
New Insights in Rap-mediated Control 
of Cell Adhesion

Willem-Jan Pannekoek

thesis.indd   1thesis.indd   1 7/20/2012   1:50:32 PM7/20/2012   1:50:32 PM



ISBN: 978-90-9026946-7

© Pannekoek, 2012

No part of this thesis may be reproduced in any form without prior writt en 
permission of the author

Printed by Boereboom Grafi sche Bedrijven B.V.

Cover picture: hairpin bends forming the zipper-like juncti on between Hasli-
tal and Goms, Grimselpass (Switzerland). 

Cover design: Dorinda Maas (LeesTeken)

The printi ng of this thesis was fi nancially supported by J.E. Jurriaanse sti cht-
ing, UMC Utrecht and Universiteit Utrecht

thesis.indd   2thesis.indd   2 7/20/2012   1:50:33 PM7/20/2012   1:50:33 PM



New Insights in Rap-mediated Control 
of Cell Adhesion

Nieuwe Inzichten in Rap-gemedieerde Controle

van Cel Adhesie

(met een samenvatti  ng in het Nederlands)

Proefschrift 

ter verkrijging van de graad van doctor aan de Universiteit 
Utrecht op gezag van de rector magnifi cus, prof. dr. G.J. van der 
Zwaan, ingevolge het besluit van het college voor promoti es in 
het openbaar te verdedigen op donderdag 6 september 2012 
des ochtends te 10.30 uur

door

Willem-Jan Pannekoek

geboren op 25 april 1982 te Middelburg

thesis.indd   3thesis.indd   3 7/20/2012   1:50:33 PM7/20/2012   1:50:33 PM



Promotor: prof. dr. J.L. Bos

thesis.indd   4thesis.indd   4 7/20/2012   1:50:33 PM7/20/2012   1:50:33 PM



I have no special talents, I am only passionately curious.

Albert Einstein (1879-1955)

Voor pa, ma, Mark en Else

thesis.indd   5thesis.indd   5 7/20/2012   1:50:33 PM7/20/2012   1:50:33 PM



thesis.indd   6thesis.indd   6 7/20/2012   1:50:33 PM7/20/2012   1:50:33 PM



Table of contents

Chapter 1 
General Introducti on

Chapter 2 
MIG-10/RIAM and Rap1 functi on in disti nct signaling path-
ways in C. elegans touch neuron development and mamma-
lian T-cell adhesion

Chapter 3 
Cell-cell juncti on formati on: the role of Rap1 and Rap1 gua-
nine nucleoti de exchange factors

Chapter 4 
Epac1 and PDZ-GEF cooperate in Rap1-mediated endothelial 
juncti on control

Chapter 5 
Rap1 and Rap2 antagonisti cally control endothelial cell-cell 
adhesion

Chapter 6 
C3G regulates E-cadherin via a Rap1-independent mecha-
nism 

Chapter 7 
Summarizing Discussion

Nederlandse samenvatti  ng

Curriculum Vitae

List of publicati ons

Dankwoord

9

51

67

83

101

119

133

147

149

150

151

thesis.indd   7thesis.indd   7 7/20/2012   1:50:33 PM7/20/2012   1:50:33 PM



thesis.indd   8thesis.indd   8 7/20/2012   1:50:33 PM7/20/2012   1:50:33 PM



chapter 

1
General Introducti on
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1 Since their discovery in 1988, the Rap small G-proteins have evolved from being putati ve 
antagonizers of oncogenic Ras signaling to important molecular switches in morphological 
processes such as cell-matrix adhesion, cell-cell adhesion, polarity and spreading. As the 
analysis of Rap regulati on and functi on has been performed in multi ple disti nct physiologi-
cal and experimental systems, the overall picture of molecular mechanisms is sti ll blurred.  
Here, we review Rap1 signaling in the various model systems and integrate this knowledge 
in an overall picture, which shows that the molecular mechanisms of Rap1-mediates cellular 
processes is highly context dependent.

thesis.indd   10thesis.indd   10 7/20/2012   1:50:33 PM7/20/2012   1:50:33 PM



chapter 1: general introducti on

11

1
Small G-proteins of the Ras family are guanine nucleoti de binding proteins that are typically 
designated to functi on as ‘molecular switches’ in cells, as they rapidly switch signaling on/
off  depending on the nucleoti de bound. GTP-bound G-protein is considered the acti ve form, 
as GTP-binding enables a conformati on that allows eff ector binding, whereas GDP-binding 
switches off  signaling. Nucleoti de binding is primarily regulated by guanine nucleoti de ex-
change factors (GEFs), which enhance GTP loading, and GTPase acti vati ng proteins (GAPs) 
that catalyze GTP hydrolysis (1). The classical Ras-family members H-, K- and N-Ras functi on 
in proliferati on, diff erenti ati on and apoptosis and are famous for their oncogenic potenti al 
(2). A search for Ras-related genes in a human cDNA library lead to the identi fi cati on of 
Rap1 and Rap2 G-proteins, which are ~50% identi cal to Ras (3). Rap1 is regulated by nu-
cleoti de binding through its own subset of GEFs and GAPs (4), although regulati on of Rap1 
mRNA levels (5, 6), protein levels (7, 8), localizati on (9, 10) and phosphorylati on (11-15) 
have also been suggested. Soon aft er its identi fi cati on, Rap1 was found to counteract Ras-
induced morphological transformati on (16) and by now it is appreciated that acti vati on of 
endogenous Rap1 restores epithelial morphology of Ras-transformed MDCK cells (17) and 
prevents HGF- and TGFβ-induced cell scatt ering (18). This raises the interesti ng possibility 
that Rap1 counteracts epithelial-mesenchymal transiti on (EMT). Hypoxia is a potent inducer 
of EMT to drive metastasis (19). Indeed, Rap1 acti vati on protects monolayer integrity during 
hypoxia (20).

Rap1 in tumorigenesis and metastasis

The observati on that Rap1 has an EMT antagonizing eff ect suggests that it could be an 
important protein in preventi ng tumorigenesis and metastasis and this has, indeed, been 
shown in vivo. Hep3B cells lose their tumorigenicity in nude mice when transfected with 
Rap1 cDNA (21). In line with this, overexpression of CXCL14, a chemokine which is fre-
quently downregulated in cancerous ti ssues, induces Rap1 acti vati on, elongated focal ad-
hesions and decreases tumorigenicity in xenograft ed carcinoma cells. Here, sequestrati on 
of acti ve Rap1 prevents CXCL14-induced focal adhesion elongati on, although its eff ect on 
tumorigenicity was not tested (22). Mutati ons in Rap1 proteins have never been identi fi ed 
in cancer, although genome-wide sequencing of human cancers revealed alterati ons in copy 
numbers (both up and down) (23). These analyses also identi fi ed copy number changes 
and mutati ons in RapGEFs (23), suggesti ng aberrant Rap1 signaling might occur as a result 
of mutati ons in regulatory proteins. DOCK4, a putati ve acti vator of Rap1, is found mutated 
in tumors. The mutant protein is defecti ve in Rap1 acti vati on and restorati on of wild-type 
DOCK4 in these tumor cells rescues Rap1 acti vati on and inhibits invasion (24). Aberrant Rap1 
inacti vati on can also contribute to tumorigenesis. Increased expression of RapGAP results 
in increased invasive growth and poor prognosis of low-grade head and neck squamous cell 
carcinomas (25). Rap1GAP1 was shown to be overexpressed in several cancers (26) and the 
expression of another GAP for Rap1, Spa1, was found to correlate with metastati c potenti al 
of human prostate cancer (27). Although Spa1 overexpression can inhibit proliferati on (28), 
primary tumor size was not aff ected in this study. Despite these in vivo data which show a 
protecti ve functi on of Rap1 in tumorigenesis and support the EMT antagonizing functi on of 
Rap1 observed in vitro, a multi tude of data suggest that Rap1 might drive carcinogenesis. 
The introducti on of Rap1B in Swiss-3T3 cells results in increased proliferati on and tumour 
formati on in nude mice (29). Expression of dominant negati ve Rap1 in breast epithelial tu-
mor cells decreases tumor incidence and reverses malignancy, whereas dominant acti ve 
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Rap1 increases invasiveness (30). Acti vati on of Rap1 by EGF/Src/Cas enhances pulmonary 
metastasis of pancreati c carcinoma cells without aff ecti ng growth of the primary tumor 
(31). Furthermore, Rap1 is required for tumor growth and metastasis of human melanoma 
cells (32) and extravasati on of B lymphoma cells (33) in mouse xenograft  models. FHIT, a 
tumor suppressor which reduces invasiveness, downregulates Rap1 expression (34) and 
Rap1 protein was, indeed, found to be reduced in non-metastati c as compared to metastati c 
cell lines (35). Additi onally, aberrant Rap1 acti vati on can be caused by defecti ve regulati on. 
Overexpression of human CrkL, which associates with the RapGEF C3G, in mice increases tu-
mor incidence and isolated metastases of these mice show high Rap1-GTP. When combined 
with BCR/Abl, CrkL overexpression decreases survival (36). Another RapGEF, CalDAG-GEF1, 
is acti vated by proviral integrati on in leukaemia-prone mice. Indeed, the resulti ng leukaemia 
cells show consti tuti ve acti vati on of Rap1 (37). Prostate cancer cell lines have decreased 
RapGAP expression and increased Rap1 acti vity, resulti ng in increased metastati c rate and 
incidence when implanted in mice (38). Melanoma cell lines and tumors show decreased 
expression of Rap1GAP caused by hypermethylati on of the Rap1GAP promotor. Treatment 
with a demethylati ng agent rescues Rap1GAP levels, thereby reducing Rap1 acti vity and 
tumor cell proliferati on (39). Yet another RapGAP, E6TP1 is targeted for degradati on by hu-
man papillomavirus (HPV) E6 oncoprotein. This results in the consti tuti ve acti vati on of Rap1, 
which correlates with the transformati on of epithelial cells by HPV in vitro (40, 41). Finally, 
a number of diff erent late onset leukaemias were observed in mice defi cient for Spa1 (42). 
A polymorphism in the Spa1 gene that decreases its GAP acti vity has been suggested to 
increase the metastati c effi  ciency of cancer (43). Together, these data establish that Rap1 is 
misregulated in a multi tude of tumor models, in which both positi ve and negati ve eff ects on 
tumorigenesis have been reported.

We can only speculate on why these opposite eff ects have been observed on tumorigen-
esis and metastasis. As will become evident later, Rap1 is now known as a master regula-
tor of cell-matrix adhesion, cell-cell adhesion, cell migrati on and polarity, processes which 
are likely to have both positi ve and negati ve eff ects on tumor growth and metastasis. In 
line with this, it has been suggested that Rap1 acti vity does not only counteract, but is 
also required for EMT (44, 45). Indeed, in a direct comparison both V12Rap1 and RapGAP 
overexpressing melanoma cells showed decreased lung metastasis when injected into mice 
(46). Furthermore, Rap1 might control proliferati on via its eff ect on cell adhesion. Indeed, 
Rap1 acti vity is dynamically regulated to allow cell rounding at the onset of mitosis and re-
spreading at when cells exit mitosis (47). The diff erenti al eff ects of Rap1 on tumorigenesis 
and invasiveness could also be explained by false positi ve results of mutant overexpression 
to aphysiological levels or by diff erenti al requirement of Rap1 functi on in diff erent cell types 
or diff erent stages of tumor progression. Also, it is unclear when alterati ons in Rap1 sign-
aling are causati ve and which occur as bystander eff ects. For instance, overexpression of 
Crk induces EMT-like morphological changes, paralleled by enhanced acti vati on of Rac1 and 
Rap1. Dominant negati ve Rac1, but not Rap1, prevents the EMT (48), suggesti ng that Rap1 
acti vati on occurs as a bystander eff ect in order to rescue the EMT.

Rap1 functi on

The original observati on that Rap1 counteracts Ras-induced transformati on (16) lead to 
the hypothesis that Rap1 functi ons to antagonize or fi ne-tune Ras signaling. Rap1 contains 
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an eff ector binding region that is highly similar to that of Ras and, indeed, purifi ed Rap1 
and Ras show overlap in their sets of interacti ng eff ectors (49). Hence, Rap1 was originally 
thought to functi on by sequestering Ras eff ectors. In line with this, acti vati on of Rap1 and 
Ras does not occur at the same locati ons in the cell (50) and these proteins could therefore 
well compete for cytosolic eff ectors. However, acti vati on of endogenous Rap1 using growth 
factors fails to interfere with Ras/ERK signaling (51) and mice that transgenically express 
V12Rap1 in T-cells are not impaired in Ras signaling (52). This suggests that Rap1 does not 
directly interfere with Ras signaling, but rather counteracts transformati on in an indirect 
manner. As will be discussed extensively below, it is now widely accepted that Rap1 func-
ti ons to enhance processes like cell-matrix adhesion (53), cell-cell adhesion (54) and cell 
polarity (55), processes of which the acti vati on is likely to prevent transformati on. Consist-
ently, the acti viti es of Rap1 and ERK have been suggested to inversely correlate depending 
on adhesive state of cells. Suspended cells have low ERK acti vity and high Rap1 acti vity, 
whereas adherent cells display high ERK and low Rap1 (56). Ras-independent functi oning of 
Rap1 implies that Rap1 uses its own unique set of eff ectors. Indeed, unlike Ras, Rap1 does 
not acti vate ERK (57) or Ral (51) and Rap1-induced adhesion is insensiti ve to ERK inhibiti on 
(58). Much research has focused on elucidati ng Rap1 signaling in various physiological and 
experimental setti  ngs. In reviews, this knowledge is generally grouped together for clarity. 
Here, we att empt to review Rap1 literature in the light of these diff erent systems. This iden-
ti fi es striking similariti es, but also explains obvious discrepancies.

Cell-cell adhesion

We have recently reviewed Rap1 research in the control of cell-cell adhesion, where we 
have appreciated the diff erenti al eff ects that RapGEFs have on juncti on formati on, mainte-
nance and ti ghtening (54). Importantly, diff erent GEFs can functi on to acti vate Rap1 in one 
system. Endothelial barrier is under control of Rap1 under basal conditi ons by PDZ-GEFs, 
whereas additi onal ti ghtening can be induced by cAMP via the cAMP-responsive GEF Epac1 
(59). Indeed, PDZ-GEF-/- mice die between E11.5-E12.5 due to defecti ve yolk sac vasculo-
genesis (60), which was att ributed to defecti ve cell-cell juncti on maintenance (61). The ac-
ti vator of PDZ-GEFs is sti ll unknown, but the reducing eff ect of its depleti on on basal barrier 
functi on suggests it is consti tuti vely present. An interesti ng candidate would be adhesive 
strength. For instance, disassembling juncti ons acti vates Rap1 (62) in a manner dependent 
on PDZ-GEF1, possibly to maintain cell-cell juncti ons (63). In DU124 cells, depleti on of p120-
catenin causes loss of cell-cell juncti ons and increases Rap1 acti vity, which is mimicked by 
siP-cadherin, but not siE-cadherin (64). In line with this, effi  cient reducti on in barrier func-
ti on requires depleti on of both VE-cadherin and P-cadherin (59). Hence, P-cadherin could 
deliver the intrinsic acti vati ng signal towards PDZ-GEF. Another possibility is Cortacti n, as 
Cortacti n-/- mice have hyperpermeable vessels because of reduced Rap1 acti vity (65). It 
seems that juncti onal Rap1 is more prone to regulati on by GEFs than GAPs. Overexpres-
sion of RapGAP has been suggested to delay juncti on formati on (66), but, in another study, 
overexpression of RapGAP had litt le eff ect on cell juncti ons (67). One study has investi gated 
endogenous RapGAP. Here, depleti on of RapGAP actually prevented cell-cell juncti on forma-
ti on (68). Clearly, the role of RapGAPs needs further research. Alternati ve Rap1 regulati on 
exists in the control of Rap1 stability. Disrupti on of cell-cell juncti ons induces lysosome tar-
geti ng and consequent degradati on of Rap1. Decreasing the amount of acti ve Rap1 in this 
manner is suggested to prevent reformati on of cell-cell juncti ons and thereby prevent self-
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renewal of stem cells (8). Hence, a dynamic interplay exists between Rap1 and E-cadherin.

The Rap1 proteins contribute to cell-cell adhesion via various mechanisms. In epithelial 
cells, Rap1B controls plasma membrane levels of E-cadherin, whereas Rap1A is proposed to 
control juncti ons by modulati ng the acti n cytoskeleton (69). In endothelial cells, the latt er 
seems dominant, as barrier regulati on occurs mainly by Rap1A (59, 70), although fracti ona-
ti on studies have shown that Rap1 can control the plasma membrane levels of VE-cadherin 
(71). Here, Rap1 could functi on by enhancing the physical interacti on of Adherens Junc-
ti on components with Tight Juncti on components, as happens when Rap1 is acti vated by 
oxidized phospholipids (72). This is supported by the observati on that the Rap1 eff ector 
AF6, which is known to stabilize E-cadherin at the plasma membrane via p120-catenin (73), 
mediates this eff ect (74). Additi onal regulati on of cell-cell juncti ons by Rap1 is mediated by 
the acti n cytoskeleton, which stabilizes the lateral mobility of VE-cadherin in the plasma 
membrane in (75). Indeed, Rap1 acti vati on results in the establishment of a perijuncti onal 
acti n ring (76, 77), putati vely by localizing MyosinIIB to the Adherens Juncti on (78). KRIT has 
been suggested to be the Rap1 eff ector in regulati ng endothelial barrier (79). KRIT coprecipi-
tates with the Adherens Juncti on protein β-catenin in a Rap1-dependent manner (79) and 
functi ons to inhibit Rho acti vity (80-82). Rap1 regulates KRIT by inducing its translocati on 
from microtubules towards cell-cell juncti ons (83). A KRIT mutant defi cient in Rap1 binding 
causes increased endothelial permeability and aberrant cardiovascular development (84).  
Interesti ngly, Epac1 binds microtubules and induces microtubule outgrowth to regulate cell-
cell adhesion (85). This microtubule-dependent eff ect of Epac1 on barrier functi on was later 
suggested to be mediated by cell-matrix adhesion (86), although it has to be noted that 
Epac1 does ti ghten endothelial barrier in the absence of cell-matrix adhesion (87). We will 
return to the issue of interconnecti vity of Rap1 functi ons aft er discussing the other Rap1 
eff ects.

Cell-matrix adhesion

Integrin regulati on by Rap1
Adhesion of cells to extracellular matrix (ECM) is mainly established by transmembrane gly-
coprotein dimers called integrins. Integrins are regulated by ‘inside-out’ signaling and the 
evidence that Rap1 is an important mediator of this signaling is ample. It is worth menti on-
ing that, apart from integrins, proteoglycans can mediate cell adhesion to ECM, with hya-
luronan being its prototype member. Hyaluronan is a major component of ECM and is also 
found in the pericellular matrix that all cells carry (88). Hyaluronan mediated adhesion is the 
fi rst step of ECM recogniti on and precedes integrin mediated cell att achment (89). Although 
no reports have claimed a role for Rap1 in hyaluronan mediated adhesion, acti vati on of the 
hyaluronan receptor CD44 enhances Rap1 acti vati on (90), suggesti ng Rap1 functi ons as a 
switch between initi al ECM recogniti on and strong integrin-mediated adhesion.

Integrins are the main ECM receptors. They are dimers consisti ng of an α and a β chain that 
span the membrane to bind specifi c ECM proteins depending on the parti cular combinati on 
of α and β subunit. The human genome expresses 18 α and 8 β integrins which can form 24 
specifi c combinati ons (91), thereby providing specifi city in adhesion locati on and strength, 
but also specifi city in cellular responses to diff erent environments via ‘outside-in’ signal-
ing. Rap1 was fi rst implicated in cell-matrix adhesion when the RapGAP Spa1 was shown 
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to inhibit spontaneous adhesion of HeLa cells and CSF-induced adhesion of 32D cells to 
Fibronecti n (92). Overexpression of Rap1 itself induces T-cell adhesion to ICAM-1, whereas 
the dominant negati ve Rap1 mutant N17Rap1 inhibits both TCR- and PMA-induced T-cell 
adhesion (93-95). Also specifi c acti vati on of endogenous Rap1 sti mulates cell att achment 
to Fibronecti n (96, 97). Indeed, Rap1 acti vati on has been shown to be required for various 
physiological sti muli to induce cell adhesion including CSF, EGF, VEGF, CTLA-4, SDF-1, LPS, 
TNFα, PAF, TCR engagement and β-adrenergic receptor sti mulati on (31, 92, 93, 96, 98-101). 
Cell-matrix adhesion is mainly studied using the ECM components Fibronecti n or ICAM-1, 
which bind a wide variety of integrin dimers (102). Concomitantly, Rap1 has been implicated 
in the acti vati on of αIIBβ3, α2β1, α3β1, α4β1 (VLA-4), αMβ2, αLβ2 (LFA-1), αvβ3 and αvb5 
(31, 93, 95, 98, 103-106). Some reports have claimed specifi c integrins to be acti vated by 
Rap1, most likely because of experimental setti  ng or integrin expression. The only integrin 
that was shown not to be regulated by Rap1 in a direct comparison and to which no other 
counteracti ng data exist is integrin α6β4 (105). Interesti ngly, this integrin is, in contrast to 
the others, linked to intermediate fi laments rather than the acti n cytoskeleton (107), sug-
gesti ng that Rap1 regulates integrin acti vati on by modulati ng acti n. It has to be noted these 
results have been obtained using cell lines and Rap1 signaling might be even more unam-
biguous in a physiological setti  ng. Freshly isolated primary T-cells require Rap1 and its GEF 
CalDAG-GEF1 for LFA-1-mediated, but not VLA-4-mediated, adhesion upon SDF-1 sti mula-
ti on (108). Also in acute myeloid leukemia cell lines Rap1 fails to induce adhesion to VCAM-
1, which is VLA-4 dependent (109).

Much research has focused on how Rap1 controls integrin adhesion strength. Regulati on of 
integrins occurs at four levels: (I) integrin expression, (II) traffi  cking of integrins to and from 
the plasma membrane, (III) changes in integrin conformati on that alter the affi  nity for ECM 
proteins and (IV) clustering of multi ple high-affi  nity integrins together (110-112). Rap1 has 
been implicated in all four modes of integrin regulati on. Decreased Rap1 acti vity was shown 
to correlate with decreased expression levels of β1 (113) and acti vati on of Rap1 using the 
syntheti c Epac-selecti ve cAMP analogue 007 increases the expression of α1, αv and β1 in-
tegrins (114). Once expressed, integrins conti nuously cycle from endosomes to the plasma 
membrane and back. Similarly, Rap1 is located at both Rab11-positi ve endosomes and the 
plasma membrane (62). Acti vati on of Rap1 occurs on the endosomes (50, 115), but its func-
ti ons are mostly exerted at the plasma membrane, suggesti ng Rap1 translocates here upon 
acti vati on. Indeed, acti ve Rap1 is predominantly observed at the plasma membrane, but not 
when endosome recycling is inhibited (10). Acti vati on of endosomal Rap1 coincides with 
enlarged focal adhesions (62) and 007 treatment increases plasma membrane levels of β2 
(116), implicati ng Rap1 in integrin traffi  cking. Upon arrival at the plasma membrane, inte-
grins require both conformati onal changes and clustering for high effi  ciency binding to the 
ECM. High affi  nity conformati ons of integrins are readily measured using specifi c anti bodies. 
In this way, an acti ve Rap1 mutant was shown to induce the high affi  nity conformati ons of 
LFA-1 and αIIBβ3 (93, 117), whereas endogenous Rap1 is required for CD31-induced affi  n-
ity changes in LFA-1 (95). It has been suggested that phosphorylati on of αL is required for 
Rap1-induced LFA-1 conformati onal changes, whereas phosphorylati on of β2 is required 
for cytoskeletal rearrangements that potenti ally underlie integrin clustering (118).  Consist-
ently, V12Rap1-induced adhesion on the LFA-1 ligand ICAM-1 is prevented by cytoplasmic 
truncati on of αL, but not β2 (119). Despite these data, quite some evidence suggests Rap1 
does not directly induce the high affi  nity conformati on of integrins. As already menti oned, 
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Rap1 regulates integrins that are linked to the acti n cytoskeleton (105). Indeed, inducti on of 
the high affi  nity conformati on of β1 by Rap1 is sensiti ve to the acti n inhibitor Cytochalasin 
D (120). Even more so, Rap1 can induce β1-mediated cell adhesion in an acti n depend-
ent manner without changing β1 conformati on (121) and T-cells of which the integrins are 
forced in the high affi  nity conformati on using anti bodies adhere in a manner that is sti ll 
dependent on Rap1 acti vity (58), suggesti ng the involvement of Rap1 in an affi  nity-inde-
pendent but acti n-dependent mode of integrin regulati on. Clustering of integrins is acti n 
dependent (122). Indeed, TCR-induced Rap1 acti vati on is accompanied by polarized clusters 
of LFA-1 and the Rap1 eff ector RAPL (123) and clusters of β1 upon CD3 treatment colocal-
ize with a probe that specifi cally binds acti ve Rap1 (124). In vivo data also point to Rap1 
regulati ng integrin clustering rather than affi  nity directly. The chemokine CXCL12 induces 
arrest of B-cells in the lymph nodes in manner that is equally dependent on Rap1 and LFA-1. 
However, CXCL12-induced conformati onal changes in LFA-1 do not depend on Rap1 (125). 
Similarly, T-cells of mice expressing V12Rap1 are strongly adherent to Fibronecti n and ICAM-
1, while plasma membrane levels of high affi  nity integrins are similar to control T-cells. Here, 
V12Rap1 T-cells appear to have clustered LFA-1 staining (52). Finally, defecti ve Rap1 acti va-
ti on causes impaired adhesion of lymphocytes under shear fl ow in a disease named LAD-III 
(126), a conditi on which is associated with severe defects in lymphocyte adhesion, despite 
the fact that their LFA-1 integrins show normal ligand binding (127). Clearly, most evidence 
seems to support that Rap1 alters cell adhesion by integrin clustering rather than affi  nity 
regulati on, although some cauti on has to be taken here. It is very hard to imagine physi-
ological conditi ons in which changes in one specifi c mode of integrin regulati on are not 
refl ected in the others and several feedbacks may exist to ensure this. For instance, Rap1 
clearly aff ects the adhesion status of cells, to which they respond using various signaling 
pathways that can even impinge on gene expression (128). Furthermore, changes in β1 ex-
pression levels by Rap1 may not be direct but caused by altered integrin traffi  cking (129). 
Integrin clustering and affi  nity changes are also likely to go hand-in-hand. In line with this, 
Rap1 has been suggested to change both clustering and affi  nity simultaneously (130). And, 
even if physiologically possible, it might be hard to discriminate modes of integrin regulati on 
experimentally. For instance, the PAC-1 anti body has been relied on for years to detect af-
fi nity changes in αIIBβ3, but this anti body was recently suggested to be clustering sensiti ve 
(131). Hence, Rap1 might not change αIIBβ3 affi  nity aft er all. Diff erences between various 
integrins may exist as well. Rap1 acti vati on was shown to increase the lateral mobility of β1 
and β2 in the plasma membrane as a measure for clustering ability, but only for β1 this coin-
cided with increased affi  nity (132). Lastly, indirect modes of adhesion regulati on that are not 
refl ected in the four modes of integrin regulati on could contribute. c-Cbl induces depositi on 
of Fibronecti n in the ECM, which coincides with increased acti vati on of Rap1, although the 
contributi on of Rap1 to matrix depositi on remains to be tested (133).

Cell matrix is adhesion is readily studied in hematological cells. In principle, these are cir-
culati ng cells, but both their development and functi on require them to have the ability to 
adhere rapidly to ECM or other cells. This capacity to switch between adherent and non-
adherent renders them very suitable tools for studying cell adhesion. Indeed, hematologi-
cal cells have been a predominant system to investi gate Rap1 signaling, with platelets and 
lymphocytes being most widely used. Major similariti es in adhesion signaling exist between 
these two, but several important physiological diff erences have to be appreciated, as will 
become evident shortly.
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Rap1 in platelet adhesion
Platelets are small cell fragments that are shed off  of megakaryocytes in the bone marrow 
by fl owing blood. They have a multi tude of functi ons, the most prototypic one being blood 
clot formati on (thrombosis), which involves a multi -step adhesion process (fi gure 1) (134). 
Damage to the endothelium creates shear stress that induces initi al adhesion of the plate-
lets to collagen in the newly exposed ECM via GPIb and vWF. This adhesion is not very stable 
due to the high off -rate of the interacti on, and the conti nuous shear  causes the platelets to 
appear as if they are rolling. During the rolling, GPVI binds collagen and signals outside-in 
to induce the release of thrombin, ADP and TXA2, which cooperate via diff erent pathways 
to acti vate integrins. α2β1 binding to collagen mediates fi rm binding to the damaged ves-
sel wall, whereas αIIBβ3 binding to soluble fi brinogen induces platelets to adhere to each 
other, thereby ensuring growth of the blood clot (134). Rap1 is pivotal for this process, as 
Rap1B-/- mice have bleeding defects that are att ributed to defecti ve platelet aggregati on 
(135). Rap1 in platelets is acti vated upon shear, GPVI ligati on, thrombin, ADP, TXA2 and 
by integrin ligati on (136-139) and might therefore be involved in all stages of thrombosis.  
Consistently, acti vati on of Rap1 occurs in at least three diff erent waves: a fi rst Ca/PLC-de-
pendent manner, a second PKC-dependent manner and a third wave upon αIIBβ3 ligati on 
(136). Additi onal Rap1 acti vati on can be induced by collagen binding. Although this was 
suggested to be mainly mediated by the GPVI collagen receptor (138), α2β1 ligati on can as 
well acti vate Rap1 (103), suggesti ng integrins do sustain Rap1 acti vati on during the later 
phases of thrombosis. Interesti ngly, CalDAG-GEF1 is the only GEF the importance of which 
for platelet adhesion is shown. Overexpression of CalDAG-GEF1 induces Rap1 acti vati on and 
fi brinogen binding in ES-cell derived megakaryocytes (140). CalDAG-GEF1 defi cient platelets 
show defecti ve integrin acti vati on and aggregati on (103, 141) and dogs carrying mutati ons 
in CalDAG-GEF1 show congenital platelet disorders (142). CalDAG-GEF1 is required for all 
three waves of Rap1 acti vati on (103, 143).

The noti on that Rap1 is acti vated during all stages of platelet adhesion does not necessarily 
mean that Rap1 functi ons during all them. Indeed, no reports indicate Rap1 acti vity con-
tributes to GPIb- or vWF-mediated rolling. Acti vati on of α2β1 has been suggested to occur 

Figure 1 Rap1 signalling 

during the various stages 

of platelet adhesion. Pla-

lelets (P) adhere to the ex-

posed ECM of vessel walls 

upon shear stress. This-

causes them to appear roll-

ing  (     ). Rolling induces 

the release of clotti  ngfactors 

that acti vate Rap1 to induce 

α2β1-mediated stable ar-

rest. Blood clot formati on 

requires platelets to adhere 

to each other via fi brinogen 

bundlesmediated by αIIbβ3 

integrins.

shear stress
GPIb / 

vWF
GPVI

ADP / TXA2 /
thrombin

CalDAG-GEF1

Rap1 Rap1

RIAM

αIIbβ3

Talin

α2β1

? ?? ?Ca PKC

P

thesis.indd   17thesis.indd   17 7/20/2012   1:50:33 PM7/20/2012   1:50:33 PM



chapter 1: general introducti on

18

1
independently of Rap1 (144), although both CalDAG-GEF1 and Rap1 defi cient platelets do 
show reduced α2β1-mediated adhesion (103, 145). The ‘clotti  ng integrin’ αIIbβ3 is clearly 
controlled by Rap1. Overexpression of RapGAP in megakaryocytes prevents thrombin-in-
duced fi brinogen binding, whereas overexpression of V12Rap1B is suffi  cient to induce it 
(104). Furthermore, CalDAG-GEF1-defi cient platelets are also defecti ve in αIIbβ3 mediated 
adhesion (103). Employing a CHO cell reconsti tuti on system to study αIIbβ3, it was shown 
that Rap1 acti vates αIIbβ3 by localizing the integrin regulator Talin to the plasma membrane 
via the Rap1 eff ector and direct Talin binding protein RIAM (117). Indeed, thrombin-induced 
acti vati on of αIIbβ3 coincides with translocati on of acti vated Rap1 to the plasma membrane 
(9) and is blocked by depleti on of RIAM (146). Talin is considered the main protein regulat-
ing integrin affi  nity, as the binding of Talin to integrins induces a conformati onal change 
that allows the extracellular domain to bind ECM proteins (112). However, Talin has been 
reported to induce clustering as well (147) and this might well be what Rap1 and RIAM are 
inducing, as Rap1B-induced adhesion of megakaryocytes to fi brinogen is sensiti ve to acti n 
depolymerizing agents (104) and the anti body used to measure high affi  nity αIIbβ3 has been 
suggested to be clustering sensiti ve (131). Indeed, RIAM and Talin colocalize in clusters only 
when acti ve Rap1 is introduced (117). Hence, αIIbβ3 integrins are readily acti vated by a 
Rap1/RIAM/Talin pathway in a reconsti tuted system, but the exact modus operandi needs 
to be elucidated.

The results on Rap1 signaling in platelets have served as a template to understand Rap1 
in other cell types. However, it is important to appreciate physiological uniqueness of this 
system. For instance, as discussed above, thrombin is an important inducer of platelet adhe-
sion and does so by acti vati ng Rap1. Although it has been shown that thrombin can acti vate 
Rap1 in other cell types (51), thrombin and Rap1 have antagonisti c eff ects on endothelial 
permeability (77, 148). Similarly, NO synthase has a platelet specifi c functi on. In neutrophils, 
engagement of integrins acti vates Rap1, which is prevented by blocking NO synthase or 
the downstream cGMP-dependent kinases (149). In platelets, NO has an opposite functi on. 
Here, NO prevents platelet aggregati on and, indeed, decreases Rap1 acti vati on upon throm-
bin, collagen or turbulence (150). Mechanisti cally, this is ensured by cGKI-mediated phos-
phorylati on of Rap1GAP2 on Serine 7, which is only present in the platelet specifi c isoforms 
of Rap1GAP2 (151). Whether the RIAM-mediated route to integrin acti vati on is preserved 
in non-platelet cell types remains unclear. Similar to adhesion of platelets, RIAM is an eff ec-
tor of Rap1 in adhesion of melanoma cells (32) and T-cells (152). However, phagocyti c cells 
bind red blood cells via αMβ2 integrins, which can be induced by Rap1 acti vati on in a Talin-
dependent, but RIAM-independent manner (153). It has been suggested that Rap1 directly 
binds to β2 integrins to recruit Talin and mediate β2 acti vati on (153), although knockdown 
of MyosinIIA, which is required for Rap1 acti vati on during phagocytosis, fails to prevent Talin 
localizati on to the site of phagocytosis (154), suggesti ng other mechanisms might be at play 
as well. In fi broblasts, RIAM functi ons in the crosstalk between diff erent integrins. Here, 
β3-/- cells have increased focal adhesion turnover, migrati on speed and protrusive acti vity, 
which is facilitated by decreased PKA-dependent VASP phosphorylati on (S153). Dephospho-
rylated VASP then binds RIAM and induces Talin binding to β1 integrins (155). As depleti on 
of VASP was shown to induce translocati on of C3G to the plasma membrane to induce Rap1 
acti vati on (156), Rap1 might as well functi on in this integrin crosstalk.
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Rap1 in lymphocyte adhesion
Lymphocytes are white blood cells that have a key functi on in the adapti ve immune re-
sponse. They circulate in the blood in a naïve state and, as such, they screen secondary lym-
phoid organs (SLOs) for anti gen (157). When encountering anti gen, lymphocytes become 
acti vated, which induces a subset of eff ector functi ons that are important for the immune 
response at the sites of infl ammati on. Much like the adhesion of platelets, the migrati on 
through SLOs and att achment at infl ammati on sites require multi step adhesion cascades, 
generally referred to as ‘homing’ (fi gure 2A) (157). The initi al tethering of lymphocytes is 
mediated by Selecti n proteins, which bind to carbohydrates present on cell surfaces. This 
relati vely weak interacti on and conti nuing blood fl ow causes a ‘rolling’ moti on. When roll-
ing lymphocytes are sti mulated by chemokines, integrins become acti vated to induce stable 
arrest (157). Given the importance of integrins for lymphocyte homing (158) and Rap1 for 
integrin functi on, Rap1 clearly functi ons to control lymphocyte homing. Indeed, increased 
Rap1 acti vati on is correlated with enhanced homing of lymphocytes in the lymph nodes 
(159) and RapGAP impairs homing of T- and B-cells in the omentum (160). Rap1A-/- mice 
are viable and ferti le and, despite T- and B-cells showing reduced adhesive capacity, these 
cells exhibit no defect in homing (161) or in vitro chemotaxis (162). Here, Rap1B might be 
the dominant isoform, as Rap1B deleti on does reduce the homing of B-cells (163, 164). Fur-
thermore, Rap1 acti vity is decreased in lymphocytes of pati ents suff ering from CLL (chronic 
lymphocyti c leukemia), a disease characterized by ineff ecti ve transendothelial migrati on 
and lymph node entry of lymphocytes (165).

When lymphocytes enter the lymph nodes, changes in blood fl ow induce Selecti n acti va-
ti on, causing them to acquire the rolling phenotype (160). As for platelets, the weak interac-
ti ons with carbohydrates that occur at this phase are not Rap1-dependent (125). However, 
E-Selecti n-mediated rolling does result in Rap1 acti vati on in neutrophils (166) and mesen-
chymal stem cells (167), so it is likely to do so in lymphocytes as well. Apart from signaling by 
acti vated Selecti ns, Rap1 might be additi onally acti vated by shear stress during the rolling, 
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as turbulence increases Rap1 acti vati on in lymphocytes as well (168). Clearly, Rap1 func-
ti ons as a switch between initi al tethering and integrin-mediated adhesion. This switch is 
mostly triggered by chemokines (169). Indeed, Rap1 is acti vated by the chemokines CCL11, 
CCL21, CCL25, CXCL13, CXCL14 and SDF-1 (22, 100, 170-173) and acti vated Rap1 colocalizes 
with the chemokine receptor CXCR4 and integrins during lymphocyte migrati on (174). Im-
portantly, acti ve Rap1 is suffi  cient to drive integrin-mediated lymphocyte adhesion (93, 95) 
and is required for chemokine-induced lymphocyte adhesion (100, 171).

In contrast to the single GEF mediati ng Rap1 acti vati on in platelets, numerous GEFs have 
been reported to acti vate Rap1 in lymphocytes. Downstream of chemokines, CalDAG-GEF1 
is likely to regulate Rap1, as lymphocytes isolated from LAD-III pati ents, a disease which 
is linked to CalDAG-GEF1 in mice (175), show impaired chemokine-induced Rap1 acti va-
ti on (126). Indeed, CalDAG-GEF1-depleted T-cells show reduced SDF-1-induced adhesion 
to ICAM-1. Interesti ngly, silencing CalDAG-GEF-1 does not aff ect PKC-mediated adhesion 
to VCAM-1 (108) and LAD-III lymphocytes adhere normally upon phorbol ester treatment. 
Hence, CalDAG-GEF1 cooperates with another RapGEF in chemokine-induced lymphocyte 
homing in SLOs by regulati ng diff erent integrins. PDZ-GEF is a good candidate, as it is acti -
vated by PKC in lymphocytes, although unti l now this has only been reported to occur down-
stream of the TCR (176). Hence, the involvement of PDZ-GEF1 downstream of chemokines 
needs to be established. However, its importance for lymphocyte homing fi nds geneti c sup-
port. In D. melanogaster, dPDZ-GEF and α-integrin mutants have similar defects in transmi-
grati on of haemocytes through epithelial ti ssue (177). It might be that PDZ-GEF1 does not 
functi on in SLOs, but instead during lymphocyte-APC binding at infl ammati on sites, as it is 
acti vated by TNFα, a cytokine released during systemic infl ammati on (178). C3G seems to 
be directly related to TCR sti mulati on. TCR engagement without costi mulati on causes T-cells 
to become unresponsive to resti mulati on (anergic). Anergic T-cells contain increased phos-
phorylated Cbl, which binds CrkL and C3G to increase Rap1 acti vati on (179). Ubiquiti nati on 
of Cbl-b prevents its interacti on with C3G. Cbl-b-/- T cells have increased Rap1 acti vity, LFA-1 
clustering and adhesion to ICAM1 (180, 181). The CrkL interactor CasL also becomes phos-
phorylated and binds C3G upon TCR engagement (182). RNAi depleti on of the Cas and Crk 
binder CHAT decreases Rap1 acti vati on and T cell adhesion (183). Indeed, CHAT-induced 
Rap1 acti vati on is inhibited by mutant C3G (184). Finally, TCR engagement also induces Abl-
dependent phosphorylati on of C3G itself to induce integrin acti vati on (130). It has been 
reported that TCR engagement induces persistent Rap1 acti vati on, whereas the chemokine 
SDF-1 induces transient Rap1 acti vati on. Here, only the former requires PLCy (123), an en-
zyme which indirectly increases cytosolic calcium. Indeed, TCR engagement induces Rap1 
acti vati on in a calcium-dependent manner (185). CalDAG-GEF1 is regulated by calcium and 
shows increased Rap1 binding upon TCR engagement (123). Hence, C3G, CalDAG-GEF1 and 
PDZ-GEF1 are linked to the TCR (fi gure 2B). Finally, Rap1 acti vati on might be controlled by 
GAPs in lymphocytes as well. AF6, a proposed Rap1 eff ector, actually functi ons to prevent 
Rap1-induced T-cell adhesion (97). In HeLa cells, AF6 physically bridges Rap1 and Spa1 to 
downregulate Rap1 acti vity (186).

Clearly, Rap1 functi ons in lymphocytes to acti vate integrins. It is possible that mechanisms 
similar to those in platelets are used, i.e. RIAM-mediated Talin recruitment. Actually, RIAM 
was originally identi fi ed to be required for Rap1-induced T-cell adhesion (152). Overexpres-
sion of RIAM induces T-cell adhesion. Interesti ngly, however, the Talin-binding domain, which 
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is in the N-terminal 30 amino acids (187), is dispensable for this eff ect (188). Instead, the RA 
and PH domains seem suffi  cient. These domains interact with SKAP1 (188), a plasma mem-
brane-localized adaptor protein known to be required for TCR-induced plasma membrane 
recruitment of Rap1 (189) and RIAM (188). Rap1 translocati on also requires the SKAP1 in-
teractors ADAP and SLP-76 (190). The ADAP/SKAP1/RIAM complex is required for adhesion 
upon both TCR engagement and CXCR4 sti mulati on, although only the former was shown 
to be dependent on SLP-76 (191). Negati ve regulati on of this complex by HPK1, which com-
petes with ADAP for SLP-76 binding, reduces Rap1 acti vati on (190, 192). Hence, the complex 
consisti ng of SLP-76, ADAP, SKAP1 and RIAM seems to functi on upstream of Rap1 rather 
than downstream, and specifi cally upon TCR engagement and not chemokine sti mulati on 
(fi gure 2B). Indeed, depleti on of RIAM fails to interfere with CCL25-induced lymphocyte 
adhesion (172). CalDAG-GEF1 can be linked to this pathway as well, as TCR engagement 
induces RIAM to translocate to the acti n cytoskeleton where it mobilizes calcium to induce 
Rap1 acti vati on by CalDAG-GEF1 (193), which, indeed, binds to F-acti n (194). Consistently, 
acti vati on of PLCy, which functi ons to release calcium and acti vate Rap1, is the textbook 
functi on of SLP-76 upon TCR engagement (195). 

How then does Rap1 acti vate integrins in lymphocytes? Kinashi and coworkers identi fi ed 
RAPL to bind integrins and regulate integrin localizati on upon Rap1 acti vati on (196). It has 
been suggested that RAPL functi ons to control random migrati on of lymphocytes rather 
than adhesion directly (197), but the evidence that RAPL regulates integrins is ample. 
CXCL13, which induces Rap1 acti vati on in B-cells, sti mulates B-cell adhesion to ICAM-1 in 
RAPL-dependent fashion (198) and RAPL knockout mice show defecti ve B-cell adhesion in 
SLOs (199). RAPL binds to MST kinases (200), mediators of chemokine-induced LFA-1 clus-
tering (201). Indeed, RAPL, MST1 and LFA-1 are together recruited towards the leading edge 
upon Rap1 acti vati on (201). RAPL also associates with LFA-1 upon TCR engagement (202). 
Interesti ngly, this is dependent on SKAP1, but not because SKAP1 is required for Rap1 acti va-
ti on. Here, direct binding of SKAP1 to RAPL is required for RAPL to decrease T-cell moti lity 
in lymph nodes (202). Indeed, the PH domain of SKAP1 binds to the plasma membrane to 
recruit RAPL and LFA-1 (203). Hence, SKAP1 functi ons to recruit proteins important for Rap1 
acti vati on, Rap1 itself and downstream players of Rap1 and, therefore, is an essenti al spati al 
regulator of Rap1 signaling. RAPL is the main eff ector in lymphocyte integrin regulati on, al-
though there is room for other eff ectors. Recently, it was suggested that the transiti on from 
B-cell rolling to stable arrest occurs in two phases, via an intermediate transient arrest (125). 
Whereas blocking Rap1 or LFA-1 causes cells to stay in the rolling phase, knockdown of RAPL 
or Talin allows the transiti on to transient arrest. Mutant integrin that induces chemokine-
independent arrest rescues the transiti on to transient arrest in Rap1-depleted cells, but 
stable arrest is sti ll not observed (125), suggesti ng that Rap1 employs consecuti ve RAPL-
independent and RAPL-dependent mechanisms to induce lymphocyte arrest. 

One intriguing diff erence between lymphocytes and platelets is the reversibility of their 
adhesion. Whereas platelet adhesion results in irreversible blood clot formati on, lympho-
cytes have to leave SLOs and become circulati ng again. Hence, Rap1 acti vati on requires to 
be terminated. The criti cal sti mulus to mediate lymphocyte egress from SLOs is S1P, which 
is present at high concentrati ons in the blood and low concentrati ons in SLOs (204). As S1P 
is an acti vator of Rap1 (170), direct downregulati on of Rap1 acti vity probably does not con-
tribute to egress. Regulati on might be established at other levels. Somatostati n has been 
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reported to terminate lymphocyte adhesion by downregulati ng Rap1 mRNA (5, 6), but its 
contributi on to lymphocyte egress has not been investi gated. Dephosphorylati on of Ezrin is 
required for effi  cient lymphocyte egress (205). Ezrin is a protein criti cal for Rap1 functi on. It 
secures proper localizati on of the RapGEF Epac1 (206) and also relays downstream signaling 
(207). However, its link with the Rap1 in the context of SLO exit of lymphocytes needs to be 
investi gated.

Spreading

When suspended cells adhere to ECM, they fl att en and change morphology to increase the 
contact area with the substratum, a process generally referred to as spreading. Dynamic 
regulati on of cell rounding and re-spreading are vital during mitosis (208). Acti ve mutants of 
Rap1 prevent rounding up at the onset of mitosis, whereas dominant negati ve mutants pre-
vent re-spreading (47). Indeed, Rap1 acti vity is dynamically regulated during mitosis (47). 
Furthermore, spreading mechanisms are thought to enable phagocytosis (209), a process 
which is clearly sti mulated by Rap1 (98, 154, 210). Increased cell spreading is probably the 
most easily observable change to cells upon Rap1 acti vati on and was fi rst described in HeLa 
cells, where an acti ve C3G mutant induces spreading, whereas Spa1 reduces it (92). It has 
been shown that Rap1B-/- platelets have increased spreading on collagen (145), but gener-
ally Rap1 acti vity positi vely correlates with spreading area. For instance, Rap1B-/- NK cells 
show reduced spreading (211). Depleti on of RapGAP enhances cell spreading (68), whereas 
RapGAP overexpression impairs spreading (67). HPK1-defi cient T-cells show increased Rap1 
acti vity, adhesion and spreading (190). More directly, overexpression of Rap1E63 induces 
cell spreading (212) and also specifi c acti vati on of endogenous Rap1 enhances cell spread-
ing (207). Indeed, Rap1 is required for spreading by a physiological sti mulus: LPS induces 
β2-mediated macrophage spreading via Rap1 (213). 

Various GEFs might acti vate Rap1 to enable cell spreading. The PDZ-GEF homologue in 
Drosophila induces protrusions in migrati ng macrophages (214). Furthermore, acti vati on of 
Epac1 can induce cell spreading (105, 207). However, C3G clearly is the main GEF implicated 
in cell spreading. This protein is overexpressed in a glomerunephriti s model, where it induc-
es Rap1 acti vati on and spreading of glomerular mesangial cells (215). The aforementi oned 
CHAT protein induces Rap1 acti vati on and cell spreading in a C3G dependent manner (184). 
C3G-/- MEFs have impaired adhesion and spreading (216). Moreover, overexpression of C3G 
induces fi lopodia, a more localized manner of spreading, in a manner dependent on c-Abl, 
whereas C3G is required for c-Abl induced fi lopodia formati on (217). A number of inputs can 
acti vate C3G (218), but one is of specifi c interest here: p130Cas is extended when physical 
force is applied to a cell, thereby allowing it to be phosphorylated by Src kinases, bind C3G 
and acti vate Rap1. The extended form of p130Cas is localized at the periphery of spreading 
cells, suggesti ng force acti vates C3G during the spreading process (219).  

The spreading process is not so much investi gated in itself. More oft en, the eff ects on cell 
spreading are used as a biological readout for Rap1 signaling. In line with this, spreading of 
cells has been reported on most substrates to which Rap1 facilitates binding, i.e. ligands 
binding αIIBβ3, αMβ2, α2β1, α3β1, LFA-1 and also the relati vely nonspecifi c β1 ligands 
Collagen1, Collagen4 and Fibronecti n (103, 105, 113, 153, 190, 220). These integrins are 
acti vated by Rap1 and it has been suggested that Rap1 contributes to T-cell spreading by 
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enhancing the early initi al adhesion of these cells (172). Furthermore, local inhibiti on of 
Src in focal adhesions reduces cell adhesion and spreading. Here, both V12Rap1 and integ-
rin acti vati on with anti bodies rescue cell spreading, suggesti ng Rap1 controls spreading by 
inducing adhesion (221). However, it should be noted  that integrin acti vati ng anti bodies 
cannot rescue loss of focal adhesion presence by Src inhibiti on, whereas V12Rap1A can 
(221). Hence, V12Rap1 contributes more than just integrin acti vati on. It has also been sug-
gested that adhesion and spreading are functi onally disti nct. Spreading of epithelial cells is 
enhanced by Rap1 in a manner dependent on Ezrin. Rap1 also enhances cell adhesion of 
these cells, but this is Ezrin independent (207).

Cell spreading is driven by dynamic changes in the acti n cytoskeleton, which pushes the 
membrane to induce protrusions (222). Rap1 acti vati on does induce remodeling of acti n to-
wards the cell cortex (76, 77). Furthermore, Rap1 associates with acti n during cell spreading 
(7). The Rho-like G-proteins Rac and Cdc42 are well-known for their eff ect on cell spreading 
by regulati ng the acti n cytoskeleton (223) and Rap1 might well be regulati ng these. Acti ve 
Rap1 binds to the RacGEFs Vav2 and TIAM1 and recruits them to membrane protrusions 
(212). Indeed, overexpression of E63Rap1A acti vates Rac, which is required for Rap1 to in-
duce cell spreading (212). Rap1 acti vati on also leads to Rac acti vati on at the endogenous 
level (224). Furthermore, Rap1 acts upstream of Rac in c-Cbl-induced cell spreading (225). 
Clearly, Rap1 can induce spreading via Rac, although multi ple reports have suggested that 
Rac requires other additi onal inputs to induce spreading. c-Cbl-induced cell spreading and 
migrati on both require Rac and Rap1. Upstream of Rac, Rap1 is only required for spreading, 
but not for migrati on (225). HeLa cells expressing ACK-2 display slower spreading rates. This 
can be reversed by CrkII overexpression in a Rap1 dependent manner. However, overex-
pression of acti ve Rap1 by itself is not suffi  cient to reverse ACK-2, whereas acti ve Rac1 is 
(226). Similarly, dominant negati ve Rac, but not Rap1, prevents Crk-induced EMT (48). Rap1 
and Rac are also reported to facilitate spreading by disti nct mechanisms. EphrinB1 induces 
cell spreading, which requires both Rap1 and Rac, by stabilizati on of focal complexes and 
inducti on of membrane ruffl  ing. However, Rac1 is required for the ruffl  ing, whereas Rap1 is 
not, suggesti ng Rap1 more impinges on focal adhesions (227). It is interesti ng to note that 
RIAM, the Rap1 eff ector that impinges on adhesion can induce cell spreading and shRIAM 
cells have decreased F-acti n content (152). Indeed, physical analysis suggests that adhesive 
strength is the driving force for cell spreading (228). It remains possible that Rac acti vati on is 
a result of Rap1-induced cell adhesion, as integrins signal ‘outside-in’ to induce cell spread-
ing via Rac (229). Clearly, it has to be elucidated what the exact connecti vity is between 
Rap1, Rac and cell spreading.

Polarity

Processes like cell adhesion and spreading are greatly facilitated by the uneven distributi on 
of functi onal proteins, which is termed polarizati on. By inducing these processes Rap1 can 
drive polarizati on, but it can also induce polarizati on directly. This was fi rst recognized in 
budding yeast, where both inacti vati on and overacti vati on of the Rap1 homologue Bud1p 
result in an abnormally random budding patt ern (231). Also, polarity of migrati ng Dictyos-
telium is driven by Rap1 (232). In mice, defecti ve polarizati on of integrins is observed in 
Rap1A-/- T-cells (161) and Rap1B-/- NK cells (211). Expression of Rap1V12 in human lym-
phocytes induces redistributi on of CXCR4 to the leading edge and CD44 to the uropod (100). 
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This polarizati on event can physiologically be induced by chemokines and prevented by 
overexpression of Spa1 or RapGAP (100, 230). It is important to menti on that these studies 
have been performed with suspended T-cells. Hence, polarizati on is induced independent 
of cell adhesion. Apart from being vital to direct cellular functi ons, Rap1-mediated induc-
ti on of polarity is of importance during development. Bile acid-induced hepatocyte polari-
zati on and subsequent canalicular network formati on are essenti al for liver development. 
Bile acids increase cAMP and induce Epac1/Rap1 to sti mulate polarity. Indeed, 007 induces 
phosphorylati on of the polarity kinases AMKP and LKB1 and sti mulates canalicular network 
formati on (233). Furthermore, Rap1 drives polarizati on of neuroblasts during metaphase 
and anaphase to ensure asymmetric cell division (234).

A polarized distributi on of proteins can occur along various axes. Front-rear polarity is ob-
served in migrati ng cells. Here, 007 induces polarizati on as judged by F-acti n rich leading 
edge formati on (235). Acti ve Rap1 localizes at the leading edge of migrati ng T-cells (174) and 
is required for PDGF-induced leading edge formati on of fi broblasts (236). Various GEFs func-
ti on during front-rear polarizati on. CalDAG-GEF1-/- neutrophils show reduced pseudopo-
dia formati on during chemotaxis, suggesti ng polarizati on defects (237). Tension-extended 
p130Cas localizes C3G to the leading edge during cell spreading (219). In line with this, 
chemotaxis of neutrophils requires Lyn acti vati on at the leading edge, where it functi ons to 
acti vate C3G and Rap1 (238). Fine-tuning of Rap1 acti vity might be ensured by cAMP. Estab-
lishment of front-rear polarity requires FAK functi on at nascent adhesions, where it recruits 
the cAMP degrading enzyme PDE4D5 (239). Here, low Epac1/Rap1 acti vity is ensured to 
facilitate polarity, presumably by preventi ng strong adhesion (240).

Rap1 also functi ons to establish polarity along other axes. Rap1 mutant cells in the Dros-
ophila wing epithelium have aberrant alignment of wing hair, indicati ng loss of planar cell 
polarity (241). Furthermore, Rap1 acti vity is required to acti vate the PAR polarity complex 
upon VE-cadherin ligati on, thereby bridging cell-cell juncti on formati on and apical-basal po-
larity (242). Apical-basal polarity of epithelial 3D cultures is inversed by acti ve Arg, which 
is rescued by acti ve Rap1 (243). Again, fi ne-tuning of Rap1 acti vity might be important, as 
expression of dominant negati ve Rap1 in breast epithelial tumor cells restores apical-basal 
polarity to reverse malignancy and decrease tumor incidence (30). Lymphocytes polarize to-
wards APCs. However, even in the absence of APCs, V12Rap1 can drive lymphocyte polariza-
ti on, as judged by the redistributi on of CXCR4, CD44 and LFA-1 (100, 196). CTLA-4 acti vates 
Rap1 and mimics the V12Rap1 eff ect on LFA-1 polarizati on (99) and Rap1-depleted B-cells 
have an unpolarized morphology upon chemokine treatment (125). Rap1-induced polarity 
contributes to the homing of lymphocytes in SLOs (125), but also functi ons in cytotoxicity. 
NK cells bind to and kill malignant and virally infected cells via NKG2D. NKG2D acti vati on 
results in Rap1 acti vati on, which is required for polarizati on of the NK cell towards the con-
jugati on site (244). 

Downstream of Rap1, several players have been suggested to induce polarity. Polarizati on 
of lymphocytes is mainly scored by capping of LFA-1. Rap1 acti vates LFA-1 via RAPL, so it 
is not surprising to fi nds its involvement here. RAPL is required for V12Rap1-, TCR- and 
chemokine-induced polarizati on (123, 125, 196). It has been suggested that Rap1 drives T-
cell polarity by localizing the Par polarity complex in a TIAM1-dependent manner (230). In 
line with this, Rap1 is required for Rac acti vati on at the leading edge of fi broblasts (236) and 
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for acti vati on of the Par complex at cell-cell juncti ons (242).

Neuronal functi ons of Rap

Neurons are the cellular component of the nervous system, specialized to transmit electrical 
signaling. They consist of a cell body, which extends multi ple dendrites in a branched net-
work to receive signals and a single axon, which is a long extension that delivers the signal to 
the dendrites or cell body of other neurons at specialized juncti ons called synapses. Rap1 is 
clearly implicated in the extension of neurites, which later will form the axon and dendrites 
(245), and synapti c transmission (246), although some reports also implicate Rap1 in the 
diff erenti ati on of neurons. Rap1 is required for the inducti on of neuron-specifi c genes when 
PC12 cells are diff erenti ated into neurons with NGF (247) or PACAP (248) and long term 
sti mulati on of neuronal cells with growth factors enhances calcium channel expression in 
a Rap1-dependent manner (249). The uncharacterized RapGEF REPAC is upregulated when 
neuroepithelial cells diff erenti ate into neurons (250) and when progenitor cells diff erenti -
ate into GABAergic neurons (251). Furthermore, C3G-/- mice display overproliferati on of 
the neuroepithelium, resulti ng in increased cerebral cortex size (252) and defecti ve Reelin-
induced neuron migrati on (253).

Neurite extension is readily studied using PC12 cells, which are primed to form a network of 
multi ple extensions. Here, Rap1 was fi rst implicated when RapGAP was shown to reduce the 
percentage of cells extending neurites downstream of the Src kinase GTK (245). RapGAP also 
reduces dendriti c complexity, whereas V12Rap1 sti mulates dendriti c growth (254). Many 
inducers of neurite outgrowth and mediators of neuron guidance have been shown to func-
ti on in a Rap1-dependent manner, i.e. NGF, AngiotensinII (AngII), EphrinA, Reelin, Serotonin, 
TIMP-2,  GDNF, Myelin associated glycoprotein (MAG), ALK, Dopamine D1 and Sempahorins 
(255-266), which are conveyed to Rap1 acti vati on in numerous ways. Depleti on of Epac2 de-
creases NGF-induced neurite outgrowth (267). 007, which acti vates both Epac1 and Epac2 
(268), induces neurite outgrowth (269, 270). Furthermore, Epac2 is required for Dopamine 
D1-induced spine shrinkage and mutati ons in Epac2 that are linked to auti sm and decrease 
Rap1 acti vity, increase either spine density or spine size (266). Apart from Epac2, NGF-in-
duced neurite outgrowth has also been suggested to depend on C3G (271). Other acti vators 
of C3G are ALK and Reelin (256, 262), the latt er of which induces phosphorylati on of C3G. 
Indeed, Reelin-induced neuron migrati on is impaired in C3G-/- mice (253). TIMP-2 and AngII 
might act in a similar manner: TIMP-2 increases Rap1 acti vati on via C3G in endothelial cells 
(272) and AngII-induced Rap1 acti vati on and concomitant neurite outgrowth is mediated by 
the Src kinase Fyn (273), which functi ons to phosphorylate C3G (274). Finally, also PDZ-GEF1 
is required for NGF-induced Rap1 acti vati on and neurite outgrowth (115). Indeed, telen-
cephalon-specifi c deleti on of PDZ-GEF1 results in commissure defects, suggesti on defecti ve 
neuronal migrati on (275). The study by Takai and coworkers also off ers a fi rst explanati on 
as to why multi ple GEFs are required to relay a single signal to Rap1. Neurotrophins, like 
NGF and BDNF, acti vate the TrkA receptor and induce its internalizati on to endosomes. PDZ-
GEF binds TrkA on late endosomes to acti vate Rap1, whereas C3G is likely to acti vate Rap1 
on early endosomes (115). Indeed, inhibiti on of endocytosis prevents NGF-induced Rap1 
acti vati on (276). Here, both the localizati on of TrkA and Rap1 at endosomes upon NGF and 
NGF-induced Rap1 acti vati on require dynein-mediated transport along microtubules (277).
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In additi on, neurite outgrowth is under ti ght control of RapGAPs. GPCR sti mulati on induces 
proteosomal degradati on of RapGAP2, thereby acti vati ng Rap1 and inducing neurite out-
growth (278). The neurotrophin receptor RET binds RapGAP. This interacti on is increased 
upon receptor sti mulati on. siRapGAP enhances neurite outgrowth (279). The Semaphorin 
repulsive guidance cues bind Plexins, which contain a RapGAP domain to inacti vate Rap1 
and induce neurite retracti on (265), and acti vati on of the EphA receptor inacti vates Rap1 
and Rap2 via its associated RapGAP SPAR to induce growth cone collapse of hippocampal 
neurons. This eff ect is inhibited by consti tuti vely acti ve Rap1, but not Rap2 (280). Instead, 
overexpression of acti ve Rap2 decreases growth cone size (280), suggesti ng that Rap1 and 
Rap2 might have opposite functi ons. Indeed, Rap2 decreases neurite length and complexity 
of dendriti c branches, while increasing fi lopodia like protrusions (281) and Rap2V12 trans-
genic mice display fewer and shorter dendriti c spines (282).

How does Rap1 contribute to neurite outgrowth?  One would expect processes similar to the 
inducti on of spreading are involved, i.e. acti vati on of integrins or Rac/Cdc42. However, there 
is only a weak link with the former. TIMP-2 induces neurite outgrowth, which is blocked by 
N17Rap1. TIMP-2 functi ons to inhibit MMPs, thereby locally increasing ECM concentrati on 
and facilitati ng integrin binding (261). Other adhesion molecules might be involved. RapGAP 
and shRap1 block Reelin-induced migrati on of neurons, which can be rescued by the overex-
pression of N-Cadherin (283). Consistently, Rap1 regulates the plasma membrane localiza-
ti on of N-cadherin (284). In epithelial cells, plasma membrane localizati on of E-cadherin is 
stabilized by the Rap1 eff ector AF6 (73), and it could be involved in neurite outgrowth, as 
Rap1 localizes AF-6 to induce spine neck elongati on (285). Although no contributi on of Rac/
Cdc42 is reported, Rap1 does regulate other G-proteins in this process. GPCR sti mulati on 
acti vates Rap1 to induce neurite outgrowth via Ral and Src (286) and Rap1 regulates the 
RhoGAPs RA-RhoGAP and ARAP3 to downregulate Rho acti vity and prevent neurite retrac-
ti on (287-289).

Once a synapti c contact has been established upon neurite extension, Rap1 is also required 
for synapti c transmission (246). Neurotransmitt er release is sti mulated by membrane de-
polarizati on (290), which acti vates Rap1 (291) in a cAMP-dependent manner (254). Eff ects 
of Epac1/Rap1 on neurotransmitt er release have not been reported yet, although 007 does 
impair the functi on and anorexigenic eff ects of Lepti n (292). Glutamate is an important neu-
rotransmitt er that binds AMPA and NMDA receptors (293). β3 integrins are required for syn-
apti c transmission by maintaining AMPA-R plasma membrane levels. Decreased transmis-
sion upon integrin inhibiti on is prevented by dominant negati ve Rap1, but not Rap2 (294). 
Rap2, on the other hand, is acti vated by NMDA-R sti mulati on to remove AMPA receptors 
from the membrane (295). Here, Rap2 might be acti vated by Epac2, as this GEF is similarly 
required for AMPA-R removal upon Dopamine D1 (266). GAPs can contribute to the regula-
ti on as well. SPAR2, unlike SPAR, does not aff ect spine morphology, but may functi on during 
synapse formati on (296) and SPAL binds NMDA-R at neuronal synapses (297). Interesti ngly, 
AF6 binds Spa1 (186) and Cx36 (298), which is important for effi  cient neurotransmission 
(299) and might thereby bridge Rap signaling to the neurological synapse.

Discussion

In the various physiological and experimental systems discussed here, Rap1 signaling is 
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both remarkably similar and diff erent (fi gure 3). Platelet adhesion is solely controlled by the 
RapGEF CalDAG-GEF1, where it is acti vated by various inputs. However, the less straight-
forward control of lymphocyte adhesion and barrier regulati on require multi ple GEFs. The 
precise contributi ons of these GEFs to their processes is just at the start of being understood 
and will require detailed spati otemporal analysis of their functi ons. This might concomitant-
ly reveal the intrinsic mechanism of acti vati on of GEFs, for instance for PDZ-GEF acti vati on 
in forming epithelial cell juncti ons and maintaining endothelial barrier, where the method 
of acti vati on is sti ll unknown. Whereas the GEFs which regulate Rap1 seem to overlap to a 
large extent, the eff ectors regulated by Rap1 seem to be functi onally restricted. Further-
more, eff ectors have not yet been identi fi ed in some Rap1 functi ons, for instance, because 
the systems used to study Rap are highly simplifi ed and biased. Platelet homing criti cally 
relies on Rap1 and α2β1, but platelet Rap1 has only been investi gated in view of the clot-
ti ng integrin αIIBβ3, whereas Rap1 control of α2β1 has not been investi gated. Interesti ng-
ly, RIAM is established as an eff ector in platelet adhesion, but rather functi ons to control 
Rap1 localizati on during lymphocyte adhesion. Rap1 controls cell spreading by acti vati ng 
Rac, neurite extension by inhibiti ng Rho and uses both mechanisms to enhance endothelial 
barrier. Hence, the extent of interplay with the Rho G-proteins seems determined by physi-
ological setti  ng. Diff erences in experimental outcome might also be explained by diff erences 
in the dominant Rap isoform at work. Finally, it is important to appreciate that the various 
Rap1 functi ons are not isolated in vivo and cross-reacti vity between Rap1 functi ons likely 
obscures experimental outcome.

Rap isoform specifi city
The Rap protein family consists of fi ve members, i.e. 1A, 1B, 2A, 2B and 2C. Rap1 and Rap2 
are 60% identi cal in amino acid sequence (3) and herein, the two Rap1 proteins share 95% 
identi ty (300), whereas the Rap2 proteins are 85% identi cal (301, 302).  The gross part of se-
quence variati on exists in the C-terminus, which determines subcellular localizati on, and not 
so much in the regions that bind eff ector proteins upon acti vati on. Hence, it was generally 
assumed that the Rap proteins target the same eff ectors to diff erent cellular compartments 
to allow specifi city in functi onal outcome. Indeed, whereas Rap1 can suppress Ras-induced 
transformati on, Rap2 does not have this capacity (303). In contrast, overexpression of either 
Rap1 or Rap2 can induce B-cell adhesion (93, 304). Most of the early studies on Rap1 and 
Rap2 have been performed by overexpressing the G-proteins and need to be interpreted 
with some cauti on. Ras G-proteins largely overlap in their eff ector binding profi le (49) and 
subtle diff erences herein might easily be overcome by overexpression. For instance, de-
creased cell migrati on of C3G-/- MEFs can be rescued by expression of Rap1, Rap2 and even 
R-Ras (216). Geneti c studies in model organisms reveal diff erences between the Rap family 

Figure 3 Schemati c of basic Rap1 signalling in its various functi ons.
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members (305) and also in the systems discussed here isoform diff erences are observed by 
deleti on and depleti on studies. Rap1A is required to maintain endothelial barrier, despite 
the fact that Rap1B is predominantly expressed in endothelial cells (59, 70). Spreading of 
epithelial cells is also blocked by siRap1A, but not siRap1B or siRap2 (207). Stati ns inhibit 
the synthesis of mevalonic acid, which is required for isoprenylati on of G proteins. Stati ns 
change Rap1B localizati on, reduce LFA-1 acti vity and inhibit T cell adhesion. These eff ects 
are mimicked by siRap1B, but not siRap1A (306). Rap1B also is the major Rap1 isoform in-
volved in natural killer cell acti vati on (211), which is in agreement with the transmigrati on 
defect of Rap1B-/- neutrophils (237).

Part of the diff erences observed between Rap isoforms might be explained by diff erenti al 
acti vati on. Although the functi onal eff ect is unknown, Rap1, but not Rap2, is phosphoryl-
ated by PKA (12). In neutrophils, engagement of β2 integrins acti vates both Rap1 and Rap2. 
However, the acti vati on of Rap1 is dependent on Src, PI3K, PKC and calcium, whereas Rap2 
acti vati on is not (149). In T-cells, TCR ligati on or integrin costi mulati on by CD31 both induce 
acti vati on of Rap1, but not Rap2 (95, 185). In line with this,  depleti on of Rap1, but not Rap2, 
decreases T-cell adhesion to ICAM1. However, random migrati on requires both Rap isoforms 
(197). Here, acti ve mutants also behave diff erently: Rap1A blocks migrati on, whereas acti ve 
Rap2B enhances migrati on. Interesti ngly, this diff erence is att ributed to diff erent stringen-
cies in RAPL binding (49), caused by the single diff erence between Rap1 and Rap2 in the 
switch I region, residue 39 (197). This residue was also assigned to provide the specifi city of 
Rap2 binding to RasGEF1 proteins, GEFs that only acti vate Rap2 (307), as well as the bind-
ing of Rap2 to CNH domains (308). CNH domains are present in the GCK-IV subfamily of 
Ste20-like kinases (309), which include the Rap2-specifi c eff ectors NIK, TNIK and MINK (308, 
310, 311) that mediate Rap2-induced acti n severing (308) and dendriti c branching (312). 
Conversely, Rap eff ectors that are specifi cally regulated by Rap1 have not been identi fi ed 
to date.

Apart from the fi ve Rap proteins, the human genome also encodes one Rap1 gene cre-
ated by retrotranspositi on, termed hRap1B-retro (313). This retrogene carries the muta-
ti ons G12R and K42E. The 12 positi on is frequently found mutated in consti tuti vely acti ve 
oncogenic Ras proteins. Indeed, hRap1B-retro shows increased GTP loading and integrin 
mediated adhesion (314).

Interconnecti vity between G-proteins
G-proteins are infl uenced by and regulate important morphological processes. Therefore, 
they are likely to aff ect each others acti vity and/or outcome. For instance, G-proteins of 
the Rho family regulate each other at many levels (315). Rap1 is notorious for its inhibiti ng 
eff ect of Ras-induced transformati on. However, Ras has also been suggested to enhance 
Rap1 signaling by recruiti ng the GEF Epac2 to the plasma membrane (316). Conversely, Rap1 
can sti mulate Ras signaling by enhancing cell adhesion. Rap1B-defi cient endothelium shows 
decreased VEGFR phosphorylati on upon VEGF. This eff ect is mimicked by inhibiti ng integrin 
β3 functi on using blocking anti bodies or knockout, suggesti ng that Rap1-induced integrin 
acti vati on facilitates VEGF signaling (317). Cross-talk exists within the Rap family as well. This 
causes Rap1B-/- platelets to show slightly enhanced acti vity of Rap2 (145). Furthermore, de-
pleti on of PLCy decreases C3G levels. Indeed, siPLCy eff ects are rescued by reexpression of 
C3G (318). Positi ve feedback is established by PLCe and PDZ-GEF, which have an RA-domain 
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that binds acti ve Rap1 and a GEF-domain that acti vates Rap1 further (319, 320). PDZ-GEF 
also has been shown to be recruited by acti ve M-Ras upon TNFα (178). Although the inter-
mediate GEF needs to be identi fi ed, R-Ras overexpression acti vates αMβ2 in a Rap1 depend-
ent manner (321). Hence, Ras family members can functi on to enhance Rap1 signaling.

In many of the functi ons discussed here, acti vati on of Rap1 phenocopies acti vati on of Rac 
and/or inacti vati on of Rho. Indeed, increased lymph node entry of lymphocytes upon Gα 
depleti on is correlated with acti vati on of Rap1 and Rac and decreased RhoA acti vity (159). 
Rac can functi on to acti vate Rap1, for instance by inducing F-acti n-rich membrane ruffl  es. 
CalDAG-GEF1, which is normally cytosolic, translocates to these ruffl  es, where it directly 
binds to F-acti n (194). Here, it is interesti ng to note that the presumed Rap1 eff ector RIAM 
actually functi ons to translocate CalDAG-GEF1 to F-acti n in lymphocytes (193) and the C. 
elegans orthologue of RIAM, MIG-10, is regulated by Rac (322). Rac2 is the main Rac isoform 
regulati ng immunological synapse formati on of B cells (LFA-1). Rac2-defi cient B-cells have 
decreased Rap1 acti vity (323). However, quite some evidence actually places Rac down-
stream of Rap1. Overexpression of E63Rap1A acti vates Rac, which is required for Rap1 to 
induce cell spreading. E63Rap1A binds Vav2 and TIAM1, which are localized to membrane 
protrusions by acti ve Rap1 (212). At the endogenous level, Rac has now been shown to be 
required for Rap1-induced leading edge formati on (236), secreti on (324) and endothelial 
barrier ti ghtening (224). Furthermore, the Rac-related G-protein Cdc42 functi ons down-
stream of Rap1 to regulate juncti onal E-cadherin (66). Here, Cdc42 is regulated by Rap1 
upon Necti n engagement (325). Interesti ngly, Necti n-induced outside-in signaling is facili-
tated by αvβ3 in a FAK-dependent manner (326). It has been suggested that FAK/Paxillin and 
cAMP/Epac1/Rap1 cooperate to acti vate Rac1 and Cdc42 to enhance cell migrati on (327). 
Indeed, Vav2 requires both Rap1 and Src-mediated phosphorylati on to assemble juncti ons 
(328). The requirement of this additi onal signal might explain why some reports have ob-
served a lack of correlati on between Rap1 and Rac acti vity. For instance, acti ve Rac is suf-
fi cient to overcome decreased spreading rates by ACK-2, whereas acti ve Rap1 is not (226). 
Rap1 and Rac are both acti vated during Crk-induced EMT, but only dominant negati ve Rac is 
able to prevent this (48). Convulxin treatment of platelets acti vates Rac1, Cdc42 and Rap1, 
but only acti vati on of the Rho GTPases is sensiti ve to an Arf6 inhibiti ng pepti de (329). Fi-
nally, overexpression of either Rap1 or Rac induces T-cell adhesion, but only the latt er is 
dependent on PI3K (93). As Rac induces gross morphological changes, it is possible that it 
impinges at multi ple levels and that only a subset of its functi ons requires Rap1 as an input. 
EphrinB1-induced cell spreading is parti ally dependent on membrane ruffl  ing and requires 
both Rap1 and Rac1. However, Rac1 is required for the ruffl  ing, whereas Rap1 is not (227). 
Indeed, c-Cbl induces cell spreading and migrati on in a Rac-dependent manner, whereto 
only the spreading requires Rap1 to acti vate Rac (225). It is important to appreciate that 
Rap1 induces cell-cell adhesion and cell-matrix adhesion, both of which result in acti vati on 
of Rac (229, 330). Hence, Rap1 does not necessarily directly control Rac in the publicati ons 
discussed. Furthermore, apart from the lack of correlati on in Rap1 and Rac acti vity observed 
in some reports, it has also been suggested that Rap1 and Rac inversely correlate, for in-
stance upon juncti on breakdown (62) and GDF-15 sti mulati on of leukocytes (331). Mecha-
nisti cally, this might be established by dynamic competi ti on between C3G and the RacGEF 
DOCK180. Acti vated C3G disrupts the Paxillin/Crk/DOCK180 complex, resulti ng in decreased 
Rac1 acti vity (332). Indeed, treatment of endothelial cells with TIMP-2 results in reduced Src 
acti vity and dephosphorylati on of the Src sites on Crk and Paxillin. As a result, the Paxillin/

thesis.indd   29thesis.indd   29 7/20/2012   1:50:34 PM7/20/2012   1:50:34 PM



chapter 1: general introducti on

30

1
Crk/DOCK180 complex is disassembled and Paxillin/Crk/C3G binding is increased, resulti ng 
in a switch from Rac1 acti vity to Rap1 acti vity (333).

It is generally appreciated that the acti viti es of Rac and Rho inversely correlate (223). Hence, 
it is not surprising to fi nd interplay between Rap1 and Rho. Indeed, Rho is acti vated during 
Ephrin-mediated contracti on, which is prevented by V12Rap1 (334). It has been suggested 
that Rap1 inacti vates Rho to ti ghten endothelial barrier (148). As menti oned before, KRIT 
relays Rap1 acti vity to barrier functi on (79) and can functi on to inhibit Rho (80-82), whereas 
Rap1 also regulates the RhoGAPs RA-RhoGAP and ARAP3 to downregulate Rho acti vity and 
prevent neurite retracti on (287-289). Conversely, Rho might be required for Rap1 functi on 
in other setti  ngs, as a positi ve correlati on between the acti viti es of Rap1 and RhoA has been 
observed (335). Indeed, adhesion of T cells induced by V12Rap1A is blocked by a Rho inhibi-
tor (336). A possible mechanisti c link is ARHGAP29, although this RhoGAP is suggested to be 
specifi cally inhibited by Rap2 and not Rap1 (337). Interesti ngly, Rho-requirement for Rap1 
functi ons fi nds a backup in D. melanogaster, where Rap1V12 fails to induce hemocyte clus-
tering in RhoL mutant fl ies. In RhoL mutants, Rap1-GFP is not at the membrane, but found 
intracellularly (177), suggesti ng RhoL functi ons to localize Rap1.

Interconnecti vity between Rap1 functi ons
Many eff ects have been observed to occur downstream of Rap1. It is important to appreciate 
that these  generally imply gross rearrangements of cellular architecture and are, therefore, 
likely to impinge on each other. For instance, preventi ng JAM-A-mediated cell-cell adhe-
sion decreases Rap1 acti vity, resulti ng in decreased integrin-mediated adhesion, spreading 
and migrati on (113, 129, 338). Rap1 can also be acti vated through Necti n-mediated cell-cell 
adhesion, resulti ng in the inducti on of fi lopodia and lamellipodia in an αvβ3 and FAK de-
pendent manner (326). In sharp contrast, disassembly of Adherens Juncti ons results in Rap1 
acti vati on to increase zyxin-positi ve focal adhesions (62), migrati on speed and invasion (64). 
These three modes of cell-cell adhesion are unlikely to functi on completely isolated from 
each other, so it needs to be elucidated how they cooperate in regulati ng Rap1. Converse-
ly, cell-matrix adhesion might aff ect cell-cell adhesion. Plati ng mESCs on laminin acti vates 
cAMP/Epac1/Rap1, which increases mESC migrati on by disassembling E-cadherin-rich junc-
ti ons (327). Indeed, siRapGAP acti vates Rap1, enhances cell spreading and weakens cell-cell 
contacts (68). The interplay between cell-matrix adhesion and the other Rap1 functi ons also 
poses experimental problems. Cell-cell adhesion is studied using confl uent monolayers in 
the presence of cell-matrix adhesion. Hence, one needs to be careful att ributi ng observed 
eff ects on cell-cell adhesion as genuine cell-cell adhesion eff ects. Indeed, integrin block-
ing anti bodies and pepti des reduce basal- and 007-induced barrier functi on (86), although 
007 is also reported to ti ghten barrier in the absence of ECM (87). An integrin independent 
functi on of Rap1 is also observed during Drosophila gastrulati on, which occurs in four se-
quenti al steps: 1. mesodermal tube formati on, 2. mesoderm collapse, 3. dorsal migrati on 
and 4. monolayer formati on. Rap1 and myospheroid (the only β integrin expressed during 
mesoderm migrati on) mutants both have non-monolayer phenotypes and myosperoid is 
mislocalized in rap1 mutants. However, rap1 mutants also show collapse defects, which are 
absent in β integrin mutants, suggesti ng the presence of integrin-dependent and independ-
ent-Rap1 functi ons. Finally, one needs to be aware that the diff erent functi ons of Rap1 are 
never isolated in in vivo situati ons. For instance Cortacti n-/- mice have reduced Rap1 acti v-
ity and concomitant hyperpermeable vessels. Despite this, extravasati on of neutrophils is 
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reduced, probably because of weakened integrin mediated neutrophil-endothelium interac-
ti on (65). Hence, specifi c targeti ng is required if Rap1 signaling is to be modifi ed in experi-
mental setti  ngs, but probably also in eventual therapeuti cs.

Scope of this thesis

Analyzing Rap signaling in various diff erent processes has resulted in the identi fi cati on of 
several disti nct Rap signaling modules that are diff erent in compositi on and functi on (fi g-
ure 3). In this thesis, we have further investi gated Rap signaling modules, parti cularly in 
the control endothelial cell-cell adhesion and cell-matrix adhesion. In chapter 2, we have 
investi gated the Rap1 eff ector RIAM, which is acti vated by Rap1 in platelets to induce the 
high affi  nity conformati on of αIIbβ3 integrins. We off er evidence that RIAM is not a direct ef-
fector of Rap1 in the control of β1 integrins and C. elegans touch neuron development, but 
in these setti  ngs rather regulates Rap1 functi on by controlling a pathway parallel to Rap1 
signaling. In chapter 3, we review the literature on Rap1 signaling in the control of cell-cell 
adhesion. This analysis emphasizes that multi ple GEFs are reported to acti vate Rap1 to con-
trol cell-cell adhesion, which is further elaborated on in chapter 4, where we show that PDZ-
GEF and Epac1 cooperate to control endothelial cell-cell adhesion. Specifi cally, we show 
that Epac1 controls endothelial barrier upon cAMP sti mulati on, whereas PDZ-GEF functi ons 
to maintain a basal level of barrier, especially the latt er being hitherto unappreciated. In 
chapter 5 we proceed to investi gate Rap isoform contributi on to this basal barrier functi on. 
This reveals an intriguing functi on of Rap2, which suppresses endothelial barrier. Thus, basal 
endothelial barrier is maintained by the antagonisti c functi ons of Rap1 and Rap2. Finally, 
we return to the noti on that multi ple GEFs regulate cell-cell adhesion in chapter 6, which 
shows that Rap1 is not the only target of GEF C3G regulati ng juncti onal levels of E-cadherin, 
thereby stressing that Rap1-independent functi ons of RapGEFs have to be appreciated.
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Adhesion of T-cells criti cally depends on the Rap1 small G-protein and its suggested eff ector 
RIAM, which functi on to localize the integrin acti vator Talin to the plasma membrane. The 
C. elegans homologue of RIAM, MIG-10, regulates touch neuron development. Here, we 
show that touch neuron development is also abnormal in rap-1 mutants in C. elegans but 
the defects clearly diff er from those seen in mig-10 mutants. Unlike rap-1 or mig-10 single 
mutants, rap-1;mig-10 double mutants show severely dysfuncti onal development. Further-
more, genes syntheti c lethal for rap-1 are not syntheti c lethal with mig-10 and vice versa, 
indicati ng that RAP-1 and MIG-10 functi on in disti nct pathways to control touch neuron 
development. Extending this to human cells, we fi nd that RIAM and Rap1 induce T-cell ad-
hesion to Fibronecti n in a mutually dependent manner. Fusing RIAMs Talin-binding domain 
to the localizati on sequence of Rap1 does not overcome Rap1 dependency. Furthermore, a 
Rap1/RIAM interacti on is dispensable for Rap1 functi on and Rap1 fails to directly regulate 
β1 integrin affi  nity. Together, these data indicate that Rap1 and RIAM/MIG-10 functi on in 
similar processes where they execute interdependent, but disti nct, functi ons.
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Introducti on

Small G-proteins of the Ras family functi on as important switches in signaling pathways by 
rapid and transient interacti on with GTP, which is generally acti vati ng, or GDP that inacti -
vates the proteins. The family comprises over 25 members that together impinge on many 
basic signaling cascades. The fi ve Rap proteins are most closely related to the classical Ras 
proteins (H-, K- and N-Ras) and are well known to regulate cell-matrix and cell-cell adhesion, 
cell migrati on and cell polarity (1-4). Importantly, Rap1 also functi ons in the establishment 
of neuronal polarity and axon outgrowth. Cultured rat hippocampal neurons initi ally have 
several indisti nguishable neurites. During development, specifi c localizati on of Rap1B at the 
ti p of one single neurite recruits the Cdc42-Par3-Par6-aPKC complex to induce the polar-
ity required for further axon maturati on (5). Modulati on of Rap1 acti vity is established by 
acti vati ng guanine nucleoti de exchange factors (GEFs) and inacti vati ng GTPase acti vati ng 
proteins (GAPs). Epac1, Epac2, PDZ-GEF and C3G are RapGEFs involved in the regulati on of 
neurite extension (6-8), whereas Rap1 is inacti vated by the Semaphorin repulsive guidance 
cues (9). Indeed, acti vati on of Rap1 in PC12 cells increases neurite length and dendriti c 
complexity (6, 7, 10). To this end, Rap1 regulates the RhoGAPs RA-RhoGAP and ARAP3 to 
downregulate Rho acti vity and prevent neurite retracti on (11-13). Integrins are criti cal for 
neurite outgrowth (14-16), but whether they are regulated by Rap1 in this setti  ng is cur-
rently unknown.

Various Rap1 eff ectors have been identi fi ed via which Rap1 may regulate cell adhesion (1, 4), 
which include RIAM (Rap1 Interacti ng Adaptor Molecule), of which a functi onal relati onship 
with Rap1 is extensively described. RIAM was identi fi ed to interact with an acti ve Rap1 mu-
tant, Rap1E63, in a yeast-two-hybrid screen using a Jurkat T cell cDNA library and found to 
be essenti al for Rap1-induced T-cell adhesion (17). The RIAM protein contains an RA (Ras As-
sociati on) domain that in vitro binds to acti ve Rap1 and several other acti ve Ras-like GTPases 
(17-19) and a PH (Pleckstrin Homology) domain that binds to the endosomal phosphati dyl 
inositol phosphates PI(3)P and PI(5)P (18, 19). Furthermore, RIAM has several ENA/VASP/
Profi llin binding moti fs, which are likely to mediate RIAM-induced acti n polymerizati on, but 
are dispensable for RIAM-induced cell adhesion (17, 20). Finally, the very N-terminus of 
RIAM was shown to bind Talin, an important regulator of integrin-mediated cell adhesion 
(21). Binding of Talin to the cytosolic tail of β integrins induces a conformati on change in 
the integrin extracellular domain that increases its affi  nity for extracellular matrix proteins 
(22). RIAM induces high affi  nity β3 integrins in a CHO cell reconsti tuti on model in a manner 
that is dependent on both Rap1 and Talin (23). Fusing the Talin-binding domain of RIAM to 
the membrane anchoring tail of Rap1 bypasses the requirement for Rap1, suggesti ng that 
Rap1 localizes a RIAM/Talin complex to the cell membrane to acti vate β3 integrins (21). It is 
unclear whether this complex similarly regulates T-cell adhesion, as here the Talin-binding 
domain seems dispensable for RIAM functi on (20). Indeed, other models to connect Rap1 
and RIAM have been suggested. RIAM might be required for plasma membrane localizati on 
of acti ve Rap1 (17, 24). Indeed, RIAM consti tuti vely binds to the adaptor protein SKAP1 
to relocalize acti ve Rap1 to the plasma membrane following acti vati on of the T-cell recep-
tor (TCR) (20). Alternati vely, RIAM was shown to localize PLC-γ1 to the acti n cytoskeleton, 
thereby mobilizing intracellular calcium to acti vate Rap1 via CalDAG-GEF1 (25).

MIG-10 is the RIAM homologue in C. elegans. Like RIAM, MIG-10 contains an RA and a PH 
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domain and binds to the ENA/VASP orthologue UNC-34. Overexpressed MIG-10 in human 
HEK293 cells induces lamellipodia formati on and colocalizes with F-acti n (26). mig-10(ct41) 
null mutants are viable and ferti le but have defecti ve migrati on of neurons and excretory 
canals, indicati ng an impaired response to guidance cues (26, 27). In the absence of the 
guidance cues UNC-6/netrin or SLT-1/Slit, overexpression of MIG-10 in the touch neurons 
leads to multi polar axon outgrowth (26). Currently, the functi on of the RAP-1 protein in 
C. elegans is unclear. Two homozygous RAP-1 null C. elegans strains showed delayed pro-
gression through larval stages, but both strains are viable and ferti le and lack cell adhesion 
defects (28). 

The many reports linking mammalian Rap1 to the neuronal system and the observati on that 
the putati ve RAP-1 eff ector MIG-10 is required for the development of touch neurons in 
C. elegans prompted us to investi gate touch neuron development in rap-1 mutant worms. 
We fi nd that touch neurons in rap-1 mutant animals have defects in length and number of 
their extensions. However, these neuronal defects are phenotypically disti nct from defects 
in mig-10 mutants. Moreover, rap-1 and mig-10 mutants have no overlap in syntheti c lethal 
profi les and rap-1;mig-10 double mutant worms die within a week of age, whereas single 
mutants are viable. Together, these data show that the pathways served by RAP-1 and MIG-
10 are disti nct, but somehow related and interdependent. Interesti ngly, we can extend this 
model to the human orthologues Rap1 and RIAM, which show dependence on each others 
acti vity to induce T-cell adhesion. However, Rap1 and RIAM uti lize diff erent pathways to 
induce adhesion. 

Materials and Methods

Worms
General methods for culturing and manipulati ng worms were as described (Lewis and Flem-
ing, 1995). Worms were cultured on NGM plates at 20°C. Strains used: Bristol N2, FZ222 
rap-1(tm861), BW315 mig-10(ct41), FZ224 [bjIs64[pML902(dlg-1::GFP) pRF4], FZ271 rap-
1(tm861); bjIs64[pML902(dlg-1::GFP) pRF4], FZ247 rap-1(tm861); FZ209 rap-1(tm861); 
muIs32[mec-7::GFP]. Detecti on of mutant mig-10(ct41) allele was done by nested PCR us-
ing the primers TGTTTGAATTTTCAGAATCCGC and TGTTTCTTCTCACAATCCAACC, followed by 
AACTCAACTCTAGTAATGGTGG and GCACAAATGTACACAAAGAATCC. PCR products are digest-
ed with the Hpy188 endonuclease yielding one 800 basepair mutant or two 400 basepair 
fragments for mutant or wild-type fragments, respecti vely. Detecti on of rap-1(tm861) is as 
described previously (29). The other clones were collected from the Ahringer RNAi library 
(30). All clones were confi rmed by sequencing.

Neuronal analysis
Young adults expressing GFP under the control of the mec-7 promoter were analyzed ei-
ther for their PLMR, ALMR and AVM or for the PLML, ALML and PVM depending on their 
orientati on on a 2% agarose patch with sodium-azide. Analysis was performed using a Zeiss 
Axioskop 2.

Analysis of embryonic development
L4-stage larvae were transferred to a plate containing bacteria expressing dsRNA and in-
cubated at 15 ˚C (day 1). Adults were transferred to a fresh plate for a 2-hours egg-lay and 
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embryos were allowed to develop for another 2 hours (day 4). Embryos were mounted on 
2% agarose patch and analyzed using a Zeiss Axioskop 2. 

siRNA screening
Screening was essenti ally performed as described previously (29). Adults were bleached to 
collect eggs and these were allowed to hatch overnight in M9 medium. L1 stage larvae were 
incubated at 20˚C on OP50 plates before they were transferred as L4-stage larvae to screen-
ing plates (day 1). Bacteria were grown overnight in 1 mM IPTG containing NGM and used 
to inoculate screening plates. Incubati on on siRNAi food was performed at 15 ˚C and adults 
and progeny were scored at day 4.

Cells and reagents
HEK293T cells, used for producti on of shRNA virus, were cultured in DMEM supplemented 
with 10% FBS, 2 mM L-glutamine and anti bioti cs and were transfected with third-generati on 
packaging constructs and shRNA constructs (Mission shRNA, Sigma) using FuGene6 (Roche). 
HB6 Jurkat T-cells stably expressing Epac1 (31) were maintained in RPMI supplemented with 
10% FBS, 2 mM L-glutamine and anti bioti cs and transfected by electroporati on. pMT2-HA-
RapGAPII has been described before (32). pEGFP-hRIAM (17) was kindly provided by Andre 
van Puijenbroek (Bristol-Myers Squibb, Woerden). pEGFP-RIAM-(1-30)-CAAX (21) was a kind 
gift  from Mark Ginsberg (UCSD, San Diego). pEGFP-RalGDS-RA was provided by Kees Jalink 
(NKI-AVL, Amsterdam). pEGFP-RIAM-RA, pEGFP-RIAM-PH, pEGFP-RIAM-RA-PH (20) were 
kindly provided by Stefanie Kliche (Insti tute of Molecular and Clinical Immunology, Magde-
burg) with permission of Gary Koretzky (Abramson Family Cancer Research Center, Phila-
delphia). RIAM and HA anti bodies were from Covance. GFP anti body was from Roche. β1 
integrin anti body was from Cell Signalling. Acti vati on epitope specifi c β1 integrin anti body 
(HUTS21) was from BD Biosciences. Alexa fl uorescently labeled secondary anti bodies were 
from Invitrogen. 8-pCPT-2’-O-Me-cAMP (007) was from Biolog. 

Adhesion assay
T cell adhesion assays were essenti ally performed as described previously (31). For over-
expression studies, HB6 cells were transfected with indicated expression constructs (5ug 
per construct), 1ug Luciferase reporter construct and empty vectors to reach 30ug DNA 
per transfecti on. 24 hours aft er transfecti on, cells were resuspended in TSM buff er (20 mM 
Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM CaCl2, 2 mM MgCl2, and 0.5% BSA) and allowed to 
recover for 60 minutes, aft er which they were plated in the presence of indicated sti muli 
onto 96-well Nunc Maxisorp plates that were coated with 5ug/ml home purifi ed human 
Fibronecti n and blocked with 1% heat denatured BSA. Aft er 60 minutes, non-adherent cells 
were washed away with TSM buff er. Adherent cells were lysed and the amount of Luciferase 
acti vity was determined as a measure of the amount of cells. Adhesion assays performed 
with untransfected or shRNA infected cells were quanti fi ed using the acti vity of endogenous 
protein phosphatase instead of the Luciferase reporter. The adhesion assays shown are rep-
resentati ve examples of multi ple performed experiments, whit the error bars indicati ng the 
standard deviati on between triplicates within the experiment. 

Integrin acti vati on
HB6 cells were resuspended in TSM buff er (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM 
CaCl2, 2 mM MgCl2, and 0.5% BSA) and allowed to recover for 60 minutes. Next, cells were 
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sti mulated as indicated or left  untreated. Cells were fi xed in soluti on with 4% paraformal-
dehyde for 20 minutes at 4°C. Stainings with β1 integrin (60 minutes) and secondary (30 
minutes) anti bodies were performed in PBS with 0.5% BSA at 4°C and staining intensiti es 
were determined by fl ow cytometry. At least 10.000 cells were measured per conditi on. The 
graph shows average staining intensiti es of a representati ve experiment. Error bars indicate 
standard deviati on (n=3).

Results

As MIG-10-defi cient C. elegans have defects in touch neuron development, and the mam-
malian MIG-10 orthologue RIAM has been shown to functi on downstream of Rap1, we ana-
lyzed the development of touch neurons in rap-1(tm861) animals. To this end, touch neuron 
axons were visualized using a GFP-reporter gene under the control of a touch neuron spe-
cifi c mec-7 promotor in wild type and rap-1(tm861) mutant animals. In wild type animals, 
the labeled cell bodies and neurons were seen in the expected stereotypic patt ern in more 
than 95% of all animals (left  column next to schemati c representati on of touch neurons 
in fi gure 1). Touch neurons in rap-1(tm861) mutants on the other hand showed defects 
in length and number of their extensions (right column in fi gure 1). The most prominent 
defect (56%, fi gure 1A-III) is an additi onal extension of the ALMR at the posterior side. The 
ALML displayed an anteriorly extended neuron in 28% of the inspected animals (fi gure 1B-
III). Other defects, such as lengthened extensions of the PLMR axon in the midbody (fi gures 
1A-II and 1A-IV) or defects in outgrowth length of the PLML (fi gure 1B-II) were observed less 
frequently. Importantly, mig-10(ct41) mutants show a failure of the AVM and PVM to extend 
ventrally (27), but this was not observed in the rap-1(tm861) mutants. Instead, the AVM has 
an extra posterior extension, whereas the PVM develops normally (fi gure 1). Therefore, we 
conclude that RAP-1, like MIG-10, is involved in the regulati on of axon length and number of 
touch neuron extensions. However, rap-1(tm861) mutants do not have the same phenotype 
as mig-10(ct41) mutants in neuronal development. 

Figure 1 RAP-1 aff ects axon guidance of 

C. elegans touch neurons. Axon guidance 

defects observed in rap-1(tm861) mu-

tants. Schemati c overview of normal and 

defecti ve axon outgrowth, showing the 

percentage of defecti ve axon outgrowth in 

wild-type (left  column) and rap-1(tm861) 

mutants (right column). The number of 

animals scored is indicated in parentheses. 

Axon guidance phenotypes II – V of secti on 

A and II – III of secti on B represent the dif-

ferent observed outgrowth defects anterior 

(A) and posterior (B) of the vulva respec-

ti vely. The pharynx is orientated at the left  

of the scheme.
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As rap-1(tm861) mutants do not phenocopy mig-10(ct41) mutants, RAP-1 and MIG-10 
might not functi on in a single, linear pathway. To address this possibility, we reasoned that 
two genes operati ng in a linear pathway would have signifi cant overlap in the set of genes 
they cause syntheti c lethality with (which we will refer to as syntheti c lethal profi le). Previ-
ously we have published the syntheti c lethal profi le of the rap-1(tm861) mutant (29). Here, 
we performed a small scale RNAi screen with the mig-10(ct41) mutant using a selected 
RNAi library containing proteins with an RA domain, other Ras-like small G-proteins and 
proteins likely to be involved in Rap1 signaling. Additi onally, three genes that were found 
syntheti c lethal with the rap-1(tm861) mutant were included, which were ral-1, exoc-8 and 
vhp-1 (supplementary table 1). Worms were synchronized and allowed to grow unti l the 
L4-stage on normal OP50 bacteria when they were transferred to agar plates containing 
RNAi food. Progeny of these worms was scored in two independent experiments. Strikingly, 
none of the three genes identi fi ed in the screen with rap-1 appeared syntheti c lethal with 
mig-10(ct41) mutants (table 1). RNAi foods that aff ected mig-10(ct41) mutants were cdc-
42, let-60, R02D3.5 and M57.2 (table 1). CDC-42 and LET-60 are orthologues of the two 
well-studied small G-proteins Cdc42 and Ras respecti vely. The other two genes are involved 
in prenylati on, a type of postt ranslati onal modifi cati on common to small G-proteins family 
members. Importantly, none of these genes had been picked up to be syntheti c lethal with 
rap-1. Hence, the syntheti c lethal profi les of these mig-10(ct41) and rap1(tm861) mutants 
do not show any overlap and therefore fail to indicate that RAP-1 and MIG-10 functi on in a 
single linear pathway.

Our data so far indicate that RAP-1 and MIG-10 do operate in functi onally similar processes 
but not in a single linear pathway. To further substanti ate this, it was hypothesized that 
double deleti on might severely enhance the phenotypes of single mutants in case they are 
to aff ect similar processes via diff erent pathways. On the other hand, double deleti on would 
not enhance the phenotypes of the single mutants if RAP-1 and MIG-10 functi on in a linear 
pathway. To test this, we generated mig-10(ct41);rap-1(tm861) animals. The majority of 
these double homozygotes dies within the fi rst week of age showing diff erent phenotypes 
(fi gure 2). During development, embryos show vacuoles and defecti ve elongati on (fi gure 

Table 1 Overview of genes found synthetic lethal with mig-10(ct41) or rap-1(tm861) and rap-1(pk2082)

Gene Sequence
name

Mammalian
homologue

rap-1(tm861) and rap-1(pk2082) mig-10(ct41)

ral-1

exoc-8

phi-24

sur-6

vhp-1

him-3

ztf-12

-

Y35G8AR.3

Y105E8B.2

F23C8.6

F08B1.1

F26E4.1

ZK381.1

C01B7.1

C49H3.8

RalA, RalB

EXOC8

CHMP1B

MKP7

PR55/B

HORMAD1

Zn finger protein

ARP10

Gene Sequence
name

Mammalian
homologue

cdc-42

let-60

-

-

R07G3.1

ZK792.6

R02D3.5

M57.2

Cdc42

K-Ras

GGTase I / FTase

GGTase II

Table 1 Overview of genes found in the two independently performed syntheti c lethal screen with mig-10(ct41) 

or with rap-1(tm861) and rap-1(pk2082). The screen with the mig-10(ct41) mutant was performed with a small 

scale RNAi library with selected RNAi’s (Supplementary table 1), whereas the Ahringer RNAi library was used to 

screen for syntheti c lethals with the rap-1 mutants.

thesis.indd   57thesis.indd   57 7/20/2012   1:50:35 PM7/20/2012   1:50:35 PM



chapter 2: MIG-10/RIAM and Rap1 functi on in disti nct signaling pathways

58

2
2-IV). Several defects develop during larval stages, which include hump growth, aberrant go-
nad migrati on and vulva development (fi gure 2I-III). Animals that make it to adulthood have 
reduced brood size (14 larvae ± 15 STD, n=20), making it practi cally impossible to maintain 
a double mutant strain. In agreement with this, mig-10(ct41) L1-stage larvae treated with 
rap-1 RNAi did not make it to adulthood (data not shown). Hence, there is a geneti c interac-
ti on between the null mutants mig-10(ct41) and rap-1(tm861) that strongly suggests that 
MIG-10 does not just functi on as a RAP-1 eff ector but rather acts synergisti cally with RAP-1 
signaling.

MIG-10 has two human homologues, RIAM and Lamellipodin, which were shown to have 
similar functi ons in diff erent cell types (33). As goes for Rap1, overexpression of RIAM is 
suffi  cient to induce adhesion of T-cells (17, 20). Furthermore, RIAM is required for Rap1-
induced T-cell adhesion and binds to a consti tuti vely acti ve Rap1 mutant, suggesti ng that 
RIAM functi ons as a downstream eff ector of Rap1 in cell adhesion (17). RIAM recruits the 
integrin acti vator Talin to induce acti vati on of the platelet integrin αIIBβ3 (21, 23), result-
ing in the model that Rap1 regulates integrin through RIAM-mediated acti vati on of Talin 

Figure 2 Defects observed in rap-1(tm861);mig-10(ct41) embryos and animals. DIC images of animals derived 

from rap-1(tm861)+/-;mig-10(ct41)-/- hermaphrodites. Animals have a hump as represented by this L2-stage 

larva (I), aberrant migrati on of gonads (II) or abnormal vulva development (arrow) (III). Embryonic development is 

also aff ected, showing vacuoles (white arrow) or defecti ve elongati on (black arrow) (IV).

Figure 3 RIAM is required and suffi  cient for T-cell adhesion. (A) RIAM overexpression induces T-cell adhesion. 

HB6 cells transfected with empty vector or GFP-RIAM were allowed to adhere to Fibronecti n coated surfaces in 

the presence (black bars) or absence (white bars) of 50 uM 007 for 60 minutes, aft er which the amount of adher-

ing cells was determined. Error bars indicate the standard deviati on of triplicates within one experiment. (B) RIAM 

is required for Rap1 induced T-cell adhesion. HB6 cells infected with virus carrying shRNA constructs targeti ng 

Luciferase (shControl) or RIAM (shRIAM) were allowed to adhere to Fibronecti n coated surfaces spontaneously 

(unsti mulated, white bars), in the presence of 50 uM 007 (gray bars) or in the presence of 4 mM MnCl2 (black 

bars) for 60 minutes, aft er which the amount of adhering cells was determined. Error bars indicate the standard 

deviati on of triplicates within one experiment. A direct Western blot (right panel) shows knockdown effi  ciency.
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(21, 23). Our results obtained in C. elegans suggest that this model is perhaps too simple 
and that Rap1 and RIAM may rather act synergisti cally. This prompted us to test the con-
tributi on of both proteins to integrin regulati on in a cell system that allows for measuring 
endogenous integrin functi on. We used Jurkat T-cells stably expressing the cAMP-regulated 
RapGEF Epac1 (HB6 cells), which are non-adherent but can be rapidly induced to adhere to 
Fibronecti n when sti mulated with the cAMP analogue 007 (fi gure 3A) (31). In agreement 
with previous reports (17, 20), overexpression of full length RIAM induces T-cell adhesion to 
Fibronecti n, which is further enhanced by 007 (fi gure 3A). Also in agreement with previous 
reports (17, 33), Rap1-induced adhesion is dependent on RIAM, as 007-sti mulated adhesion 
is prevented by shRNA-mediated depleti on of RIAM protein (fi gure 3B). Together, these data 
confi rm that RIAM is suffi  cient to induce T-cell adhesion and required for Rap1-induced T-
cell adhesion.

The observati on that RIAM is required for Rap1 to induce adhesion can be explained in two 
ways. First, RIAM might functi on downstream of Rap1 (17, 21, 23). Second, RIAM could syn-
ergize with Rap1 signaling as we observed in C. elegans. To discriminate between the two 
possibiliti es, we tested whether RIAM-induced cell adhesion requires Rap1. We therefore 
expressed both RIAM and RapGAPII in HB6 cells and measured their ability to modulate 
adhesion (fi gure 4A). Overexpression of RapGAPII serves to inacti vate Rap, without aff ecti ng 
other G-proteins (34). As expected, RapGAPII blocks 007-induced cell adhesion, confi rming 
that 007 exerts its eff ect through Rap (fi gure 4A). Interesti ngly, adhesion induced by RIAM 
is also completely abolished by expression of RapGAPII, indicati ng that RIAM requires Rap 
acti vity to induce cell adhesion. One explanati on for the Rap1 dependency could be that 
RIAM requires acti ve Rap1 to be properly localized. This model was proposed when a fu-
sion protein containing the Talin-binding domain of RIAM and the localizing (CAAX) domain 
of Rap1, termed RIAM-(1-30)-CAAX, was found to acti vate αIIBβ3 integrins even when en-
dogenous Rap1 was inacti vated (21). Like wild type RIAM, overexpression of GFP-tagged 
RIAM-(1-30)-CAAX induces cell adhesion of HB6 cells (fi gure 4B), suggesti ng that the adhe-
sion inducing capacity of RIAM is indeed harbored within the fi rst 30 amino acids. However, 
RIAM-(1-30)-CAAX-induced T-cell adhesion to Fibronecti n, which is mediated by β1 integ-
rins, is completely blocked by coexpression of RapGAPII. Expression of GFP-RIAM-(1-30)-
CAAX was confi rmed by FACS analysis of GFP staining (fi gure 4B, right panel). Hence, fusing 
the Talin-binding domain of RIAM to the CAAX moti f of Rap1 is suffi  cient to induce T-cell 
adhesion, but does not overcome the requirement for Rap1, suggesti ng that Rap1 does not 
functi on to localize RIAM/Talin to integrins and questi ons whether RIAM functi ons down-
stream of Rap1 at all. Next, we reasoned that RIAM functi oning as a Rap1 eff ector would 
require an interacti on between the two proteins and that competi ng with this interacti on 
by ectopically expressing the RA domain of RIAM, would prevent Rap1 to induce adhesion. 
Indeed, overexpression of the RA domain of RalGDS, known to effi  ciently bind acti ve Rap1 
(35), completely blocks 007-induced adhesion (fi gure 4C). Overexpression of the RA domain 
of RIAM however, did not show any eff ect on adhesion (fi gure 4C). It has been suggested 
that RIAM requires both RA and PH domains for effi  cient Rap1 binding (20). However, a con-
struct containing both RA and PH domain also fails to interfere 007-induced T-cell adhesion 
(fi gure 4C), suggesti ng that an RA-domain-mediated interacti on between Rap1 and RIAM 
is not required. Together, these data show that although both Rap1 and RIAM are required 
for proper T-cell adhesion to Fibronecti n, RIAM does not functi on as a direct Rap1 eff ector.
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Figure 4 Rap1 and RIAM induce adhesion via disti nct, interdependent pathways. (A) Rap1 acti vity is required 

for RIAM to induce cell adhesion. HB6 cells transfected with RIAM and/or RapGAPII were allowed to adhere to 

Fibronecti n coated surfaces for 60 minutes, aft er which the amount of adhering cells was determined. Error bars 

indicate the standard deviati on of triplicates within one experiment. A direct Western blot (right panel) shows 

expression of transfected constructs. (B) RapGAPII decreases cell adhesion induced by RIAM and a membrane-

targeted subdomain thereof. HB6 cells were transfected with GFP-RIAM or a GFP-tagged minimal Talin bind-

ing domain of RIAM fused to the CAAX moti f of Rap1 (GFP-RIAM-(1-30)-CAAX) in the presence or absence of 

RapGAPII and allowed to adhere to Fibronecti n coated surfaces and for 60 minutes, aft er which the amount of 

adhering cells was determined.  Error bars indicate the standard variati on of triplicates within one experiment. 

Expression of the GFP-tagged constructs was confi rmed by fl ow cytometry (right panel). (C) RIAM fragments do 

not interfere in 007-induced adhesion. HB6 cells transfected with RalGDS-RA, RIAM-RA, RIAM-PH or RIAM-RA-PH 

were plated onto Fibronecti n coated surfaces and allowed to adhere for 60 minutes, aft er which the amount of 

adhering cells was determined. Error bars indicate the standard deviati on of triplicates within one experiment. A 

direct Western blot (right panel) shows expression of transfected constructs.
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Regulati on of T-cell integrins occurs at two main levels. First, binding of adhesion regulati ng 
proteins and most importantly Talin to the cytosolic tail of the integrins induces an extracel-
lular conformati on change in the beta integrin that allows binding to extracellular matrix 
proteins (affi  nity regulati on). Second, intracellular signaling can induce integrins to cluster 
together in high density integrin plaques to increase adhesion effi  ciency (valency regula-
ti on) (36). It is sti ll unclear which of these processes is regulated by Rap1, as independent 
reports have both confi rmed or rejected either possibility (23, 37-41). Interesti ngly, RIAM 
has been postulated to recruit Talin to the plasma membrane, thereby inducing high affi  nity 
αIIBβ3 integrins.  To investi gate whether Rap1 induces a conformati onal change in β1 inte-
grin, we sti mulated HB6 cells with 007 and measured integrin plasma membrane levels by 
fl ow cytometry using a general β1 integrin anti body or an anti body that preferenti ally binds 
the high affi  nity conformati on of β1 integrins (HUTS21) (fi gure 5). MnCl2, which directly 
acti vates integrins, does not change general levels of β1 at the plasma membrane. However, 
it does induce a clear increase in HUTS21 binding, showing that changes in high affi  nity 
β1 integrins can be measured on HB6 cells. Sti mulati on with 007 does not change staining 
intensiti es of either anti body. Thus, in Jurkat T-cells Rap1 does not functi on by increasing 
integrin plasma membrane levels or by regulati ng β1 integrin affi  nity. Since RIAM has been 
shown to act via Talin and thus enhancement of integrin affi  nity, the additi ve eff ect of Rap1 
acti vati on and RIAM over-expression provide additi onal evidence for a synergisti c instead of 
a linear coupling of Rap1 and RIAM.

Discussion

Previously, RIAM has been suggested to act as an essenti al eff ector of Rap1 in cell adhesion. 
However, three observati ons in C. elegans argue against a strictly linear relati onship of the 
homologous proteins MIG-1 and RAP-1 and thus prompted us to re-investi gate the func-
ti onal connecti vity of RIAM and Rap1. First, we fi nd that, although both Rap-1 and mig-10 
mutant worms show abnormal numbers and directi onality of touch neuron extensions, the 
actual phenotypes are clearly disti nct. This is exemplifi ed by the AVM touch neuron that is 
aff ected in both mutant strains. Whereas the AVM fails to respond to ventral guidance cues 
in mig-10 mutants (26), there is no defect in ventral outgrowth in rap-1 mutants (current 
study). Conversely, the extra posterior extension of the AVM in rap-1 mutants has not been 
reported in mig-10 mutants. Secondly, whereas single mutants are viable and ferti le, dou-
ble mutants of rap-1(tm861);mig-10(ct41) die within a week of age. This syntheti c lethality 
would not be expected if RAP-1 and MIG-10 acted in a simple, linear pathway. Finally, two 
proteins functi oning in a linear pathway would very likely share genes whose knockdown 
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by RNAi would lead to syntheti c lethality. However, none of the genes that were previously 
identi fi ed in a syntheti c lethal screen with rap-1 mutants (29) were syntheti c lethal with 
mig-10. Instead, mig-10 mutant animals are sensiti ve to RNAi for a disti nct set of genes.

The fact that mutati ons in rap-1 and mig-10 are syntheti c lethal, indicates that these genes 
may fulfi ll a unique functi on in a common process in mammalian cells as well. Indeed, the 
mammalian homologues Rap1 and RIAM are both capable of enhancing integrin-mediated 
cell adhesion. In the prevalent model, Rap1 functi ons to locate RIAM at the membrane, 
where RIAM via its N-terminal domain targets Talin to the membrane, where it acti vates 
integrins. A compelling piece of evidence in favor for a role of RIAM as a direct Rap1 eff ec-
tor stems from an experiment, in which fusion of the Talin-binding domain of RIAM to the 
membrane localizati on signal of Rap1 overcomes the requirement for Rap1 to acti vate inte-
grin αIIBβ3 (21). Together with the fact that RIAM binds to an acti ve mutant of Rap1 (17, 23) 
and is required for Rap1-induced cell adhesion ((17), this study), this off ers strong support 
for RIAM being a direct eff ector of Rap1. However, surprisingly, a Talin-binding domain of 
RIAM with the Rap1 membrane localizati on domain (RIAM-(1-30)-CAAX), which is suffi  cient 
to induce T-cell adhesion, is sti ll sensiti ve to RapGAP, suggesti ng that Rap1 has additi onal 
functi ons in cell adhesion than localizati on of RIAM. This result is at variance with previ-
ous results from Lee et al. (21). These authors did not observe an eff ect of RapGAP on RI-
AM-(1-30)-CAAX-induced cell adhesion, but they investi gated αIIBβ3 integrin-mediated cell 
adhesion rather than β1 integrin-mediated adhesion as assayed by us. It is very well likely 
that the regulati on of β1 integrins is diff erent from αIIBβ3 integrins. For instance, it has been 
suggested that the F3 domain of Talin is suffi  cient to acti vate αIIBβ3, whereas Talin-induced 
acti vati on of α5β1 additi onally requires the F0 and F1 domains (42, 43). Furthermore, Kind-
lins synergize with Talin to acti vate αIIBβ3, but antagonize Talin-mediated acti vati on of α5β1 
(44, 45). Importantly, our results are compati ble with the noti on from C. elegans that RIAM 
and Rap1 may have disti nct functi ons in integrin mediated cell adhesion, and we propose 
the model that although RIAM may functi on as an eff ector of Rap1, Rap1 require additi onal 
eff ectors to regulate β1-integrin mediated adhesion. 

In conclusion, we provide data in C. elegans and human T-cells that reevaluate the role of 
MIG-10/RIAM as an eff ector protein of Rap1. Although RIAM can act as a Rap1 eff ector to 
induce cell adhesion in certain setti  ngs, we here demonstrate that each protein also has 
unique acti viti es that together regulate disti nct processes like axon outgrowth in C. elegans 
and cell adhesion in human T-cells.

Disclosure

The C. elegans data presented in this work have been previously published in the PhD the-
sis of Ester W. Frische, ti tled ‘Rap1 and Ral signaling networks in C. elegans and mammals’ 
(ISBN 978-90-393-4956-4).
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Rap proteins are Ras-like small GTP-binding proteins that amongst others are involved in the 
control of cell-cell and cell-matrix adhesion. Several Rap guanine nucleoti de exchange fac-
tors (RapGEFs) functi on to acti vate Rap. These multi -domain proteins, which include C3G, 
Epacs, PDZ-GEFs, RapGRPs and DOCK4,  are regulated by various diff erent sti muli and may 
functi on at diff erent levels in juncti on formati on. Downstream of Rap, a number of eff ec-
tor proteins have been implicated in juncti onal control, most notably the adaptor proteins 
AF6 and KRIT/CCM1.  In this review, we will highlight the latest fi ndings on the Rap signaling 
network in the control epithelial and endothelial cell-cell juncti ons.
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Introducti on

Rap proteins, which include Rap1(A and B) and  Rap2 (A, B and C), are members of the 
Ras-like small G-proteins. These monomeric proteins cycle between a GTP-bound (acti ve) 
conformati on and a GDP-bound (inacti ve) one, thereby allowing signaling pathways to be 
quickly switched on or off . GTP-binding is facilitated by guanine nucleoti de exchange factors 
(GEFs) that release GDP and allow the more abundant GTP to bind. Inacti vati on is catalyzed 
by GTPase acti vati ng proteins (GAPs) that enhance the hydrolysis of GTP (1). The prototypic 
Ras family members (H-, K- and N-Ras) functi on in signaling cascades that impinge on prolif-
erati on, diff erenti ati on and apoptosis. As such, these proteins have great oncogenic poten-
ti al and are indeed found mutated in 15% of all human cancers (2). In a screen for suppres-
sors of this transforming acti vity, Noda and colleagues identi fi ed Rap1A as a protein with Ras 
reverti ng potenti al (3). Rap1A carries an eff ector domain that is very homologous to that of 
Ras, suggesti ng that Rap1A might directly inhibit Ras signaling by competi ti on for Ras eff ec-
tors. Nowadays, it is commonly accepted that Rap1A as well as the very homologous Rap1B 
signals largely independently of Ras. Rap1-induced inhibiti on of transformati on by Ras is 
due to its central role in a signaling network that controls cell polarity (4) and strengthening 
of cell att achment to both extracellular matrix and neighboring cells (5). We have recently 
reviewed the central role of Rap1 in cell-cell adhesion (6), but much progress has been made 
over the past period. Here we will highlight recent fi ndings with a focus on the role of the 
various RapGEFs in juncti on formati on.

Epithelia functi on as physical barriers that regulate transport of substances from and towards 
underlying ti ssues. As such, it is essenti al that the epithelial layer forms an intact sheet, the 
individual cells of which are ti ghtly att ached to one another. Two main cell-cell anchorage 
systems functi on to maintain epithelial barrier; the apical ti ght juncti on (TJ) and the closely 
associated Adherens Juncti on (AJ) (7). TJs link neighboring cells closely together, thereby 
creati ng a physical barrier for ions and solutes. Also, TJs limit diff usion of membrane pro-
teins, thereby contributi ng to apical-basolateral polarity (8). AJs increase monolayer rigidity 
by linking the acti n networks of neighboring cells. The central core of AJs is the homophilic 
interacti on of cadherin proteins. Cadherins are single-pass transmembrane glycoproteins of 
which the extracellular domains interact with opposing cadherins in a calcium-dependent 
manner. E-cadherin consti tutes the AJs of epithelial cells, whereas endothelium expresses 
the closely related VE-cadherin. Intracellularly, (V)E-cadherin interacts with catenin family 
members. p120-catenin binds to the juxtamembrane region of (V)E-cadherin to stabilize its 
plasma membrane localizati on, whereas α- and β-catenin serve a dynamic role in linking (V)
E-cadherin to the acti n cytoskeleton (9).

A landmark paper by Knox and Brown for the fi rst ti me linked Rap1 to AJ formati on. In 
Drosophila melanogaster, rap1 localizes to the AJ. Rap1 mutant cell clones have aberrant 
shapes and intermingle with surrounding wild-type cells, indicati ng a defect in mutual cell-
cell adhesion, whereas adhesion to wild-type cells occurs properly. Apical-basolateral polar-
ity is maintained and the formati on of septate juncti ons, which are considered to be anal-
ogous to TJs, seems unaff ected. However, the juncti onal proteins DE-cadherin, α-catenin 
and β-catenin lose their even, circumferenti al distributi on and localize in clusters at one 
side of the cell (10). In MDCK cells, dominant negati ve Rap1 prevents cells from att aching 
to Fc-E-cadherin. Conversely, disrupti on of cell-cell contacts by scatt er factor (HGF) can be 
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completely inhibited by acti vati on of endogenous Rap1 (11). Forcing Rap1 into its inacti ve 
conformati on by ectopic expression of RapGAP does not disrupt mature cell-cell contacts, 
but dramati cally aff ects juncti on reformati on in a calcium-switch model (12). Similarly, cells 
depleted of Rap1A by siRNA only show defecti ve juncti on formati on aft er replati ng (13). 
Together, these data clearly establish Rap1 as a key regulator of Adherens Juncti ons and 
suggest it functi ons in the formati on process instead of juncti on maintenance.

RapGEFs in juncti on formati on

The noti on that Rap1 is involved in the establishment of cell-cell contacts implies that Rap1 
is being acti vated before or during contact formati on. Using a FRET-based Rap1 acti vati on 
construct, acti vati on of Rap1 was found at newly formed cell-cell contacts (14). Others have 
used  a calcium switch model, in which chelati on of extracellular calcium is used to break 
up the calcium-dependent transinteracti on of E-cadherin proteins. Following add-back of 
calcium, AJs reform synchronously, allowing for biochemical assays. Indeed, Rap1 is acti -
vated during early juncti on reformati on and this acti vati on decreases when juncti ons are 
restored (15). These data are in line with the observati ons that Rap1 functi ons in juncti on 
formati on. Intriguingly, acti vati on of Rap1 has also been reported upon disrupti on of Adhe-
rens Juncti ons (16). It is well possible that disrupti on of AJs serves as a trigger to acti vate 
Rap1, thereby inducing juncti on reformati on to maintain epithelial integrity. A fi rst clue to 
understand this patt ern of Rap1 acti vati on may come from the characterizati on of the Rap1-
specifi c GEFs. To date, fi ve major classes of highly conserved GEFs are discriminated: C3G 
(RapGEF1), PDZ-GEFs (RapGEF2 and -6), Epac proteins (RapGEF3, -4 and -5), members of the 

C3G

PDZ-GEF1

PDZ-GEF2

DOCK4

EPAC1

EPAC2

SH3 DOCK

PY

REM GEF

cNB-L REM PDZ GEFRAcNB-L

REM GEFcAMPDEPcAMP RA

*

RasGRP1

RasGRP3

C1EFGEFREM

GEF PLCXc PLCYc C2 RA

PLCE1

Figure 1 Schemati c representati on of the domain structure of RapGEFs. cAMP: cyclic AMP-binding domain; 

cNB-L: cyclic nucleoti de binding domain like; RA: Ras-associati on domain; REM: domain with unknown functi on 

present in most GEFs for Ras-like proteins; DOCK: domain present in proteins with putati ve GEF functi on; EF: 

calcium binding domain; C1: DAG-binding domain. * putati ve extra nucleoti de binding domain
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RasGRP family (RasGRP2 and 3) and the atypical RapGEF DOCK4 (fi gure 1). Four of these GEF 
families have been implicated in juncti on regulati on.  

C3G was the fi rst RapGEF identi fi ed with a characteristi c catalyti c region consisti ng of a 
CDC25 homology domain and a Ras exchange moti f (REM). Furthermore, it contains proline-
rich sequences which bind to the SH3 domain of the adaptor proteins Crk and Grb2. C3G di-
rectly interacts with E-cadherin during the initi al steps of juncti on formati on (12). This bind-
ing is mutually exclusive with binding of β-catenin to E-cadherin, suggesti ng that C3G does 
not bind E-cadherin in mature AJs. Importantly, inhibiti on of C3G inhibits translocati on of 
E-cadherin to the juncti ons, indicati ng a key role of this GEF in the recruitment of E-cadherin 
(12). C3G localizes to endosomes (17) and has been proposed to acti vate Rap1 on intracellu-
lar membrane compartments upon internalizati on of the EGF receptor (18). Similarly, Rap1 
acti vati on can be triggered by E-cadherin internalizati on (16), suggesti ng C3G binds intracel-
lular E-cadherin to acti vate Rap1 and induce E-cadherin translocati on. C3G was also found 
to mediate Rap1 acti vati on aft er engagement of necti ns (19). Necti ns are immunoglubulin-
like transmembrane proteins that form homophilic and heterophilic dimers via their extra-
cellular domains, which have been proposed to induce the formati on of AJs (20). Necti ns 
bind to c-Src at cell-cell contact sites, causing Src acti vati on and subsequent recruitment 
of C3G (19). C3G-induced Rap1 acti vati on might also be the switch that stabilizes juncti ons 
upon mechanical stress. Indeed, stretching of cells acti vates Rap1 (21) in a C3G-dependent 
manner (22). Interesti ngly, p130Cas was identi fi ed as the fi rst stretch-sensing protein (23) 
and is well known to form a complex with C3G (24), suggesti ng p130Cas serves as a sensor 
that acti vates Rap1 upon stretching of cells. Whether this mechanism functi ons in stabiliza-
ti on of cell-cell contacts remains to be determined. 

Also the PDZ-GEFs localize to cell juncti ons and are thus good candidates for Rap1 regulati on 
at these sites.  These multi domain proteins have a REM-CDC25 homology domain as cata-
lyti c region, a PDZ domain and regions homologous to cyclic nucleoti de binding domains. 
PDZ-GEF1 associates with β-catenin both directly and via the scaff old proteins MAGI-1 and 
MAGI-2 (14, 25, 26). MAGI-1 is localized at cell-cell juncti ons and is required for contact-
induced acti vati on of Rap1, presumably by PDZ-GEF1, although this has yet to be proven 
(14). Drosophila melanogaster contains a single PDZ-GEF protein and fl ies that carry mutant 
dPDZ-GEF show strong dorsal closure defects. However, the AJ components Arm (β-catenin) 
and DE-cadherin were evenly distributed around the circumference of dPDZ-GEF mutant 
cells, indicati ng that AJ integrity is not perturbed by the loss of dPDZ-GEF functi on. Inter-
esti ngly, extensions at the lateral cell periphery do point towards a defect in contracti lity, 
suggesti ng that dPDZ-GEF could enhance cell-cell contact ti ghtening by acti ng on the acto-
myosin machinery (27). Recently, PDZ-GEF2 was identi fi ed as an essenti al acti vator of Rap1 
during juncti on formati on both in epithelial and endothelial cells. In contrast to cells inhib-
ited for C3G, cells depleted of PDZ-GEF2 have only slightly decreased E-cadherin levels at 
the cell surface. However,  they do not form mature juncti ons upon replati ng, which can be 
rescued by acti ve Rap1A (13). This indicates that PDZ-GEF2 functi ons at a diff erent level in 
juncti on formati on than C3G. A main questi on remains how PDZ-GEFs are acti vated. PDZ-
GEF1 contains one cyclic nucleoti de-binding domain and PDZ-GEF2 even two. However, no 
eff ect was observed of cyclic nucleoti des on Rap1 acti vati on by PDZ-GEF (28, 29). In neurons, 
neurotrophins acti vate PDZ-GEF1 during neurite outgrowth (30) and in splenocytes TNF�-
induced M-Ras acti vates PDZ-GEF2 (31). Similarly, PDZ-GEF1 is acti vated and translocated by 
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GTP-bound Rap1 (32). Therefore, PDZ-GEFs might well functi on in reiterati ve GTPase acti va-
ti on and/or positi ve feedback loops.

DOCK4 is a member of the atypical RhoGEFs, which is found mutated in a subset of hu-
man tumors (33). DOCK4 has GEF acti vity for both Rap and Rac. Osteosarcoma cells lacking 
DOCK4 do not form intercellular juncti ons, but this can be rescued by expression of an acti ve 
Rap1 mutant, indicati ng a role for DOCK4 as a RapGEF in juncti on formati on (33). Recently, it 
was shown that DOCK4 is acti vated by RhoG  and regulates cell migrati on via the acti vati on 
of Rac (34). Whether RhoG also acti vates DOCK4 in juncti on formati on is currently unclear. 
Interesti ngly, RhoG is acti vated in endothelial cells upon trans-endothelial-migrati on of leu-
kocytes, a process which requires reorganizati on of endothelial cell-cell juncti ons (35). 

Lastly, juncti onal Rap1 can be acti vated by Epac1. The Epac proteins contain, in additi on to 
the REM-CDC25 homology domain, one or two cAMP binding domains, a DEP domain and a 
RA domain. Regulati on of juncti on integrity in endothelial cells by cAMP/ Epac1 is discussed 
below. Thus,  various RapGEFs are involved in the regulati on of cell-cell juncti ons  to acti vate 
Rap proteins (fi gure 2). These GEFs sense diff erent changes in cell surrounding, like cell-cell 
contact formati on, mechanical stress and leukocyte transmigrati on. 

Epac1

Maturation

cAMP

Rap1

E-cadherin recruitment

DOCK4

PDZ-GEF

p120C3G

Nascent junctions

Rap1A
p120

?

Actin rearrangements

Rap1A
Tightening

Mature junctions

?

E-cadherin

actin

Figure 2 Model of the diff erenti al roles for RapGEFs in juncti on formati on. Acti vati on of Rap1 through C3G and/

or DOCK4 is involved in the recruitment of E-cadherin to the plasma membrane and subsequent formati on of 

the initi al cell-cell juncti ons. Secondly, acti vati on of PDZ-GEF is required for the maturati on of juncti ons, presum-

ably through regulati on of the acti n cytoskeleton. Finally, Epac1 induces ti ghtening of endothelial juncti ons upon 

cAMP sti mulati on in an acti n-dependent manner.

thesis.indd   72thesis.indd   72 7/20/2012   1:50:38 PM7/20/2012   1:50:38 PM



73

chapter 3: Rap1 and RapGEFs in cell-cell juncti on formati on

3

Rap1 in juncti on formati on

Regulati on of Adherens Juncti ons mainly occurs at two levels: fi rst, ti ght control exists on 
the vesicular sorti ng of E-cadherin, determining its cell surface levels. Second, signaling cas-
cades control the cytoskeletal linkage to E-cadherin, thereby stabilizing the contact (36, 37). 
Rap1A and Rap1B seem to impinge on both of them in a way that may well be isoform 
specifi c (13).

An interesti ng link between Rap1 and  E-cadherin levels was recently found in the nematode 
C. elegans. Homozygous RAP-1 mutant worms show delayed, but normal development (38). 
In a genome-wide syntheti c lethal screen, ral-1, sec-5 and exoc-8 were found to be essen-
ti al for viability of RAP-1 mutant worms (39). The mammalian orthologues of these pro-
teins, Ral, Sec5 and Exo84 are known to functi on in a single signaling cascade that regulates 
plasma membrane delivery of E-cadherin (40, 41). When fed with RNAi targeti ng exocyst 
complex members, RAP-1 mutant embryos show an arrest in hypodermal cell migrati on, 
similar to mutants defecti ve in the cadherin-catenin complex (39, 42). The syntheti c lethal-
ity of Rap1 with the exocyst members suggests that Rap1 functi ons to stabilize E-cadherin 
at the cell membrane, the key regulator of which is p120-catenin. Binding of p120-catenin 
to the juxtamembrane region of E-cadherin prevents E-cadherin internalizati on (43). Inter-
esti ngly, the Rap1 eff ector AF6 associates with p120-catenin and this binding increases the 
interacti on of p120-catenin with E-cadherin. AF6 prevents non-trans-interacti ng E-cadherin 
from being removed from juncti ons in an in vitro  assay only when bound to Rap1 or  upon 
deleti on of the Ras binding domain from AF6 (44), but dynamics of the AF6/p120-catenin 
link and its regulati on by Rap1 have not been further characterized.

Once E-cadherin homophilically interacts with E-cadherin on neighboring cells, these pro-
teins become trapped and start signaling to increase cell-cell contact area. These signaling 
cascades result in dynamic regulati on of the cytoskeleton to strengthen the juncti on (re-
viewed in (36)). In brief, PI-3-kinase and p120-catenin dependent acti vati on of Rac drives 
acti n dynamics that result in contact extension. Next, the contact is strengthened by direct 
linkage of the cadherin complex to the acti n cytoskeleton. This requires a transiti on from 
branched acti n to acti n cables, brought about by inhibiti on of Arp2/3 and recruitment of 
Ena/VASP proteins. This switch is thought to be regulated by dimers of α-catenin. Lastly, 
trans-interacti ng E-cadherin induces recruitment and microtubule-dependent phosphoryla-
ti on of Myosin II,  which mediates actomyosin contracti on, ulti mately resulti ng in the forma-
ti on of the typical zonula adherens of polarized epithelial cells (36). Intermediate stages of 
juncti on formati on have been visualized in primary kerati nocytes, showing E-cadherin-rich 
fi lopodial extensions that protrude towards neighboring cells to form ‘adhesion zippers’ 
(45, 46). Interesti ngly, juncti on formati on of A549 lung carcinoma cells depleted of Rap1A 
halts at a stage with very similar adhesion zippers. Ultra-structural analysis of the juncti ons 
in Rap1A-depleted cells indicates the presence of fi lopodial extensions that have failed to 
zipper up. Importantly, surface E-cadherin level was unaltered, suggesti ng a defect in the 
cytoskeleton-mediated strengthening of the juncti ons (13). Adhesion zippers have also been 
observed upon inhibiti on of Arp2/3-mediated acti n assembly (47) and in cells depleted of 
EPLIN, a protein that links the cadherin-catenin complex to F-acti n (48). Together, these re-
ports clearly point to a role of Rap1 in regulati ng cytoskeletal dynamics to induce extension 
of nascent contacts. This is in line with observati ons in mice selecti vely expressing a dom-
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inant-negati ve Rap1 in diff erenti ati ng spermati ds. These spermati ds have normal surface 
expression of VE-cadherin, but linkage of VE-cadherin to the cytoskeleton is impaired (49). 

Thus, Rap1 is clearly important in cell-cell contacts. Interesti ngly, expressing RapGAP or siRa-
p1A does not perturb a confl uent monolayer (12, 13). This suggests that the prime functi on 
of Rap1 is in juncti on formati on rather than juncti on maintenance. However, rap1 mutant 
cells in a Drosophila wing have perturbed AJs (10) and C. elegans RAP-1 seems to stabilize 
E-cadherin at the cell surface (39), both pointi ng at a role in maintenance. Possibly, Rap1 
serves a subtle role in AJ maintenance that only becomes apparent during certain stages of 
development and/or conditi ons that require a quick re-establishment of cell-cell contacts.

Several acti n modulati ng proteins have been shown to be directly regulated by Rap1. First 
of all, Rap1 can signal to G-proteins of the Rho family that  are well known for their eff ects 
on the acti n cytoskeleton and thereby aff ect cell-cell contacts as well (50). Rap1 has been 
shown to induce Rac acti vati on (51) and to mediate relocalizati on of the RacGEFs Vav2 and 
Tiam1 during cell spreading (52). Within the context of juncti on formati on it has been found 
that a fast-cycling mutant of Cdc42 rescues the eff ects of RapGAP (12). Furthermore, TIAM is 
essenti al for cell-cell contact maturati on (53, 54) and necti n engagement acti vates both Rac 
and Cdc42 via their respecti ve GEFs Vav2 and FRG in a C3G/Rap1 dependent manner (19, 
55). However, how Rap controls juncti ons through Rho GTPases is currently elusive. RIAM 
binds to acti vated Rap1 and is essenti al for Rap1 to induce adhesion of T-cells to extracel-
lular matrix (56). RIAM contains several proline-rich stretches that bind VASP proteins (57) 
and the acti n elongati on factor Profi lin. Indeed, RIAM induces acti n polymerizati on (56), 
but its role in juncti on maturati on has not been investi gated. In a recent proteomics paper, 
double-tag purifi cati on of Rap1A identi fi ed Ena and VASP as specifi c binding partners (58). 
Ena/VASP proteins are essenti al for several modes of acti n modulati on at cell-cell contact 
sites (59), but a functi onal connecti vity with Rap1 has yet to be established. Another con-
necti on of Rap1 to the acti n cytoskeleton may be through AF6. This Rap eff ector binds to 
a number of juncti onal proteins, including necti n, ZO-1 and p120. Indeed, AF6 functi ons to 
stabilize E-cadherin at the membrane (see above). Furthermore, AF6 directly interacts with 
acti n to mediate E-cadherin dependent cell-cell adhesion. However, the latt er functi ons oc-
curs independently of Rap1 binding (60).

Rap1 signalling in endothelial juncti ons

The endothelium is a highly specialized cell layer that surrounds the enti re circulatory sys-
tem. It controls capillary permeability and diapedesis of leukocytes. As such, the endotheli-
um functi ons as an important regulator of body homeostasis (61). The regulati on of vascular 
permeability requires very strict control of juncti onal integrity. Hence, both assembly and 
disassembly of endothelial cell-cell contacts are under ti ght hormonal control (62). Interest-
ingly, barrier stabilizing agents generally increase intracellular levels of the second messen-
ger cAMP. Dynamic control of endothelial cell-cell juncti ons by cAMP is mediated by both 
PKA and Epac1 via independent pathways (63). Epac proteins are cAMP-responsive GEFs for 
the Rap family of GTPases. They have been implicated in several physiological processes, 
such as infl ammatory response, secreti on, Ca2+ signaling, apoptosis, gene expression and 
cell adhesion (64, 65). Epac research has been greatly facilitated by the characterizati on 
of an Epac-specifi c cAMP analogue, 8-pCPT-2’-O-Me-cAMP (007) (66). Treatment of an en-
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dothelial monolayer with 007 decreases both basal and thrombin-induced permeability (67-
69) and increases trans-endothelial electrical resistance (TER) (15). Physiological inducti on 
of cAMP in pulmonary endothelial cells by prostaglandins or atrial natriureti c pepti de (ANP) 
similarly increases TER in a manner depending on both PKA and Epac1 (70, 71). The impor-
tance of Epac1/Rap1 in cell-cell contact ti ghtening has been confi rmed in vivo. Intradermal 
injecti on of 007 prevents both basal and VEGF-induced leakage of Evans Blue from blood 
vessels (68). In perfusion experiments with rat venular microvessels, 007 treatment att enu-
ated PAF (platelet acti vati ng factor) induced increase in permeability (72), suggesti ng that 
cAMP/Epac1/Rap1 blocks increase in vascular permeability via regulati on of the AJ in vivo.

Several Rap1 eff ector proteins might mediate the eff ect on barrier functi on. As described 
above, Rac signaling is likely to be downstream of Rap1 and this holds for endothelial cells as 
well. Similar to Epac1, the RacGEFs Vav2 and Tiam1 are required for ANP and PGE2 induced 
TER increase (70, 71). Rac1 is acti vated and translocates to cell-cell contacts when monolay-
ers are sti mulated with 007 (73), indicati ng that Rap1 functi ons to modulate Rac acti vity. 
Recently, the Rap1 binding protein KRIT1 (K-Rev1 Interacti on Trapped gene 1, also known as 
CCM1) was shown to be involved in Epac1/Rap1-induced permeability of endothelial cell-
cell juncti ons (74). Together with CCM2/MGC4607 and CCM3/PDCD10, KRIT1 consti tutes a 
set of proteins, mutati ons of which are found in cerebral cavernous malformati ons. These 
neurological disorders are characterized by cerebral hemorrhages and vascular malforma-
ti ons in the central nervous system (75). Mice lacking KRIT1 die because of vascular defects 
(76) and loss of KRIT1 or CCM2 in zebrafi sh embryos results in severe dilati on of the major 
vessels (77). Originally, KRIT1 was identi fi ed as an interactor of Rap1 in yeast-two-hybrid 
assays (78). In confl uent endothelial monolayers, KRIT1 localizes to cell-cell contacts, where 
it is found in a complex containing the AJ proteins VE-cadherin, β-catenin, α-catenin, p120-
catenin, AF6, but not the ti ght juncti on marker ZO-1. Depleti on of  KRIT1 by siRNA disables 
Epac1/Rap1 to rescue thrombin-induced permeability, establishing KRIT1 as an eff ector of 
Rap1 in the ti ghtening of cell-cell contacts. It remains to be elucidated how KRIT1 relays the 
Rap1 signal towards cell-cell contacts. KRIT1 associates with β-catenin and AF6 in a Rap1-
dependent way and siRNA targeti ng KRIT1 disrupts juncti onal staining of β-catenin (74), sug-
gesti ng KRIT1 might stabilize β-catenin at the AJ. Alternati vely, KRIT1 regulates endothelial 
cell shape by microtubule (MT) targeti ng (79). Indeed, KRIT1 binds to MTs, which is inhibited 
by acti ve Rap1. Furthermore, Rap1 acti vati on is associated with increased membrane bind-
ing of KRIT1, suggesti ng that KRIT1 is targeted to the membrane by microtubules where it is 
captured by Rap1 (80). 

Recently, it was shown that  Epac1-induced increase in TER of HUVEC monolayers is sensi-
ti ve to the microtubule disrupti ng agent nocodazole. Ectopic YFP-Epac1 localizes to micro-
tubules, independent of its acti vati on status. Treatment with 007 induced elongati on of mi-
crotubules towards the cell periphery. This microtubule growth was also observed in single 
cells or aft er overexpression of Rap1GAP, indicati ng that Epac1 exerts its eff ect on MTs in-
dependent of juncti ons and Rap1 (81). Intriguingly, Epac1 binding to MTs seems to suppress 
acti vati on of Rap1 (82), and disrupti on of MTs stabilizes cell-cell contacts by increasing the 
juncti onal pool of β-catenin (83). Indeed, β-catenin can be removed from the cell periphery 
by its associati on with the MT motor protein dynein (84). Other juncti onal proteins can be 
regulated by MTs as well; p120-catenin binds MTs (85) and focal accumulati on of E-cadherin 
was perturbed by nocodazole (86). Taken together, these results suggest Epac1 might func-
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ti on as a switch in juncti on dynamics via its direct eff ects on MTs and Rap1-mediated eff ects 
on acti n.

Concluding remarks

It is clear that the Rap signaling network plays a criti cal role de novo formati on and dynamic 
regulati on of cell-cell juncti ons (fi gure 3). A picture emerges in which a certain GEF is pref-
erenti ally uti lized during formati on or during remodeling of juncti ons in a cell type specifi c 
manner. Indeed, each of these GEFs is equipped with unique protein domains that are tai-
lored to regulate or localize a GEF under specifi c conditi ons. For example, the dynamic na-
ture of Adherens Juncti ons in endothelial cells is under the control of the second messenger 
cAMP and the cAMP-regulated GEF Epac1. PDZ-GEFs may be more important for remodeling 
juncti ons during e.g. migrati on of sheets of cells or juncti on maturati on since it interacts 
directly with proteins present in juncti ons like MAGI.  While Epac and PDZ-GEF may impinge 
on a similar process - the stabilizati on of juncti ons - C3G and perhaps DOCK4 functi on in the 
control of E-cadherin recruitment. 

Clearly many questi ons are sti ll unanswered. For instance, how are the various RapGEFs 
regulated in ti me and space to control a dynamic process as juncti on formati on and mainte-
nance? What is the interconnecti vity between these GEFs? For instance, PDZ-GEF1 is a GEF 
for Rap1 but also a Rap1 eff ector. Is this a direct feedback loop or is this a connecti on with 
other GEFs? What is the role of the various Rap1GAPs? Are they general negati ve regulators 
or are they also under ti ght control? Also, what are the criti cal downstream targets of Rap1 
and what is the molecular mechanism by which they control juncti on formati on? It is likely 
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that multi ple eff ectors mediate the Rap eff ects. Some eff ectors may regulate vesicular trans-
port, some cytoskeletal dynamics and others may be involved in the connecti on between 
the acti n cytoskeleton and juncti onal proteins. If so, what is the interconnecti vity between 
these diff erent eff ectors? Finally, most studies point to a major role of Rap1 in juncti on 
formati on, but since most of the RapGEFs also acti vate Rap2, it is important to include this 
family of proteins in the analyses as well. 
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Epac1 and its eff ector Rap1 are important mediators of cAMP induced ti ghtening of en-
dothelial juncti ons and consequenti al increased barrier functi on. We have investi gated the 
involvement of Rap1 signaling in basal, unsti mulated, barrier functi on of a confl uent mon-
olayer of HUVEC using real ti me Electric Cell substrate Impedance Sensing. Depleti on of 
Rap1, but not Epac1, results in a strong decrease in barrier functi on. This decrease is also 
observed when cells are depleted of the cAMP independent Rap exchange factors PDZ-GEF1 
and 2, showing that PDZ-GEFs are responsible for Rap1 acti vity in control of basal barrier 
functi on. Monolayers of cells depleted of PDZ-GEF or Rap1 show an irregular, zipper-like 
organizati on of VE-cadherin and live imaging of VE-cadherin-GFP reveals enhanced juncti on 
moti lity upon depleti on of PDZ-GEF or Rap1. Importantly, acti vati on of Epac1 increases the 
formati on of corti cal acti n bundles at the cell-cell juncti ons, inhibits juncti on moti lity and re-
stores barrier functi on of PDZ-GEFs depleted, but not Rap1 depleted cells. We conclude that 
PDZ-GEF acti vates Rap1 under resti ng conditi ons to stabilize cell-cell juncti ons and maintain 
basal integrity. Acti vati on of Rap1 by cAMP/Epac1 induces juncti onal acti n to further ti ghten 
cell-cell contacts.
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Introducti on

Endothelial cells are crucial cellular components of the human vasculature. These cells ti ght-
ly regulate the passage of fl uid, solutes, macromolecules and acti vated immune cells from 
the blood to the surrounding ti ssue by specialized transcellular systems of transport vesicles 
and coordinated stabilizati on and destabilizati on of cell-cell contacts. The importance of 
vascular integrity is stressed by the fact that vascular hyperpermeability is involved in dis-
eases like chronic infl ammati on disorders, atherosclerosis and diabetes. The presence, com-
positi on, strength and organizati on of cell-cell contacts are crucial for the integrity of the 
vascular barrier functi on. Cell-cell contacts are mainly formed by Tight Juncti ons and Adher-
ens Juncti ons. Human umbilical vein endothelial cells (HUVECs) mainly rely on the latt er for 
their cell-cell interacti ons, with Tight Juncti ons thought to have a fi ne-tuning functi on (1). 
The core of the Adherens Juncti on is the homophilic interacti on of Cadherin proteins that 
form the actual physical contact between cells. Endothelial cells express several members of 
the Cadherin family but mainly VE-cadherin. The cytosolic tail of VE-cadherin interacts with 
Catenin family members that allow dynamic linkage of the Adherens Juncti on to the acti n 
cytoskeleton, thereby allowing regulati on of juncti on integrity (2).

Assembly and disassembly of endothelial cell-cell contacts are regulated by diff erent hor-
mones and agonists. Elevati on of the second messenger cAMP increases endothelial barrier 
functi on (3-6). The dynamic control of endothelial cell-cell contacts by cAMP is mediated 
by both PKA and Epac1 via independent pathways (7, 8). Epac1 and Epac2 proteins are 
cAMP responsive Guanine nucleoti de Exchange Factors (GEFs) for the Rap family of small 
G-proteins (9). In endothelial cells Epac1 is known to be the predominant form, which can 
be specifi cally acti vated by the cAMP analogue 8-pCPT-2’-O-Me-cAMP (hereaft er named 
007) (10). 007 treatment of an endothelial monolayer inhibits basal and thrombin-induced 
permeability (3, 11-13).  Furthermore, 007 inhibits transendothelial migrati on of leukocytes 
and monocytes, but not neutrophils (11, 13), and in vivo inhibits vessel leakage induced by 
VEGF or mechanical venti lati on induced lung injury (3, 14). A number of eff ects of Epac1 ac-
ti vati on on cell permeability have been described. Several groups reported that Epac1, most 
likely through Rap, induces a reorganizati on of the acti n cytoskeleton from stress fi bers that 
span the cell body towards corti cal bundles along cell-cell contacts, hereaft er referred to as 
juncti onal acti n (3, 11, 12, 14, 15). These juncti onal acti n bundles have been proposed to 
mediate the stabilizati on of VE-cadherin at the juncti on (8, 16). In additi on, Epac1 acti vati on 
results in the recruitment of the Adherens Juncti on protein β-catenin through the Rap1 ef-
fector KRIT1 (17, 18). Interesti ngly, KRIT1 has been shown to suppress the Rho/contracti lity 
pathway and thereby enhance barrier functi on (19). Finally, Epac1 was shown to control 
microtubule dynamics and barrier functi on in a Rap1 independent manner (15). These ob-
servati ons suggest that Epac1 regulates diff erent aspects of barrier functi on. Dependent on 
the cell type or the cellular environment one of these mechanisms may be prevalent.

Whereas Rap1 signaling has been solidly shown to mediate barrier functi on upon cAMP 
inducti on, the eff ect of Rap1 on endothelial barrier under basal, unsti mulated conditi ons 
has been less investi gated. Overexpression of RapGAP to inhibit endogenous Rap1 signal-
ing increases permeability of monolayers for mannitol or HRP (13, 17). Furthermore, Rap-
GAP delays the accumulati on of juncti on proteins to nascent juncti ons (13). Basal acti vity 
of Rap1 could be caused by steady state cAMP levels, as increased basal permeability upon 
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depleti on of Epac1 has been reported (15). Alternati vely, other RapGEFs could functi on to 
acti vate Rap1 in endothelial cells (20). The PDZ-GEFs are of parti cular interest, as the PDZ-
GEF1 knockout mice die at 9.5 days post coitum due to defects in blood vessel formati on 
(21). This phenotype was later att ributed to decreased VE-cadherin accumulati on in allan-
tois endothelial cells (22). Indeed, PDZ-GEF1 localizes to cell-cell juncti ons via β-catenin and 
MAGI proteins, the latt er being required for acti vati on of Rap1 at cell-cell contacts (23-25). 
Furthermore, depleti on of PDZ-GEF2 causes endothelial cell-cell juncti ons to appear irregu-
lar and zipper-like (26).

Here, we have further explored the role of the Rap1 signaling pathway in endothelial barrier 
functi on. We used Electric Cell-substrate Impedance Sensing (ECIS) to measure the imped-
ance that is opposed to an alternati ng electrical current by HUVEC monolayers. This assay 
monitors the permeability of juncti ons in a monolayer as a measure of barrier functi on 
(8, 13, 15, 27). We found that depleti on of Rap1(A/B) or depleti on of PDZ-GEF(1/2), but 
not Epac1 results in a strong reducti on in basal barrier functi on, indicati ng the criti cal role 
of Rap1 and PDZ-GEF in the maintenance of basal barrier functi on. Furthermore, live cell 
imaging reveals highly moti le juncti ons upon depleti on of Rap1 or depleti on of PDZ-GEF, 
suggesti ng a link between increased permeability and increased juncti on moti lity. Finally, 
we provide evidence that Epac1/Rap1 acti vati on enhances barrier functi on independently 
of Rho inacti vati on. We conclude that Rap1 is acti vated by PDZ-GEFs and Epac1 to control 
both basal and cAMP induced barrier functi on, respecti vely.

Materials and Methods

Cells and reagents
HEK293T cells were cultured in Dulbecco’s Modifi ed Eagle Medium supplemented with 10% 
fetal bovine serum, 2 mM L-glutamine and anti bioti cs. Human Umbilical Vein Endothelial 
Cells (HUVECs) (Lonza) were cultured in EBM-2 culture medium supplemented with EGM-2 
SingleQuots (hEGF, hydrocorti sone, fetal bovine serum, VEGF, hFGF-B, R3-IGF-1, ascorbic 
acid, GA-1000, heparin) (Lonza) on dishes coated with 0.5% gelati n. HUVECs were cultured 
maximally 14 days before experiments, which were performed on 5 μg/ml home purifi ed 
human Fibronecti n. All siRNA transfecti on were performed with 50 nM ON-TARGETplus 
SMARTpools (Dharmacon Inc.) using Dharmafect-1 (Dharmacon Inc.), which were confi rmed 
with Dharmacon single siRNA’s J-003623-06 (siRap1A), J-010364-07 (siRap1B), J-009742-05 
(siPDZ-GEF1) and J-008593-06 (siPDZ-GEF2). It should be noted that the ON-TARGETplus 
SMARTpool targeti ng Epac1 did reduce basal impedance much more than three out of four 
single siRNAs that also completely inhibited the 007-AM eff ect. Therefore, the ON-TARGET-
plus single oligo J-007676-07 (Dharmacon Inc.) was used for subsequent experiments. A 
modifi ed version of 007 with increased membrane permeability was used, 007-AM (8-pCPT-
2’-O-Me-cAMP-AM) (Biolog Life Sciences) at 1 μM (28). C3 transferase CT04 (Cytoskeleton, 
Inc) was used at 1 μg/ml and Blebbistati n (EMD Millipore) at 100 μM. The Rap1 anti body 
was from Santa Cruz. Anti bodies against VE-cadherin and β-catenin were from BD Biosci-
ence and the α-Tubulin anti body was from Calbiochem. CCM1 and CCM2 anti bodies were 
from Covance. The PDZ-GEF1 anti body was from Abnova. The PDZ-GEF2 anti body has been 
described before (26). Fluorescently labeled Phalloidin and secondary anti bodies were from 
Invitrogen.
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ECIS measurements
1x105 HUVEC cells were plated onto L-cysteine reduced, Fibronecti n coated 8W10E elec-
trodes (Applied Biophysics) either directly (for untransfected cells) or 48 hours aft er trans-
fecti on and grown to confl uency for another 24 hours.  Electrical impedance was measured 
in real ti me at 37°C and 6% CO2 using a 1600R Electrical Cell Impedance Sensing (ECIS) 
system (Applied Biophysics) at 4000 Hz. Shown are ti me lapse impedance graphs of repre-
sentati ve experiments. It should be noted that in some publicati ons impedance, which is 
measured by alternati ng current, is erroneously referred to as Trans Endothelial Electrical 
Resistance, which is measured by direct current. 

Rap1 acti vati on assay
HUVECs were plated onto Fibronecti n coated dishes either directly (for untransfected cells) 
or 48 hours aft er transfecti on and grown to confl uency for another 24 hours. Rap1 acti vity 
was assayed as described previously (29). Briefl y, HUVECs were sti mulated for 10 minutes 
with 1 μM 007-AM and subsequently lysed in buff er containing 1% NP-40, 150 mM NaCl, 50 
mM Tris-HCl, pH 7.4, 10% glycerol, 2 mM MgCl2, and protease and phosphatase inhibitors. 
Lysates were cleared by centrifugati on, and Rap1-GTP was precipitated with a glutathione 
S-transferase (GST) fusion protein of the RA-domain of RalGDS precoupled to glutathione-
Sepharose beads. Bound proteins were eluted in Laemmli buff er and analyzed by SDS-PAGE 
followed by Western blotti  ng.

Immunofl uorescence
HUVECs were plated onto Fibronecti n coated glass coverslips either directly (for untrans-
fected cells) or 48 hours aft er transfecti on and grown to confl uency for another 24 hours. 
Aft er 10 minutes sti mulati on with 1 μM 007-AM cells were fi xed with 4% formaldehyde for 
20 minutes, permeabilized with 0.2% TX-100 for 3 minutes and blocked with 1% BSA for at 
least 2 hours. Next, cells were incubated with indicated primary anti bodies for 1 hour, sec-
ondary anti body for 30 minutes and mounted onto glass slides, which were subsequently 
examined on an Axioskop 2 mot plus microscope (Zeiss) with a 40x or 100x immersion oil 
objecti ve and Axiocam camera. 

Live cell Imaging
Live imaging of VE-cadherin-GFP was performed with either adenovirus or lenti virus infect-
ed HUVECs. For adenoviral infecti ons, Human VE-cadherin fused to GFP (30) was expressed 
by adenoviral transducti ons using the Virapower Adenoviral Expression system (Invitrogen). 
The virus was a gift  from Dr. Jaap van Buul, Sanquin, Amsterdam. For lenti viral infecti ons, 
human VE-cadherin-GFP was cut out of a pEGFP-VE-cadherin vector (also kindly provided by 
Dr. Jaap van Buul, Sanquin, Amsterdam) using NdeI and XbaI restricti on enzymes and cloned 
into a sin-acti vati ng lenti viral pLV-CMV-ires-puro vector using its NdeI and NheI sites. Lenti vi-
ral parti cles were isolated from the supernatant of HEK293 cells transiently transfected with 
third-generati on packaging constructs and the pLV-VE-Cadherin-GFP vector. HUVECs were 
infected 24 hours aft er siRNA transfecti on with undiluted supernatant containing lenti viral 
parti cles in the presence of 8 μg/ml polybrene overnight. Then, VE-cadherin-GFP express-
ing HUVECs were plated on Fibronecti n coated Lab-Tek dishes. Imaging of VE-cadherin-GFP 
(3 minutes per frame) started approximately at 48 hours aft er infecti on on a NIKON Eclipse 
TI widefi eld microscope equipped with a NIKON 60x/1.49 NA oil objecti ve and an EMCCD 
camera (Andor) at 37°C and supplied with ti ssue culture gas. The widefi eld images in fi g-
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ure 4A were enhanced for display by a 15 pixel rolling ball background substracti on and an 
unsharp mask fi lter (r=3, weight=0.6) in ImageJ. To automati cally generate kymographs for 
the analysis of juncti on moti lity a custom functi on was writt en in Matlab (Mathworks) that 
draws horizontal lines on the fi rst image of each ti me-lapse image series, which was fi rst 
fl att ened by ImageJ’s background subtracti on (rolling ball, r=40). These lines are spaced 170 
pixels apart and from the edges of the image. Peaks in pixel intensity in the VE-cadherin 
channel were used to automati cally defi ne the locati on of cell-cell juncti ons along these 
lines. 3x160 pixel fragments of these lines that center around the cell-cell juncti ons defi ned 
the positi ons of kymographs used for automated moti lity quanti fi cati on. To defi ne the po-
siti on of the cell-cell juncti on in the kymographs, they were segmented using the kmeans 
algorithm (5 bins) and the average positi on of the pixels in the highest intensity cluster was 
taken as the juncti on center (red line in fi gure 4B). To determine global juncti on movement 
a 6 frame moving average of the juncti on centers (green line in fi gure 4B) was used. This 
analysis was automated in Matlab to analyze a large number of juncti ons. Figure 4B like im-
ages were generated automati cally for every kymograph in the analysis. These were used as 
quality control by eye meaning that incorrectly analyzed kymographs were removed from 
the measurements.   

Results

To investi gate the role of Epac1 in endothelial barrier functi on we recorded electrical imped-
ance of a HUVEC monolayer in real ti me. Sti mulati on of the cells with 007-AM, a modifi ed 
form of 007 with increased membrane permeability (28), resulted in a rapid increase in im-
pedance (fi gure 1A). Removal of 007-AM rapidly reduced Rap1 acti vity and impedance was 
reestablished at basal levels (fi gures 1A and 1B), showing that endothelial barrier functi on 
is under direct control of Epac1. Importantly, depleti on of Epac1 by siRNA did abolish the 
007-AM induced impedance (fi gure 1C). Although a minor decrease (100-200 Ω) is some-
ti mes observed, Epac1 siRNA generally does not aff ect basal impedance of the monolayer 
(fi gure 1C), showing that Epac1 is not a major requirement for barrier functi on at resti ng 
conditi ons. As reported previously (3, 11, 12, 14, 15), Epac1 acti vati on also induced a rapid 
decrease in transverse acti n stress fi bers and increased juncti onal acti n (fi gure 1D), suggest-
ing that acti n rearrangements in juncti ons might be underlying mechanism for the eff ect of 
Epac1 on barrier functi on.

Epac1 catalyzes the acti vati on of Rap1 proteins, which are well known to be involved in 
regulati on of cell-cell adhesion. To confi rm that Rap1 is required for 007-AM induced bar-
rier functi on we transfected HUVECs with siRNAs targeti ng Rap1A and Rap1B. Depleti on of 
Rap1 strongly reduces basal monolayer impedance (fi gure 2A). Whereas depleti on of either 
Rap1A or Rap1B aff ects monolayer impedance, we observed the strongest and most consist-
ent reducti on when both Rap1A and Rap1B are depleted, also when we confi rmed our fi nd-
ings using single siRNAs (supplemental fi gure 1A and data not shown). While Epac1 deple-
ti on completely prevented 007-AM to increase impedance, Rap1 depleti on allowed some 
increase in impedance upon 007-AM treatment. This result might be explained by residual 
Rap1 protein, but it is also compati ble with the noti on that Epac1 ti ghtens juncti ons by Rap1 
dependent and Rap1 independent mechanisms (15). Clearly, in contrast to Epac1, Rap1 is 
required for basal barrier functi on. This requirement of Rap1 for basal barrier functi on in-
dicates that a GEF other than Epac1 might sustain Rap1 acti vati on under resti ng conditi ons. 
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Both PDZ-GEF1 and PDZ-GEF2 have been proposed to regulate Rap1 acti vity in endothelial 
cells (25, 26). Indeed, depleti ng HUVECs of both PDZ-GEFs reduced basal Rap1 acti vity (fi g-
ure 2B). In line with this, PDZ-GEF knockdown decreased impedance to levels comparable 
to Rap1 knockdown (fi gure 2C). Sti mulati on of PDZ-GEF depleted cells with 007-AM induced 
Rap1 acti vity and restored impedance, suggesti ng that the reduced basal impedance of 
siPDZ-GEF cells is caused by the decreased basal Rap1 acti vity, which can be rescued by ac-
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Figure 1 Epac1 acti vati on dynamically increases impedance and juncti onal acti n. (A) 007-AM dynamically in-

creases impedance. Time lapse ECIS experiment showing the dynamics in respons of barrier functi on to 007-AM. 

007-AM (1 μM) was added when indicated or removed and replaced by 007-AM free medium (indicated washout) 

to samples represented by conti nuous lines. Control cells were only mock treated (dashed lines) or only 007-AM 

treated (dott ed lines) when indicated. (B) Acti vati on of Rap1 rapidly declines upon removal of 007-AM. HUVECs 

were lysed directly (lane 1), sti mulated with 007-AM (1 μM, 10 minutes) and lysed directly (lane 3) or lysed 20 

minutes aft er removal of 007-AM (lane 2, indicated as washout) and assayed for Rap1 GTP loading assessed by 

Rap1 binding to agarose immobilized RalGDS-RBD. (C) Epac1 depleti on prevents 007-AM induced impedance but 

does not aff ect basal impedance. Time lapse ECIS recording showing siScrambled (conti nuous line) and siEpac1 

transfected HUVECs (dashed line). 007-AM (1 μM) was added when indicated. (D) Epac1 induces juncti onal acti n. 

Immunofl uorescence of untransfected HUVECs -/+ 007-AM sti mulati on (1 μM, 10 minutes; lower panels) showing 

β-catenin (left  panels, red in merge) and acti n (middle panels, green in merge).
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ti vati ng Rap1 through other GEFs. We validated these results using single siRNAs targeti ng 
PDZ-GEF1 or PDZ-GEF2 (supplemental fi gure 1B and data not shown). From these results we 
conclude that Rap1 is under control of PDZ-GEF to maintain basal barrier functi on.

Downstream of Rap1 several eff ects on cell-cell juncti ons have been claimed, most notably 
the formati on of juncti onal acti n and concomitant stabilizati on of VE-cadherin at the cell-cell 
contacts (8, 16). However, immunofl uorescence of Rap1 or PDZ-GEF depleted HUVECs re-
vealed apparently normal levels of VE-cadherin at the cell-cell contacts (fi gures 3A and 3B), 
indicati ng that the homotypic interacti on of VE-cadherin molecules is sti ll possible when 
Rap1 acti vity is decreased. Furthermore, no clear changes in the acti n cytoskeleton could be 
observed, which sti ll organized in stress fi bers parallel to cell-cell contacts. Strikingly how-
ever, the staining patt ern of VE-cadherin is much more zipper-like when cells are depleted of 
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Figure 2 Rap1 and the RapGEF PDZ-GEF control 

basal impedance. (A) Rap1 is required for basal 

impedance. Time lapse ECIS recording showing 

HUVEC transfected with siScrambled (conti nuous 

line) or both siRap1A and siRap1B (dashed line). 

007-AM (1 μM) was added when indicated. (B) 

PDZ-GEF maintains basal Rap1 acti vati on. Rap1-

GTP binding to agarose immobilized RalGDS-RBD 

of lysed HUVECs transfected with siScrambled or 

both siPDZ-GEF1 and siPDZ-GEF2 (indicated siPDZ-

GEF) aft er sti mulati on -/+ 007-AM (1 μM, 10 min-

utes) (upper panel). The lower panel shows input 

levels of Rap1. (C) PDZ-GEF is required for basal 

impedance. Time lapse ECIS recording showing 

HUVEC transfected with siScrambled (conti nuous 

line) or both siPDZ-GEF1 and siPDZ-GEF2 (dashed 

line). 007-AM (1 μM) was added when indicated.
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Figure 3 Rap1 or PDZ-GEF depleti on induces adhesion zippers. (A) Rap1 depleti on causes adhesion zippers. Immu-

nofl uorescence stainings of HUVECs transfected with siScrambled or both siRap1A and siRap1B (siRap1) showing 

VE-cadherin (upper panels) and acti n (middle panels) distributi on along with their merged image (lower panel). 

007-AM (1 μM, 10 minutes) was added as indicated. (B) PDZ-GEF depleti on causes adhesion zippers. Similar experi-

mental setup as fi gure 3A, but here performed with siRNAs targeti ng PDZ-GEF1 and PDZ-GEF2 (siPDZ-GEF).
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PDZ-GEF or Rap1. Sti mulati on with 007-AM straightened the juncti onal VE-cadherin staining 
and induced a clear increase in juncti onal acti n in PDZ-GEF depleted cells, but not in Rap1 
depleted cells (fi gures 3A and 3B). To get more insight into the zipper-like appearance of 
juncti ons in Rap1 and PDZ-GEF depleted cells, we performed live imaging of HUVECs in-
fected with GFP-tagged VE-cadherin. Depleti on of PDZ-GEF or Rap1 did not aff ect the forma-
ti on of VE-cadherin-GFP rich Adherens Juncti ons. Furthermore, we observed the adhesion 
zippers also in these live cell experiments (supplemental movie and fi gure 4A), with the ex-
tent of zipper presence being increased by siRap1 or siPDZ-GEF. One striking feature of the 
zipper-like Adherens Juncti ons is that they are more avidly moving than their straightened, 
linear counterparts. We quanti fi ed the moti lity of the juncti ons by automati cally generati ng 
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Figure 4 PDZ-GEF and Rap1 suppress Adherens Juncti on moti lity. (A) Live imaging of VE-cadherin-GFP express-

ing HUVEC upon depleti on of Rap1 or PDZ-GEF. HUVEC preparati on and imaging were performed as indicated in 

Materials and Methods. Linescans were made at indicated positi ons (average from 3 pixels line width) in the fi rst 

frame (upper panels, white lines) and followed frame-to-frame (3 minutes per frame). The resulti ng kymographs 

are shown in the lower panel. 007-AM (1 μM) was added at t=180 minutes. (B) Approach for determining juncti on 

moti lity in automati cally generated kymographs. Juncti on moti lity was defi ned as the average distance between 

frame-to-frame movement of the VE-cadherin-GFP signal (red line) and global juncti on movement as judged by a 6 

frame average of the red line (green line). (C) Depleti on of PDZ-GEF or Rap1 increases juncti on moti lity. Quanti fi ca-

ti on of juncti on moti lity kymographs as shown in fi gure 4A. The average distance between frame-to-frame moti lity 

and global juncti on moti lity (as in fi gure 4B) was set to 1 for siScrambled transfected cells and other conditi ons were 

related to this value. Shown is the quanti fi cati on of 2 independent experiments, using at least 30 kymographs per 

conditi on. Error bars show standard error of the mean.
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Figure 5 Rap1 induced bar-

rier functi on requires Adhe-

rens Juncti ons. (A) Deple-

ti on of Cadherins decreases 

impedance. Time lapse ECIS 

experiment showing imped-

ance of HUVECs transfected 

with RNAi’s targeti ng VE-

cadherin and P-cadherin 

(siCadherin, dashed line) 

or siScrambled (conti nuous 

line). 007-AM (1 μM) was 

added when indicated. (B) Depleti on of α-catenin decreases impedance. Time lapse ECIS experiment showing im-

pedance of HUVECs transfected with siScrambled (conti nuous line) or siα-catenin (dashed line). 007-AM (1 μM) 

was added when indicated. (C) Epac1 induced barrier functi on requires Adherens Juncti ons. HUVECs were depleted 

of PDZ-GEFs (PDZ-GEF1 and PDZ-GEF2, indicated siPDZ-GEF), Cadherins (VE-cadherin and P-cadherin, indicated 

siCadherin) or both (indicated siPDZ-GEF + siCadherin) and impedance was recorded in ti me by ECIS. 007-AM (1 

μM) was added when indicated. The western blot (right panel) shows PDZ-GEF1 and VE-cadherin protein levels. 

A background band was used as a loading control. (D) Rap1 induces juncti onal acti n in the absence of Adherens 

Juncti ons. Immunofl uorescence stainings of HUVECs depleted of PDZ-GEF1, PDZ-GEF2, VE-cadherin and P-cadherin 

(siPDZ-GEF + siCadherin) that were treated with 007-AM (1 μM, 10 minutes) showing β-catenin (left  panels, red in 

merge) and acti n (middle panels, green in merge).
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kymographs across VE-cadherin-GFP positi ve juncti ons (fi gure 4A, lower panels). Juncti on 
moti lity was defi ned as frame-to-frame juncti on moti on corrected for the slower overall 
juncti on movement which is caused by global cell migrati on and shape changes (fi gure 4B). 
Basal Adherens Juncti ons moti lity in a HUVEC monolayer was slightly reduced by additi on of 
007-AM (fi gure 4C). However, both PDZ-GEF and Rap1 knockdown did cause the juncti ons 
to be much more moti le than control juncti ons. Similar to barrier functi on, Epac1 depleti on 
did not aff ect juncti on moti lity. However, 007-AM treatment restored normal juncti on moti l-
ity in PDZ-GEF depleted cells, but not in Rap1 depleted cells, suggesti ng that PDZ-GEF acti -
vates Rap1 to control juncti on moti lity. From these results we conclude that the Adherens 
Juncti ons of Rap1 or PDZ-GEF depleted cells are intact, but much more moti le than control 
juncti ons.
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Figure 6 Rap1 increases barrier functi on independently of Rho/contracti lity. (A) Rho inhibiti on decreases imped-

ance. Time lapse ECIS recording of HUVEC that were either mock treated (conti nuous lines) or treated with the 

Rho inhibitor C3 transferase (1 μg/ml; dashed lines) when indicated. 007-AM (1 μM) was added at indicated ti me 

points to all samples. (B) Rho inhibiti on increases juncti onal acti n. Immunofl uorescence staining of HUVEC -/+ C3 

transferase (1 μg/ml, 3 hours) showing β-catenin (red) and acti n (green) alongside the ECIS experiment in fi gure 

6A. (C) Myosin inhibiti on decreases impedance. Time lapse ECIS recording of HUVEC that were either mock treated 

(conti nuous lines) or treated with 007-AM (1 μM; dashed lines) when indicated. The Myosin inhibitor blebbistati n 

(100 μM) was added to all samples at indicated ti me point. (D) Myosin inhibiti on increases juncti onal acti n. Im-

munofl uorescence staining of HUVEC -/+ blebbistati n (100 μM, 1 hour) showing β-catenin (red) and acti n (green) 

alongside the ECIS experiment in fi gure 6C.
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The observati on that depleti on of Rap1 or PDZ-GEF aff ected basal barrier functi on but not 
the overall presence of Adherens Juncti ons, prompted us to investi gate the additi ve eff ect of 
VE-cadherin depleti on on barrier functi on. Double depleti on of VE-cadherin and P-cadherin 
or depleti on of the crucial Adherens Juncti on protein α-catenin resulted in reduced basal 
impedance to a level similar to depleti on of Rap1 or PDZ-GEF (fi gures 5A and 5B). Depleti on 
of Cadherins and PDZ-GEFs together resulted in a similar reduced basal impedance but 007-
AM could no longer rescue barrier functi on (fi gure 5C), showing the importance of Cadher-
ins for Epac1 induced barrier functi on. Interesti ngly, these knockdown conditi ons did allow 
remodeling of the acti n cytoskeleton to the cell-cell juncti ons (fi gure 5D), compati ble with 
the noti on that Rap1 can induce juncti onal acti n independently of the presence of intact 
Adherence Juncti ons (12). 

Previously, Rap1 has been suggested to enhance barrier functi on by localizing KRIT1 to cell-
cell contacts. Here, KRIT1 inhibits Rho/ROCK signaling to strengthen cell-cell juncti ons (17, 
19). Indeed, knock down of Rap1 prevented a loss of transverse stress fi bers and accumula-
ti on of juncti onal acti n upon 007-AM and decreased the 007-AM inducti on in impedance. 
To test the importance of down regulati on of Rho in these processes, we treated HUVEC 
monolayers with the cell-permeable Rho inhibitor C3 transferase and monitored impedance 
and juncti onal acti n formati on. Indeed, C3 induced a decrease in acti n stress fi bers and re-
arrangement of acti n to the cell-cell juncti on (fi gure 6B). Despite this increase in juncti onal 
acti n, the impedance was clearly reduced indicati ng that Rho acti vity is required for basal 
barrier functi on (fi gure 6A). Importantly, 007-AM could sti ll increase impedance in cells lack-
ing Rho acti vity. Similar results were obtained when actomyosin contracti lity was inhibited 
by the Myosin inhibitor Blebbistati n (fi gures 6C and 6D). Apparently, Epac1/Rap1 does not 
simply functi on by inhibiti ng the Rho/contracti lity pathway. This conclusion is supported by 
our observati on that depleti on of KRIT1/CCM1 or its complex member CCM2, both shown 
to mediate Rap1 induced inhibiti on of Rho (19), did not decrease impedance in our system 
(supplemental fi gure 2). From these results we conclude that a basal level of Rho acti vity 
and concurrent contracti lity is required for basal barrier functi on and that inhibiti on of Rho 
is not a criti cal event in the control of Epac1/Rap1 mediated barrier enhancement.

Discussion

Previously, it was shown that Epac1 induced Rap1 acti vati on mediates cAMP-induced in-
crease in endothelial barrier functi on. Whether and how Rap1 is involved in basal barrier 
functi on independent of cAMP inducti on is sti ll largely elusive. We have further explored the 
role and regulati on of Rap1 proteins in barrier functi on using Electric Cell-substrate Imped-
ance Sensing (ECIS) of HUVEC monolayers. We now found that depleti on of both Rap1A and 
Rap1B or depleti on of PDZ-GEF, but not Epac1 results in a strong reducti on in basal barrier 
functi on, indicati ng the criti cal role of Rap1 and PDZ-GEF in the establishment of basal bar-
rier functi on. Defecti ve Adherens Juncti ons might be the cause of this, as depleti on of both 
VE-cadherin and P-cadherin or α-catenin similarly decreased barrier functi on. Indeed, VE-
cadherin staining appeared irregularly zipper-like in immunofl uorescence and subsequent 
live imaging of VE-cadherin-GFP revealed that depleti on of Rap1 or PDZ-GEF results in highly 
moti le juncti ons. Importantly, the decrease in barrier functi on and increase in juncti on mo-
ti lity of PDZ-GEF-depleted cells, but not Rap1-depleted cells can be rescued by acti vati on of 
Epac1. Finally, we show that inhibiti on of either Rho or myosin induced contracti lity inhib-
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its instead of enhances barrier functi on. Furthermore, 007 sti ll increases impedance when 
Rho/contracti lity is inhibited, indicati ng that Rap1 does not solely control barrier functi on 
by inhibiti ng Rho acti vity.

Thus far, most att enti on has been given to the important role of Epac1 and Rap1 in cAMP-
increased barrier functi on, either directly or aft er disrupti on of the monolayer by thrombin. 
Whether and how Rap1 is involved in the establishment of the endothelial barrier had not 
been previously investi gated.  Our current fi nding that Rap1 and PDZ-GEF play a role in basal 
juncti on integrity and thus barrier functi on extends the functi on of both Rap1 and its GEFs in 
endothelial barrier establishment. Whereas Epac1 is clearly regulated by cAMP, the trigger 
that acti vates PDZ-GEF is less clear. It was shown that depleti on of PDZ-GEF1 inhibits Rap1 
acti vati on upon E-cadherin disrupti on, suggesti ng that loss of adhesion or tension may be 
one of the triggers (31).   Importantly, 007-AM induces impedance to similar levels in control 
and siPDZ-GEF depleted cells, showing that Epac1 acti vati on can fully compensate for the 
loss of PDZ-GEF. This indicates that the downstream eff ects of Rap1 aft er Epac1 acti vati on 
and PDZ-GEF acti vati on are similar and thus that the machinery required for Epac1 induced 
barrier functi on is most likely also responsible for the establishment of basal barrier func-
ti on. 

Our results clearly show that one of the eff ects of Rap1 acti vity is the inducti on of junc-
ti onal acti n as previously reported (3, 11, 12). A novel fi nding is that depleti on of Rap1 or 
depleti on of PDZ-GEF result in much more moti le juncti ons. The underlying mechanism of 
this increased moti lity is unclear but it may be caused by altered acti n dynamics within the 
juncti ons. Also, the relevance of increased juncti on moti lity for increased permeability is 
currently elusive, but we hypothesize that both processes are the consequence of a similar 
eff ect of Rap1 on acti n dynamics in the juncti on.

Intriguingly, both Rap1 acti vati on and Rho inhibiti on increase juncti onal acti n, compati ble 
with the noti on that Rap1 may regulate barrier functi on by inhibiti on of Rho via the Rap1 
eff ector KRIT1 (17, 19). Indeed, it has been observed that Rap1 inhibits thrombin induced 
Rho acti vati on and thrombin-induced permeability (3, 11-14). However, importantly, direct 
inhibiti on of either Rho or myosin-mediated contracti lity did not increase, but rather de-
crease barrier functi on, which could sti ll be parti ally rescued by acti vati on of Epac1. This 
result implies that Rap1 regulates basal barrier functi on independently of a decrease in Rho 
acti vity. In line with this, we found that depleti on of CCM family members KRIT1 and CCM2, 
both suggested to decrease Rho acti vity downstream of Rap1 (17, 19), did not aff ect imped-
ance (Supplemental fi gure 1). Considering the clear demonstrati on of a role of KRIT1 in the 
regulati on of Rho and Rho-mediated contracti lity it is likely that Rap1 and KRIT1 regulate at 
least in part diff erent aspects of juncti onal integrity. 

Conclusion

We conclude that the RapGEFs PDZ-GEF and Epac1 control Rap1 acti vati on in HUVEC mon-
olayers. PDZ-GEF acti vates Rap1 under resti ng conditi ons to stabilize cell-cell juncti ons and 
establish basal integrity. Acti vati on of Rap1 by cAMP/Epac1 induces juncti onal acti n to fur-
ther ti ghten cell-cell contacts. Thus, PDZ-GEF and Epac1 coordinately regulate Rap1 to con-
trol endothelial permeability.
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Figure S2 CCM family members are not required for Rap1 

induced barrier functi on. (A) KRIT1/CCM1 is not required for 

Rap1 induced impedance. Time lapse ECIS recording of HUVEC 

that were transfected with siScrambled (conti nuous lines) or 

siCCM1 (dashed lines). 007-AM (1 μM) was added at the indi-

cated ti me point. Direct western blot of cells used in fi gure S1A 

showing CCM1 (upper panel) and Tubulin (lower panel) protein 

levels. (B) CCM2 is not required for Rap1 induced impedance. 

Time lapse ECIS recording of HUVEC that were transfected with 

siScrambled (conti nuous lines) or siCCM2 (dashed lines). 007-

AM (1 μM) was added at the indicated ti me point. Direct west-

ern blot of cells used in fi gure S1A showing CCM1 (upper panel) 

and GAPDH (lower panel) protein levels.

Figure S1 Rap1 and PDZ-GEF are required for 

basal barrier functi on. (A) Single siRNAs tar-

geti ng Rap1A and Rap1B decrease impedance. 

Time lapse ECIS recording of HUVEC that were 

transfected with siScrambled (conti nuous 

lines), a single siRNA targeti ng Rap1A (dot-

ted line) or single siRNA’s targeti ng Rap1A and 

Rap1B (dashed line) as indicated.  007-AM (1 

μM) was added at the indicated ti me point. Di-

rect western blot show Rap1 (upper panel) and 

Tubulin (lower panel) protein levels. (B) Single 

siRNAs targeti ng PDZ-GEF1 and PDZ-GEF2 de-

crease impedance. Time lapse ECIS recording of 

HUVEC that were transfected with siScrambled, 

SMARTpools targeti ngPDZ-GEF1 and PDZ-GEF2 

(siPDZ-GEF1 SP + PDZ-GEF2 SP) or single siRNAs 
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Rap1 and Rap2 are closely related proteins of the Ras family of small G-proteins. Rap1 is 
well known to regulate cell-cell adhesion. Here, we have analysed the eff ect of Rap-medi-
ated signaling on endothelial barrier functi on using electrical impedance measurements of 
HUVEC monolayers and subsequent determinati on of Rb, which is a measure for the ease 
with which ions can pass cell juncti ons. In line with its well established eff ect on cell-cell 
juncti ons, depleti on of Rap1 decreases, whereas acti vati on of Rap1 increases barrier func-
ti on. Despite its high sequence homology with Rap1, depleti on of Rap2 has an opposite, 
reducing, eff ect on permeability. This eff ect can be mimicked by depleti on of the Rap2 spe-
cifi c acti vator RasGEF1C and the Rap2 eff ector MAP4K4, establishing Rap2 signalling as an 
independent pathway controlling permeability. The Rap2 eff ect on permeability is Adherens 
Juncti on dependent, but, unlike Rap1, does not functi on by modulati ng the acti n cytoskel-
eton. Acti vati on or inacti vati on of Rap1 and Rap2 simultaneously results in permeability 
levels comparable to control cells, demonstrati ng that the rati o of acti ve Rap1 and Rap2 
determines endothelial permeability rather than the absolute acti vity Rap1 or Rap2.
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Introducti on

The endothelium is the cell layer that lines the circulatory system. Composed of specifi ed 
endothelial cells that ti ghtly anchor together, the endothelium forms a barrier that pro-
tects the underlying ti ssue from substances in the blood. At the same ti me, it must allow 
the passage of fl uids, ions and immune cells upon request. Hence, the permeability of the 
endothelium is ti ghtly and dynamically regulated (1). The focal point of regulati on is the 
Adherens Juncti on, at which VE-cadherin proteins interact to anchor neighbouring cells. 
Intracellularly, VE-cadherin interacts with many regulatory proteins, amongst which are α- 
and β-catenin that link VE-cadherin to the acti n cytoskeleton, thereby conferring monolayer 
rigidity. Binding of p120-catenin to VE-cadherin prevents VE-cadherin endocytosis to facili-
tate cell-cell adhesion. Agents that induce permeability are well known to impinge on VE-
cadherin and catenin proteins (2).

Tightening of endothelial juncti ons is induced by hormones and agonists that generally in-
duce the second messenger cAMP (3-5). Epac1 is one of the targets of cAMP that functi ons 
in endothelial cell-cell adhesion (6-9). Epac1 enhances barrier functi on via its guanine nu-
cleoti de exchange factor (GEF) acti vity towards the Rap1 G-proteins (10), as well as through 
direct eff ects on microtubules (11). Rap1, which occurs as two isoforms termed Rap1A and 
Rap1B, is a criti cal regulator of cell-cell juncti ons (12). Rap1 controls endothelial barrier 
upon cAMP increase, but basal levels of barrier also depend on Rap1, to which end it is con-
sti tuti vely acti vated by PDZ-GEF (13). Both basal and cAMP-induced eff ects of Rap1 are pre-
dominantly relayed by the Rap1A isoform (13, 14). Apart from dynamic acti vati on by GEFs, 
Rap1 acti vity can be regulated by GAPs, which catalyze the hydrolysis of GTP to inacti vate 
G-proteins (15). Overexpression of RapGAPs is generally used to abolish Rap1 acti vity, result-
ing in for instance impaired epithelial cell-cell juncti on formati on (16, 17) and increased en-
dothelial permeability (7, 9). One report has investi gated the endogenous role of RapGAPs 
in cell-cell adhesion. Here, stable depleti on of RapGAP1 actually prevented the formati on 
of Adherens Juncti ons between carcinoma cells (18). Downstream of Rap1 several eff ects 
have been observed, which include acti n reorganizati on, acti n mediated stabilizati on of VE-
cadherin, Rac1 acti vati on, KRIT mediated enrichment of juncti onal β-catenin and KRIT medi-
ated downregulati on of tension (6-8, 19-22).

Despite the large body of data on Rap1 in endothelial barrier functi on, the functi on of Rap2 
in this process has not been explored. Rap2 exists as three isoforms, termed Rap2A, Rap2B 
and Rap2C, which are 60% homologous to Rap1 (23-25). Most sequence diff erences within 
the Rap family reside in the C-terminal part of the proteins, which generally determines 
subcellular localizati on of Ras-like G-proteins (26). The RapGEFs Epac and PDZ-GEF acti vate 
both Rap1 and Rap2 (27-29), whereas C3G and RasGEF1 show specifi city towards Rap1 and 
Rap2, respecti vely (30, 31). Rap1 and Rap2 both bind eff ector proteins containing an RA 
domain and to date no RA-domain containing proteins that specifi cally bind either Rap1 or 
Rap2 have been reported. Rap2, however, does also bind to the CNH domains of TNIK, MINK 
and NIK/M4K4, which together form the GCK-IV subgroup of Ste20 kinases that functi on in 
MAPK signaling and are involved in many diverse signaling pathways, amongst which is sev-
ering of the acti n cytoskeleton (32-35). Given the important role of the acti n cytoskeleton 
in cell-cell adhesion dynamics, these proteins are likely to functi on here as well. Indeed, 
overexpression of MINK decreases juncti onal staining of β-catenin in MCF7 cells (36). Dur-
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ing mouse gastrulati on, MAP4K4 acti vates p38 to induce downregulati on of E-cadherin and 
concomitant EMT (37). 

Electrical Cell Impedance Sensing (ECIS) is widely used to monitor the properti es of cells 
grown in monolayers. Commonly either the absolute value of the impedance or the real part 
of the impedance (interpreted as the resistance of a serial RC-element) is reported at a given 
frequency of the applied alternati ng electrical current. This measure describes the overall 
electrical properti es of the monolayer and is infl uenced by multi ple properti es of the cells. 
For example, it is rather obvious to expect the cell size (as bigger the cells as less juncti ons 
are required as bigger the insulati ng properti es) or the ti ghtness of the interacti on with the 
electrode (as ti ghter the interacti on as less effi  cient the current diff uses laterally under the 
cells) infl uence the overall electrical properti es of the monolayer. The group of Ivar Giaever 
has proposed an electrophysical model which describes the frequency dependency of the 
impedance of a monolayer grown on an electrode by three constants, α, Cm and Rb (38). 
These constants can be determined from fi tti  ng frequency scans of impedance. α is depend-
ing on the cell size, the distance between the electrode surface and the cell membrane, and 
the electrical conducti vity of the ti ssue culture medium. Cm is the capacity of the cell mem-
brane. Finally, Rb describes the resistance which is opposed to the current when passing the 
juncti ons between the cells. As electrical current in soluti on is driven by moving ions, Rb is 
a measure of the ease at which ions can pass cell-cell juncti ons. Here, we have used imped-
ance measurements of HUVEC monolayers and subsequent Rb calculati ons to measure the 
eff ect of Rap proteins on endothelial permeability. We fi nd that Rap1 and Rap2 are parti ally 
under control of GAPs to regulate barrier functi on. Here, Rap2 signalling functi ons to in-
crease permeability and by doing so can antagonize the barrier ti ghtening eff ect of Rap1.

Materials and Methods

Reagents and anti bodies
007-AM (8-pCPT-2’-O-Me-cAMP-AM) was from Biolog Life Sciences (Bremen, Germany) and 
used at a concentrati on of 1 μM (39). The Rap1 anti body was from Santa Cruz. Anti bodies 
against Rap2, Spa1, VE-cadherin and β-catenin were from BD Bioscience and the α-Tubulin 
anti body was from Calbiochem. The V5 anti body, fl uorescently labeled Phalloidin and sec-
ondary anti bodies were from Invitrogen.

Cell culture and transfecti ons
HEK293T cells, used for producti on of lenti virus, were cultured at 37°C and 6% CO2 in 
Dulbecco’s Modifi ed Eagle Medium supplemented with 10% fetal bovine serum, 2 mM L-
glutamine and anti bioti cs. Human Umbilical Vein Endothelial Cells (HUVECs) (Lonza) were 
grown at 37°C and 6% CO2 on ti ssue culture dishes coated with 0.5% Gelati n in EBM-2 
culture medium (Lonza) supplemented with EGM-2 SingleQuots (EGF, hydrocorti sone, fetal 
bovine serum, VEGF, FGF-B, R3-IGF-1, ascorbic acid, GA-100, heparin) (Lonza). HUVECs were 
cultured maximally 14 days before experiments. siRNA transfecti ons were performed 72 
hours before experiments with 50 nM ON-TARGETplus SMARTpools (Dharmacon Inc.) target-
ing indicated proteins using Dharmafect-1 (Dharmacon Inc.). Overexpression of proteins in 
HUVECs was established by lenti viral transducti on. To this end, pLV-CMV-bc-GFP (kindly pro-
vided by Patrick Derksen, Department of Pathology, University Medical Center Utrecht) was 
modifi ed by inserti ng an N-terminal V5-tag by site-directed mutagenesis and a Gateway Cas-
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sett e into the Mung Bean Nuclease-blunted Sal1 site. Next, RapGAP1B, Rap2B or V12Rap1A 
were inserted using the Gateway system (Invitrogen) to yield pLV-CMV-V5-RapGAP1B-bc-
GFP, pLV-CMV-V5-Rap2B-bc-GFP and pLV-CMV-V5-V12Rap1A-bc-GFP. For lenti virus produc-
ti on, the growth medium of HEK293T cells was replaced by EBM-2 growth medium, upon 
which these cells were transfected using FuGene6 (Roche) with the appropriate lenti viral 
expression plasmid or an empty vector control together with third-generati on packaging 
constructs. HUVECs were infected 48 hours before experiments using the undiluted growth 
medium of virus-producing HEK293T cells supplemented with 8 ug/ml polybrene.

ECIS 
ECIS measurements were essenti ally performed as described previously (13). 48 hours aft er 
siRNA transfecti on and/or 24 hours aft er lenti viral infecti on, HUVECs were plated onto L-
cysteine reduced, Fibronecti n-coated 8W10E electrodes (Applied Biophysics) at a density of 
1x105 cells/well and grown to confl uency for another 24 hours. The ti me-dependent imped-
ance was measured at 37°C and 6% CO2 using a 1600R Electrical Cell Impedance Sensing 
(ECIS) system (Applied Biophysics) at 4000 Hz. Frequency scans were performed in a range 
from 62.5 Hz to 16000 Hz before and aft er the ti melapse recording, as indicated in fi gure 1A. 
These frequency scans were used to calculate α, Rb and Cm with ECIS soft ware (v1.2.50.0 
PC) from Applied Biophysics. The histograms show averages of wells (N=4) within a repre-
sentati ve experiment. Error bars indicate standard deviati on.

QPCR
8x105 HUVEC cells were plated 48 hours aft er siRNA transfecti on onto Fibronecti n-coat-
ed 6 cm dishes and grown for another 24 hours. Total RNA was isolated using the RNeasy 
Mini Kit (Qiagen) and transcribed into cDNA using the iScript cDNA Synthesis Kit (BIO-RAD). 
Rap2 isoform expression was quanti fi ed by SYBR green real-ti me PCR on a C1000 Thermal 
Cycler (BIO-RAD) using the following primers: CATGCTGTTCTGCATGTAAC (Rap2A-forward), 
CAAGTTCTGCAGTGGAGTAG (Rap2A-reverse), GACTGATTGCGATTCTGAGG (Rap2B-forward), 
CACACTGTATTGGCATCAGT (Rap2B-reverse), CAGGATATCAAGCCAATGAG (Rap2C-forward) 
and CTGAAGACATAACCTCTCTTTC (Rap2C-reverse). Nonspecifi c signals were excluded based 
on non-template control samples. Amplifi cati on of the HPRT gene was used as a control 
for sample loading. The graph shows averages of independent experiments (N=3) in which 
expression levels were normalized to the siScrambled control. Error bars indicate standard 
deviati on.

Rap1 acti vati on assay
48 hours aft er siRNA transfecti on, 8x105 HUVECs were plated onto Fibronecti n-coated 6 
cm dishes and grown to confl uency for another 24 hours. Rap1 acti vity was assayed as de-
scribed previously (40). HUVECs were lysed in buff er containing 1% NP-40, 150 mM NaCl, 
50 mM Tris-HCl, pH 7.4, 10% glycerol, 2 mM MgCl2, and protease and phosphatase inhibi-
tors. Lysates were cleared by centrifugati on and input samples were taken from the cleared 
lysate. The remaining of the lysate was used to precipitate Rap1-GTP with a glutathione 
S-transferase (GST) fusion protein of the RA-domain of RalGDS precoupled to glutathione-
Sepharose beads. Bound proteins were eluted in Laemmli buff er and analyzed together with 
the input samples by SDS-PAGE followed by Western blotti  ng.

Immunofl uorescence
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48 hours aft er siRNA transfecti on, HUVECs were plated onto Fibronecti n-coated glass cov-
erslips in 24-well plates (2x105 cells/well) and grown to confl uency for another 24 hours. 
Aft er 10 minutes sti mulati on with 1 μM 007-AM, cells were fi xed with 4% formaldehyde for 
20 minutes, permeabilized with 0.1% TX-100 for 3 minutes and blocked with 1% BSA for at 
least 2 hours. Next, cells were incubated with indicated primary anti bodies for 1 hour, sec-
ondary anti body for 30 minutes and mounted onto glass slides, which were subsequently 
examined on an Axioskop 2 mot plus microscope (Zeiss) with a 40x immersion oil objecti ve 
and Axiocam camera. To quanti fy juncti onal acti n, corresponding pictures of β-catenin and 
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Figure 1 Rap1 controls endothelial barrier functi on. (A) Rap1 depleti on decreases Rb. HUVEC monolayers trans-

fected with siScrambled or siRap1 were tested for their electrical properti es by ECIS. The upper left  line graph 

shows the ti me dependency of the absolute value of the impedance. Rb, α and Cm (lower three histograms) were 

assessed by fi tti  ng of the frequency dependency of the impedance before and aft er the ti me lapse, as indicated. 

The graphs show the average of quadruplicates within one representati ve experiment. Error bars indicate standard 

deviati on. Western blots show Rap1 depleti on. (B) Rap1 controls Rb in an Adherens Juncti on dependent manner. 

HUVECs transfected with siScrambled or both siVE-Cadherin and siP-cadherin were transduced with virus empty 

vector or V12Rap1A containing lenti virus and assayed for Rb. The graph shows the average of quadruplicates with-

in one representati ve experiment. Error bars indicate standard deviati on. Western blots control knockdown and 

transducti on.
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phalloidin were simultaneously loaded into ImageJ, thresholded and colocalizati on was cal-
culated using the Colocalizati on Indices Plugin writt en by Kouichi Nakamura (available at 
htt p://www.mbs.med.kyoto-u.ac.jp/imagej/index.html). Histograms show averages of the 
Correlati on Coeffi  cients (t CC) of 5 pictures within a representati ve experiment.  Error bars 
indicate standard deviati on.

Results

Rap1 is known to be criti cally involved in the regulati on of endothelial cell-cell adhesion. 
Direct acti vati on of Rap1 with the Epac specifi c cAMP analogue 8-pCPT-2’-O-Me-cAMP-AM 
(hereaft er 007-AM) increases the absolute value of the impedance of HUVEC monolayers, 
whereas Rap1 knock down decreases it (fi gure 1A) (13). Analysis of the frequency depend-
ency of the impedance before and aft er the ti melapse experiment, as indicated in fi gure 
1A, shows that 007-AM-induced impedance is refl ected by a ~1.5-fold increase in Rb. Mem-
brane capacitance (Cm) increases as well, albeit less extensive, and α is unaff ected (fi gure 
1A). Reverse eff ects are observed upon depleti on of Rap1, demonstrati ng that Rap1 acti vity 
and Rb are correlated. To confi rm that this refl ects an eff ect of Rap1 on cell-cell juncti ons, 
VE-cadherin and P-cadherin were depleted, which indeed completely abolishes Rb (fi gure 
1B). 007-AM does induce a minor increase in Rb when Cadherins are depleted, in line with 
the Rap1- and Cadherin-independent eff ect of 007-AM on barrier functi on (11, 13). Impor-
tantly, overexpression of V12Rap1A increases Rb in a Cadherin dependent manner (fi gure 
1B). Thus, Rb calculati ons suitably measure cell-cell adhesion and confi rm the functi on of 
Rap1 in this process.

To maintain endothelial barrier Rap1 acti vity is controlled by the GEFs PDZ-GEF and Epac1. 
PDZ-GEF1 and PDZ-GEF2 establish basal Rap1 acti vity, whereas additi onal Rap1 acti vati on 
can be achieved by cAMP via Epac1 (13). It is well possible that RapGAPs functi on to restrict 
Rap1 acti vity in the absence of cAMP signalling. We set out to investi gate the eff ects of Rap-
GAP depleti on on endothelial barrier. Overexpression of RapGAP is a common measure to 
abolish Rap1 signalling and thereby does increase endothelial permeability (7, 9). Indeed, 
Rb levels are markedly decreased when RapGAP1 is ectopically expressed (fi gure 2A). Also 
at the endogenous level Rap acti vity is under control of GAPs, as depleti on of the RapGAPs 
Spa1, RapGAP1 or RapGAP2 readily enhances the acti vity of both Rap1 and Rap2 (fi gure 2B). 
The diff erenti al extents of Rap acti vati on by RapGAP depleti on vary between experiments 
(data not shown) and might therefore refl ect varying depleti on effi  ciencies. Surprisingly, 
whereas depleti on of the three RapGAPs clearly enhances Rap1 acti vity, only depleti on of 
Spa1 enhances Rb (fi gure 2C). 

We reasoned that juncti onal Rap1 would mainly be under control of Spa1, whereas Rap-
GAP1 and RapGAP2 would control other Rap1 functi ons. To test this, the inducti on of junc-
ti onal acti n by RapGAP depleti on was assessed. Rap1-induced juncti onal acti n precedes (8) 
and is required for (11, 21) Rap1-mediated endothelial juncti on ti ghtening and is therefore 
considered the driving force for this process. In line with this, acti vati on of Rap1 either by 
007-AM or by depleti ng Spa1 enhances the formati on of juncti onal acti n (fi gure 2D), which 
was quanti fi ed by assessing the colocalizati on of F-acti n with the juncti on marker β-catenin 
(fi gure 2E). Intriguingly, depleti on of RapGAP1 or RapGAP2 similarly induces juncti onal acti n 
(fi gures 2D, E), whereas Rb levels are unaff ected (fi gure 2C). Thus, basal Rap1 levels are 
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mined. The graph shows the average of quadruplicates within one representati ve experiment. Error bars indicate 
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green) and β-catenin (red). Cells from the same experiment as fi gure 2C are shown. (E) RapGAP depleti on induces 
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1 = perfect correlati on) in fi gure 2D. Graphs show averages of at least 3 pictures within one experiment. Error bars 

indicate standard deviati on.
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under control of RapGAPs, the depleti on of which enhances Rap1 acti vati on and juncti onal 
acti n formati on, but only for Spa1 this coincides with barrier ti ghtening.

The observati on that depleti ons of RapGAP1 or RapGAP2 induce juncti onal acti n but fail to 
enhance Rb suggests that other eff ects of RapGAP1 or RapGAP2 depleti on downstream of 
juncti onal acti n prevent barrier to be enhanced. Here, we were intrigued by the apparent 
acti vati on of Rap2 upon GAP depleti on, as Rap1 and Rap2 are reported to have opposite 
eff ects on neurite morphology (41-46). To assess whether a similar counteracti ng functi on 
of Rap2 exists in the control of endothelial barrier, the three Rap2 proteins were depleted 
(fi gure 3A). Depleti on of the three Rap2 proteins individually increases Rb, with Rap2B being 
the most potent (fi gure 3A). On Western blots, an α-Rap2 anti body detects two bands which 
are predominantly sensiti ve to depleti on of Rap2B (lower band) and Rap2C (upper band), 
although some minor reducti on in both bands upon Rap2A depleti on can also be observed 
(fi gure 3A). Importantly, all three Rap2 isoforms are expressed in HUVECs as assessed by 
RT-QPCR (fi gure 3B) and the used RNAi oligos display no aspecifi c targeti ng of other Rap2 
isoforms (fi gure 3B). Some compensatory mechanisms might exist upon depleti on of Rap2B 
that induce Rap2A and Rap2C mRNA (fi gure 3B). However, simultaneous depleti on of all 
three Rap2 isoforms results in a marked increase in Rb that is even more pronounced than 
depleti on of the individual Rap2 isoforms separately (fi gure 3C). Hence, Rap2 proteins, and 
mainly Rap2B, genuinely functi on to prevent superfl uous cell-cell juncti on ti ghtening and 
thereby control endothelial barrier in manner opposite to Rap1. This observati on and the 
apparent lack of eff ect on Rb by depleti on of RapGAP1 or RapGAP2 suggest that Rap1 and 
Rap2 can antagonize each other. Indeed, when HUVEC monolayers are depleted of all fi ve 
Rap proteins, Rb levels are comparable to control levels (fi gure 3D), suggesti ng that the rela-
ti ve rati o between Rap1 and Rap2 acti vity, rather than Rap1 or Rap2 acti vity directly, controls 
permeability. To confi rm this in an alternati ve manner, Rap1 and Rap2 were overexpressed. 
Consistent with the RNAi results, overexpression of Rap2B antagonizes the increased Rb in-
duced by V12Rap1A (fi gure 3E). Thus, Rap1 and Rap2 signalling regulate endothelial barrier 
functi on in an antagonisti c manner.
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Our data so far indicate that Rap2 signalling controls endothelial barrier in a manner op-
posite to Rap1, suggesti ng that Rap2 uti lizes its own unique GEFs and eff ectors. Specifi c ac-
ti vati on of Rap2 proteins has been demonstrated for the RasGEF1 family of RapGEFs, which 
consists of three closely related proteins, two of which where characterised in vitro and 
found to display GEF acti vity towards Rap2 but not Rap1 (31). Depleti on of either one of 
three RasGEFs increases the barrier functi on (fi gure 4A). In a similar manner we sought for 
a potenti al Rap2 eff ector protein. TNIK, MINK and MAP4K4 form the GCK-IV subgroup of 
Ste20 kinases containing a citron homology (CNH) domain that allows specifi c binding to 
acti vated Rap2 G-proteins (33-35). Similar to depleti on of Rap2B and RasGEF1, depleti on 
of MAP4K4 causes a marked increase in barrier functi on (fi gure 2D). No eff ect of siMINK or 
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Figure 5 Rap2 signalling requires Adherens Juncti ons but not the acti n cytoskeleton. (A) Rap2 does not increase 

barrier in the absence of Adherens Juncti ons. Rb of HUVECs transfected with siRNAs targeti ng the Rap2 proteins, 

the cadherins VE-cadherin and P-cadherin or both Rap2 and the cadherins was determined. The graph shows the 

average of quadruplicates within one representati ve experiment. Error bars indicate standard deviati on. The west-

ern blot shows protein depleti ons. (B) Rap2 does not counteract juncti onal acti n formati on. HUVECs transfected 

with siRNAs targeti ng Rap2 isoforms were plated onto coverslips, sti mulated with 007-AM or a mock control for 

10 minutes and stained for F-acti n (phalloidin, green) and β-catenin (red). (C) Rap2 does not counteract juncti onal 

acti n formati on. Quanti fi cati on of the amount the amount of signal correlati on β-catenin and F-acti n (0 = random, 

1 = perfect correlati on) in fi gure 5B. Graphs show averages of at least 5 pictures within one representati ve experi-

ment. Error bars indicate standard deviati on.
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siTNIK was observed, suggesti ng MAP4K4 relays Rap2 signaling in barrier functi on. These 
Rap2B phenocopying eff ects of the Rap2 specifi c GEF RasGEF1C and eff ector MAP4K4 estab-
lish Rap2 signalling as an independent pathway to regulate endothelial barrier.

Next, we sought to elucidate the mechanism by which RasGEF1/Rap2/MAP4K4 signalling in-
duces barrier permeability. Clearly, Rap1 has been suggested to regulate endothelial barrier 
by inducing juncti onal acti n (7, 8, 11, 21). Conversely, Rap2 has been proposed to disrupt 
fi lamentous acti n via its eff ector TNIK (35, 47). We set out to see whether Rap2 depleti on 
increases endothelial barrier by inducing juncti onal acti n to stabilize juncti onal VE-cadherin. 
Indeed, Rap2 depleti on fails to increase Rb when monolayers are depleted of VE-cadherin 
and P-cadherin (fi gure 5A), showing Rap2 signalling functi ons in an Adherens Juncti on de-
pendent manner. Next, HUVECs depleted of Rap2 were stained for F-acti n and the junc-
ti on marker β-catenin. Control cells exhibit a transverse acti n fi ber patt ern that changes to 
juncti onal acti n upon additi on of 007-AM (fi gures 5B). Depleti on of Rap2 does not aff ect 
juncti on morphology as β-catenin staining is indiscernible from control cells. Acti n fi bres run 
in transverse stress fi bres and do relocate to the cell-cell juncti on upon acti vati on of Rap1 
by additi on of 007-AM, which was quanti fi ed to be equal to control cells (fi gure 5C). Impor-
tantly, Rap2 depleti on by itself does not cause changes in the acti n cytoskeleton. We con-
clude that Rap2 functi on requires intact Adherens Juncti ons but does not sever juncti onal 
acti n to decrease endothelial barrier. This is in line with the observati on that depleti on of 
RapGAP1 or RapGAP2 has a Rap1-counteracti ng component downstream of juncti onal ac-
ti n formati on. Altogether, our data establish Rap2 signalling as a novel pathway controlling 
endothelial cell-cell juncti ons and establish that endothelial barrier is determined by the 
relati ve acti viti es of Rap1 and Rap2 signalling rather than absolute Rap1 or Rap2 acti vity, to 
which end they are parti ally under control of GAP proteins.

Discussion

The Rap1 small G-protein is well established to be required for ti ghtening of endothelial 
cell-cell juncti ons and concomitant barrier functi on by assessing binding of cells to Fc-VE-
cadherin coated surfaces and monolayer permeability of mannitol, HRP or fl uorescent dex-
tran (8, 9, 20, 48). Monolayer permeability can be followed in real ti me by electrical cell 
impedance sensing (ECIS), which measures how a monolayer of cells opposes an alternati ng 
electrical current. Acti vati on of the RapGEF Epac with 007 increases impedance (9, 11, 49, 
50), whereas Rap1 depleti on decreases impedance (13, 14). The eff ects of Rap1 on imped-
ance have been att ributed to cell-cell adhesion, although many biological processes aff ect 
this read-out, for instance membrane capacitance, cell size, the distance between cells and 
electrode and the compositi on of the culture medium. Based on published mathemati cal 
models (38), to which multi ple frequency measurements were fi tt ed, we have now estab-
lished the eff ect of Rap proteins on Rb, an impedance derived constant that is determined 
by paracellular ion fl ow only and hence monolayer permeability. Acti vati on of Epac1 with 
007-AM increases Rb and Cm, whereas no eff ect on α is observed. This is intriguing, as α 
is determined by the conducti vity of the culture medium, cell diameter and the distance 
between the cells and the electrode. One might assume these to be measures cell spread-
ing and cell-matrix adhesion, respecti vely, which are known to be aff ected by 007 (10, 51). 
However, the eff ect of 007-AM on cell spreading has been observed in single cells rather 
than confl uent monolayers and confl uency limits spreading capacity. Furthermore, 007-AM 
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enhances cell-matrix adhesion. Here it is important to note that α measures the distance 
between the cells and the electrode. It has not been determined whether this distance 
changes upon altering adhesion strength and therefore cell-matrix adhesion strength might 
not be determined by impedance measurements.

In line with the well known eff ect of Rap1 on cell-cell adhesion, overexpression of acti ve 
Rap1 increases Rb, whereas depleti on of Rap1 decreases Rb, both of which are completely 
Cadherin dependent. Given the observati on that Rap1 acti vity is under very ti ght control 
by three RapGEFs (13), it would not be surprising to fi nd that GAPs functi on to acti vely 
prevent superfl uous acti vati on to accurately fi ne-tune Rap1 acti vity status. Regulati on of 
Rap1 by GAPs is relati vely litt le investi gated, although its importance is well established in 
neurite outgrowth and platelet aggregati on (reviewed in (52)). Recently, it was shown that 
guidance cue receptors of the Plexin family harbour GAP acti vity towards Rap1 to regulate 
neurite repulsion (53). Overexpression of RapGAPs is widely used to induce endothelial per-
meability (7, 9). Interesti ngly, it has been suggested that endogenous RapGAP1 is required 
for the formati on of cell-cell juncti ons (18), rather than counteracti ng it. In line with this, 
we fi nd that depleti on of RapGAP1 or RapGAP2 fails to increase Rb, despite inducing acti -
vati on of Rap1 and the formati on of juncti onal acti n. The concomitant acti vati on of Rap2 
is likely to prevent this increase in Rb, as depleti on of Rap2 increases Rb, whereas overex-
pression of acti ve Rap2B decreases Rb. Rap2 depleti on is phenocopied by depleti on of the 
Rap2 specifi c GEF RasGEF1 and the Rap2 specifi c eff ector MAP4K4. These data establish 
Rap2 signalling as a novel independent pathway in cell-cell juncti on regulati on, which is 
counteracti ng and compensatory for Rap1 signalling. The mechanism of acti on of the Rap2 
pathway remains to be elucidated. The Rap2 eff ectors TNIK, MINK and MAP4K4 have acti n 
severing capacity (32-35), but no changes in acti n organizati on were observed upon Rap2 
depleti on. Clearly, Rap2 functi on does require Adherens Juncti ons, as depleti on of Cadher-
ins abolishes increased barrier upon Rap2 depleti on. Overexpression of MINK was shown 
to decrease juncti onal β-catenin in epithelial cells (36), but we did not observe changes in 
juncti onal β-catenin staining by depleti on of components of the Rap2 pathway in HUVEC. 
Current research focuses on elucidati ng this matt er. One interesti ng aspect is the apparent 
counteracti ng acti ons of Rap1 and Rap2. Both act on the Adherens Juncti on, but the eff ec-
tor proteins and mechanisms are diff erent. Furthermore, their eff ects are compensatory, 
which is not an uncommon theme in G-protein signaling. For instance, Rap1 was originally 
identi fi ed in a search for proteins that reverse K-Ras induced transformati on (54) and also 
the reciprocal acti ons of the related Rho-like G-proteins Rac1 and RhoA in endothelial bar-
rier have been long established (55). Compensati on between Rap1 and Rap2 would explain 
why previous studies have observed only litt le (7, 9, 20) or even no eff ect (56) of RapGAP 
overexpression on cell-cell adhesion. The reducing eff ect of Rap2 on cell-cell adhesion leads 
to the hypothesis that RapGAP, under conditi ons in which Rap2 signalling dominates Rap1 
signalling, could enhance cell-cell adhesion. Indeed, stable knockdown of RapGAP has been 
shown to decrease juncti onal staining of E-cadherin, p120-catenin and β-catenin in HT29 
colon carcinoma cells (18).

Reciprocal eff ects of Rap1 and Rap2 is rather counterintuiti ve, as the RapGEFs PDZ-GEF and 
Epac1, which functi on to enhance endothelial barrier, acti vate both G-proteins as assessed 
by in vitro GEF assays and pull down experiments using cell lysates  (27-29). Indeed, we 
observe that Rap2 is acti vated by 007-AM (data not shown). We off er two explanati ons for 
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this seemingly discrepancy. Possibly, Rap2 resides in the cell in diff erent functi onal pools. 
In this way, a large proporti on of Rap2 can be acti vated by PDZ-GEF and Epac1, except the 
juncti onal pool, which is acti vated by RasGEF1C. Alternati vely, cross talk between the Rap1 
and Rap2 pathway might exist at diff erent levels. Genome wide analysis of phosphoryla-
ti on changes upon sti mulati on of HUVEC monolayers with 007-AM reveals that MAP4K4 is 
hypophosphorylated when Epac1 is acti vated (Meijer, in preparati on). The functi onal rel-
evance of MAP4K4 phosphorylati on remains to be discovered, but one can imagine a feed-
back mechanism to occur upon Epac1 acti vati on that att enuates the Rap2/MAP4K4 eff ect, 
thereby rendering Rap1 signalling dominant over Rap2 to allow further barrier ti ghtening.
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E-cadherin is the major component of epithelial Adherens Juncti ons and is therefore subject 
to many regulatory mechanisms, amongst which is the conti nuous transport of E-cadherin 
proteins to and from the plasma membrane. C3G is a guanine nucleoti de exchange factor 
for Rap1 G-proteins and directly binds to E-cadherin to control its traffi  cking. Here, we show 
that depleti on of C3G in A549 cells decreases plasma membrane levels of E-cadherin by 
30%, which is similar to the eff ect of depleti ng Rap1B. Acti ve Rap1 mutants or acti vati on of 
endogenous Rap1 do not rescue the reducti on in juncti onal E-cadherin upon knockdown 
of C3G. Testi ng other suggested C3G substrates, we found that depleti on of TC10, a Rho-
like G-protein that acti vates the exocyst complex, or overexpression of non-cycling mutants 
of TC10 mimic the siC3G phenotype. However, C3G does not functi on as a GEF for TC10 
directly, as C3G does not enhance acti vati on of TC10 in both in vivo and in vitro measure-
ments. We conclude that C3G and TC10 are both major regulators of juncti onal E-cadherin, 
although the functi onal link between them remains to be established.
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Introducti on

Epithelia are specialized monolayers or multi layers of cells that form the outer barrier be-
tween body caviti es and the underlying ti ssue. Here, they functi on to receive signals from 
and secrete signals into the extracellular space and to protect the underlying ti ssue. To this 
end, epithelial cells are att ached to one another via multi ple specialized adhesion systems, 
most notably the Adherens Juncti on, which is centered around E-cadherin proteins. The 
extracellular domain of these transmembrane glycoproteins physically interacts with E-
cadherin proteins from apposing cells in a calcium dependent manner. The cytosolic side 
connects to the acti n cytoskeleton, thereby creati ng monolayer rigidity. Regulati on of E-
cadherin occurs at many levels (1), a primary one being its traffi  cking inside the cell. Despite 
E-cadherin being seemingly stati cally present at the Adherens Juncti on, it is conti nuously 
exo- and endocytosed to and from the plasma membrane (2). Exocytosis was shown to 
occur via AP1B, a cargo adaptor for clathrin mediated sorti ng to the plasma membrane 
(3), which physically connects to E-cadherin via the phosphati dyl inositol kinase PIPKIγ (4). 
The catalyti c acti vity of PIPKIγ might also be involved, as its product PI(4,5)P2 facilitates 
protein transport to the plasma membrane by binding members of the exocyst complex (5, 
6), a multi -subunit complex that functi ons in the docking of exocytoti c vesicles (7). Indeed, 
Drosophila Melanogaster mutants of the exocyst members sec5, sec6, sec15 or Exo84 ac-
cumulate E-cadherin in recycling endosomes (8, 9). In mammalian cells, Sec15 is associ-
ated with Rab11 positi ve recycling endosomes (10), which are shown to be required for 
basolateral delivery of E-cadherin (11).The exocyst is regulated by small G-proteins of the 
Rab, Rho and Ral subfamilies (12, 13). One of these is the Rho-like G-protein TC10, which 
interacts with the exocyst protein Exo70 to target GLUT4 vesicles to the plasma membrane 
(14). Despite sharing most sequence homology with Rho-like G-proteins, TC10 was found in-
sensiti ve to the Rho guanine nucleoti de exchange factors (GEFs) p115RhoGEF, p190RhoGEF, 
PDZ-RhoGEF, LARG, ASEF, GEF-H1 and Zizimin2 (15-17). Exchange acti vity of TC10 has been 
reported to be enhanced by Obscurin (18), the expression of which is restricted to skeletal 
and cardiac muscle (19), and by the RapGEF C3G (20).

C3G (Crk SH3 domain binding GEF) was identi fi ed as a Crk interacti ng protein containing a 
CDC25 homology domain (21, 22), a domain common in RasGEFs that together with a REM 
domain forms the catalyti c core of nucleoti de exchange on Ras-like G-proteins (23). C3G 
is a well established GEF for Rap1 (24) and in additi on it was suggested that C3G acts as a 
GEF for R-Ras (25, 26), TC21 (26) and TC10 (20). Herewith, C3G functi ons in many cellular 
processes including diff erenti ati on, proliferati on, apoptosis, acti n remodeling, cell-matrix 
adhesion and cell-cell adhesion (27). The latt er functi on was established when C3G was 
found to interact with E-cadherin in yeast-two-hybrid and co-immunoprecipitati on analyses 
(28). The interacti on site was found to be in close proximity to the β-catenin binding site of 
E-cadherin and indeed C3G and β-catenin were found to bind E-cadherin in a mutually ex-
clusive manner. Overexpression of the N-terminal half of C3G, which includes the E-cadherin 
binding site but lacks the catalyti c region, results in decreased E-cadherin staining at the 
cell-cell contacts of MCF7 cells, a phenotype that was also observed upon overexpression of 
the Rap1 inhibitory protein RapGAP (28). Similarly, formati on of Adherens Juncti ons upon 
necti n engagement was shown to be reduced when N-terminal C3G or RapGAP were over-
expressed (29), provoking the conclusion that Rap1 is the target of C3G in the regulati on of 
E-cadherin. Indeed, Rap1 has been solidly implicated to functi on in cell-cell adhesion (30). 
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Multi ple RapGEFs have been suggested to acti vate Rap1 in the control of cell-cell adhesion. 
Epac1 is a cAMP-responsive GEF that enhances endothelial barrier (31). DOCK4 is suggested 
to acti vate Rap1 to induce formati on of Adherens Juncti ons (32), although the directness of 
this acti vati on is doubtf ul as DOCK4 lacks any domains that would explain its functi on as a 
GEF. PDZ-GEF1 interacts, either directly or via β-catenin and MAGI proteins, with E-cadherin 
(33-36). Here, it acti vates Rap1 during both formati on and disassembly of Adherens Junc-
ti ons. Lastly, PDZ-GEF2 regulates juncti on formati on of A549 cells by controlling isoform 
specifi c functi ons of Rap1. Depleti on of Rap1A by siRNA causes cell-cell contacts to appear 
zipper-like, whereas depleti on of Rap1B reduces plasma membrane levels of E-cadherin. 
Both these phenotypes are also observed upon depleti on of PDZ-GEF2 (37). 

Our previous data that link PDZ-GEF2 to juncti on formati on of A549 cells and the implica-
ti on of C3G in juncti on formati on prompted us to investi gate C3G and the potenti al link with 
PDZ-GEF2 in our A549 model system. Depleti on of C3G by siRNA decreases juncti onal stain-
ing of E-cadherin, confi rming published data obtained with the C-terminal C3G truncati on 
mutant. Suprisingly, C3G depleti on also aff ected E-cadherin surface levels of cells expressing 
consti tuti vely acti ve mutants of Rap1A or Rap1B or when endogenous Rap1 was acti vated 
during juncti on formati on. As the exocyst is likely to regulate E-cadherin surface expression, 
we tested the C3G target and exocyst complex member TC10 for its eff ect on E-cadherin. In-
deed, depleti on of TC10 by siRNA or overexpression of TC10 mutants defecti ve in GDP/GTP 
cycling reduced the amount E-cadherin at the cell surface. However, our in vitro and in vivo 
analyses demonstrate that C3G does not act as a GEF for TC10 directly. Conclusively, C3G 
and TC10 functi on as important regulators of E-cadherin surface levels, but their functi onal 
connecti vity remains to be established.

Materials and methods

Plasmids and reagents
pMT2-HA-RapGAPII, pMT2-HA-V12Rap1A have been described before (38). pCAGGS-C3G, 
pCAGGC-C3G-F and pCAGGS-ΔGEF-C3G were kindly provided by Michiyuki Matsuda and 
were used as a template to create pCDNA-C3G and pCDNA-ΔN-C3G, the latt er lacking the 
fi rst 579 amino acids. pKH3-TC10 was kindly provided by Ian Macara and was used as a tem-
plate to create pKH3-31N-TC10 and pKH3-75L-TC10 by site-directed mutagenesis. siRNA’s 
targeti ng C3G and TC10 were ON-TARGETplus SMARTpools from Dharmacon. Anti -Rap1 
(SC65) and anti -C3G (H300) anti bodies were obtained from Santa Cruz. Anti -E-cadherin 
anti body (HECD1) was obtained from Abcam. Donkey anti -mouse-Cy5 was kindly provided 
by Geert Kops. Goat anti -mouse-561 anti body was from Invitrogen. 007 (8-pCPT-2’-O-Me-
cAMP) was obtained from Biolog Life Sciences.

Cell culture and transfecti on
HEK293T cells were cultured in Dulbecco’s Modifi ed Eagle Medium supplemented with 
10% fetal bovine serum, 2 mM L-glutamine and anti bioti cs and transfected with FuGene6 
(Roche). A549 and A549-Epac1 cells were cultured in RPMI supplemented with 10% fetal 
bovine serum, 2 mM L-glutamine and anti bioti cs. A549 and A549-Epac1 cells (39) were 
transfected with siRNA (48 hours before replati ng) using Oligofectamine (Invitrogen) and/or 
plasmid DNA (24 hours before replati ng) using Eff ectene (Qiagen). 
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Cell surface E-cadherin measurements
Transfected A549 or A549-Epac1 cells were replated onto fresh ti ssue culture dishes and 
allowed to reform a confl uent monolayer for 24 hours. Next, cells were fi xed with 4% para-
formaldehyde in PBS at room temperature for 30 minutes, scraped and blocked overnight 
in suspension at 4°C with PBS containing 1% BSA. Cells were stained with HECD1 anti -E-cad-
herin (1 hour, 4°C) and donkey-anti -mouse-Cy5 (30 minutes, 4°C) in 1% BSA/PBS. siScram-
bled and/or empty vector DNA transfected cells stained with donkey-anti -mouse-Cy5 only 
were used a negati ve control. Data acquisiti on was done on a FACSCalibur fl ow cytometer 
(Becton Dickinson) using CellQuest soft ware, and analysis was performed using WinMDI 2.9 
soft ware.

Immunofl uorescence
Transfected A549 cells were replated onto coverslips and allowed to reform a confl uent 
monolayer for 24 hours. Next cells were fi xed with 4% paraformaldehyde in PBS at room 
temperature for 30 minutes and blocked overnight at 4°C with PBS containing 1% BSA. Next, 
cells were incubated with HECD1 anti -E-cadherin for 1 hour, secondary anti body for 30 min-
utes (both at room temperature in PBS containing 1% BSA) and mounted onto glass slides. 
DAPI was used to stain nuclei. Slides were examined on an Axioskop 2 mot plus microscope 
(Zeiss) with a 40x immersion oil objecti ve and Axiocam camera.

Rap1 acti vati on assay
Rap1 acti vati on was assayed as described previously (40). In brief, transfected A549-Epac1 
cells were replated on ti ssue culture dishes in the presence or absence of 50 μM 007, grown 
to confl uency for 24 hours and subsequently lysed in buff er containing 1% NP-40, 150 mM 
NaCl, 50 mM Tris-HCl, pH 7.4, 10% glycerol, 2 mM MgCl2 and protease and phosphatase 
inhibitors. Lysates were cleared by centrifugati on, and Rap1-GTP was precipitated with a 
glutathione S-transferase (GST) fusion protein of the RA-domain of RalGDS precoupled to 
glutathione-sepharose beads. Bound proteins were eluted in Laemmli buff er and analyzed 
by SDS-PAGE followed by Western blotti  ng.

TC10  acti vati on assay
TC10 acti vati on was assayed as described previously (41). In brief, HEK293T cells were lysed 
24 hours aft er transfecti on in buff er containing 0.5% NP-40, 40 mM NaCl, 2 mM Tris-HCl, 
pH 7.5, 10 mM MgCl2, 1 mM DTT and protease and phosphatase inhibitors. Lysates were 
cleared by centrifugati on, and TC10-GTP was precipitated with bioti nylated PAK1-PBD pep-
ti de (kindly provided by Patrick Derksen) precoupled to streptavidin-agarose beads (Invitro-
gen). Bound proteins were eluted in Laemmli buff er and analyzed by SDS-PAGE followed by 
Western blotti  ng.

In vitro GEF assay
The GEF acti vity of C3G towards TC10 and Rap1B was determined as previously described 
(42).  In brief, purifi ed G-proteins were preloaded with fl uorescent mant-GDP (2�-/3�-O-(N’-
Methylanthraniloyl)guanosine-5�-O-diphosphate) by incubati ng the G-protein in the pres-
ence of EDTA and an excess of mant-GDP. The EDTA and free nucleoti des were removed by 
gelfi ltrati on. The reacti on were performed in 50mM Tris-HCl, pH 7.5, 500 mM NaCl, 5mM 
MgCl2, 5mM DTT, 5% glycerol with 200 nM G-protein, the indicated amounts of C3G and 20 
μM GDP. Fluorescence signal was measured over ti me (excitati on wavelength is 366 nm and 
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emission 450 nm).

Results

Previously, we have suggested the RapGEF PDZ-GEF2 to be criti cal for regulati ng cell surface 
levels of E-cadherin (37). Other GEFs have been suggested to control Rap1 acti vity during 
juncti on formati on or maintenance as well (30), most notably C3G, a GEF-defi cient mutant 
of which severely decreases E-cadherin staining intensity in the cell-cell juncti ons (28). C3G 
is expressed in A549 cells (fi gure 1A), which prompted us to investi gate the contributi on 
of C3G to juncti on formati on of A549 cells. Staining A549 cells for E-cadherin shows the 
cell-cell juncti ons at a broad range of staining intensiti es (37), which shows in immuno-
fl uorescence as patches of varying intensiti es (fi gure 1B, left  panel). Depleti on of C3G by 
siRNA decreases the overall staining intensity and, more specifi cally, reduces the amount of 
intensely stained patches that occur frequently in control cells (fi gure 1B, right panel). The 
amount of juncti onal E-cadherin can be quanti fi ed by paraformaldehyde fi xati on of a confl u-
ent monolayer of A549 cells followed by staining in suspension and determinati on of stain-
ing intensity by fl ow cytometry. A typical result is depicted in fi gure 1C, which shows that the 
amount of highly stained cells decreases upon C3G depleti on (green versus black line; note 

50

60

70

80

90

100

110

1 2

A B

C D

siC3GsiScrambled

E
-c

ad
he

rin
 s

ur
fa

ce
 le

ve
ls

(%
 o

f c
on

tro
l)

50

60

70

80

90

100

110

siScrambled

Ab control

re
la

tiv
e 

ce
ll 

nu
m

be
r

Fluorescence intensity E-cadherin

siScrambled

siC3G

193

560

363

mean
intensity

100101 1000

siS
cr

am
ble

d
siC

3G

siC3G

C3G
aspecific band

Figure 1 C3G is required for cell surface expression of E-cadherin.  (A) C3G is expressed in A549 cells. Lysates of 

A549 cells transfected with control siRNA (siScrambled) or siRNA targeti ng C3G (siC3G) analyzed for C3G expres-

sion by Western blotti  ng. (B) C3G depleti on reduces juncti onal E-cadherin staining. Immunofl uorescence showing 

E-cadherin staining of A549 cells transfected with control (siScrambled) or C3G (siC3G) siRNA. (C) C3G regulates 

plasma membrane expression of E-cadherin. E-cadherin staining intensity of A549 cells transfected with control 

siRNA (siScrambled) or C3G siRNA (siC3G) as determined by fl ow cytometry. Cells stained with secondary anti body 

only were used as a staining control (Ab control). Indicated numbers are the average staining intensiti es of 10.000 

cells shown in the graph. (D) C3G regulates plasma membrane expression of E-cadherin. The graph show the aver-

age of multi ple independent measurements of E-cadherin surface expression as shown in fi gure 1C (n=3). Error 

bars represent standard deviati on.

thesis.indd   124thesis.indd   124 7/20/2012   1:50:51 PM7/20/2012   1:50:51 PM



125

chapter 6: C3G regulates E-cadherin independent of Rap1

6

the diff erence in the right arms of the peaks). As a result, the average staining intensity de-
creased to 70% (fi gure 1D). Thus, depleti on of C3G by siRNA signifi cantly decreased levels of 
E-cadherin at the cell-cell juncti ons, which is in agreement with the previous suggesti on that 
C3G regulates juncti onal levels of E-cadherin based on overexpression of mutant C3G (28).
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Previously, we have shown that Rap1B is regulati ng plasma membrane levels of E-cadherin 
upon acti vati on by PDZ-GEF2 (37). C3G depleti on mimics the phenotype of PDZ-GEF2 de-
pleti on. Hence, these Rap1 GEFs cannot compensate for each others loss. To analyze to 
what extend plasma membrane levels E-cadherin levels are refl ecti ng Rap-GTP levels, the 
eff ect of C3G depleti on was assayed in A549 cells stably expressing Epac1 (39). Here, the ex-
pression of Epac1 allows rapid and dynamic control of Rap1 acti vity using the specifi c Epac 
acti vator 8-pCPT-2’-O-Me-cAMP (hereaft er named 007) (43). The A549-Epac1 monoclonal 
cell line has not lost its dependency on C3G to control cell surface levels of E-cadherin, as 
these are clearly decreased by C3G siRNA (fi gure 2A, black bars). When the cells are grown 
to confl uency in the presence of 007, endogenous Rap1 is acti vated (fi gure 2B). However, 
Rap1 acti vati on did not rescue the plasma membrane expression of E-cadherin (fi gure 2A, 
white bars), suggesti ng that the siC3G phenotype is not caused by decreased Rap1-GTP 
levels. This conclusion beholds the assumpti on that Rap1 does not reside in the cell within 
various pools that are alternati vely acti vated by diff erent RapGEFs, which was validated by 
modulati ng Rap1 acti vity in an exogenous manner. To this end, A549 cells were transfected 
with the Rap1 inhibitory protein RapGAPII or acti ve Rap1 mutants. Here, cotransfecti on of 
H2B-GFP allows detecti on of transfected cells (fi gure 2C) that were subsequently assayed for 
E-cadherin surface expression. As shown before (28), overexpression of RapGAPII decreases 
surface E-cadherin levels (fi gure 2D). Furthermore, it does not allow a further decrease by 
siC3G, suggesti ng that RapGAPII and C3G regulate the same downstream target. This shared 
target is unlikely to be Rap1, as both consti tuti vely acti ve Rap1A (V12Rap1A, fi gure 2D) 
or consti tuti vely acti ve Rap1B (V12Rap1B, fi gure 2E) do not render the cells insensiti ve to 
C3G RNAi, although V12Rap1B does greatly enhance the E-cadherin surface levels. This re-
sult fi ts nicely with published data that Rap1B, but not Rap1A, controls E-cadherin surface 
expression (37). We conclude that C3G and Rap1B are criti cal for the control of juncti onal 
E-cadherin, but do not functi on in a single linear pathway to regulate this process.

While C3G was originally identi fi ed as a GEF for Rap1A and Rap1B (24) and C3G research 
has clearly focused on these proteins as downstream targets, C3G has been shown to en-
hance GTP binding of the small G-proteins R-Ras and TC10 as well (20, 25). The latt er is 
of parti cular interest, as it enhances membrane targeti ng of the exocyst complex (14) and 
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could therefore well functi on in traffi  cking of E-cadherin to the plasma membrane. Indeed, 
depleti on of TC10 decreases the amount of E-cadherin expressed at the plasma membrane 
(fi gure 3A). Similarly, surface E-cadherin levels are decreased in cells overexpressing a domi-
nant negati ve mutant of TC10 (31N-TC10, fi gure 3B) (44). 75L-TC10 is a GTPase-defi cient 
mutant and should therefore be consti tuti vely GTP loaded, which means the protein adopts 
a conformati on that allows eff ector protein binding (44). However, overexpression of 75L-
TC10 decreases surface E-cadherin levels to an extent similar to a C3G mutant lacking the 
GEF domain (fi gure 3B). This suggests that locking TC10 in its GTP loaded state diminishes its 
functi on and indeed it has been shown that GTP hydrolysis of TC10, rather than GTP binding 
only, is required for fusion of GLUT4 positi ve vesicles to the plasma membrane (45).

Our fi ndings that surface expression of E-cadherin requires the GEF functi on of C3G and 
GTP/GDP cycling of its proposed target TC10 hints very much to a functi onal link between 
these proteins in this process. Aiming to show that C3G can indeed acti vate TC10 during E-
cadherin cycling, we initi ally overexpressed these proteins in 293T cells and assayed TC10 
binding to immobilized p21 binding domain (PBD) of PAK1, a tested method to show acti va-
ti on of TC10 (46). Surprisingly, overexpression of diff erent amounts of C3G did not enhance 
GTP loading of TC10 (fi gure 4A, compare empty vector, pCDNA C3G and pCAG C3G). As C3G 
acti vity has been suggested to be enhanced by phosphorylati on and subsequent plasma 
membrane targeti ng (47), we also tested C3G with a farnesylati on group att ached to it to 
induce consti tuti ve plasma membrane targeti ng (pCAG C3G-F) (24). Furthermore, C3G ac-
ti vati on might require relieve of autoinhibiti on (47), to which end we included the isolated 
catalyti c region of C3G (pCDNA ΔN-C3G) in the analysis. As their wild type counterpart, both 
ΔN-C3G and C3G-F did not enhance GTP loading of TC10 (fi gure 4A). Many factors could 
explain the lack of response of TC10 towards C3G when overexpressed in cells, for instance 
altered localizati on, presence of inhibitory proteins, lack of the proper acti vati ng signal and 
changes in post-translati onal modifi cati ons. These can be overcome by measuring the acti v-
ity of the isolated catalyti c region of C3G towards TC10 in an in vitro system. This assay uses 
purifi ed GEF and G-protein, the latt er being loaded with fl uorescent GDP (mGDP) which 
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will be quenched by water when free in soluti on. Hence, release of fl uorescence forms a 
measure for GEF acti vity. As shown before (42), the catalyti c region of C3G effi  ciently acti -
vates Rap1B (fi gure 4B). However, no eff ect of C3G on the nucleoti de exchange of TC10 can 
be observed, even when the C3G concentrati on is increased tenfold. This complete lack of 
acti vity of C3G towards TC10 in vitro makes it very unlikely that C3G functi ons as a GEF for 
TC10 in vivo.

Collecti vely, our data confi rm that C3G is an important protein in the regulati on of E-cad-
herin surface levels and add the exocyst member TC10 to the list of proteins involved in this 
process. However, evidence for a direct functi onal link between C3G and TC10, as suggested 
in GLUT4 traffi  cking (20), is lacking at the moment.

Discussion

Targeti ng of E-cadherin to the plasma membrane occurs via regulated exocytosis steps that 
require the clathrin adaptors, the small G-protein Rab11 and the exocyst complex mem-
bers. Furthermore, the RapGEF C3G was shown to be crucial for juncti onal targeti ng of E-
cadherin by means of overexpressing a C3G construct that lacks the catalyti c region. This 
truncati on mutant contains the E-cadherin binding domain, rendering its eff ects dominant 
negati ve. However, this mutant is also likely to compete for β-catenin binding to E-cadherin 
and obtained results might therefore be considered arti fi cial. Here we show that depleti on 
of C3G by siRNA similarly decreases juncti onal staining of E-cadherin as shown by immu-
nofl uorescence and fl ow cytometry, thereby establishing that C3G genuinely functi ons in 
the regulati on of E-cadherin levels. Furthermore, both studies that use the C3G truncati on 
mutant show a similar eff ect of RapGAP overexpression (28, 29), arguing that observed ef-
fects are mediated by the C3G eff ector Rap1. However, the eff ect of RapGAP overexpression 
on other proposed C3G eff ectors has not been tested. Furthermore, both studies show that 
Rap1 is acti vated during juncti on formati on in their system, but the eff ect of the truncated 
C3G mutant on this was not tested (28, 29). Here, we show that depleti on of C3G decreases 
cell surface levels of E-cadherin even in cells that overexpress acti vated mutants of Rap1A 
or Rap1B. V12Rap1B overexpression increases surface E-cadherin, whereas V12Rap1A does 
not, in agreement with published data that depleti on of Rap1B, but not Rap1A, decreases 
surface E-cadherin. Acti vati on of endogenous Rap1 by Epac1 similarly does not render E-
cadherin surface levels insensiti ve to C3G knockdown, although it is to be noted that Epac1 
acti vati on does not increase E-cadherin surface levels, so it might be that acti vati on of Rap1B 
primarily requires PDZ-GEF2 and not Epac1. Clearly, both exogenous and endogenous Rap1 
acti vati on do not prevent siC3G from decreasing surface E-cadherin levels, making it very 
unlikely that C3G functi ons via Rap1 to control E-cadherin.

Looking at other published eff ectors of C3G, a possible functi on of TC10 in regulati on of 
E-cadherin seems plausible. TC10 is a Rho-like G-protein that mediates membrane tether-
ing of vesicles by targeti ng the exocyst complex. Indeed, depleti on of TC10 by siRNA or 
overexpression of TC10 mutants defi cient in GDP/GTP cycling decreases surface levels of 
E-cadherin. It has been suggested that C3G functi ons as a GEF for C3G based on the obser-
vati on that C3G that was immunoprecipitated from cell lysates enhances in vitro nucleoti de 
exchange of TC10 (20). These experiments do not rule out the possibility that proteins co-
precipitati ng with C3G actually functi on to acti vate TC10. The in vitro study performed here 
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seems to exclude that C3G is a direct GEF for TC10. This is in agreement with the absence of 
residues in TC10 that are crucial for effi  cient C3G-mediated catalysis of nucleoti de exchange 
(M. Popovic, private communicati on). Combining these two sets of experiments, it is well 
possible that C3G functi ons as an adaptor protein that binds both E-cadherin and a GEF for 
TC10, thereby linking E-cadherin to the exocyst complex.

Whereas identi fi cati on of the downstream mechanism needs further research, our data 
clearly confi rm the requirement of C3G in controlling juncti onal levels of E-cadherin. How 
C3G is regulated also remains to be resolved. The initi al study proposed that homophilic 
ligati on of E-cadherin proteins would induce a conformati on that allows C3G binding. The 
C3G binding site of E-cadherin lies in very close proximity to the β-catenin binding site and 
indeed these two proteins bind E-cadherin in a mutually exclusive manner (28). This is rather 
intriguing, as β-catenin binds E-cadherin early in the exocytoti c pathway (48). The other im-
portant adaptor protein for exocytosis of E-cadherin, PIPKIγ, also binds E-cadherin at a site 
that overlaps with β-catenin binding. Clearly, the connecti vity between C3G, β-catenin and 
PIPKIγ and their spati otemporal relati on to E-cadherin need further research. Furthermore, 
other mechanisms for E-cadherin targeti ng might exist as well, as an E-cadherin truncati on 
mutant lacking the β-catenin/C3G/PIPKIγ binding site was properly sorted to the basolateral 
membrane in MDCK and LLC-PK1 cells (49). Instead, sorti ng was shown to require two leu-
cines at positi ons 587 and 588, although this observati on has been questi oned (50). Sti ll it is 
interesti ng to note that regulati on of VE-cadherin, which has signifi cant sequence homology 
with E-cadherin (56% in the β-catenin site and 61% in the C3G binding site) but lacks the 
dileucine moti f is insensiti ve to depleti on of C3G (our unpublished data).

Conclusively, our current work further establishes the requirement of C3G for regulati ng cell 
surface levels of E-cadherin and adds the exocyst member TC10 as a criti cal component of 
this process. Further research should address the functi onal relati onship between these and 
other modes E-cadherin traffi  cking.
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The Rap1 G-protein was originally identi fi ed as a protein that can revert Ras-induced trans-
formati on (1), thereby suggesti ng ectopic regulati on of Rap1 signaling to be a promising tool 
to control tumorigenesis. The high similarity between Rap1 and Ras has provoked the model 
that Rap1 functi ons as a negati ve regulator of Ras by sequestering eff ectors of Ras. By now, 
it is widely appreciated that Rap1 does not functi on as a direct inhibitor of Ras signaling, but 
rather prevents the morphological aspects of transformati on. To this end, Rap1 induces or 
enhances cell-matrix adhesion, cell-cell adhesion and cell polarity (2-5). In these processes, 
Rap signaling has mostly been appreciated as linear modules (reviewed in chapter 1), where 
specifi c functi ons of diff erent modules are hypothesized to be established by diff erenti al 
expression, spati otemporal diff erences between proteins or cell-type specifi c functi ons. In 
this thesis we have added novel insights in our understanding of Rap signaling by establish-
ing that: (A) proposed eff ectors in a parti cular functi on of Rap1 might not be direct eff ec-
tors in other Rap1 functi ons, but instead infl uence Rap1-controlled processes via a pathway 
parallel to Rap1 signaling (chapter 2); (B) multi ple GEFs can cooperate to control Rap1 in 
a single physiological setti  ng (chapters 3 and 4); (C) diff erent Rap isoforms can functi on in 
an antagonisti c manner to control a single physiological eff ect (chapter 5) and (D) RapGEFs 
can have additi onal Rap-independent functi ons (chapter 6). These fi ndings add novel layers 
of complexity to our understanding of Rap G-proteins and will prove pivotal in the ongoing 
unraveling of Rap signaling.

Rap1 and RIAM synergisti cally control integrin acti vati on

Rap1-induced regulati on cell-matrix adhesion via integrins is predominantly studied in he-
matopoieti c cells. In platelets, RIAM has been shown to functi on as the Rap1 eff ector regu-
lati ng adhesion via αIIBβ3 integrins. RIAM is a RA-domain containing protein that interacts 
with Rap1 and the integrin binding protein Talin. It has been proposed that Rap1 mediates 
the membrane localizati on of RIAM and consequently Talin, upon which Talin induces an 
acti vati ng conformati on change in αIIBβ3 (6, 7). RIAM has also been suggested to functi on 
downstream of Rap1 in lymphocytes (8), although its functi on seems less clear-cut in this 
system, as in lymphocytes RIAM has also been suggested to regulate the localizati on of the 
RapGEF CalDAG-GEF1 (9) and Rap1 itself (8, 10, 11). We have investi gated the relati onship 
between Rap1 and RIAM in the control of lymphocyte adhesion in chapter 2. This reveals 
that Rap1 and RIAM induce β1 integrin-dependent T-cell adhesion in a mutually depend-
ent manner, i.e. inhibiti on of Rap1 inhibits RIAM-induced adhesion and inhibiti on of RIAM 
inhibits Rap induced adhesion. This may suggest that Rap1 and RIAM functi on in parallel 
pathways. Indeed, Rap1 does not change the affi  nity of β1-containing integrin to its ligands, 
suggesti ng that Rap1 does not functi on by regulati ng Talin, whereas the adhesion-inducing 
capacity of RIAM is located in its Talin-binding domain. We therefore propose that Rap1 and 
RIAM functi on in disti nct, interdependent pathways, in which RIAM induces integrin affi  nity 
by acti vati on of Talin, and Rap1 regulates another aspect of adhesion, for instance integrin 
clustering. 

Our suggesti on that Rap1 and RIAM functi on in interdependent, synergisti c pathways is sup-
ported by our results in C. elegans (chapter 2). Although this model system lacks the hae-
matological cells in which human Rap1 and RIAM dynamically regulate cell adhesion, the 
Rap1 and RIAM orthologues RAP-1 and MIG-10 both aff ect neuron development. mig-10 
mutant worms have defects in axon guidance (12, 13) and we now show that rap-1 mutants 
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are also defecti ve in this process. However, diff erent axons are diff erenti ally aff ected in rap1 
and mig-10 mutants and the one axon that is aff ected in both mutants, the AVM, shows dif-
ferent defects between the mutants. Further evidence for a non-linear relati onship comes 
from the observati on that rap-1 and mig-10 show syntheti c lethality, implying that in C. 
elegans RAP-1 and MIG-10 have overlapping functi ons. The nature of the syntheti c lethality 
remains to be elucidated, although one specifi c aspect of the pleiotropic phenotype of mig-
10(ct41);rap1(tm861) worms is parti cularly interesti ng: double mutant worms show defec-
ti ve gonad morphogenesis, which is also observed upon expression of a dominant negati ve 
mutant of PAT-3, the one single β integrin in C. elegans (14), or upon depleti on of Talin (15). 
Hence, also in C. elegans RAP-1 and MIG-10 might functi on in a synergisti c manner to con-
trol integrin acti vati on.

Synergism between Rap1 and RIAM has two major implicati ons for T-cell adhesion: (I) RIAM 
has to be acti vated by other means than Rap1 acti vati on. Indeed, it has been reported that 
RIAM can be directly acti vated by T-cell receptor kinases (9). Furthermore, other G-proteins 
might contribute to RIAM acti vati on, as the C. elegans orthologue of RIAM, MIG-10, is regu-
lated by Rac1 (13, 16) and Rac is indeed acti vated upon T-cell receptor engagement to con-
trol integrin acti vati on (17). (II) The Rap1 eff ector that regulates β1 integrin-dependent cell 
adhesion sti ll needs to be identi fi ed. The RA domain containing protein RAPL has been clear-
ly implicated in the acti vati on of LFA-1 (αLβ2 integrin) in lymphocytes (reviewed in chapter 
1), and is therefore a good candidate eff ector for Rap1 in this process. However, this protein 
has not been implicated in the control of β1 to date. Furthermore, in vivo Rap1 controls 
lymphocyte homing via both RAPL-dependent and RAPL-independent pathways (18). It is 
possible that Rap1 enables β1-mediated adhesion by inducing T-cell polarizati on. Rap1 has 
been suggested to acti vate the Par complex in suspended T-cells (19) and T-cells transgeni-
cally expressing an acti ve mutant of Rap1 show polarized cluster of β1 integrins (20). Clearly, 
the connecti on between Rap1 and β1 integrins awaits further research.

Multi ple GEFs regulate endothelial barrier functi on

The endothelium is the outer cell layer lining the circulatory system. It both feeds and pro-
tects the underlying ti ssue and thereto forms a dynamically regulated barrier (21). Rap1 is 
a criti cal regulator of endothelial barrier, where its acti vity generally correlates with barrier 
ti ghtness (3). To this end, Rap1 is under control of barrier ti ghtening agents via the second 
messenger cAMP and the cAMP-responsive RapGEF Epac1 (22). Chapter 4 describes that 
the barrier functi on of unsti mulated endothelial monolayers is also dependent on Rap1. Un-
der these basal conditi ons, Rap1 is controlled by PDZ-GEFs (fi gure 1). How PDZ-GEF is regu-
lated is currently unclear. Most likely PDZ-GEF responds to alterati ons in adhesive strength, 
monitored by cell cell adhesion molecules. For instance, in epithelial cells Rap1 is acti vated 
by the ti ght juncti on protein JAM-A via PDZ-GEF2 (23), whereas acti vati on is also observed 
by Adherens Juncti on disassembly in a manner dependent on PDZ-GEF1 (24). Hence, the 
PDZ-GEFs seem to respond to various changes in cell-cell adhesion strength to protect mon-
olayer integrity. Interesti ngly, when PDZ-GEFs or Rap1 are depleted, cell-cell juncti ons ap-
pear overly moti le. This moti lity is caused by contracti le forces of the acti n cytoskeleton 
to which the juncti ons are att ached. How Rap1/PDZ-GEF prevents this moti lity is currently 
unclear. PDZ-GEF/Rap1 depleti on could weaken the juncti ons, making them more prone to 
the forces established by the cytoskeleton. Alternati vely, depleti on of PDZ-GEF/Rap1 might 
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increase the tension on the cytoskeleton to cause the juncti ons more avidly moving. In line 
with the latt er suggesti on, we observe that acti vati on of Rap1 causes cytoskeletal changes 
that are similar to those induced by inhibitors of the actomyosin contracti le machinery, sug-
gesti ng that increased Rap1 acti vity correlates with decreased cytoskeletal tension. As sug-
gested by several groups (25-29), Rap1-induced inhibiti on of the Rho signaling pathway, the 
key regulator of acti n-myosin-induced tension, is in line with this model (see below). Current 
research focuses to elucidate the exact link between Rap1 signalling, endothelial barrier 
functi on and cytoskeletal tension.

One interesti ng observati on that was also described in chapter 4 is the apparent rescue of 
decreased barrier functi on upon PDZ-GEF depleti on by acti vati on of Epac1. A possible ex-
planati on for this observati on could be that PDZ-GEFs and Epac1 control diff erent functi onal 
pools of Rap1, of which the Epac1-acti vated pool is dominant over the PDZ-GEF-acti vated 
pool, thereby enabling it to rescue PDZ-GEF depleti on. However, PDZ-GEF and Epac1 both 
control juncti on moti lity and the eff ects of siPDZ-GEF and Epac1 acti vati on on juncti on mo-
ti lity correlate quite well with their eff ects on barrier functi on, suggesti ng PDZ-GEFs and 
Epac1 control the same juncti onal pool of Rap1. This has two major implicati ons. First, this 
suggests that endothelial barrier is regulated by a gradient in Rap1 acti vity, which is con-
trolled by PDZ-GEF at its lower levels and Epac1 at its higher levels (fi gure 1). Second, this 
suggests that the two morphological eff ects observed upon PDZ-GEF depleti on and Epac1 
acti vati on (increased juncti on moti lity and formati on of juncti onal acti n, respecti vely) refl ect 
two extremes of the same process. The nature of this process needs to be identi fi ed, but it 
might well turn out to be cytoskeletal tension, as already menti oned above. 

   Permeability
motile junctions ‘resting’ junctions tightened junctions

Rap1-GTP

Epac1PDZ-GEF

cAMP

endothelial permeability

?

Figure 1 PDZ-GEFs and Epac1 co-

operate to control Rap1 acti vity in 

the regulati on of endothelial bar-

rier. Basal amounts of Rap1-GTP 

are maintained by PDZ-GEFs to 

prevent cell-cell juncti on from be-

coming overly moti le. Additi onal 

barrier ti ghtening is achieved by 

cAMP-inducing agents that acti -

vate Rap1 via Epac1. On immu-

nofl uorescence, moti le juncti ons 

appear zipper-like, whereas cAMP-

ti ghtened juncti ons are character-

ized by bundles of juncti onal acti n.
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Rap1 eff ectors in endothelial barrier control

Dynamic regulati on of endothelial barrier is under control of the Rho-like G-proteins Rac1 
and RhoA, where ti ghtening of barrier generally correlates with increased Rac acti vity and 
decreased Rho acti vity (30). Rap1 has been suggested to control both Rac acti vati on and 
Rho inacti vati on to induce barrier ti ghtening (26, 31). Indeed, Rac1 is required for endothe-
lial barrier functi on ((30); our unpublished data) and acti vated when barrier is ti ghtened by 
007 (31), but it remains to be demonstrated whether this acti vati on occurs as a result of 
direct signaling or as a result of enhanced adhesion strength, which can induce Rac acti vity 
(32, 33). In additi on, Rap1 might regulate barrier by inhibiti ng Rho acti vity, thereby decreas-
ing the acti vity of the actomyosin contracti le machinery, compati ble with the suggesti on 
that Rap1 regulates cytoskeletal tension (see above). Indeed, Rap1 has been proposed to 
enhance cell spreading and neurite extension by directly inhibiti ng Rho via the Rap eff ec-
tors ARAP1, ARAP3 and RA-RhoGAP (27-29, 34). In the regulati on of endothelial barrier, 
KRIT1 has been suggested to be the Rap1 eff ector that downregulates Rho acti vity (26, 35), 
where Rap1 functi ons to relocalize KRIT1 from microtubules to the cell-cell contact (36). 
In chapter 4, we show that depleti on of KRIT1 or its complex member CCM2 has no eff ect 
on endothelial barrier, both under basal conditi ons and aft er acti vati on of Epac1. This dis-
crepancy with published data may be caused by technical diff erences between studies, like 
cell type used (BAEC vs. HUVEC), ti ming of the experiments (48 vs. 24 hours aft er replati ng) 
and method of detecti on (leakage of HRP or labeled Dextran through a monolayer (26, 36) 
vs. real-ti me electrical impedance (chapter 4)). Parti cularly the latt er diff erence may be of 
importance. Endothelial permeability is established by two routes, one through the cells via 
vesicular transport (transcellular permeability), which transports both small molecules and 
plasma proteins, and one alongside the cells via interendothelial juncti ons (paracellular per-
meability), which is restricted to solutes smaller than 3 nm in radius (37). 40kD-Dextran has 
a radius of 4.8 nm (38) and is therefore restricted to the transcellular route. HRP is smaller, 
but with a radius of 3.0-3.3 nm (39, 40) sti ll at the size limit of passing through juncti ons. 
In contrast, real-ti me impedance sensing measures the permeability of ions through the 
juncti ons (41). Hence, it is very well possible that Rap1 controls endothelial barrier via both 
transcellular and paracellular pathways, in which KRIT1 is a Rap1 eff ector in the control of 
transcellular permeability, but not in paracellular permeability. Clearly, multi ple pathways 
control endothelial barrier, to which the diff erenti al contributi on of Rap1 and KRIT1 needs 
further research.

The antagonizing eff ects of Rap1 and Rap2

Rap1 has always been considered a major regulator of endothelial barrier, as its acti vity 
is both required and suffi  cient for barrier regulati on. Hence, endothelial barrier is readily 
increased when Rap1 is acti vated by 007 and decreased when Rap1 is depleted by siRNA 
(42). However, Rap1 depleti on does not completely prevent the enhancing eff ect of 007 
and one might even argue that the relati ve increase in barrier functi on by 007 is similar in 
control cells and Rap1-depleted cells (42). We therefore investi gated whether Rap2 proteins 
may contribute to endothelial barrier functi on. Intriguingly, as described in chapter 5, we 
fi nd that Rap2 proteins have a barrier reducing eff ect, indicati ng that the remaining eff ect 
of 007 on barrier functi on in Rap1-depleted monolayers is not caused by acti vati on of the 
Rap2 proteins. First, this implies that Rap-independent pathways are at play downstream of 
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Epac1, for instance acti vati on of R-Ras (43) or a direct eff ect of Epac1 on microtubules (44-
46). Second, these data establish that Rap2 proteins aff ect barrier functi on in a manner that 
is opposite to Rap1 (fi gure 2), and thus, basal barrier functi on is determined by the balance 
between Rap1 acti vity and Rap2 acti vity. Importantly, cAMP ti ghtens endothelial barrier, 
despite the fact that this second messenger acti vates both Rap1 and Rap2 (47, 48). Hence, 
Rap1 signaling is rendered dominant over Rap2 signaling when cAMP levels are high.

The Rap2 eff ect on endothelial barrier is phenocopied by the GEF RasGEF1C and eff ector 
MAP4K4, both of which are specifi c for Rap2, suggesti ng that the RasGEF1C/Rap2/MAP4K4 
module is responsible for the Rap2 eff ect on barrier functi on. Both the upstream acti vati ng 
signal and the downstream eff ects of this pathway remain to be elucidated. Similar to the 
eff ects PDZ-GEF1 and Rap1, the eff ects of RasGEF1C/Rap2/MAP4K4 already occur under 
basal conditi ons, suggesti ng that the acti vati ng signal is consti tuti vely present. The down-
stream eff ect could be hypothesized to be regulati on of the acti n cytoskeleton, as MAP4K4 
belongs to the GCK-IV subgroup of Ste20 kinases, which is well known to have a severing 
eff ect on the acti n cytoskeleton (49-52). However, depleti on of Rap2 does not induce the 
typical juncti onal acti n belt that corresponds with enhanced barrier functi on, suggesti ng 
that Rap2 does not decrease barrier by preventi ng juncti onal acti n formati on. Alternati vely, 
is has been suggested that MAP4K4 downregulates E-cadherin levels during mouse embryo-
genesis to allow gastrulati on (53), but no diff erences could be detected in VE-cadherin or 
β-catenin staining upon depleti on of Rap2 in HUVECs. Hence, the functi on of this pathway is 
unknown and one of the main subjects of current work. 

PDZ-GEF

Rap1Rap2

   Permeability

   Junction immotility / 
Junctional actin

RasGEF1C

MAP4K4

Epac1

?

Figure 2 Rap1 and Rap2 antagonisti cally control endothelial 

barrier. Rap1 acti vati on by PDZ-GEFs and Epac1 functi ons to 

prevent monolayer permeability via (a) currently unknown 

eff ector(s) . Acti vati on of Rap2 by RasGEF1C induces perme-

ability via MAP4K4. It remains to be established how MAP4K4 

contributes to endothelial permeability.
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To control endothelial barrier, Rap1 is regulated by both PDZ-GEFs and Epac1. It would be 
reasonable to suspect that additi onal control is established by RapGAPs, which prevent ex-
cessive Rap1 acti vati on in the absence of cAMP. Indeed, both Rap1 and Rap2 are acti vated 
when HUVECs are depleted of RapGAP1, RapGAP2 or Spa1 (chapter 5). Interesti ngly, ac-
ti vati on of Rap1 by any of the three RapGAP depleti ons is suffi  cient to induce juncti onal 
acti n, but barrier ti ghtening is only observed upon depleti on of Spa1. It is very likely that 
acti vated Rap2 counteracts the barrier ti ghtening eff ect of Rap1 when RapGAP1 or RapGAP2 
are depleted. Spa1 depleti on also acti vates both Rap1 and Rap2, but it might do so by a 
diff erent extent, thereby shift ing the balance towards Rap1 dominance. It remains to be 
established why Rap1 and Rap2 would be under simultaneous control of at least three GAPs. 
One possible explanati on is that the diff erent GAPs convey diff erent input signals towards 
Rap1 and Rap2. Dynamic regulati on of RapGAPs is becoming more and more appreciated 
and a number of input signals have been identi fi ed (54). However, the contributi on of these 
to endothelial barrier remains to be established.

C3G regulates de novo juncti on formati on

Multi ple GEFs can regulate Rap1 in a single physiological functi on. For instance, we observe 
that endothelial barrier is controlled by both PDZ-GEF and Epac1 (42). Also in de novo for-
mati on of cell-cell juncti ons multi ple GEFs have been implicated, i.e. PDZ-GEF1, PDZ-GEF2 
and C3G (3). One can think of multi ple explanati ons why this might be the case. In chapter 
3, we hypothesized that PDZ-GEF and C3G might act in a linear pathway, thereby inducing 
sequenti al steps of Rap1 acti vati on to propagate, and putati vely increase, signaling. This 
model is largely based on Rap1 signaling during neurite extension, where neurothrophins 
acti vate Rap1 on early endosomes via C3G and sequenti ally on late endosomes via PDZ-GEF 
(55). Alternati vely, it could be hypothesized that either PDZ-GEFs or C3G have other func-
ti ons in juncti on formati on additi onal to Rap1 acti vati on. In chapter 6, we off er evidence 
that this might be the case for C3G. C3G was implicated in juncti on formati on when cells 
overexpressing a truncati on mutant lacking the C-terminal GEF domain were shown to be 
incapable of forming Adherens Juncti ons (56). We now observe a similar failure in juncti on 
formati on using C3G siRNA, establishing that C3G genuinely functi ons in de novo juncti on 
formati on. Interesti ngly, this C3G depleti on phenotype is also present in cells expressing an 
acti ve mutant of Rap1A or Rap1B or when endogenous Rap1 is acti vated using 007, suggest-
ing C3G does not functi on to acti vate Rap1 in this setti  ng. Furthermore, we observe that the 
C3G depleti on phenotype is not only phenocopied by inacti vati on of the Rap1 G-proteins, 
but also by depleti on or inacti vati on of the suggested C3G target TC10, which functi ons in 
regulati on of the exocyst complex (57). It would be very interesti ng to see whether TC10 
acti vati on can rescue C3G depleti on. However, classical mutati ons to yield acti ve mutants 
of G-proteins actually render TC10 dominant negati ve (58) and indeed the Q75L acti vati ng 
mutati on phenocopies the eff ect TC10 siRNA on plasma membrane levels of E-cadherin. 
In any case, it is unlikely that C3G directly functi ons as a GEF for TC10, as it does not aff ect 
nucleoti de exchange of TC10 in vitro. However, the original observati on that C3G can acti -
vate purifi ed TC10 was performed using C3G that was immunoprecipitated from cell lysates 
(57) and proteins copurifi ed with C3G might convey the actual GEF acti vity towards TC10. 
Combining this noti on with our data provokes a model in which C3G links E-cadherin to the 
exocyst machinery by binding to a GEF for TC10, thereby controlling E-cadherin exocytosis. 
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Concluding remarks

Rap signaling has mostly been appreciated as linear signaling modules that control mor-
phological processes like cell-matrix adhesion, cell-cell adhesion and cell polarity (reviewed 
in chapter 1). Given the general occurrence of these processes, it is obvious that their mal-
functi on is observed in a diverse set of clinical conditi ons. For instance, adhesion defects of 
lymphocytes give rise to a wide range of infl ammatory diseases, including Multi ple Sclerosis, 
Psoriasis and Rheumatoid Arthriti s (59), whereas hyperpermeability of endothelial mon-
olayers underlies edema during thermal injury, acute lung injury and reperfusion injury, but 
also the microvascular defects observed in Diabetes Mellitus (60). Finally, it is evident that 
cell adhesion is dynamically regulated in tumor cells to enable invasion and extravasati on, 
but also in the vasculature within a tumor, the hyperpermeability of which enables both an-
giogenesis and extravasati on (60). Given the importance of Rap1 in regulati ng adhesion dy-
namics, it is likely that interventi on into the spati otemporal regulati on of Rap1 signalling and 
functi on will ulti mately prove a base for targeted therapeuti cs. Hence, even though more 
than twenty years have passed since the landmark observati on of Kitayama and colleagues 
that Rap1 can revert Ras-induced morphological transformati on, it is holding to date and 
therefore sti ll moti vates to understand the complexity Rap1 signaling.
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Het menselijk lichaam bestaat uit zo’n 1014 cellen. Al deze cellen vormen een uniek sa-
menspel, waarin verschillende cellen ieder eigen specifi eke functi es hebben. Zo zijn bijvoor-
beeld cellen in de darm gespecialiseerd in het opnemen van voedingstoff en en hebben 
spiercellen structuren in zich waardoor ze zeer effi  ciënt kunnen samentrekken. Een functi e 
die alle cellen gemeen hebben, zij het in verschillende vormen en maten, is dat zij zich acti ef 
kunnen vastgrijpen aan hun omgeving of buurcellen. Dit proces noemen we adhesie en is 
erg belangrijk voor alle cellen, bijvoorbeeld voor cellen die een bloedvat vormen: bij te losse 
adhesie lekt het bloed tussen de cellen door het bloedvat uit, maar bij te strakke adhesie 
krijgt het lichaam geen voedingstoff en uit het bloed. Verkeerde regulati e van adhesie zien 
we in verschillende ziektes: bloedplaatjes hechten aan elkaar om een korst te vormen in een 
wond, maar als dit gebeurt zonder wond kan dit leiden tot verstopping van bloedvaten (TIA, 
infarct). Afweercellen uit het bloed moeten hechten bij geïnfecteerd weefsel, maar spon-
tane hechti ng kan leiden tot zogenaamde auto-immuunziektes zoals bijvoorbeeld reuma. 
Het snappen van adhesie moet uiteindelijk leiden tot genezing van deze ziektes, maar ook 
inzicht geven in de dynamiek van adhesie in kanker: waarom laten kankercellen soms los van 
de tumor en gaan ze dan ergens anders weer vastzitt en (uitzaaiing/metastase)? Primaire 
kanker is namelijk steeds vaker goed te behandelen, maar juist deze uitzaaiingen blijven een 
probleem.

Hoe voeren cellen hun functi es uit? Cellen bestaan voor een belangrijk deel uit eiwitt en. 
Deze eiwitt en zijn er in duizenden verschillende soorten en maten en hebben ieder heel 
specifi eke functi es binnen de cel. In feite functi oneert een cel door het goed afstemmen van 
deze verschillende functi es van de eiwitt en. Laten we als voorbeeld kijken naar een zogen-
aamde β-cel in de alvleesklier: deze cel heeft  als functi e om het glucose-niveau in het bloed 
te meten en bij te hoge glucose waarden insuline uit te scheiden. Dit insuline is het signaal 
voor spiercellen, levercellen en vetcellen dat glucose verwerkt moet worden. In het buiten-
ste membraan van de β-cel zitt en eiwitt en die glucose naar binnen transporteren. Binnenin 
zitt en eiwitt en die glucose omzett en in energie. Deze energie wordt vervolgens gebruikt 
om de acti viteit te verhogen van eiwitt en die insuline produceren, maar bijvoorbeeld ook 
van eiwitt en die het insuline van binnen de β-cel naar buiten transporteren. Zo vervullen 
verschillende eiwitt en een cascade van functi es om samen één proces te reguleren. Zo’n 
cascade wordt ook wel signaleringsroute genoemd.

Adhesie van cellen is geen stati sch proces, maar wordt ook acti ef gereguleerd door middel 
van signaleringsroutes, waardoor cellen de sterkte van adhesie kunnen aanpassen aan de 
wens van hun omgeving. Een eiwit dat centraal staat in deze signaleringsroutes is Rap1: hoe 
meer Rap1 in een cel acti ef is, hoe sterker de adhesie van de cel aan de omgeving en aan 
buurcellen. Het doel van dit proefschrift  is meer inzicht te krijgen in de signaleringsroutes 
waarin Rap1 functi oneert. Zo vragen we ons af door welke eiwitt en Rap1 gereguleerd wordt 
en hoe Rap1 andere eiwitt en aanstuurt om adhesie te induceren.

In hoofdstuk 1 geven we een overzicht van de literatuur over Rap1, waarin duidelijk wordt 
dat Rap1 in verschillende celtypes verschillende signaleringsroutes aanstuurt om adhesie 
te reguleren. Hieruit blijkt dat de functi e van Rap1 verschilt in verschillende celtypes en 
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dus dat resultaten verkregen met bijvoorbeeld bloedplaatjes niet gelden voor andere cel-
len. Hiervoor geven we extra bewijs in hoofdstuk 2. Zowel bloedplaatjes als afweercellen 
hechten aan niet-cellulaire structuren (zogenaamde matrix) in de wand van bloedvaten via 
eiwitt en in hun celmembraan die integrines heten. Voor bloedplaatjes is aangetoond dat 
Rap1 integrines kan acti veren door het eiwit RIAM naar integrines te brengen. We laten 
zien in hoofdstuk 2 dat RIAM ook nodig is voor Rap1 om adhesie te induceren in afweercel-
len, maar, in tegenstelling tot in bloedplaatjes, functi oneert Rap1 hier niet door RIAM naar 
integrines te brengen. In plaats daarvan induceren Rap1 en RIAM adhesie via parallelle sig-
naleringsroutes die beiden nodig zijn voor effi  ciënte adhesie. In hoofdstuk 3 verschuiven we 
de focus van cel-matrix adhesie naar adhesie tussen cellen en geven een overzicht van de 
literatuur op deze specifi eke vorm van adhesie. Hierin wordt duidelijk dat Rap1 essenti eel 
is voor cel-cel adhesie en daartoe kan worden geacti veerd door meerdere eiwitt en. Vervol-
gens laten we zien in hoofdstuk 4 dat twee van deze gesuggereerde acti vatoren van Rap1, 
namelijk PDZ-GEF en Epac1, samenwerken in de acti vati e van Rap1 om zo cel-cel adhesie in 
de wand van bloedvaten te reguleren. Hierin zorgt PDZ-GEF voor een lage basale acti viteit 
van Rap1 en kan additi onele acti vering van Rap1 door Epac1 op verzoek van de omgeving 
ervoor zorgen cel-cel adhesie nog strakker te maken en zodoende de vaatwand nog minder 
doorlatend te maken. In hoofdstuk 5 voegen we nog een laag van complexiteit toe aan deze 
signaleringsroute. Hier blijkt dat Rap2 ook een rol in dit proces speelt. Een zeer verrassende 
ontdekking is dat Rap2, hoewel het qua uiterlijk erg lijkt op Rap1, precies het tegenover-
gestelde doet als Rap1: Rap2 maakt cel-cel adhesie zwakker. Het blijkt dus dat cel-cel adh-
esie niet zozeer wordt bepaald door Rap1, maar door een samenspel tussen Rap1 en Rap2. 
In hoofdstuk 6 kijken we opnieuw naar een mogelijke acti vator van Rap1 in cel-cel adhesie, 
ditmaal C3G. Deze acti vator speelt geen rol in de regulati e van Rap1 ti jdens cel-cel adhesie 
van cellen in de wand van het bloedvat, maar wel ti jdens cel-cel adhesie van epitheelweef-
sel, dat de bekleding vormt van lichaamsholtes. We bevesti gen dat C3G belangrijk is voor 
adhesie tussen epitheelcellen, maar trekken in twijfel dat C3G hierin functi oneert via Rap1. 
Dit resultaat laat zien dat er ook rekening gehouden moeten worden met Rap1-onafh anke-
lijk functi es van eiwitt en die als acti vatoren van Rap1 bekend staan.

Samenvatt end hebben we in dit proefschrift  verscheidene nieuwe inzichten in Rap1 sig-
naleringsroutes gevonden die nieuwe inzichten geven in de functi onele relati e tussen Rap1 
en RIAM, die Rap2 identi fi ceren als nieuwe antagonist van Rap1 signalering en die laten 
zien dat verschillende Rap1-acti vatoren kunnen samenwerken om Rap1 acti veren, maar ook 
Rap1-onafh ankelijke functi es kunnen hebben. Deze nieuwe inzichten zijn essenti eel voor 
het begrip van Rap1 signaleringsroutes en het uiteindelijke gebruik hiervan voor medische 
interventi es.

thesis.indd   148thesis.indd   148 7/20/2012   1:50:55 PM7/20/2012   1:50:55 PM



149

addenda

&

Curriculum Vitae

Willem-Jan Pannekoek werd geboren op 25 april 1982 te Middelburg. In 2000 behaalde 
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Dankwoord

Dat was ‘m dan; een bloemlezing uit zo’n 6,5 jaar AIO-en… Deze laatste woorden gaan uit 
naar alle mensen zonder wier niet-afl atende hulp, moti vati e en enthousiasme dit proef-
schrift  zelfs in nog eens 6,5 jaar niet zou zijn afgekomen. Maar niet minder zijn deze woorden 
ook voor alle mensen zonder wier enorme biervoorraaden, nachtelijke hobbies en fi etsfa-
nati sme dit proefschrift  binnen 4 jaar klaar zou zijn geweest…

Allereerst de drie tenoren, natuurlijk te beginnen met mijn promotor, Hans. Jouw invloed 
op de Utrechtse onderzoekswereld is ondertussen zo enorm dat ik niet zie hoe die zonder 
jouw moet mocht je er ooit de brui aan geven. En toch zie ik je het meest genieten als we op 
woensdagochtend een goede rapvis (of liever een fi lmpje?) laten zien of als je eerstejaars 
studenten met een gevouwen A4-tje staat uit te leggen hoe cAMP aan PKA bindt. Enorm 
bedankt voor de broodnodige duwen voorwaarts en harde kriti sche noten, waarmee je me 
vanaf dat eerste jaar tot op heden hebt begeleid. Ik ben er trots op dat ik m’n wetenschap-
pelijke opleiding aan jouw hand heb mogen doorlopen. Holger, many thanks for letti  ng me 
in on the ECIS project, I owe you big ti me. I admire your organized, step-by-step way of doing 
science as compared to my ‘fl amboyant’ way, although I felt those two methods symbiosed 
prett y well. I hope to see you completely independent soon, Hals- und Beinbruch (with poor 
knockdown effi  ciency, that is)! Fried, Friedjuh!!, de levende Rap-ipedia. Er is werkelijks niets 
dat je niet aan jou kan vragen, enorme dank voor de duizenden keren dat ik daarvan gebruik 
mocht maken. Als straks jouw cluppie door die Georgiër met de grond gelijk is gemaakt, ga 
je dan een keer mee naar Galgenwaard? Dan gaan we daarna eindelijk die joints oproken.

Dan de brede schouders die ik op 6 september hard nodig ga hebben, mijn paranimfen, Mar-
ti jn en Sander. Tinus, potverdikkeme wat heb ik jou gemist dat laatste jaar. Morris Brown 
is lang zo tof niet zonder die knikkende paul-de-leeuw-kop van jou erbij. En soep-dude her-
kent me niet zonder jou naast me. Maar eerlijk is eerlijk, sinds jij weg bent ben ik eindelijk 
weer eens de beste in sommige dingen. Floaters draaien, bijvoorbeeld. Tijn, thanks voor de 
miljoenen uren brainstormen (en de minstens net zoveel uren braindemoliti on…), niemand 
anders kan zo creati ef over celbiologie discussieren zonder de focus te verliezen. Daarbij 
zou ik willen dat ik ook maar 1% van jouw versati liteit had. Dikke kans dat ik later kan lopen 
pochen dat jij m’n paranimf bent geweest, supervet dat je erbij bent! Neem je margarita’s 
mee? Sander, el Sandro, eigenlijk wilde ik natuurlijk Juan als paranimf, maar die staat nog 
steeds in de rij bij het Prado. Samen begonnen als onderdanen van dr. Price, samen tapas 
gegeten in Madrid en braadworst in Heidelberg. Ik stel voor dat we binnenkort weer eens 
gaan kijken hoe onze bloembollen erbij liggen. Of liever nog, of die avocado al een boom 
geworden is. Met jou kan ik uren ouwehoeren of serieuze dingen, maar ook de meest im-
posante reeks slechte woordgrappen maken. Enorm dank-je-wel voor je luisterend oor en je 
ongeevenaarde humor. Sander, no way dat ik jou mijn promoti e van achter een kroonluchter 
(of Magic Fountain?) laat bekijken, die in de senaatszaal kan niet omhoog. Nee, als ik straks 
m’n zenuwen sta uit te ruft en, moet jij een halve meter achter me staan!

Als je baas bij je werkbespreking tegen je zegt: ‘Is deze proef echt? Daar geloof ik niks van, hij 
is veel te netjes!’, dan mag het duidelijk zijn dat je technisch niet extreem begaafd bent. Ik zou 
dan ook nergens zijn geweest zonder de hulp van enkele analistes en studenten. Patricia, ik 
weet niet of dit boek er zonder jou zijn gekomen, enorme dank voor de energieke werklust 
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waarmee je honderden strakke proeven voor me gedaan heb(t). Ennuh, ook namens mijn 
moeder; ga alsjeblieft  nooit meer op vakanti e! Marjolein, labmoeder van de Bosjes. Geen 
lopend project zonder jou, maar ook geen shaky project met jou, miss seek and destroy. 
Enorme dank voor al je support en gedeelde interesses. PS1: De Butchers gaan echt niet te 
hard voor jou, je moet vaker mee. PS2: Blijven we komende jaren Werchter onveilig maken? 
Jelena, it’s strange that we never really worked together. Thanks for your great eff ort in 
turning the ECIS machine into a robust biological assay, it turned out to be the foundati on 
of two chapters, and hopefully soon papers. Alles gute. Vincent, mr. Mumbles, superthanks 
nog voor het redden van m’n kaassouffl  e. Jammer dat het Rap2C project zo gelopen is, het 
had meer verdiend. Misschien komt dat nog. Veel succes met je eigen promoti e. Agnieszka, 
I’ve got that strange feeling that you’ll come back to the Netherlands one day. Thanks for 
trying my crazy ideas on C3G. And the fabulous Keith Jarrett  album! Andy, the man with the 
wokking permit who doesn’t need sun loti on, thanks for your help on RIAM.

Lars, kom je binnenkort weer eens naar het lab? Anders kom je nooit op die acknowledge-
ment-slide! Nee, het is gewoon te sti l zonder jouw gesnuif. Maar eerlijk is eerlijk, zelfs ik heb 
het gevoel dat ik de afgelopen jaren meer bij jou thuis ben geweest dan op het lab, super-
thanks voor alle x-box-, indrink- en champions-league-avondjes! Binnenkort eens samen die 
racefi ets van jou van z’n stofl aag bevrijden? Anneke, mevrouw waar-is-m’n-bankpas-nou-
weer, Appie, ga jij dan als één van Hans’ laatste AIO’s eindelijk de echte Rap1-eff ector naar 
huis brengen? Qua modelletjes bouwen kom je moeiteloos in het rijtje Kooistra-Gloerich. 
Thanks voor alle discussions-over-coff ee over AG29, publiceren en alles daarnaast. Sarah, 
sah-la-vista, cute italian seven-year-old with the crazy jokes, crazy accent, crazy diet and 
the crazy extensive talk preparati ons. I’m sure you won’t need Tony for your future papers. 
Loads of luck on your translocati on projects, but even more with the big changes coming up 
in your life. Are you going to sing the Monique Smit-song at my party? René en Lucas, de 
twee jongste telgen van het lab en de Heuvelrug Butchers. René, ongeloofl ijk dat jij nou ook 
aan de racefi ets bent, je hebt binnen een jaar twee keer naast m’n bed gestaan op de ee-
rste hulp! Enorme dank voor al je advies over promoveren en computer-dingetjes, er staat 
bij mij alti jd een bord Pasta Inferno voor je klaar. Veel succes met het opbouwen van het 
organoid-imperium. Lucas, de Beul van Veere. Anders rijdt je gewoon vanaf je tweede keer 
meefi etsen een ervaren fi etsclub totaal op een hoop. Klassiek d’r-op-en-d’r-over! Hopelijk 
lukt je hetzelfde met Rap2, veel succes!

On Ying, “Oodjeeh”, had je me bijna ingehaald! Superthanks voor je samenwerking op het 
PDZ-GEF/Epac1 verhaal en het delen van de promoti e-sores. Waar je wegen ook mogen 
leiden in de toekomst, enorm veel succes en plezier. Sarah, ‘fellow-scotch’, focal adhesions 
are at least as cool as adherens juncti ons. I hope you didn’t mind me disagreeing with you 
that oft en, it just shows you’re data are cool enough to discuss about. Ingrid, nog zo’n werk-
paard. Volgens mij maak jij meer uren dan de gemiddelde AIO. Enorm respect voor je posi-
ti visme, zowel binnen als buiten het lab. Marlous, je blijft  toch alti jd een buitenbeentje als 
je niet aan Rap werkt. Sorry dat ik je iedere woensdag met glazen ogen aan zat te kijken als 
je die ingewikkelde mTor-signaling schema’s liet zien. Mocht je ooit weer verhuizen, bel je 
me dan weer op om je tafel te ti llen? Ik hou van croissantjes... Jorien, de steady hands van 
Fried. Nooit meer de tourpool vergeten he! Veel geluk als je straks het huwelijksbootje in 
stapt. Marije, de allerliefste vrouw van het lab. Enorm veel dank voor al het eten en alle 
boodschappen op de momenten dat ik in puin lag, je hebt heel veel etentjes van me tegoed. 
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Helaas ik kan gewoon niet zo goed koken als jij... Milica, I hope you understand by now that 
my dark humor was never meant to off end you. I’m glad that we’re more on the same track 
when it comes to proteins: C3G is the coolest! Good luck on getti  ng those crystals, and all 
the others! Nayara, I’m sorry life in the Netherlands has not run the way it should have. 
I hope you’ll fi nd both medical and personal stability when you’re back in the country of 
samba and grilled meat. We should have that brazilian dinner before you leave. All best luck 
to you!

De secretaresses, stelletje zeurpieten, eigenlijk zou ik jullie expres moeten vergeten… Maar 
hey, daar zijn jullie gewoon veel te belangrijk voor. Marianne, mede-cyborg, beste Hans 
Bos-imitator ter wereld, wat heerlijk dat je vanaf nu de urenkaarten op ti jd af zult heb-
ben. Thanks voor het delen van m’n brak-lichaam-frustrati es en racefi etspassie, en vooral 
de incompati biliteit van die twee. Cristi na, nog zo’n brekebeentje. Als ik later helemaal van 
ti tanium ben, gaan we samen skieen, freestyle met van die jumps enzo, ok? Enorm dank-je-
wel dat je mij zo vaak tegen mezelf in bescherming hebt genomen. Andrea, Dree, ik kijk nog 
steeds af en toe de fi lmpjes van Anfi eld, superthanks voor die ervaring en het delen van alle 
FCU-frustrati es! Blijf zingen vanaf de cityside, ooit zitt en ze in Camp Nou bevend op ons te 
wachten. Bett y, die nieuwe. Volgens mij voel je je al helemaal thuis bij die twee dames, veel 
plezier in dat kippenhok.

Emma, Stephan en Johan. Jullie horen eigenlijk een beetje bij ons. Of wij bij jullie. Enorm 
bedankt voor alle kennis en technische vaardigheden, die aan de absolute top van het adhe-
sie-veld staan. Jullie inbreng was zeer moti verend en essenti eel voor het paper in hoofdstuk 
vier. Ik kijk uit naar toekomsti ge samenwerkingen met jullie.

Boudewijn, was het nou fAIO of faalIO? Volgens mij krijg ik nog steeds je inleg van alle keren 
dat je aan onze poultjes hebt meegedaan. Dank je voor alle kriti sche en ondersteunende 
woorden en succes met het opbouwen van je MEZ-imperium. Harmjan, kopman van de 
orbitrappers. Zonder jou was ik wellicht nooit op een racefi ets gestapt, ook veel dank na-
mens m’n moeder. Ik denk dat ik je op de fi ets aardig kan volgen, maar dat bier-drink-tempo 
van jou... Ongeevenaard... Helaas moet ik voor 6 september een vust afb estellen... Enorm 
dankjewel voor al je support, fi etskennis, Herman-Finkers-humor en aanstekelijke lach. TD, 
Tobias, no-nonsense en creati ef tegelijk. Jij bent iemand waar ik me aan op probeer te trek-
ken, zowel in de wetenschap als op de fi ets, al vrees ik dat ik met de laatste meer in de 
buurt kom. Enorm bedankt voor je (alti jd positi ef gebrachte) kriti sche blik bij m’n werkbe-
sprekingen, de duizenden kopkilometers maar vooral ook voor die enkele keer dat ik je ‘van 
mij mag het wel iets langzamer’ hoorde zeggen. Marrit, Marieke en Hesther, de engeltjes 
uit de Cystein Chappel. Marrit, jij hebt een goudmijntje in handen, go for it! Maar wel eerst 
even de biervoorraad bijvullen he, hebben wij ook een lolletje! Marieke, nog een biertje? – 
Nee, ik ga. – Kom op nou, de laatste! – Nee, ik ga echt. – Ok, tot morgen. – Nou, nog eentje 
dan! Laat je niet zo makkelijk door Hans van je wormen afpraten, hij heeft  het gewoon niet 
zo op beestjes. Hesther, witt e wijn-koningin, jij bent een must voor ieder feestje of borrel. 
Wanneer gaan we weer naar de Surf Inn? Sorry voor de miljoenen keren dat ik veel te hard 
je naam schreeuwde, maar je schrikt gewoon zo leuk. Ik wacht met smart op je wraak! 
Marten, eigenlijk hoor jij ook een beetje bij de Cystein Chappel, maar om de één of andere 
reden zie ik jou toch meer als x-box dan als engeltje. Wanneer gaan we naar Pennywise? 
Thanks voor je vogel-lessen en je supergoede relati verende humor.
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Maaike, was jij er ook de afgelopen zes jaar? Vreemd, ik heb je niet gezien… Sorry voor alle 
keren dat je net iets te kort in mijn geheugen bleef hangen, ik denk dat jouw aanwezigheid 
voor mij gewoon te vertrouwd is. We moeten vaker koffi  e doen. Ennuh, volhouden hè, met 
je manuscripten, reviewers zijn alleen nasty als ze jaloers zijn. Astrid, sommige mensen zijn 
te goed om geen post-doc te worden, kan ik je misschien nog overhalen onder het genot 
van een wijntje? Dank je voor nooit-afnemende persoonlijke en professionele interesse en 
alle keren dat we samen naar teveel-knie-belastende acti viteiten bij LSD’s en retraites heb-
ben gekeken. David, we zijn ietwat stroef begonnen, waarvoor alsnog mijn welgemeende 
excuses, maar uiteindelijk zijn we toch beland in mooie, zware (nachtelijke) discussies in een 
hotel in Cavtat. Dank voor al je computer-kennis, hopelijk kan je die ooit combineren met de 
biologie. Evi, are you ever not in the lab? Thanks for your positi ve recepti on whenever I got 
my hair cut. Good luck on nailing your DNA damage story.

Lydia, Miranda en Paulien, de gouden handjes van Bom. Lydia, het kan niet vaak genoeg 
gezegd worden wat een enorme zooi het lab zou worden zonder jouw. Enorme dank voor 
je steun, en je voetbalplaatjes! Ik zal je verjaardag nooit vergeten. Miranda, de fi nisher van 
het Burgering lab, ik vrees dat de meeste lege plekken in jouw constructen systeem mijn 
schuld zijn... Paulien, veilig gevoel hoor, zo iemand als jij op het lab, alle geluk met Jurgi en 
de jongens.

Naast de Bos en Burgering labs zijn er veel andere labs geweest die voor de broodnodige 
input en gezellige uurtjes hebben gezorgd. Kopsjes, Timmertjes, Vermeulentjes, Holsteges, 
Medemaatjes, Rowlandjes, Lensjes, Derksentjes, superthanks! MEZers, welkom bij de club!

Ragna en Annelies, specialisten in het overbrengen van kankeronderzoek naar scholieren, 
niet-wetenschappers en geldschieters. Misschien hebben jullie wel de belangrijkste job van 
iedereen in dit dankwoord. Volhouden, zeker in deze wat krappere ti jden! Marc, jij hoort 
natuurlijk gewoon in het Stratenum. Welkom thuis jochie! Komende jaren samen Limburgs 
Mooiste fi etsen? Fons en Huub, sti ekem vind ik onderwijs geven wel een klein beetje leuk. 
Als jullie nou een nakijkrobot uitvinden dan ben ik om!

Marjoleine, Marcel en Cheuk, het onmisbare dienende personeel. Marjoleine, zelfs als ik 
iets moest hebben van een guur éénmans-bedrijfj e zonder email, diep verborgen in China, 
dan wist je het naar Utrecht te krijgen. Dank voor al je hulp bij de bestellingen. Marcel, 
als ik straks weg ben en niets meer met het lab te maken heb, mag ik je dan wel met je 
verjaardag feliciteren? Veel dank voor je beulswerk in de keuken. Cheuk, niet vergeten dat 
siRNA’s onder de O van oligo’s staan, hè! Je LB is al beter dan die van je voorganger, het gaat 
niet lang duren voor je sneller bestelt dan Marjoleine!

Livio, heel erg veel dank voor alle keren dat je gelijk ter plekke was als ik weer eens geen 
zuiging had met de FACS of een raar geluid uit de confocal. Wedden dat het me voor ik weg 
ben nog een keer lukt om ze zo in de stront te draaien dat zelfs jij er niks meer mee kan?

Wim et al., computer nerds, ik had een een hele leuke anekdote over jullie maar die stond 
op m’n desktop en toen ik m’n computer afsloot zie die ‘cannot save profi le’ ofzo en toen 
was m’n desktop leeg en toen heb ik ‘m opnieuw opgestart en nou doet het beeldscherm 
het helemaal niet meer en ik heb die fi les over een uur nodig…  Superthanks voor het fi xen 
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van al m’n digitale problemen.

Abdel, zowel als schoonmaker als sociaal ben je beter dan 100 van je collega’s bij elkaar. 
Come back!!

In 6,5 jaat zie je veel mensen komen en gaan. Alle ex-collega’s, dank voor alle support. Na-
dia, what a turbulent ti me you had in those 2,5 years. Thanks for the thousands of hours at 
your kitchen table with tea or popsicles, sharing your enthousiams on science and music. I 
can sti ll dwell on Obstacle II for hours. I hope we’ll live a bit closer one day, we might fi nally 
fi nish that stew-list. Best of luck on all the big changes ahead. Diana, Diaantje!, de enige 
vrouw ter wereld die meegaat in mijn enorm ranzige humor. En er misschien wel overheen 
gaat. Dat moeten we gewoon weer eens, in een kroegje ofzo. Of liever nog, achter een 
koelkast. Janti ne, de ECIS vreet energie, ik weet nu hoe het voelt. Dankjewel dat je je niet 
hebt laten kennen als Diana en ik het gespreksniveau weer eens beneden NAP deden zak-
ken. Alle geluk voor jou en Ott o. Anna, miss ‘and-now-I’m-gonna-have-sex’, was I scared on 
that bus? I guess I’m scared of women in general. Many thanks that your place is always 
available for anything. When can I try those polish sausages once again? Loads of luck for 
you and Lars. Anouk, jij hebt de rapvis tot kunst verheven. Jammer dat het zo gelopen is, 
veel geluk met je nieuwe carriere. Ester, roddeltante één, hoofdstuk twee is minstens net 
zoveel van jou als van mij. Thanks voor je wormen-werk, je luisterend oor en je bbq. En 
nogmaals sorry dat we daar een gedroogde conifeer op hebben gelegd. Veel geluk in jul-
lie nieuwe stulpje. Matt hijs, rugleuning naar achter, lekker onderuit zakken, beentjes over 
elkaar en maar modelletjes spuwen. Het liefst met chili-saus-vlekken op het shirt. Ik heb 
het van de beste geleerd, dankjewel. Judith, roddeltante twee, mevrouw-recht-door-zee, 
als de Grieken straks Spetses verkocht hebben, waar moeten we dan heen met die meet-
ing, Lucca of de Schotsman? Peter, this-is-really-my-fi nal-slide, waar kon je anders terecht 
komen dan Hoeijmakers? Jij bent de koning van ieder stukje. Veel succes met het opzett en 
van je senescence-niche. Anne-Jan, bedankt voor dat boek, maar het heeft  niet geholpen, 
voorlopig. Wanneer gaan we tafelvoetballen? Shannon, sorry I got your favourite World 
of Warcraft  character trapped… Mike, crazy chinese, thanks for the dinners and ping-pong 
lessons, jepjep. Jun, does 007 work on potatoes? Be sure to take a controor! Iris, ik kan er 
op vertrouwen dat alle versies van dat ene fi mpje verwijderd zijn, toch? Veel dank dat je de 
bun aan me introduceerde. Wendy, zelfs al begon ik om zes uur ‘s ochtends, jij was er alti jd 
al. Veel dank voor je belangrijke bijdrage aan hoofdstuk twee. Thijs, Ties, ik was het niet van 
die bordjes. Als ik binnenkort quesadilla’s voor je maak, neem jij dan die fl es Highland Park 
mee, heen.

Leo and Stjepan, my daddies in science. You both have been great educators to me and only 
now I’ve supervised students myself I know how hard that can be. Many thanks for all your 
ti ps, tricks and advise, which are sti ll being put in practi se daily. I owe you guys.

Frank, Wouter, Aniek and Hsin-Yi, many thanks for your shared eff orts in getti  ng the OOB 
retreat organized that smoothly. We should have some kind of reunion, although I guess 
somewhere in the States would be most convenient… I might join!

Marc Retera, één van de grappigste mensen op aarde. Dank dat ik je strip mag gebruiken.
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Rob & Dorinda, thanks voor jullie gedeelde festi val verslaving. Door, ik had niet gedacht dat 
je huidige baan me nog eens beter van pas zou komen dan de vorige. Enorme dank voor je 
input!

The Butchers, dank voor de enkele uurtjes per week dat ik even niet aan m’n proeven dacht. 
Jeroen, hoeveel kilometers hebben wij al niet samen gemaakt? En volgens mij heb je nog 
wat kopwerk van me tegoed. Superthanks voor het delen van m’n racefi etspassie. Pas je een 
beetje goed op m’n vaste festi valpartner?

De clan waarmee ik een groot deel van m’n studie heb doorgebracht, John, Liza, Nienke, 
Gineke, Antoine, eigenlijk zien we elkaar tegenwoordig veel te weinig. Moeten we vaker 
doen, desnoods weer in de foyer. John, hebben wij niet nog een afspraak staan in Vlaan-
deren? Toine, soms spreken we elkaar maanden niet, en toch voelt het iedere keer weer als 
de dag van gisteren. Heel tof dat je erbij bent op 6 september! Ga je m’n feest een beetje 
California Dreamin’ inblazen?

Mark en Else, jullie zijn de twee meest sociale personen die ik ken, en dat is een stuk be-
langrijker dan dat papiertje dat ik straks (hopelijk) ga krijgen. Enorm relaxed dat ik alti jd 
op twee van zulke fantasti sche mensen kan rekenen. Gaan we dit najaar weer ergens een 
bungalowpark onveilig maken? Pa en Ma, ik hoop dat jullie snappen hoe belangrijk jullie 
onvoorwaardelijke steun voor mij is, zowel op de momenten dat ik als een kasplantje bij jul-
lie op de bank lig, als ook op de momenten dat ik wekenlang niet bij jullie langs kan komen. 
Waar m’n toekomst precies ligt weet ik nog niet, maar hoe ver weg ook, jullie zijn alti jd 
dichtbij.

WJ
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