabilization, but this possibility remains to 
be determined. In this respect, it is interesting to note 
that Rap null Drosophila wing cells show a defect in 
DE-cadherin localization and junction integrity, but 
DE-cadherin is still present at cell-cell contacts (Knox 
and Brown, 2002). Similarly, in C. elegans, Rap1 nulls 
do not show defect in junction formation, whereas 
interfering with both the Rap1 pathway and the 
basolateral protein transport via the exocyst complex 
results in the loss of the cadherin-catenin complex 
from the membrane (Frische et al., 2007).
Mechanistic details of how Rap1 regulates junction 
formation are currently lacking. However, a number 
of proteins have been assigned as Rap1 effectors, 
including Tiam, Vav2, AF6 and Riam, all with 
connections to the actin cytoskeleton. Recently the 
Rap1 effector KRIT-1 (Serebriiskii et al., 1997) was 
shown to colocalize with junctional proteins and is 
involved in endothelial junction integrity in a Rap1-
dependent fashion (Glading et al., 2007), further 
supporting a role for Rap1 in junction formation. 
Clearly, the interconnectivity between the Rap1 GEFs 
and the Rap1 effectors involved in this process needs 
further investigation.
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Abstract
Regulation of endothelial cell-cell contacts is essential 
for the integrity of the endothelium. We showed 
previously that Rap1 and its guanine-nucleotide 
exchange factor Epac1 regulate endothelial cell-cell 
junctions, resulting in increased endothelial integrity. 
Here, we studied the role of the Rap1 binding protein 
AF6 in this process. AF6 is a junction protein that 
can bind to active Rap1 and Ras and is required for 
proper cell-cell junctions in epithelial cells. We found 
that knock-down of AF6 in HUVE cells had no effect 
on the recruitment of VE-cadherin, JAM-A and ZO-
1 to the junctions, but resulted in a reorganization 
of the cytoskeleton. This reorganization was also 
observed in single cells indicating that the effect of 
AF6 on actin is independent of the formation of cell-
cell junctions. AF6 KD did also result in a decreased 
trans-endothelial resistance, showing that also in 
endothelial cells AF6 is involved in the formation of 
cell-cell junctions. However, AF6 knock-down did 
not affect Epac1-mediated increase in endothelial 
resistance, suggesting that activation of Rap1 can 
overcome a defect in AF6. We conclude that AF6 
is involved in the regulation of endothelial cell-cell 
junction formation and that the AF6 knock-down-
induced electrical resistance defect of endothelial cell-
cell junctions can be rescued by activation of Epac1. 
This suggests that AF6 operates in a pathway parallel 
to Rap1 in the control of endothelial integrity. 

Introduction
The small GTPase Rap1 is a member of the Ras 
family of GTPases, that plays a role in, among others, 
the control of integrin-mediated cell adhesion and 
cadherin-mediated cell junction formation. Rap1 
cycles between an active GTP-bound and an inactive 
GDP-bound form. Activation of Rap1 is induced by 
guanine-nucleotide exchange factors (GEF), and 
GTPase activating proteins (GAP) enhance the 
hydrolysis of GTP into GDP. Recently one of the 

GEFs for Rap1, Epac1, was found to be an effector for 
cAMP-mediated control of endothelial cell-cell junction 
formation. Using the Epac1-specific cAMP-analog 8-
pCPT-2O-Me-cAMP (007), activation of Rap1 resulted 
in a decrease in permeability for larger molecules and 
an increase in electrical resistance of the endothelial 
monolayer. Also the trans-endothelial migration of 
HL-60 cells was inhibited by the increased junction 
formation upon activation of Rap1 (Wittchen et al., 
2005). This increased junction formation coincides 
with increased adherens junction maturation as well 
as increased cortical actin formation (Cullere et al., 
2005; Fukuhara et al., 2005; Wittchen et al., 2005). 
Although the increased endothelial integrity appears 
to depend on VE-cadherin, the reorganization of 
the actin cytoskeleton in HUVE cells by 007 was 
independent of cell-cell contacts (Cullere et al., 2005; 
Kooistra et al., 2005). The molecular mechanism of 
how Rap1 regulation controls junction formation is 
currently unclear, but recently KRIT/CCM1 has been 
implicated as a possible intermediate between Rap1 
and junction proteins, including beta-catenin (Glading 
et al., 2007).
An additional interesting candidate involved in Rap1-
mediated junction formation is AF6/Afadin. The AF6 
gene, also called MLLT-4, was identified as the fusion 
partner of the myeloid/lymphoid or mixed-lineage 
leukemia (MLL) gene (Prasad et al., 1993). The 
MLL/AF6 chimeric protein is the critical product of 
the t(6;11) abnormality associated with some forms 
of  leukemia. Furthermore, AF6/Afadin was found 
to be localized at the cell-cell contacts and binds 
various junctional proteins, such as JAM-A, ZO-1 and 
nectins (Ebnet et al., 2000; Takahashi et al., 1999; 
Yamamoto et al., 1997) as well as the regulator of 
the actin cytoskeleton profilin (Boettner et al., 2000). 
Indeed, evidence is accumulating that AF6 plays an 
important role in the formation of cell-cell junctions. 
For instance, although E-cadherin and ZO-1 localize 
normally to the junctions in the intestine of AF6 knock-
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out mice, the integrity of the intestinal epithelium is 
affected (Zhadanov et al., 1999) and knock-down of 
AF6 in epithelial cells results in loss of tight junctions 
(Sato et al., 2006). The first RA-domain of AF6 has 
been shown to bind to the effector region of both 
active Ras and Rap, marking AF6 as a putative 
target protein(Boettner et al., 2000; Yamamoto et 

al., 1999). However, most evidence indicates that 
AF6 is most likely an effector of Rap1. For instance, 
in Drosophila melanogaster, both Rap1 and the AF6 
homolog, canoe, are required for dorsal closure of the 
embryo. Furthermore, active Rap1 could not rescue 
the phenotype of a canoe loss-of-function, suggesting 
that canoe is located downstream of Rap1 (Boettner 

Fig. 1. AF6 regulates endothelial integrity.
(A) AF6 or ZO-1 expression levels after 
transfection of HUVE cells with siRNA oligo’s 
for AF6. Quantifications are depicted relative 
to control; (B) HUVECs transfected with siRNA 
were immunostained as indicated. Bar = 25μm; 
(C) Transfected cells were stained for VE-
cadherin and F-actin. The merge is shown in 
the lower panel. Arrows indicate cortical actin; 
Bar = 25 μm;.
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et al., 2003). More recently, the Rap1-GEF dPDZ-GEF 
was analysed in D. melanogaster. dPDZ-GEF mutants 
show failure of dorsal closure, as reported for Rap1 
and canoe. Interestingly, over-expression of Rap1 or 
Canoe rescues the phenotype partially, suggesting a 
PDZ-GEF, Rap1, canoe axis in flies (Boettner and Van 
Aelst, 2007). Furthermore, it was found that inhibition 
of endocytosis of E-cadherin in vitro by dominant 
negative Rap1 can be rescued by mutant of AF6 
lacking the Rap1 binding domains but not by full length 
AF6, suggesting that AF6 also functions as effector of 
Rap1 in mammalian epithelial cells (Hoshino et al., 
2005). AF6 also binds to actin and to the actin binding 
protein profilin (Boettner et al., 2000). For instance, 
it was shown that the actin binding domain of AF6 is 
required for cell-cell junction formation and migration 
of epithelial cells (Lorger and Moelling, 2006). Finally, 
AF6 also plays a role in the regulation of Rap1 activity. 
Indeed, AF6 binds Rap1GAP1 and the RapGAP Spa-
1 to negatively control Rap1 activity, but in addition 
binding of AF6 protects Rap1 from GAP-induced 
GTP- hydrolysis (Su et al., 2003; Zhang et al., 2005). 
However, whether AF6 plays a role in endothelial cell-
cell junction formation is currently unclear.
Here we investigated the role of AF6/Afadin in Epac1-
induced junction enhancement in endothelial cells 

using real-time analysis of endothelial resistance. We 
find that reduced levels of AF6 in endothelial cells 
result in decreased endothelial resistance. Although 
the constitution of the endothelial junctions is normal, 
we observed changes in the actin cytoskeleton. 
Surprisingly we observe that activation of endogenous 
Rap1 in endothelial cells rescued the reduction in 
endothelial resistance to basal values. Together these 
data suggest that AF6 is required for the integrity of 
the endothelial monolayer and that activation of Rap1 
through Epac1 can overcome this defect.
 
Materials and Methods
Cell culture
HUVEC were isolated and cultured in EBM-2 Bulletkit culture medium 
(EBM-2 supplemented with EGM-2 SingleQuots (hEGF, hydrocortisone, 
fetal bovine serum, VEGF, hFGF-B, R3-IGF-1, Ascorbic Acid, GA-
1000, heparin) (Clonetics) as described (Jaffe et al., 1973; Willems 
et al., 1982). Second to fourth passage cells were used. Cells were 
cultured on 1% gelatin (Sigma) and experiments were performed 
on 7 μg/ml fibronectin (Sigma). 18 hours after plating HUVEC 
were transfected with siRNA oligos (Dharmacon) against AF6 (#1: 
GAAUAUAGUGAACCAAAGA; #2: UGAGAAACCUCUAGUUGUA) 
or Epac1 (GCACCUACGUCUGCAACAA) as indicated 
using  Oligofectamine (Invitrogen) according to manufacturers 
recommendations. Transfection was repeated after 24 hours. Cells 
were replated 24 hours later and analyzed 48 hours after the second 
round of transfections, unless stated differently.

Fig. 2. Organization of the 
actin cytoskeleton requires 
AF6. HUVEC were seeded 
sparsely for 16 hours, fixed and 
stained for paxillin and F-actin. 
Bar = 10 μm.
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Antibodies
Mouse mAb against the extracellular domain of human VE-cadherin 
used was clone TEA 1.31 (Breviario et al., 1995; Lampugnani et al., 
1992). Rap1 polyclonal antibodies (Santa Cruz), JAM-A (Abcam), AF6 
monoclonal antibody (Transduction labs), ZO-1 polyclonal antibodies 
(Transduction labs) were used.

Immunofluorescence
Cells were replated 24 hrs after transfection on fibronectin-coated 
(7μg/ml) glass coverslips (12mm) for 24 hrs. After stimulation, cells 
were fixed with 3.8% formaldehyde, permeabilised using 0,2% Triton 
X-100 and blocked with 2% BSA in PBS. Cells were incubated with 
indicated antibodies for 1 hour and subsequently incubated with Alexa-
568 labeled phalloidin to stain F-actin and/or Alexa-488/568-labeled 
secondary antibodies (Molecular Probes). After mounting the coverslips 
onto slides, cells were examined using a Axiokop2 microscope (Zeiss). 

Transendothelial electrical resistance measurement
Unless otherwise stated, HUVEC were seeded at 1.5x105 cells per 
well (0.8 cm2) on fibronectin coated electrode arrays and grown to 
confluency. Measurements of transendothelial electrical resistance were 
performed in real time at 4000Hz, 37ºC, 5% CO2, using an electrical 
cell-substrate impedance sensing system (ECIS; Applied BioPhisics 
Inc.Troy NY, USA)(Tiruppathi et al., 1992).
 

Results
Knock down of AF6 affects the actin cytoskeleton 
independent of cell-cell junction formation
To investigate the role of AF6 in Epac1-mediated 
junction formation in endothelial cells, we used 
siRNA to knock down AF6 in human umbilical 
vein endothelial cells (HUVECs). Using 2 different 
siRNAs targeting different regions of the protein, 
AF6 expression was reduced to approximately 30% 
as monitored by Western blotting. (figure 1a). Also 
in immunofluorescence staining of AF6, particularly 
at the cell-cell junctions, was strongly reduced by 
both siRNAs. Importantly, knock-down of AF6 did not 
affect cell-cell junction formation and the junctional 
proteins VE-cadherin, ZO-1, and JAM-A are normally 
present (Figure 1b). However, a clear difference in the 
organization of the actin-cytoskeleton was observed 
(figure 1c). Whereas in HUVE cells expressing control 
siRNA the actin cytoskeleton comprises stress fibers 
through out the cell, cells with reduced AF6 levels show 
a remarkable reorganization of the actin cytoskeleton. 
Mainly, the thickness of the stress fibers through the 
cells was reduced and there was an increase of F-
actin in the junctions (figure 1c, arrows). Altogether 
these observations suggest that AF6 is not required 
for the proper localization of junctional adhesion 
molecules, but rather appears to be involved in the 
proper organization of the actin-cytoskeleton. 
To exclude that this effect of AF6 KD on the actin 
cytoskeleton was mediated by the cell-cell junction 
we analyzed the effect on single cells. We observed 

that similar to endothelial cells in a confluent layer 
knock-down of AF6 reduced the amount of stress 
and induced an accumulation of actin at the edges 
of the cells. When co-stained with paxillin to mark 
focal contacts, we found that in AF6 KD cells the focal 
contacts are smaller, but also show accumulation 
of actin (figure 2). From these results we concluded 
that the effect of AF6 KD on the actin cytoskeleton is 
independent of cell-cell junction formation.

Knock down of AF6 reduces electrical resistance of 
junctions
Although knock-down of AF6 had no apparent effect 
on the formation of cell-cell junctions, it may affect 
its functionality as a barrier for trans-endothelial 
migration.  This barrier function can be measured 
using the Electrical Cell Impedence System (ECIS) 
(Tiruppathi et al., 1992). This system measures the 
electrical resistance of the endothelial layer at low 
frequency, which is a measurement for the integrity of 
the junctions. We observed that knock-down of AF6 in 
a confluent monolayer of endothelial cells using two 
different siRNAs reduces the electrical resistance by 
40% (figure 3). This indicates that AF6 plays a role in 
the integrity of cell junctions. 

Epac1 activation restores endothelial integrity in AF6 
knock-down cells
cAMP is a well-known inducer of the integrity of 
endothelial cell-cell junctions and recently a number 

Fig 3. Knock-down of AF6 reduces endothelial resistance. 
HUVEC were transfected with siRNA oligo as indicated. Basal 
transendothelial electrical resistance was measured under confluent 
conditions 14 hours after plating at 4000Hz.Significant differences from 
the control determined by Student’s t test are indicated by a single 
asterisk (p<0.01) or double asterisks (p<0.0001).
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of groups including ours have shown that this cAMP 
effect is in part mediated by Epac1 and can be 
mimicked by the Epac1 selective analog of cAMP, 
8pCPT-2’OMe-cAMP (007). This effect is mediated 
by Rap and we reasoned that if AF6 is indeed 
an effector of Rap in the induction of endothelial 
integrity, knock down of AF6 should inhibit or at least 
reduce 007-induced increase in electrical resistance. 
Indeed, as shown previously (M.J. Lorenowicz et al., 
unpublished observations) 007 rapidly and strongly 
increases electrical resistance of the endothelial 
monolayer, which is sensitive to siRNA of Epac1 
(figure 4a). Importantly, although the electrical 
resistance of AF6-KD cells is reduced, the increase 
in electrical resistance by 007 is not affected (figure 
4a, lower panel). Similarly, 007 reduces irregularities 
in cell junctions as observed after staining for VE-
cadherin both in control and AF6-KD cells (figure 4b). 
This suggest that AF6 is not essential for 007-induced 

endothelial integrity, or at least that AF6 is not a rate-
limiting step in this process, in contrast to the effect of 
AF6 KD on basal endothelial integrity. 
Previously we have also shown that 007 induces 
the formation of cortical actin both in a monolayer 
of endothelial cells as in single cells. We therefore 
analyzed the effect of 007 on the actin cytoskeleton.  
Although knock-down of AF6 already induced some 
cortical actin formation, this was further enhanced 
by 007 treatment. (figure 4b). From these results we 
conclude that 007 still can induce the formation of 
cortical actin formation in AF6-KD cells. 

Discussion
We have shown that knock-down of AF6 to about 30% 
of its original level in endothelial cells has no effect on 
the formation of cell-cell junctions, as demonstrated 
by the normal staining of VE-cadherin, ZO-1 and 

Fig. 4. Activation of Rap1 increases endothelial integrity independent of AF6. 
(A) Transendothelial resistance of HUVEC monolayers on fibronectin coated gold electrodes was measured. Cells were stimulated with vehicle 
(open) of 100 μM 8pCPT-2’OMe-cAMP (closed) at the timepoint indicated by the arrow; ■- siControl; ▲- siEpac1; ●- siAF6#1; Bar-graph (lower panel) 
represents the average of three independent experiments at 1,5 hours after treatment. *p<0.05, **p< 0.01; (B) HUVEC were transfected with AF6 or 
control siRNA and 48 hours later treated with or without 007 for 30 minutes, fixed and stained for VE-cadherin and F-actin Bar = 25 μm.
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JAM-A, but clearly affects the integrity of the junctions 
as demonstrated by the reduced electrical resistance 
of the endothelial monolayer. AF6 knock down also 
clearly affects the actin cytoskeleton, by reducing the 
formation of thick stress fibers and the induction of 
cortical actin formation. However, AF6 knock-down 
did not affect the ability of the Epac1 agonist 007 
to increase endothelial resistance and to increase 
cortical actin formation. 
These results clearly establish a role for AF6 in the 
control of endothelial barrier function. A role for AF-6 in 
cell-cell junctions was previously reported for epithelial 
cells, both in the intestine of mice and in polarized 
MDCK cells. In MDCK cells knock down of AF6 affects 
the localization of tight junction proteins like JAM-A. 
We do not observe this effect in endothelial cells, but 
rather observe an effect on the actin cytoskeleton 
and endothelial resistance. Since endothelial integrity 
is regulated by the actin cytoskeleton (Dudek and 
Garcia, 2001), it is plausible to assume that the effect 
of AF6-KD on the actin cytoskeleton is causative to 
the reduction of electrical resistance. However, we 
cannot exclude that AF6 knock-down affects both 
processes independently. 
Previously it has been shown that cAMP reduces 
the permeability of an endothelial cell layer in part 
through Epac1 and this effect can be mimicked by 
the Epac1 selective analog of cAMP, 007. This effect 
is mediated by Rap1, but the effectors of Rap1 for 
this effect are currently elusive. However, several 
observations suggest that AF6 may be involved in 
this process. First, AF6 has an RA domain, which 
can bind Rap1 in vitro and in vivo. Secondly, in 
Drosophila melanogaster, both Rap1 and the AF6 
homolog, canoe, are required for dorsal closure of the 
embryo. Furthermore active Rap1 could not rescue 
the phenotype of a canoe loss-of-function, suggesting 
that canoe is located downstream of Rap1 (Boettner 
et al., 2003). Thirdly, inhibition of endocytosis of E-
cadherin in vitro by dominant negative Rap1 can be 
rescued by mutant of AF6 lacking the Rap1 binding 
domains, but not by full length AF6 (Hoshino et al., 
2005). Our results now show that knock-down of 
AF6 does not abolish the induction of electrical 
resistance by 007 nor does it inhibit the effect of 007 
on the formation of cortical actin. However, the level 
of electrical resistance of 007-treated cells is reduced 
in AF6 KD cells compared to control cells, suggesting 
that AF6 and Rap1 regulate independent additive 
effects on cell-cell junction integrity. In keeping with 
the notion that AF6 is a likely effector of Rap1, a 

plausible explanation could be that Rap1 critically 
regulates the level of active AF6 in junction formation 
and that a reduced level of AF6 is still sensitive to 
Rap1 to increase junctional activity. Alternatively, AF6 
does not function as an effector of Rap1 in endothelial 
junction formation, but operates in parallel and both 
affect the integrity of the cell junction. Finally, AF6 
may mediate Rap1-dependent effects in a process 
independent of Rap1-Epac signaling. Indeed, Rap1 
acts in a sequential process during junction formation. 
First, C3G is found to transiently bind to E-cadherin 
in MCF-7 cells during junction formation (Hogan et 
al., 2004). Furthermore, in endothelial cells Sakurai 
and colleagues have shown that Rap1 is activated 
during junction formation in a MAGI-1 dependent-
manner (Sakurai et al., 2006). MAGI-1 is a scaffold 
protein that binds to PDZ-GEF directly. Finally, Epac1 
can increase the junctional integrity of confluent 
endothelial monolayers (Cullere et al., 2005; Kooistra 
et al., 2005). It is well possible that AF6 is involved 
in Epac1-independent Rap1-induced processes of 
junction formation. 
Thus AF6 is clearly involved in the regulation of 
junctional integrity, most likely in a pathway parallel 
to Rap1. 
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Abstract
The vascular endothelium provides a semi-
permeable barrier, which restricts the passage of 
fluid, macromolecules and cells to the surrounding 
tissues. Specific activation of the Rap1 guanine-
nucleotide exchange factor Epac1 by the cAMP 
analogue 8-pCPT-2’O-Me-cAMP (007) results in 
increased barrier function in endothelial cells both in 
vitro and in vivo.  We used real time measurement of 
trans-endothelial electrical resistance, in combination 
with siRNA technology to investigate the role of 45 
candidate proteins in this process. We identified ten 
genes, whose knock-down significantly reduced the 
effects of Epac1 activation on the endothelial barrier. 
Among these are both known regulators of Epac1 
induced resistance, such as Rac1, as well as putative 
interactors of Rap1 with unknown function. Our 
findings can be used as basis for further exploration 
of the Epac1-dependent signalling networks.

Introduction
The Exchange proteins activated by cAMP (Epac) 
represents a small family of two guanine nucleotide 
exchange factors (GEFs) for the small GTPases Rap1 
and Rap2. Epac1 and Epac2 are activated by direct 
binding of cAMP and elevated levels of cAMP result in 
the GTP-loading of both Rap1 and Rap2 in cells that 
express Epac1 and/or Epac2. The analysis of these 
proteins in a cellular context was greatly enhanced 
by an Epac-specific cAMP analog, 8-pCPT-2’O-Me-
cAMP (007). This analogue does not activate PKA 
or other cAMP targets and activates Epac1 better 
than cAMP (Enserink et al., 2002; Rehmann et al., 
2003). Using this analogue, Epac1 was implicated, 
amongst others, in integrin-mediated adhesion and 
the inhibition of Na+/H+ exchanger (Honegger et al., 
2006; Rangarajan et al., 2003). 
More recent reports suggest a role for Epac1 and 
Rap proteins in the regulation of cell-cell contact 
formation. Activation of Epac1 was shown to inhibit 
HGF-induced junction breakdown in MDCK cells. 
Furthermore, inhibition of Rap1 by over-expression 
of Rap1GAP inhibits E-cadherin function (Hogan 

et al., 2004; Price et al., 2004). Although Epac1 is 
not abundantly expressed in epithelial cells, recent 
observations show that Epac1 is expressed in 
endothelial cells and that stimulation of these cells 
with 007 results in the activation of Rap1 and Rap2. 
Various groups reported that activation of Epac1 
results in increased VE-cadherin localization at the 
cell-cell contacts, as well as increased adhesion of 
endothelial cells to Fc-VE-cadherin. Furthermore, we 
and others have shown that 007 treatment resulted in 
decreased permeability and VE-cadherin independent 
reorganization of the actin cytoskeleton (Cullere et al., 
2005; Fukuhara et al., 2005; Kooistra et al., 2005). 
Finally, it was shown that Epac1 activation increases 
trans-endothelial resistance in a Rap1 dependent 
manner (Wittchen et al., 2005). Although the role of 
Epac1-Rap1 in endothelial barrier function is well 
established, very little is known about the underlying 
signalling pathways. 
The endothelium of the vascular system forms a 
barrier between the blood and the extra-vascular 
space that controls the extravasation of solutes, 
macromolecules, and blood cells. Failure to control 
the vascular integrity results in various pathological 
conditions, such as chronic inflammation and oedema. 
We used Electrical Cell-Substrate Impedance 
Sensing (ECIS) to measure the trans-endothelial 
electrical resistance in real-time, as measure for 
barrier function. In this assay, a small target electrode 
and a large electrode are lithographed on the surface 
of a slide and positioned within a chamber that holds 
tissue culture media. A one volt AC current passes 
through the culture media electrolyte, and a lock-in 
amplifier measures the current flow through this circuit, 
detecting the resistance over time. Cells binding to 
the target electrode surface cause changes in the 
resistance of the circuit. Also, when the electrode is 
covered fully by a monolayer of cells, differences in 
cell-cell contacts influence the resistance (Tiruppathi 
et al., 1992). 
Here, we employed a small scale siRNA screen to 
identify proteins required for 007-induced resistance. 
Although the number of proteins tested was quite 

siRNA approach to identify mediators of 007-induced
trans-endothelial resistance
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limited we found various regulators of Epac1 induced 
barrier function.

Materials and Methods
Trans-endothelial electrical resistance measurements
Endothelial cells were seeded at 1.0x105 cells per well (0.8cm2) 
on fibronectin-coated electrode arrays and grown to confluency. 
Measurements of trans-endothelial electrical resistance were performed 
in real time at 37°C, 5% CO2, using an electrical cell-substrate impedance 
sensing system at 400Hz  (ECIS; Applied Biophysics Inc, Troy, NY, USA) 
as previously described (Tiruppathi et al., 1992). Endothelial resistance 
was normalized by subtracting the basal resistance of the monolayer. 

Cell culture
Human umbilical vein endothelial cells (HUVEC) were isolated and 
cultured in EBM-2 Bulletkit culture medium (EBM-2 supplemented with 

EGM-2 SingleQuots (hEGF, hydrocortisone, fetal bovine serum, VEGF, 
hFGF-B, R3-IGF-1, Ascorbic Acid, GA-1000, heparin)) (Clonetics) as 
described (Jaffe et al., 1973; Willems et al., 1982). Second to fourth 
passage cells were used. Cells were cultured on 1% gelatin (Sigma) 
and experiments were performed on 7μg/ml fibronectin (Sigma). 18 
hours after plating HUVEC were transfected with siRNA smartpool 
oligos (Dharmacon) using Interferin (Polyplus-transfection Inc., New 
York, NY, USA) according to manufacturer’s recommendation. 16 hours 
after transfection, medium was replaced and cells were replated 8 hours 
later and grown to confluency. Basal resistance was subtracted to be 
able to compare individual electrodes.

 
Results and Discussion
Previously, we and others have shown that activation 
of Epac1 in endothelial cells leads to decreased 

Fig. 1. (A) Schematic representation of the siRNA screen. Cells were 
seeded and transfected the next day at approx. 40% confluence. Here-
after, cells were replated and electrical resistance was measured as 
described in Material & Methods. (B) HUVECs were transfected with 
siRNA oligo’s as indicated and trans-endothelial electrical resistance 
was measured. Cells were grown to confluence and either stimulated 
(arrow) with PBS (closed) or 100μM 007 (open). (C) Western blot for 
Epac1 indicating the knock-down.
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permeability (Cullere et al., 2005; Kooistra et al., 
2005). It was also shown that the endothelial 
electrical resistance was increased upon 007 
treatment in HUVEC (Wittchen et al., 2005). Despite 
the differences between these assays, both of them 
are commonly used to measure the endothelial 
barrier function. Given that trans-endothelial electrical 
resistance (TER) measurements are more amenable 
to high throughput approaches, we used this system 
to investigate the downstream signalling mechanisms 
in the 007-induced barrier function. To quantify the 
changes of TER over time, we seeded HUVEC on 
fibronectin-coated gold-covered electrodes and 
measured the resistance using the Electrical Cell 
Impedance System (ECIS) in real time (figure 1a). 
Indeed, when 007 was added to a confluent monolayer 
of endothelial cells, we observed a vast increase in 
endothelial resistance, reaching a maximum after 
one hour (figure 1b). To find proteins involved in the 
007-mediated endothelial barrier function we set up a 
screening method using siRNA. As a positive control 
we investigated whether the increase by 007 could be 
abolished by siRNA for Epac1. A pronounced knock-
down of Epac1 reduced the effect of 007 on TER 
significantly, although a residual effect was observed 
(figure 1b and c). 
First we designed a custom library of 45 genes 
consisting of (putative) Rap-effectors and regulators 
of Rap1 activity. After transfection, cells were re-
seeded onto electrodes and we measured 6 different 
siRNAs per experiment. To decrease the variability 
between electrodes, we measured two electrodes per 
siRNA (figure 1a). The data shown in figure 2a is the 
normalized resistance, represented as percentage 
of their respective controls for comparison between 
different experiments. Although 10 siRNAs gave 
a clear reduction of the 007-induced endothelial 
resistance, there were also 10 smartpool oligo’s that 
gave more ambiguous results. This was either due 
to a small window between siControl and siEpac1 
(e.g. PDZK10) or due to severe differences between 
the duplicate measurements (e.g. RasGRP3). 
Nevertheless, as an extra internal control, Epac1 
(RAPGEF3) was clearly picked up in the screen.
To solidify the effects of the positive smartpools on 007 
induced TER, we re-screened both the siRNAs that 
clearly reduced the effect of 007, as well as the more 
ambiguous siRNAs. To further decrease the variability 
between electrodes, we measured all siRNAs in 
quadruplicate. We found 11 siRNA smartpools that 
significantly decreased the effect of 007 on TER 

(Figure 2b and Table 1). To verify the siRNA targets, 
we are currently validating these smartpools with 
single siRNAs. This approach has excluded R-Ras 
and RasGRP3 as targets, since we could not repeat 
the results obtained from the screen with any single 
oligo or smartpool, whereas the knock-down was 
complete (data not shown). Also Lamellipodin was 
tested with single oligo’s and these gave comparable 
knock-down and comparable results on the 007-
induced TER (Chapter 6 of this thesis). Although the 
verification of the smartpools is still ongoing there is 
functional overlap between various smartpool-targets 
initially pick up in this screen. 
The small GTPase Rac1 is an important regulator 
of the cytoskeleton and is involved in the regulation 
of endothelial barrier function (Wojciak-Stothard and 
Ridley, 2002). Here we found that Rac1 GTPase and 
one of its guanine-nucleotide exchange factors, Vav1, 
are involved in the regulation of the endothelial barrier 
function. Fukuyama and colleagues have shown that 
E-cadherin mediated activation of Rac1 is dependent 
on the activity of Rap1. Interestingly, they suggest 
that Vav2 is involved in this process (Fukuyama et al., 
2006). Also, Vav2 interacts with Rap1-GTP and Rap1 is 
required for Vav2-induced cell spreading (Arthur et al., 
2004). Recent publications also indicate that Vav2 and 
Rac1 are required for the cAMP mediated regulation 
of the endothelial barrier function. Endothelial cells 
treated with cAMP elevating agents, such as PGE2 
and ANP, increased the TER, coinciding with Rac1 
activation. Chemical inhibition of PKA or knock-down 
of Epac1 decreases both the TER-induction and the 
Rac1 activation by these agents (Birukova et al., 
2007a; Birukova et al., 2007b). Typically, in our siRNA 
screen Vav1 was the only RacGEF identified in 007-
mediated electrical resistance, whereas also Vav2, 
vav3 and Tiam were tested. Interestingly, previous 
reports indicate Vav2 and Tiam as Rap1 effectors 
(Arthur et al., 2004).  
Smartpool siRNA targeting CCM2 decreases the 
007-induced TER up to 61% in our screen. CCM2 is 
mutated in familial cerebral cavernous malformation 
(CCM). Patients bearing this mutation suffer from 
neurovascular lesions such as enlarged vascular 
channels. There are two other genes found to be 
mutated in familial CCM: KRIT1/CCM1 and CCM3. 
CCM1 has been shown to bind to Rap1 in yeast-
2-hybrd assays and in vitro (Beraud-Dufour et al., 
2007; Serebriiskii et al., 1997). Furthermore CCM2 
interacts with CCM1 directly (Zhang et al., 2007). 
Another CCM1-binding protein, ITGB1BP1 or ICAP1 
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Fig. 2. (A) Results of first screening round. The experiments were performed as in Figure 1C. The increase in normalized resistance is represented as 
a percentage, where siControl is set to 100% and siEpac1 to 0%. Averages of duplicate measurements are shown; * clear reduction in 007-response; 
** ambiguous results (see text). (B) Results of second screening round. The experiments were performed as in Figure 1C. Data are mean (+/- SEM) 
of four measurements. Statistical differences from siControl were determined by Student’s T-test (* = p<0.01; ** p=<0.05).
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(Zawistowski et al., 2002), gave over 90% reduction of 
007 induced TER. ITGB1BP1 binds to beta1-integrins 
and was shown to be involved in migration of C2C12 
cells (Alvarez et al., 2008). Remarkably, itgb1bp1 
knock-out mice do not display any obvious endothelial 
defects but suffer from bone malformations, probably 
due to increased integrin-mediated adhesion of 
osteoblasts (Bouvard et al., 2007). The observation 
that ITGB1BP1 is required for 007-induced TER, 
suggests a role for integrin in this process. However, 
when HUVEC were plated on poly-L-Lysine, 007 still 
increased the TER to same extend as cells plated on 
fibronectin (M.Lorenowicz, P. Hordijk, unpublished 
results). Recently, Glading et al. showed that 
CCM1 is required for 007-mediated barrier function. 
They observed that CCM1 is localized in the cell-
cell junctions and knock-down of CCM1 increased 
the endothelial permeability. Furthermore, CCM1-
depleted cells were no longer capable to decrease 

the permeability upon stimulation with 007. Finally, 
transfection of Rap1GAP into endothelial cells resulted 
in increased permeability, which was rescued by over-
expression of CCM1 (Glading et al., 2007). Although 
CCM1 was not picked up in the screen initially, later 
testing revealed that knockdown of CCM1 results in a 
decreased effect of 007 on TER (data not shown). 
In our screen we also picked up two putative Rap1-
effectors. PDZK10, or KIAA0316, contains a FERM-, 
WW- and PDZ-domain. The C .elegans homologue of 
PDZK10, frm-8, was initially found to interact with the 
Ras-homolog let-60 (Li et al., 2004). Independently 
our lab has previously found that both C. elegans 
frm-8 and its human isoform PDZK10 interact with 
active Rap1 in a yeast-2-hybrid screen. Although its 
function remains elusive, previous observations in 
human ovarian carcinoma cells indicate that PDZK10 
synergizes with Rap1 to form actin based dorsal 
ruffles, suggesting a role in actin remodelling (Riedl 

Table 1: Effects of specific smartpool siRNAs on 007 induced TER.  
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et al., 2005).
We also identified RAPH1, or Lamellipodin (LPD), 
as a regulator for 007-induced TER. LPD has 
similarity to RIAM, a Rap1 effector involved in Rap1-
mediated integrin-dependent adhesion (Han et al., 
2006; Lafuente et al., 2004). Both RIAM and LPD 
bind to Ena/VASP family of proteins through their 
EVL-binding motifs and have a well conserved lipid-
binding PH-domain, as well as a Ras-association 
domain (RA). LPD contains seven EVL-binding sites 
in its C-terminus, whereas RIAM has four. RIAM 
was shown to bind to Rap1 directly, but although 
tested extensively, this was not found for LPD thus 
far (Rodriguez-Viciana et al., 2004). LPD is localized 
in lamellipodia and knock-down of LPD blocks the 
formation of these lamellipodia. The mechanism 
through which LPD induces formation of lamellipodia 
is by recruitment of Ena/VASP-proteins. Localization 
of LPD to the lamellipodia is in part dependent on 
the PH-domain, that binds specifically to PI(3,4)P2 
(Krause et al., 2004). Surprisingly, siRNA for SHIP2 
was found to inhibit 007-induced TER. SHIP2 is a 
lipid-phosphatase that dephosphorylates PI(3,4,5)P3 
to PI(3,4)P2, suggesting that localization of LPD to 
lamellipodia is required for 007-induced TER. SHIP2 
and the Rap1-effector ARAP3 bind directly through 
their SAM domains (Raaijmakers et al., 2007). 
However, knock-down of ARAP3 was extensively 
tested, but had no effect on 007-induced TER (Figure 
2a and data not shown).
We and others have previously shown that the 
induction of TER by 007 requires an intact actin-
cytoskeleton. Furthermore, we have shown that 
independent of the effects on cell-cell junctions, 007 
re-organizes the actin cytoskeleton. Since both LPD 
and PDZK10 have been reported to localize to actin-
based structures, an obvious experiment would be to 
investigate the requirement of both proteins for the 
observed cytoskeletal rearrangements.
SIPA1, or SPA1, is a GTPase activating protein 
specific for Rap1 and Rap2. Knock-down of SIPA1 
reduced the effects of 007-induced TER. Although 
we did not investigate this, it is likely that siRNA for 
a GTPase activating protein increases the basal 
GTP-loading for Rap1, thereby decreasing the effect 
of a GEF on it. Furthermore, a polymorphism in 
sipa1 leads to metastatic enhancement in a mouse 
mammary tumour model. Also they showed that 
siRNA of SIPA1 reduces the metastatic potential of 
Mvt1 cells in vivo, thereby increasing the tumour size. 
In addition, over-expression of SIPA1 enhances the 

metastatic potential of this cell-line in vivo (Park et 
al., 2005). In addition, the Sipa-1 null mice show a 
variety of hematopoietic stem cell disorders, but no 
obvious phenotype involving the endothelium has 
been described (Ishida et al., 2006; Ishida et al., 2003; 
Kometani et al., 2006). However, a role for SIPA1 in 
the regulation of endothelial barrier function is not 
addressed thus far.
Overall, the targets we found involved in 007 
mediated TER using siRNA based screening will 
provide new insights in the mechanisms employed 
by Epac1 to increase the barrier function. They also 
further support a model where the reorganization of 
the actin cytoskeleton precedes the actual increase 
in VE-cadherin localization, especially since both 
beta-catenin and p120-catenin had no effect on the 
007 induced TER. Although all the targets have to be 
properly validated, the consistency with previously 
validated mediators of endothelial barrier function, 
such as Rac, founds a basis for further investigation 
of the Epac1/Rap1 dependent signaling pathways in 
endothelial barrier function.
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Abstract
The endothelial barrier regulates the passage of 
fluids, leukocytes and solutes from blood to the 
surrounding tissues. We have previously shown 
that Epac1-activation results in increased barrier 
function, presumably through regulation of the actin 
cytoskeleton. In a screen for possible mediators of 
this effect we observed that downregulation of the RA-
domain containing protein Lamellipodin (LPD) inhibits 
Epac1-induced trans-endothelial electrical resistance 
of a monolayer of human umbilical vein endothelial 
cells. LPD is an Ena/VASP binding protein, involved 
in actin-mediated lamellipodia formation. Indeed, 
activation of Epac induces the localisation of VASP 
cell-cell contacts. However, depletion of LPD did 
not affect the translocation of actin to junctions, 
suggesting that LPD in not required for Epac-induced 
recruitment of actin to the junctions. Importantly, 
knock-down of VE-cadherin did not affect Epac-
induced VASP translocations and trans-endothelial 
electrical resistance. We conclude that in addition to 
actin-recruitment to junctions, Epac1 induced trans-
endothelial electrical resistance requires the Ena/
VASP binding protein Lamellipodin, presumably to 
regulate protrusive activity. 

Introduction
The vascular system is lined with endothelial cells 
that function as a barrier to separate the blood from 
the underlying tissues. Regulation of the endothelial 
barrier function is necessary for the passage of 
immune cells, solutes and fluids. Barrier function 
requires cell-cell contacts to form a physical barrier 
between the blood and the underlying tissue. 
These cell-cell contacts are formed by adherens 
and tight junction proteins that are linked to the actin 
cytoskeleton. Perturbation of the barrier function 
plays a role in various pathological conditions such as 
oedema, chronic inflammation, atherosclerosis and 
sepsis (Wysolmerski and Lagunoff, 1985). 
Epac1 and Epac2 are two nucleotide exchange 

factors for the small GTPases Rap1 and Rap2 that 
are activated by direct binding of cAMP. The use of 
an Epac-selective cAMP analog, 8-pCPT-2’O-Me-
cAMP (007) (Enserink et al., 2002), implicated Epac in 
various processes, such as cell adhesion, inhibition of 
Na+/H+ exchanger and insulin secretion (Honegger 
et al., 2006; Rangarajan et al., 2003; Shibasaki et 
al., 2007). We have previously found that Epac1 can 
regulate cell-cell junctions in epithelial cells (Price et 
al., 2004) and subsequently several group described 
a similar role in endothelial cells (Cullere et al., 2005; 
Fukuhara et al., 2005; Wittchen et al., 2005). 
Indeed, treatment of endothelial cells with 007 results 
in an Epac1-dependent activation of Rap1, resulting in 
a decrease in endothelial permeability. Also, activation 
of Epac1 results in increased VE-cadherin localisation 
at the cell-cell contacts, as well as increased VE-
cadherin-based adhesion (Cullere et al., 2005; 
Fukuhara et al., 2005). The underlying mechanism 
for the enhancement of the endothelial barrier is 
presumably orchestrated by the actin cytoskeleton 
as de-polymerisation of the actin with Cytochalasin D 
abolishes the effects of 007 on endothelial permeability 
(Fukuhara et al., 2005). Furthermore, 007 stimulation 
results in reorganisation of the actin cytoskeleton, 
resulting in decreased stress-fibres and increased 
cortical actin, in a VE-cadherin independent manner 
(Kooistra et al., 2005).  
Members of the Ena/VASP family of actin regulators 
localise at the leading edge of lamellipodia and filopodia 
to sites of dynamic actin reorganisation. Ena/VASP 
promotes actin polymerisation, presumably through 
de-capping of barbed ends of the actin cytoskeleton, 
resulting in elongation of the actin fibres (Krause et 
al., 2003). Recently, Ena/VASP proteins have been 
implicated in the actin reorganisation during the 
formation of epithelial adherens junctions. Ena/VASP 
is recruited to E-cadherin mediated contacts and 
regulates actin filament density at cell-cell contacts. 
Perturbation of Ena/VASP activity results in diffuse 
F-actin at the cell-cell contacts, indicating that Ena/

Lamellipodin is required for 007-induced endothelial barrier 
function
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VASP plays a role in the organisation of the actin 
cytoskeleton in cell junctions (Scott et al., 2006). In 
endothelial cells the predominantly expressed family 
member VASP localises to focal adhesions and 
cell-cell contacts. VASP is phosphorylated by PKA 
in endothelial cells on various sites and stimulation 
of endothelial cells with Forskolin increases the 
localisation of VASP at the cell-cell contacts 
(Comerford et al., 2002). Interestingly, VASP null-
mice show mainly alterations in platelet functioning 
(Massberg et al., 2004). However, ablation of all 
three Ena/VASP genes in mice resulted in embryonic 
death due to severe oedema, caused by impaired 
endothelial barrier function (Furman et al., 2007).
Ena/VASP is recruited by FP4-motif containing 
proteins, such as zyxin and vinculin. Recently, LPD 
was identified as an interactor for Ena/VASP proteins. 
LPD consists of seven FP4-motifs for Ena/VASP 
binding as well as a Ras-association (RA) domain 
and a PH-domain that is involved in lipid-binding. The 
RA- and PH-domains are involved in targeting LPD 

to the leading edge of lamellipodia where it enhances 
the protrusive activity through the recruitment of Ena/
VASP. Furthermore, cells depleted from LPD were 
void of lamellipodial structures (Krause et al., 2004).
Here we report a role for LPD in Epac1-induced 
trans-endothelial electrical resistance. We show that 
the increase in resistance requires an intact actin 
cytoskeleton, as well as LPD expression. Additionally, 
we show that VASP is recruited to the cell-cell contacts 
upon Epac1-activation, but that the interaction between 
LPD and VASP is unaltered. Intriguingly, we show that 
the actin reorganisation by Epac1 is unaltered in the 
absence of LPD. Furthermore, we report that Epac1-
induced VASP translocation is not due to increase 
VE-cadherin interactions. Finally, we show that VE-
cadherin-based cell-cell contacts are not required for 
Epac1-induced barrier function. We propose a model 
where Epac1 induces local reorganisation of the actin 
cytoskeleton through LPD, resulting in increased 
trans-endothelial electrical resistance.

Fig. 1. Epac1-induced TER requires 
the actin cytoskeleton and LPD.
(A) TER of HUVEC monolayers on 
fibronectin coated gold electrodes 
was measured. Cells were treated 
with PBS (open) or 100μM 007 
(closed) in the presence or absence of 
2μM CytochalasinD. (B)  Transfected 
HUVEC were seeded after 48h onto 
electrodes and TER of monolayers on 
fibronectin coated gold electrodes was 
measured. At t=0 cells were stimulated 
with 100μM 007. Data shown is 
the average of two electrodes and 
representative for n=3 experiments 
(C) Western blot detection in lysates 
of cells transfected as indicated.
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Materials and Methods
Cell culture and transfection
Human umbilical vein endothelial cells (HUVEC) were isolated and 
cultured in EBM-2 Bulletkit culture medium (EBM-2 supplemented with 
EGM-2 SingleQuots (hEGF, hydrocortisone, fetal bovine serum, VEGF, 
hFGF-B, R3-IGF-1, Ascorbic Acid, GA-1000, heparin)) (Clonetics) as 
described (Jaffe et al., 1973; Willems et al., 1982). Second to fourth 
passage cells were used. 100 and 100VE-cells were kindly provided 
by Dr. E. Dejana and were cultured as previously described (Kooistra 
et al., 2005).
Cells were cultured on 1% gelatin (Sigma) and experiments were 
performed on 7μg/ml fibronectin (Sigma). 18 hours after plating HUVEC 
were transfected with OnTarget siRNA oligo’s (Dharmacon) using 
Interferin (Polyplus-transfection Inc., New York, NY, USA) according to 
manufacturer’s recommendation. Where indicated, we used oligofectamin 
(Invitrogen) for transfection of siRNA oligo’s as previously described 
(Kooistra et al., 2005). 16 hours after transfection, medium was replaced 
and cells were replated 8 hours later and grown to confluency. Sequences 
of the oligo’s used are: LPD#5: GGAAACAGUAAGCGUCAAAUU;  
LPD#6: GAACAGGCCUVUUUGAGUAUU. LPD-smartpool 
is a combinatrion of 4 oligo’s Besides LPD#5 and #6 
this also includes: GGAAGCAGCUCUUAUGAAUU and 
CCACUGCGGUUAUAGUUUAUU; Epac1 smartpool consists of: 
CGUGGGAACUCAUGAGAUGUU, GGACCGAGAUGCCCAAUUCUU; 
GAGCGUCUCUUUGUUGUCAUU and 
CGUGGUACAUUAUCUGGAAUU; VE-cadherin, β-catenin and p120-
catenin sequences were still disclosed at that time. For over-expression 
experiments Cos-7 cells were transfected with indicated constructs 
using Fugene6 (Roche Diagnostics) according to manufacturers 
protocol. Experiments were performed 48 after transfection.

Antibodies and reagents
Mouse mAb against the extracellular domain of human VE-cadherin 
used was clone TEA 1.31 (Breviario et al., 1995; Lampugnani et al., 
1992). Rabbit pAb against LPD was a kind gift of M. Krause. Anti-
HA monoclonal 12CA5, Rap1 polyclonal (Santa Cruz), beta-catenin 
polyclonal (Abcam), VASP monoclonal (Cell Signaling Technology), 
GFP monoclonal (Roche Diagnostics), ZO-1 polyclonal antibodies 
(Transduction labs) were used.. 8-pCPT-2O-Me-cAMP (Biolog) was 
used at 100μM and CytochalasinD (Sigma) at 2μM. pcDNA3-GFP-
VASP was a generous gift from Dr. J. de Rooij, pcDNA3-GFP-N3-RIAM 
was obtained from Dr. van Puijenbroek and HA-LPD was cloned from 
the Kazusa KIAA1681 cDNA  by Dr. J. Riedl 

Immunofluorescence
Cells were replated 24 hrs after transfection on fibronectin-coated 
(7μg/ml) glass coverslips (12mm) for 24 hrs. After stimulation, cells 
were fixed with 3.8% formaldehyde, permeabilised using 0,2% Triton 
X-100 and blocked with 2% BSA in PBS. Cells were incubated with 
indicated antibodies for 1 hour and subsequently incubated with Alexa-
568 labelled phalloidin to stain F-actin and/or Alexa-488/568-labeled 
secondary antibodies (Molecular Probes). After mounting the coverslips 
onto slides, cells were examined using a Axioskop2 CLSM microscope 
(Zeiss). RBG Profiles were generated using ImageJ and the RBG 
profiles tool.

Immunoprecipitation and Western Blotting
Cells were washed with ice-cold PBS and scraped in lysis buffer (50mM 
Tris-Cl pH 7.5, 200mM NaCl, 1% NP-40, 2mM CaCl2, 10% glycerol, 
NaF, protease inhibitors). Lysates were centrifuged for 10 minutes at 
12000xg at 4°C.  Supernatants were incubated with protein-agarose 
and indicated antibodies for 2 hours. After washing, immunoprecipitated 

proteins were analysed on 7.5% SDS-PAGE gels and transferred to 
PVDF-membrane. Blots were incubated with indicated antibodies and 
analysed using Odyssey (Li-Cor)

Rap1 activation assay
Rap1 activity was assayed as described previously (van Triest and Bos, 
2004). Briefly, cells were washed with cold PBS and lysed with buffer 
containing 1% NP-40. Lysates were cleared by centrifugation and active 
Rap was precipitated with glutathione-Sepharose beads pre-coupled to 
a GST fusion protein of the Ras-binding domain of RalGDS. Precipitates 
were washed and analysed on Western blot.

Trans-endothelial electrical resistance measurement
HUVEC were seeded at 1.5x105 cells per well (0.8 cm2) on fibronectin 
coated electrode arrays and grown to confluency. Measurements of 
trans-endothelial electrical resistance were performed in real time at 
400Hz, 37ºC, 5% CO2, using an electrical cell-substrate impedance 
sensing system (ECIS; Applied BioPhisics Inc.Troy NY, USA)(Tiruppathi 
et al., 1992). Basal resistance was subtracted to be able to compare 
individual electrodes.

Results
Epac1-induced trans-endothelial electrical resistance 
is dependent on actin
Epac1 regulates the actin cytoskeleton in endothelial 
cells, resulting in a reorganisation from stress-fibres 
to cortical actin (Kooistra et al., 2005). To investigate 
the underlying mechanisms for Epac1-induced barrier 
function we tested whether trans-endothelial electrical 
resistance (TER) induced by 007-treatment requires 
the actin cytoskeleton. Activation of Epac1 with the 8-
pCPT-2O-Me-cAMP (007) results in a rapid increased 
in trans-endothelial electrical resistance (TER). 
Treatment of cells with the actin-depolymerising agent 
CytochalasinD resulted in a vast decrease of TER. 
When cells were treated with CytochalasinD and 007 
together, there was no difference with CytochalasinD 
alone. This indicates that activation of Epac1 by 007 
results in actin-dependent increase in TER (figure 
1A). 

LPD is required for Epac1-induced TER
To identify the proteins involved in Epac1-mediated 
TER, we screened for various RA-domain containing 
proteins using siRNA. We observed that the response 
of cells depleted from LPD using Dharmacon OnTarget 
smartpool siRNA to 007 was reduced significantly 
compared to control cells. Also when we used single 
siRNAs from this smartpool the effects of 007 on TER 
was decreased (figure 1B). 

The interaction between LPD and VASP is not 
regulated by Rap1
Since the Epac1-mediated effect on TER is dependent 
on LPD and requires the actin cytoskeleton, we 
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investigated the role of the LPD binding protein and 
actin regulator Ena/VASP. Since VASP is the most 
predominantly expressed member of this family 
in endothelial cells, we investigated whether the 
previously reported interaction between LPD and VASP 
was regulated by the activation of Epac1. Although we 
could precipitate VASP and LPD together, treatment 
with 007 had no effect on the interaction between HA-
LPD and GFP-VASP (figure 2A). Also co-expression of 
RapV12 had no effect (data not shown). Furthermore, 
although we could identify the interaction between 
VASP and LPD in endothelial cells, treatment with 
007 had no effect on the interaction, indicating that 
the VASP-LPD interaction is not regulated by the 
activation of Epac1 and Rap1 (figure 2B). 

LPD interacts with the Rap1 effector RIAM
Although LPD is a close relative of the Rap1 effector 
protein RIAM (Lafuente et al., 2004), previous results 
suggest that LPD does not bind Rap1 (Krause et al., 
2004; Rodriguez-Viciana et al., 2004). Indeed, HA-LPD 

and GST-Rap1aV12 did not co-precipiate (data not 
shown). This implies that LPD is not a direct effector 
of Rap1. Since both LPD and RIAM bind to Ena/VASP 
and Ena/VASP tetramerises, we investigated whether 
LPD and RIAM may form a complex. Indeed, when 
both RIAM and LPD are overexpressed we identified 
RIAM in a LPD immunoprecipitation (figure 2c). This 
may imply hat Rap1 through RIAM regulates LPD, 
and thus that RIAM also plays a role in Epac-mediated 
regulation of TER. However thus far we were unable 
to demonstrate a role for RIAM in this process. 

Epac1 induces translocation of VASP to the cell-cell 
contacts
Previous reports showed that treatment of endothelial 
cells with cAMP results in the translocation of VASP 
to cell-cell contacts (Comerford et al., 2002). This was 
attributed to Protein kinase A (PKA), as VASP is directly 
phosphorylated by PKA. We investigated whether 
activation of Epac1 is sufficient for the cAMP-induced 
translocation of VASP. In unstimulated HUVEC, VASP 

Fig. 2. LPD-VASP interaction is not 
regulated by Rap1 activation. 
(A) LPD (LPD) or VASP was immuno-
precipitated as indicated from transfected 
Cos-7 cells stimulated with 007 for 30 
min or not. Western blots were probed for 
αGFP or αHA. (B) Proteins were immuno-
precipitated with non-immune (n.i.) or 
LPD (LPD) antibodies from confluent 
HUVE cells stimulated with 100μM 007 
or left untreated. Subsequent Western 
blots were probed for LPD and VASP as 
indicated. (C) HA-LPD and GFP-RIAM 
were immunoprecipitated from Cos-7 
cells using anti-HA antibody. Western 
blots were probed for αGFP or αHA.
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is mainly localised at the focal adhesions and at 
actin fibres. Upon stimulation with 007 however, this 
localisation is lost and VASP accumulates at the cell-
cell contacts (figure 3A). This shows that activation of 
Epac1 is sufficient to translocate VASP to the cell-cell 
contacts. Cells stimulated with the adenylate cyclase 
activator Forskolin also show translocation of VASP 
to the cell-cell contacts as reported previously. When 

Epac1 was depleted from these cells, 007-induced 
translocation of VASP was completely inhibited, but 
forskolin-induced translocation partially, indicating 
a role for PKA-dependent phosphorylation in VASP 
translocation (figure 3A).  Importantly whereas 
forskolin induced a clear shift of VASP to the 
phosphorylated form, 007 had no effect (Figure 3B). 
Therefore we conclude that activation of Epac1 is 

Fig. 3. VASP translocates to cell-cell contacts upon Epac1 activation. (A) HUVECs transfected with siRNA were immunostained as indicated 
after 30’ treatment with 007 or Forskolin. Intensity profiles along dashed line between points A and B are shown. Arrows indicate cell-cell contacts. (B) 
HUVECs were stimulated for 5’ as indicated and Rap1GTP was determined by the pull-down assay. Lysated were also probed for VASP to determine 
a phosphorylation-dependent shift. (C) HUVEC transfected with siRNA were treated with or without 007 for 30 minutes. Cells were stained with 
phalloidin to show F-actin. (D) HUVECs transfected with siRNA were stimulated with 007 or left untreated. Cells were immunostained as indicated. 
Bar= 10 μM.
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sufficient to translocate VASP to the cell-cell contacts, 
independent of VASP phosphorylation. 

Epac1-induced cortical actin formation is independent 
of LPD
We next investigated whether LPD is mediating 
Epac1-induced actin re-arrangements. To that end 
we depleted cells from LPD and determined actin 
rearrangements induced by 007.  Surprisingly, 007 
normally induced the translocation of actin to the 
cell-cell contacts (figure 3C). From these results we 
conclude that although LPD is required for Epac-
induced TER, it is not required for Epac-induced 
formation of junctional actin.  

VASP translocation is independent of VE-cadherin
Previously, we have shown that the formation of 
cortical actin by 007 is independent of VE-cadherin. 

To investigate whether VASP translocation requires 
VE-cadherin based cell-cell contacts, we depleted 
cells for VE-cadherin and examined the localisation 
of VASP. Cells depleted for VE-cadherin using siRNA 
lost beta-catenin localisation from the junctions, but 
the VASP localisation remained unchanged (figure 
3D). Importantly, 007 induces the translocation of 
VASP to the cell-cell contacts in the absence of VE-
cadherin. 

VE-cadherin is dispensable in Epac1-induced TER
We have previously shown that VE-cadherin is 
required for 007-mediated permeability, measured 
by the flux of dextran over a monolayer of endothelial 
cells. Here we found that the TER is dependent on 
the actin cytoskeleton. Since VASP translocation 
is independent of VE-cadherin, we re-investigated 
the role of VE-cadherin based cell-cell contacts in 

Figure 3 (cont.)



76

The role of Rap1 in cell-cell junction formation

007-induced TER. Strikingly, cells transfected with 
siRNA targeting either VE-cadherin, β-catenin or 
p120-catenin responded normally to 007-treatment, 
whereas Epac1-siRNA inhibited the effect (figure 4A). 
Since it is likely that siRNA does not achieve complete 
knock-down, we also tested VE-cadherin null cells 
(100) and cells reconstituted with human VE-cadherin 
(100VE). Indeed also in these cells, the loss of VE-
cadherin has no effect on 007-induced TER (figure 
4B). Finally, we also investigated the effects of 007 
under conditions where all Ca2+-dependent junctions 
are prohibited by treatment with EGTA. Also in the 
absence of extra cellular calcium, 007 increases TER 
(figure 4C). Altogether these results show that the 
Epac1-mediated increase in TER is independent of 
VE-cadherin.

Discussion
Here we report that LPD is required for 007-induced 
TER. Also, we show that the binding between LPD 
and VASP is not regulated by 007 in endothelial cells. 
However, we could show that LPD interacts with the 
Rap1-effector RIAM. Furthermore, we show that 
translocation of VASP to the cell-cell contacts upon 
Epac1 activation is independent of VE-cadherin. 
Finally, we show that Epac1-induced TER is 
independent of VE-cadherin. Altogether these results 
point towards a model where Epac1/Rap1 activation 
employs LPD to enhance endothelial resistance. 
Induction of endothelial barrier function by Epac1 
was previously shown to be dependent on the actin 
cytoskeleton (Cullere et al., 2005; Sehrawat et al., 
2008). Likewise, the enhancement of VE-cadherin 
adhesion required F-actin (Fukuhara et al., 2005). 
Our results extend these previous observations in that 
Epac1-mediated barrier regulation functions through 
the actin cytoskeleton. Firstly, we show that disruption 
of the actin-cytoskeleton abrogates 007-induced TER. 
Secondly, our results show the involvement of LPD in 
Epac1-induced TER. In single cells, LPD is required 
for the localisation of Ena/VASP to the leading edge 
of lamellipodia, resulting in elongation of actin fibres. 
In the endothelial monolayer we observed normal 
007-induced actin reorganisation, i.e. the formation of 
cortical actin, in the absence of LPD, suggesting that 
this Epac-mediated effect is not mediated by LPD, and 
thus not the only determinant of Epac-induced TER. 
We propose Epac-induced TER additionally requires 
protrusive actively generated by the Lamelipodin/VASP 
complex. This would imply that VASP is also essential 
for Epac-induced TER. Indeed, it has been reported 

that siRNA for VASP results in increased permeability, 
whereas over expression of VASP reduces the 
endothelial permeability (Rosenberger et al., 2007). 
Although VASP null mice exhibit no phenotype in the 
endothelial barrier function (Hauser et al., 1999), Ena/
VASP/Mena triple null mice suffer from embryonic 
oedema, due to increased vascular permeability. 
Interestingly, when endothelial cells were transfected 
with a construct to interfere with Ena/VASP signalling, 
the endothelial permeability is increased (Furman et 
al., 2007). A role for VASP in cAMP-mediated barrier 
function also has been suggested, since cAMP 
treatment of endothelial cells results in localisation 
of VASP at the cell-cell contacts (Comerford et al., 
2002). This was previously attributed to PKA because 
VASP is directly phosphorylated by PKA on various 
sites (Butt et al., 1994). However, we now show that 
VASP translocates to the cell-cell contacts directly 
upon Epac1 activation and that this does not coincide 
with its phosphorylation. Finally, VASP was found in 
complex with Rap1 in a mass-spectrometry approach 
(Goldfinger et al., 2007). Given all this evidence, 
it is likely that Ena/VASP is employed by Epac1 to 
enhance the TER.

How is LPD regulated by Epac1 and Rap1? Binding 
of Rap1a to LPD was never observed in various 
studies (Krause et al., 2004; Rodriguez-Viciana et al., 
2004), despite the presence of an RA domain and the 
observation that the LPD homolog RIAM does bind to 
Rap1. However, we observed that LPD can interact 
with RIAM, suggesting that LPD forms a complex with 
Rap1 through RIAM. This needs further exploration. 
Additionally the involvement of  phosphatidylinositol 
(3,4)P2, with is required for LPD binding to the plasma 
membrane (Krause et al., 2004), in TER needs further 
investigations. However it is interesting to note that 
our siRNA screen also identified SHIP2 to be required 
for Epac1-induced TER. SHIP2 generates PI(3,4)P2 
from PI(3,4,5)P3 lipids. The requirement of SHIP2 
in Epac1-induced TER is presumably due to its 
requirement for the localisation of LPD to the plasma 
membrane. 
Previous data show that activation of either Epac1 or 
PKA is sufficient to enhance the TER (Lorenowicz et 
al., 2008). Interestingly, Epac1 and PKA use distinct 
pathways to enhance the endothelial barrier, since PKA 
mediated TER is dependent on cell-matrix adhesion, 
whereas Epac1 mediated TER is not (Lorenowicz et 
al., 2008). Recently, it was shown that VASP binds 
to αII-Spectrin. Interestingly, αII-Spectin only binds 
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Fig. 4. VE-cadherin is not required for Epac1 induced TER.
(A) Transfected HUVEC were immunostained as indicated. (B) Transfected HUVEC were seeded after 48h onto electrodes and TER of monolay-
ers on fibronectin coated gold electrodes was measured. Cells were treated with PBS (black) or 100μM 007 (grey) for 1 hour and averages +/- SEM 
are shown. (C) 100 and 100VE cells were seeded onto electrodes and TER of monolayers on fibronectin coated gold electrodes was measured. 
Cells were treated with PBS (black) or 100μM 007 (grey) for 1 hour and averages +/- SEM are shown. (C) TER of HUVEC monolayers on fibronec-
tin coated gold electrodes was measured. Cells were treated with PBS (open) or 100μM 007 (closed) in the presence or absence of 2mM EGTA.
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to the unphosphorylated form of VASP and does so 
in confluent cells. Under sparse conditions, VASP 
is localised to focal adhesions and phosphorylated 
at the predominant PKA site (S157) and that when 
the culture is denser, VASP is localised at the cell-
cell contacts in it unphosphorylated form (Benz et al., 
2008). This is in concordance with our observation 
that 007 induces the translocation to the cell-cell 
contacts without increasing phosphorylation. It will be 
interesting to see whether SpectinIIα is required for 
Epac1-induced translocation of VASP and TER. 
Previously, we have shown that VE-cadherin is 
required for the 007-induced permeability decrease 
using VE-cadherin knock-out cells (Kooistra et al., 
2005). Here we show that trans-endothelial electrical 
resistance regulation by Epac1 is independent of 
VE-cadherin. This raises questions regarding the 
comparability of these assays. In the permeability 
assays the passage of fluorescent dextran over the 
endothelial monolayer is measured, a process driven 
by diffusion. To prevent the passage of such a large 
molecule (40kD) through the cell-cell contacts of 
endothelial cells it is plausible that this requires a 
physical barrier provided by the adhesion molecules 
present in the cell-cell junctions. In TER, the current 
of electrons is measured. The resistance and is driven 
by the voltage over the system and depends on the 
insulating properties of the cell-cell contacts. Although 
an increase in cell adhesion molecules will contribute 
to this resistance, closing the space between 
endothelial cells by protruding membranes could be 
sufficient to increase the resistance in the absence of 
adhesion-molecules. Therefore it would be interesting 
to measure the effects of 007 on cells void of all 
adhesion molecules. Interestingly, in epithelial cells 
resistance is considered to be dependent on the tight 
junctional compartment (Capaldo and Macara, 2007). 
However, the presence of tight junctions in endothelial 
cells is dependent on the localisation in the vascular 
tree; in the blood-brain barrier, tight junctions are 
well organised, whereas in capillary veins, the tight 
junctions are absent. Although HUVEC are widely 
used, the role of tight junctions in HUVEC is hardly 
investigated. Nevertheless, expression of occludin at 
the cell-cell contacts in HUVEC is reported (Burns et 
al., 2000). However, we could not detect occludin at 
the cell-cell contacts in HUVEC (data not shown).  
Increased leakage of the endothelial barrier is involved 
in various pathological conditions, such as oedema 
and inflammation. We propose that enhancement of 
the endothelial barrier by Epac1 is mediated by the 

RIAM/LPD/Ena/VASP complex. We are currently 
investigating whether Epac1 activation induces 
protrusion dependent on RIAM and LPD and whether 
this is involved in cAMP-induced TER.
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In this thesis I describe the role of the Rap1 signaling 
pathway in the regulation of adherens junctions. More 
specifically, we have analyzed the role of two distinct 
guanine-nucleotide exchange factors for Rap1, 
Epac1 and PDZ-GEF2, in endothelial cells and in the 
lung carcinoma cell A549. In addition we have tried to 
identify proteins that act in concert with these exchange 
factors to regulate endothelial junctions. At the start 
of the research described here, a role for Rap1 in 
junction formation had just been found in Drosophila 
melanogaster, where rap1-mutant cell clones in the 
wing of Drosophila melanogaster have a different 
shape and disperse into the surrounding normal 
tissue. The predominant cell-cell adhesion molecule 
in these cells, Drosophila E-cadherin (DE-cadherin), 
is normally distributed along the basolateral axis, but 
is not uniformly distributed around the cell periphery in 
rap1-mutant cells (Knox and Brown, 2002). In addition, 
Price at al, found that Rap1 regulates E-cadherin-
mediated cell junction formation in mammalian cells 
(Price et al., 2004). At this point, both the regulation 
of Rap1 and the mechanisms employed by Rap1 to 
regulate junctions were still elusive.

Activation of Rap during junction formation
Activation of Rap GTPases is induced by a variety 
of stimuli through guanine-nucleotide exchange 
factors (GEFs) (reviewed in (Bos et al., 2007)). What 
GEFs are used to regulate Rap1-dependent junction 
formation? In order to answer this question we started 
to investigate the role of the exchange-protein directly 
activated by cAMP (Epac) in endothelial cell-cell 
junctions for various reasons. First, we can easily 
activate Epac1 specifically with the cAMP-analog 
8-pCPT-2OMe-cAMP (007). Furthermore, Epac1 is 
expressed in endothelial cells, whereas we could detect 
no expression in epithelial cells. Finally, endothelial 
cell-cell junctions are more dependent on cadherins 
then epithelial cell junctions, where depletion of E-
cadherin has no effect once tight junctions are formed 
(Capaldo and Macara, 2007). We and others found 
that Epac1 is involved in endothelial cell junction 
formation (Chapter 3). Treatment of endothelial cells 
with the Epac-selective cAMP analog 8-pCPT-2O-Me-
cAMP (007) results in increased junctional integrity 
and increased localization of VE-cadherin at cell-cell 
contacts (Cullere et al., 2005; Fukuhara et al., 2005; 
Wittchen et al., 2005). Similarly, activation of Epac1 
results in increased VE-cadherin dependent adhesion 
(Fukuhara et al., 2005). Although Epac1 enhances the 

formation of cell-cell junctions, siRNA for Epac1 has 
no effect on the localization of VE-cadherin (Chapter 
3). This suggests that Epac1 activation enhances 
the junctions, but is not required for the formation or 
maintenance of junctions. However, trans-endothelial 
electrical resistance is reduced upon depletion for 
Epac1 (Lorenowicz et al., 2008), compatible with 
a role for Epac1/Rap in the regulation of the actin 
cytoskeleton as discussed below.

Since complete inactivation of Rap by Rap1GAP 
prevents cells to form complete junctions both in 
epithelial and endothelial cells (Hogan et al., 2004; 
Price et al., 2004; Wittchen et al., 2005) we expected 
that other GEFs are involved in the regulation of Rap1 
for the formation of cell-cell junctions. Since PDZ-
GEFs were suggested to localize to cell-cell contacts 
(Mino et al., 2000), we studied the role of PDZ-GEFs 
in this process. Where depletion of PDZ-GEF1 had 
no obvious effect on cell-cell junctions in A549 cells, 
knock-down of PDZ-GEF2 results in the persistence of 
adhesion zippers consisting of membrane extensions 
decorated with (V)E-cadherin both in endothelial 
and epithelial cells (Chapter 4). This suggests 
either a defect in the linkage of (V)E-cadherin to the 
actin cytoskeleton or a failure to generate tension 
at cell-cell contacts, as actomyosin contractility 
and adequate cytoskeletal tension are required for 
proper AJ assembly (Miyake et al., 2006; Shewan 
et al., 2005). Also PDZ-GEF2 depleted cells show 
decreased expression of E-cadherin. Intriguingly, in 
PDZ-GEF2 knock-out mice no junctional aberrations 
have been reported. Loss of PDZ-GEF2 in mice 
results in decreased integrin adhesion of B-cell by 
TNF-α (Yoshikawa et al., 2007).
Disruption of cell-cell junctions by depletion of calcium 
results in activation of Rap1 (Balzac et al., 2005). 
We could show that this occurs in a PDZ-GEF2 
dependent manner (Chapter 4). Together with the role 
of PDZ-GEF2 in junction maturation, this suggests 
that PDZ-GEF2/Rap1 is activated upon junctional 
disruption to counteract the breakdown of junctions. 
How PDZ-GEF2 is activated is still unknown. Although 
PDZ-GEF2 has a cyclic-nucleotide binding domain, 
thus far no second messenger was found to interact 
with that domain. During junctional re-arrangements 
the cell undergoes quite some changes at the cell-
cell contacts, such as membrane extension and 
actomyosin contractions. Therefore, it is possible 
that PDZ-GEF2 is activated by mechanical stress 
during junction rearrangements, similar to the 
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mechanisms of Rap1 activation in focal adhesions, 
where a mechanical extension of p130Cas results in 
activation of the RapGEF C3G and subsequently of 
Rap1(Sawada et al., 2006). Furthermore, transient 
activation of Rap1 during junction formation at the cell-
cell contacts is dependent on MAGI-1 in endothelial 
cells (Sakurai et al., 2006). PDZGEF-1 binds to MAGI-
1, whereas PDZ-GEF2 interacts with the homolog 
MAGI-3. Perhaps binding of MAGI to the C-terminus 
is involved in the activation of PDZ-GEF2.

Besides a role for Epac1 and PDZ-GEF2, also C3G 
has been implicated in the regulation of junctions 
by Rap1. In early experiments implicating Rap1 in 
junction formation, the RapGEF C3G was shown to 
interact with E-cadherin directly (Hogan et al., 2004). 
Furthermore, C3G transiently binds to E-cadherin 
during formation of cell-cell junctions and it was 
shown that this interaction was mutually exclusive 
with beta-catenin but not with p120 catenin binding 
to E-cadherin. Also, transfection of a fragment of 
C3G that binds to E-cadherin directly, prevents cell-
cell junction formation (Hogan et al., 2004). This 
suggests that C3G is involved in the initial steps of 
junction formation. Although studies on c3g null mice 
focused on the role of C3G in migration and integrin 
regulation (Ohba et al., 2001), the investigation of a 
C3G mutant in vivo indicates that C3G is not required 
for endothelial cell-cell junctions, since PECAM 
localization is unaltered. However, these mice suffer 

from angiogenesis defects, probably due to aberrant 
migration of supporting mesenchymal cells (Voss et 
al., 2003). 
Other Rap-GEFs have not been studied in the 
regulation of cell-cell junctions thus far. However, like 
C3G various GEFs have been ablated in mice. For 
instance, mice lacking PDZ-GEF1 expression are 
defective in early angiogenesis (Wei et al., 2007) and 
ablation of another Rap1-GEF, CalDAGEF-I results 
in defects in integrin regulation in leukocytes and 
platelets (Bergmeier et al., 2007). Although ablation of 
these GEFs in mice gives no junctional phenotypes, 
we cannot exclude a role for these GEFs in junction 
formation. Especially since the complexity of an 
organism also provides compensatory mechanisms 
during embryogenesis. Therefore it will be interesting 
to further address the role of these GEFs in Rap-
mediated cell-cell junctions using siRNA approaches. 
Besides different means to activate Rap, divergence 
also occurs through the various isoforms of the Rap1-
family. In mammalian cells, two Rap1 genes and three 
Rap2 genes have been identified thus far. In Chapter 
4 we could show that siRNA for Rap1a in epithelial 
cells results in a similar junctional structure as PDZ-
GEF2 knock-down, whereas Rap1b knock-down 
results in normal junctions with reduced levels of E-
cadherin (Chapter 4). Complete inhibition of Rap1 
activity results in reduced presence of cadherin at the 
cell-cell contacts (Hogan et al., 2004; Wittchen et al., 
2005), whereas knock-down of single Rap-isoforms 

Fig. 1. Activation of Rap1 during junction formation.
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have a more delicate effect. This suggests that there 
is either redundancy of Rap-isoforms or that they 
function in parallel pathways, all contributing to cell-
cell junction formation via different mechanisms. The 
role of the various Rap2 isoforms in junction formation 
is currently under investigation and will give us more 
information on the role of the Rap-signaling network in 
cell-cell junction formation.
Altogether, three structurally different RapGEFs 
have been implicated in different roles during cell-
cell junction formation thus far. First, when cell-cell 
junctions are formed, initial cell-cell contact results in 
the activation of Rap by various means, including the 
engagement of nectins and the interaction of C3G with 
E-cadherin. This activation of Rap1 is required for the 
maturation of cell-cell junctions. Further maturation 
is then mediated by PDZGEF2, which interacts with 
MAGI-3, or by extracellular stimuli that activate Rap1 
through Epac1.

Rap1 regulates junctions through multiple effector 
molecules
As discussed above, activation of Epac1 in endothelial 
cells results in increased VE-cadherin at the cell-cell 
contacts (Cullere et al., 2005; Wittchen et al., 2005). 
In the second part of this thesis we investigated what 
mechanisms Rap1 employs to regulate the increased 
stability of cell-cell junctions by Epac1, since we can 
activate Epac1 directly through 007. 
There are various ways to measure Rap1-dependent 
junctional regulation, especially in endothelial cells. 
Is there a common theme for Rap-induced junction 
regulation in these various assay? For instance, Epac1 
activation results in increased VE-cadherin at the 
cell-cell contacts, whereas cell surface accumulation 
of cadherins measured by flow cytometry is not 
increased in cells with activated Epac1 (Lorenowicz 
et al., 2008). This shows that Epac1/Rap activation 
is not regulating the vesicular transport of cadherins 
to the plasma membrane. Furthermore, adhesion 
of cells to Fc-VE-cadherin coated surfaces is 
increased upon stimulation with 007 (Fukuhara et 
al., 2005) suggesting that Epac1 induces increased 
affinity of VE-cadherin. However, these assays are 
not performed under limiting conditions, resulting 
in activation of cell spreading by VE-cadherin 
dependent signaling pathways. Since Rap activation 
enhances cell-spreading (Arthur et al., 2004), the 
increase in adhesion onto Fc-VE-cadherin might be 
due to increased cell spreading. Furthermore, we 
show in Chapter 3 that VE-cadherin is required for the 

reduction in endothelial permeability by 007, but the 
increase in trans-endothelial electrical resistance by 
Epac1 is not dependent on VE-cadherin (Chapter 7). 
This discrepancy is extensively discussed in Chapter 
7, but indicates that Epac1/Rap can induce TER in 
the absence of VE-cadherin. Altogether, these results 
suggest that the regulation of cell-cell junctions by 
Epac1/Rap is, at least not exclusively, dependent 
on direct regulation of VE-cadherin. Interestingly, all 
assays described above have in common that the 
disruption of the actin cytoskeleton with CytochalasinD 
inhibits the effects of 007 (Cullere et al., 2005; 
Fukuhara et al., 2005)(Chapter 7). Is Epac1/Rap1 
regulating the cell-cell contacts then by regulating 
the actin cytoskeleton? One clear observation is 
that Epac1 activation results in reorganization of the 
actin cytoskeleton in endothelial cells independently 
of VE-cadherin (Chapter 3). Although not as striking 
as in endothelial cells, also in epithelial cells we have 
indications that Rap regulates the junctions through 
the actin cytoskeleton. Knock-down of Rap1a results in 
adhesion zippers, but gives no decrease in E-cadherin 
levels (Chapter 4). On the other hand, knock-down of 
Rap1b in epithelial cells does decrease the amount of 
E-cadherin at the surface (Chapter 4) and complete 
inhibition of Rap with RapGAP clearly decrease the 
amount of cadherin at cell-cell contacts in both epithelial 
and endothelial cells. Altogether, the regulation of cell-
cell junctions by Rap1 includes regulation of the actin 
cytoskeleton, although direct regulation of junctional 
proteins by Rap is probably also involved. How does 
Rap regulate the actin cytosketon? Rap does not bind 
actin directly. Therefore, we will discuss three Rap-
effectors and their involvement in the regulation of the 
actin cytoskeleton and cell-cell junction formation.

AF-6
AF-6 is genetically linked to Rap1 in dorsal closure 
in D. melanogaster (Boettner et al., 2003). AF-6 
localizes at cell-cell contacts where it interacts with 
various adhesion molecules. Although we could 
show that cells depleted from AF-6 have decreased 
endothelial electrical resistance, we found that AF-6 
is dispensable for Epac1-mediated TER (Chapter 5). 
Also in epithelial cells, AF-6 is localized at cell-cell 
junctions, but siRNA for AF-6 results in loss of tight 
junctions (Sato et al., 2006). How AF-6 regulates 
the junctions is still poorly understood, although it is 
suggested that AF-6 prevent E-cadherin endocytosis 
through recruitment of p120catenin. Since we 
observe clear effects on the actin cytoskeleton in 
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endothelial cells and AF-6 can bind to actin directly 
(Lorger and Moelling, 2006), it might be that depletion 
of AF-6 results in release of actin filaments. Recently, 
it was shown that AF-6 binds to Src-kinase directly, 
which results in decreased kinase activity of Src. In 
contrast, siRNA for AF-6 results in phosphorylation 
of increased number of substrates (Radziwill et al., 
2007). Since Src is required for both the formation 
and breakdown of cell-cell junctions, dependent on 
its activity (McLachlan et al., 2007), it might be that 
AF-6 is required in endothelial cells to control the 
activity of Src in order to balance between junction 
formation and breakdown. Interestingly, a role for AF-
6 in integrin-mediated adhesion is also proposed. For 
instance, over-expression of AF-6 in T-cells results 
in decreased adhesion, whereas siRNA for AF-
6 results in an opposite effect (Zhang et al., 2005). 
Also, knock-down of AF-6 in epithelial cells results in 
increased directional migration (Lorger and Moelling, 

2006) Intriguingly, in endothelial cells, loss of AF-6 
reduces the amount of stress fibres arising from focal 
adhesions in singles cells (Chapter 5). Therefore it 
is interesting to investigate whether AF-6 is involved 
in the interplay between cell-matrix and cell-cell 
adhesion molecules. Cells from C3G-mutant mice 
also show increased migration (Voss et al., 2003) 
and previous studies suggest that C3G and AF-6 
are involved in the same pathway regulating cell-cell 
junction formation (Fukuyama et al., 2005; Hoshino et 
al., 2005). Furthermore, in D. melanogaster the AF-6 
homolog canoe is regulated by PDZ-GEF and Rap. 
Although we did not find a role for AF-6 in Epac1-
mediated junction formation, it might be that AF-6 is 
involved in Rap-dependent processes induced by 
PDZ-GEF or C3G.

RIAM/Lamellipodin
In Chapter 7 we could show that Lamellipodin is 

Fig. 2 Rap-effectors in junction formation.
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required for Epac1-induced TER. Lamellipodin 
binds to the Ena/VASP family of proteins, which 
are involved in actin remodeling through decapping 
of branched actin filaments. Artificial localization 
of Ena/VASP at the plasma membrane results in 
elongated actin, whereas mislocalization of Ena/
VASP to the mitochondria results in more branched 
actin filaments at the plasma membrane (reviewed 
in (Krause et al., 2003). Lamellipodin localizes Ena/
VASP protein to the lamellipodia and knock-down of 
Lamellipodin reduces the protrusive activity of cells 
(Krause et al., 2004). The evidence that Lamellipodin 
interacts directly with Rap1 is lacking. However, we 
could show that Lamellipodin and RIAM interact. The 
interaction between RIAM and Lamellipodin could be 
mediated by Ena/VASP, especially since Ena/VASP 
forms tetramers and both Lamellipodin and RIAM 
have multiple Ena/VASP binding sites (Bachmann et 
al., 1999; Jenzora et al., 2005; Krause et al., 2004). 
Thus far RIAM is only implicated in Rap-mediated 
integrin adhesion (Han et al., 2006; Lafuente et 
al., 2004) and it is suggested that RIAM regulates 
integrins independent of Ena/VASP, but through the 
activation of Talin (Han et al., 2006). The involvement 
of Lamellipodin in Epac1-induced TER, suggests that 
RIAM uses different mechanisms in cell-cell junction 
enhancement. 
The role of Lamellipodin in lamellipodia formation 
suggests a role for actin-based protrusions in 
Rap1-induced barrier function. In epithelial cells, 
interactions between opposing lamellipodia initiate E-
cadherin clustering while a circumferential actin cable 
surrounds the cells. As cell-cell adhesion proceeds, E-
cadherin molecules cluster into so called puncta within 
the cell-cell contact interface and associate with actin 
filaments. (Adams and Nelson, 1998; Perez et al., 
2008; Yamada and Nelson, 2007). The requirement for 
Lamellipodin suggests that 007 induces the formation 
of lamellipodia, even within a monolayer of cells, and 
that this increased protrusive activity then results 
in increased cell-cell contacts and cell-cell junction 
formation. Recently, the small GTPase Rac1 was 
implicated in cAMP-induced barrier function together 
with its GEFs Vav2 and Tiam (Birukova et al., 2007). 
However, these studies do not discriminate between 
Epac1 and PKA-dependent signaling. Results from 
our screen suggest that knock-down of Rac1 inhibits 
007-induced TER (Chapter 6). Previously, it was 
shown that the Rac-GEFs Vav2 and Tiam bind to Rap1 
directly and that Rap1 is required for the localization 
of Vav2 and Tiam to the cell periphery to induce cell 

spreading (Arthur et al., 2004). In line with our finding 
for the requirement of Lamellipodin in Epac1-induced 
TER, it should be noted that lamellipodia formation 
classically involves the activation of Rac1 (Nobes and 
Hall, 1995). Overall, it will be interesting to investigate 
whether 007 induces protrusions or increases their 
growth speed and whether this is dependent on 
Lamellipodin possibly through RIAM. The observation 
that the actin cytoskeleton remodeling by Epac1 
is still induced even in the absence of Lamellipodin 
would suggest that beside the increased protrusive 
activity (Chapter 7), Epac1 also enhances the cell-cell 
junctions through a different pathway. Although we 
only investigated the role of Lamellipodin and Ena/
VASP in Epac1-dependent junctional enhancement in 
endothelial cells, it is possible that PDZ-GEF2 uses a 
similar mechanism. It will be interesting to investigate 
whether active Ena/VASP can rescue the PDZ-GEF2/
Rap1a phenotype in epithelial cells.  

KRIT1
Recently, the Rap1 binding protein KRIT1 was shown 
to be involved in Epac1/Rap-induced permeability. 
KRIT1 (CCM1) is mutated in familial cerebral 
cavernous malformation. Patients bearing this 
mutation suffer from neurovascular lesions such as 
enlarged vascular channels. Glading and colleagues 
show that KRIT1 is localized to the cell-cell contacts 
and is internalized upon thrombin stimulation. 
Knock-down of KRIT in endothelial cells, results in 
increased permeability and abrogates the effect of 
007 on thrombin-induced permeability. Furthermore, 
over expression of KRIT1 also prevented thrombin-
induced permeability and rescues Rap1GAP-induced 
permeability (Glading et al., 2007). It is suggested 
that binding of Rap1 to KRIT1 results in binding to β-
catenin and AF-6 and thereby stabilizes the junctions. 
Interestingly, our data indicate that Epac1-induced 
TER does not involve β-catenin or AF-6 (Chapters 
5 and 7). In our screen we found that ICAP1α and 
CCM2 are required for Epac1-induced TER (Chapter 
6). Both ICAP1α and CCM2 bind to KRIT1 directly 
(Zawistowski et al., 2002; Zhang et al., 2007). 
Furthermore, ICAP1α binds to the Rho-effector ROCK 
(Stroeken et al., 2006). ROCK is, amongst others, 
involved in the regulation of actomyosin contractility 
(Vicente-Manzanares et al., 2005). Recently it was 
shown that although ROCK is required for thrombin-
induced permeability, inhibition of ROCK results in 
decreased localization of VE-cadherin, indicating that 
ROCK is required for maintenance of cell-cell junctions 
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(van Nieuw Amerongen et al., 2007). Perhaps Rap1 
signaling through the KRIT1/ICAP1/CCM2 complex 
locally pulls the switch on ROCK to enhance the cell-
cell contacts. 

It might be that the various effector molecules 
discussed above comprise one signaling cascade, 
but it is more likely that Rap enhances junctions 
through multiple parallel effector pathways. It will be 
interesting to determine the combinatory effects of 
these pathways on cell-cell junctions. This will provide 
more insight into their relative importance in the 
various steps of junction regulation by Rap.
In conclusion, Rap1 activation results in enrichment of 
cadherins in the cell-cell junction through a combination 
of various signals. This variety of signals is not only 
generated by divergence through the various effector 
molecules, but also through activation of different 
GEFs at different stages of junction formation. It will 
be interesting to investigate whether a certain GEF/
Rap combination regulates the various effectors and 
what determines the specificity. 
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De wand van bloedvaten is bekleed met 
endotheelcellen. De belangrijkste functie van 
endotheelcellen is het vormen van een barrière 
om de passage van macromoleculen, bloedcellen 
en vloeistoffen te reguleren. Onder verschillende 
pathologische condities, zoals oedeem en chronische 
ontsteking, is deze regulatie verstoord. De integriteit 
van de endotheelcellen is afhankelijk van intercellulaire 
juncties. Deze juncties worden gevormd door een 
verscheidenheid aan adhesie eiwitten zoals VE-
cadherine. In dit proefschrift beschrijf ik het onderzoek 
dat we de afgelopen vier jaar hebben verricht naar de 
rol van het Rap-GTPase in regulatie van deze juncties. 
In de eerste twee hoofdstukken van dit proefschrift 
geef ik een uiteenzetting van de huidige stand van 
zaken betreffende de rol van Rap in regulatie van 
cel-cel juncties (Hoofdstuk 1) en de regulatie van de 
endotheliale barrière (Hoofdstuk 2).

In Hoofdstuk 3 beschrijf ik het onderzoek naar de Rap 
activator Epac1 in endotheelcellen. We laten zien dat 
we Epac1 kunnen activeren in endotheelcellen met de 
Epac-selectieve cAMP-analoog 8-pCPT-2OMe-cAMP 
(007). Tevens laten we zien dat activatie van Epac1 
leidt tot versterking van de cel-cel juncties gebaseerd 
op VE-cadherine evenals een verlaging van de 
permeabiliteit van de monolaag. Het is interessant om 
te zien dat hoewel verlaging van Epac1-levels geen 
zichtbaar effect heeft op de cel-cel juncties, de 007-
geinduceerde versterking van de barrière verdwenen 
is zonder Epac1. Ten slotte laten we zien dat Epac1 
het actine skelet reguleert door haar organisatie te 
veranderen van ‘stress-fibers’ naar corticaal actine, 
onafhankelijk van het adhesie eiwit VE-cadherine. 
Hieruit blijkt dat Epac1 activatie leidt to versterking 
van de endotheliale barriere en dat dit samengaat met 
veranderingen in het actine skelet.

Vervolgens hebben we een andere activator van Rap 
onderzocht. In Hoofdstuk 4 beschrijven we de rol van 
PDZ-GEF2 in de formatie van cel-cel juncties. Rap1 
wordt geactiveerd wanneer de contacten tussen cellen 
artificieel verbroken worden door het verwijderen van 
extracellulair calcium. We laten zien dat deze activatie 
van Rap1 afhankelijk is van de activator PDZ-GEF2. 
Interessant genoeg is PDZ-GEF2, in tegenstelling tot 
Epac1, ook nodig voor het formeren van complete 
cel-cel juncties. In cellen waarin PDZ-GEF2-levels 
gereduceerd zijn zien we dat de juncties niet met de 
membranen strak tegen elkaar zitten, maar dat er 

gaten zitten tussen de cellen en dat er membraan 
uitstulpingen achterblijven. Het lijkt erop dat de cellen 
als het ware blijven steken halverwege het proces 
van junctie formatie. Ook hebben deze cellen minder 
E-cadherine op het membraan. Interessant is het 
dat wanneer we Rap1 opnieuw activeren in deze 
cellen door middel van een actieve vorm van Rap1 
of door overexpressie van Epac1 we dit fenotype 
kunnen herstellen en cellen weer normale cel-cel 
juncties hebben. Verder blijkt dat verlaging van de 
expressie-levels van Rap1a en Rap1b door middel 
van siRNA technieken, verschillende effecten heeft 
op de formatie van cel-cel juncties. Verwijdering 
van Rap1a leidt tot vergelijkbare structuren als bij 
PDZ-GEF2 depletie, maar heeft geen effect op de 
expressie van E-cadherine. Daarentegen resulteert 
Rap1b siRNA in normale cel-cel juncties, ondanks 
dat de hoeveelheden E-cadherine op het plasma 
membraan verlaagd zijn. Samengevat laten we zien 
dat de PDZ-GEF2/Rap1 signaleringsroute essentieel 
is een goede vorming van cel-cel juncties. PDZ-GEF2 
reguleert via Rap1a de maturatie van de cel-cel 
juncties en daarnaast de hoeveelheid E-cadherine op 
het membraan via Rap1b.

In het vervolg van ons onderzoek hebben wij ons 
gericht op de onderliggende mechanismes van de 
regulatie van cel-cel juncties door Rap1. Allereerst 
hebben we de Rap1-effector AF-6 onderzocht 
(Hoofdstuk 5). In het verleden is aangetoond dat AF-6 
direct aan Rap1 kan binden en dat AF-6 gelokaliseerd 
is in de cel-cel juncties. Gezamenlijk maakt dit dat 
AF-6 een goede kandidaat om betrokken te zijn bij 
de Rap-gemedieerde formatie van cel-cel juncties. 
Daarom hebben we knock-down gedaan van AF-6 in 
endotheel cellen en de juncties bestudeerd. Tegen de 
verwachting in had de depletie van AF-6 geen effect op 
de lokalisatie van verscheidene junctie eiwitten. Wel 
zagen we een duidelijk effect op de organisatie van 
het actine skelet waarbij de stress fibers verminderd 
waren en er corticaal actine ontstaan was. Tevens 
laten we zien dat AF-6 siRNA leidt tot verminderde 
stress fibers in losse cellen wat suggereert dat het 
actine fenotype niet afhankelijk is van de cel-cel 
juncties. Het is daarom des te verrassender dat cellen 
zonder AF-6 wel een verminderde trans-endotheliale 
elektrische weerstand (TER) hebben. Echter, depletie 
van AF-6 heeft geen effect op Epac1-geinduceerde 
verhoging van TER. Dit laat dus zien dat AF-6 niet 
nodig is voor de regulatie van cel-cel juncties door 
Epac1.
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Om de eiwitten die betrokken zijn bij Epac1/Rap1 
geïnduceerde regulatie van juncties te identificeren, 
hebben we een set van siRNAs getest die gericht zijn 
tegen eiwitten die mogelijk betrokken zijn bij Rap1-
signalering. De resultaten van deze exercitie staan 
beschreven in Hoofdstuk 6. Uiteindelijk identificeren 
we 11 eiwitten die mogelijk een rol spelen bij de 
regulatie van TER door Epac1. We kunnen deze 
eiwitten grofweg in drie groepen delen. Allereerst 
vinden we CCM2 en ICAP1, welke beide aan KRIT 
of CCM1 kunnen binden. Deze eiwitten zijn vaak 
gemuteerd in het DNA van patiënten die lijden aan 
cerebrale caverneuze malformaties (CCM), een ziekte 
die zich manifesteert door bloedingen in de hersenen. 
Ook hebben we eiwitten gevonden, zoals Rac1 en 
Vav1, die al beschreven zijn in Rap1-signalering 
en betrokken zijn bij vele algemene celbiologische 
processen. Tot slot vinden we dat Lamellipodin 
en PDZK10 siRNA het effect van Epac1 op TER 
reduceren. Hoewel er over PDZK10 weinig bekend is, 
lijken beide eiwitten betrokken te zijn bij de regulatie 
van het actine skelet. 

In Hoofdstuk 7 beschrijven we de rol van Lamellipodin 
en het actine skelet in Epac1-geinduceerde TER. 
Allereerst laten we zien dat het actine skelet nodig is 
voor het effect van Epac1 op TER. Lamellipodin bind 
aan de actine regulator VASP en we laten zien dat 
deze interactie niet verandert na Rap1 activatie. Ook 
laten we zien dat Lamellipodin een complex vormt 
met de Rap1 effector Riam. Ten slotte vinden we dat 
VASP in de cel-cel contacten lokaliseert na activatie 
van Epac1. We laten zien dat dit niet gepaard gaat met 
de fosforylering van VASP en dat het onafhankelijk is 
van VE-cadherine. Tevens zien we dat VE-cadherine 
niet nodig is voor de effecten van Epac1 op de TER. 
Hieruit concluderen we dat Epac1 de endotheliale 
elektrische weerstand afhankelijk is van het actine 
cytoskelet en Lamellipodin. Waarschijnlijk leidt de 
activatie van Epac1 en Rap1 tot een activatie of 
lokalisatie van Lamellipodin, mogelijk via RIAM. Dit 
leidt vervolgens locaal tot veranderingen in het actine 
cytoskelet. 

De resultaten in dit proefschrift ondersteunen eerder 
observaties dat de Rap-GTPases een belangrijke 
rol spelen in de regulatie van cel-cel juncties. We 
laten zien dat verschillende activatoren van Rap op 
verschillende manieren bijdragen aan de vorming 
van een complete junctie. Tevens laten we zien 
dat verschillende effector complexen deze activiteit 

omzetten in sterkere juncties. Vooral het onderzoek 
naar de rol van Rap in endotheelcel juncties kan 
bijdrage aan de reductie van lekkage, tijdens 
bijvoorbeeld ontstekingen wanneer de barrière functie 
van de endotheelcellen verminderd is.
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Fig. 1. Overview of the Rap1 signalling 
network
Adapted from (Bos, 2005). DAG, Diacylglycerol; 
E/N, Ena/Vasp; GPCR, G-protein coupled 
receptor; PIP3, Phosphoinositol-tri-phosphate; 
PLC, phospholipase C; RTK, Receptor 
Tyrosine Kinase.
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Fig. 2. Schematic overview of adherens and tight junctions.
AJ, adherens junctions; TJ, tight junctions; JAMs, ZO, Zona occludens; 
junctional adhesion molecules; AF-6, Afadin/AF-6; p120, p120catenin; 
β, β-catenin; α, α-catenin. 

Fig. 3. Activation of Rap1 in endothelial cells induces cell-cell 
junction maturation. Anti-VE-cadherin and F-actin staining of HUVE 
cells treated for 30 minutes with vehicle or the Epac-specifi c cAMP 
analog 007. Stimulation with 007 clearly increased cell-cell junction 
maturation as the adherens junctions form a smoother line between 
the cells. Endothelial cell permeability is reduced as a biological 
consequence of the junction tightening (bar = 10μm).
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Fig. 4. Model for the involvement of Rap1 in cell-cell 
junction formation. 
At initial cell-cell contacts, C3G bound to E-cadherin is 
activated, resulting in Rap1 activation. Upon maturation, 
C3G is displaced by β-catenin, which interacts with PDZ-
GEF to further activate Rap1. Also, extracellular stimuli, 
including stimuli that stimulate production of cAMP which 
activates Epac, induce Rap1 activation.
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Fig. 2. Epac1 activation induces junction formation 
and actin remodeling and reduces permeability. 
(A) HUVE cells were treated with or without 007 for 30 
minutes and stained for VE-cadherin and phalloidin. 
Bar = 50 μm. (B) Cells wer treated as indicated for 30 
minutes and stained for cortactin. Bar = 50 μm.

Chapter 4

Fig. 5. The PDZ-GEF2/Rap1B pathway regulates E-cadherin levels. B and D. E-cadherin cell surface staining was determined by flow cytometry 
analysis of Alexa Fluor 488 anti-human CD324-stained A549 cells treated with control, PDZ-GEF2 (PG2 #1, PG2 #2), Rap1A (Rap1A #1, Rap1A #2), 
Rap1B (Rap1B #1, Rap1B #2) or E-cadherin siRNA. Cells were grown for 24 hours following siRNA transfection and replated 24 hours before flow 
cytometry analysis. Alexa Fluor 488 Mouse IgG1, κ isotype control was used as a control. A representative result from at least three independent 
experiments is shown in each panel. 
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Fig. 1. AF6 regulates endothelial integrity.
(C) Transfected cells were stained for VE-
cadherin and F-actin. The merge is shown in 
the lower panel. Arrows indicate cortical actin; 
Bar = 25 μm.

Fig. 2. Organization of the 
actin cytoskeleton requires 
AF6. HUVEC were seeded 
sparsely for 16 hours, fixed and 
stained for paxillin and F-actin. 
Bar = 10 μm.
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Fig. 4. Activation of Rap1 increases endothelial integrity 
independent of AF6. 
(A) Transendothelial resistance of HUVEC monolayers on 
fibronectin coated gold electrodes was measured. Cells were 
stimulated with vehicle (open) of 100 μM 8pCPT-2’OMe-cAMP 
(closed) at the timepoint indicated by the arrow; ■- siControl; 
▲- siEpac1; ●- siAF6#1; Bar-graph (lower panel) represents 
the average of three independent experiments at 1,5 hours after 
treatment. *p<0.05, **p< 0.01.
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Figure 3
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Figure 3 (cont.)

Fig. 3. VASP translocates to cell-cell contacts upon Epac1 activation. (A) HUVECs transfected with siRNA were immunostained as indicated 
after 30’ treatment with 007 or Forskolin. Intensity profiles along dashed line between points A and B are shown. Arrows indicate cell-cell contacts. (B) 
HUVECs were stimulated for 5’ as indicated and Rap1GTP was determined by the pull-down assay. Lysated were also probed for VASP to determine 
a phosphorylation-dependent shift. (C) HUVEC transfected with siRNA were treated with or without 007 for 30 minutes. Cells were stained with 
phalloidin to show F-actin. (D) HUVECs transfected with siRNA were stimulated with 007 or left untreated. Cells were immunostained as indicated. 
Bar= 10 μM.
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110

The role of Rap1 in cell-cell junction formation

Fig. 2 Rap-effectors in junction formation.

Fig. 1. Activation of Rap1 during junction formation.
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