Chapter 11
Rap Signaling

Willem-Jan Pannekoek and Johannes L. Bos

Abstract The Rap proteins comprise a subfamily of the Ras-like small G-proteins,
most closely related to Ras, which were originally found to antagonize Ras-induced
cell transformation. Rap transduces extracellular stimuli to a variety of different
processes, amongst others cell-matrix adhesion, cell-cell adhesion, and actin
dynamics. Here, we present an overview of the mechanisms that regulate activation,
including guanine nucleotide exchange factors and GTPase activating proteins
responsible for the regulation. We discuss the various biological functions that
are controlled by Rap proteins and the molecular mechanism used by Rapl to
induce these responses.
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11.1 Rap Proteins

Rap proteins were first identified by Pizon and coworkers in a search for Ras-related
genes in a human cDNA library (Pizon et al. 1988). Five Rap isoforms exist in
humans: RaplA, 1B, 2A, 2B, and 2C, which share approximately 50 % sequence
identity with Ras and as such are most closely related to the classical Ras proteins.
The Rapl isoforms are identical in “the business end” of the molecule (Fig. 11.1,
termed “switch 17 and “switch 2”), i.e., the region that changes conformation upon
binding to GDP or GTP and that interacts with guanine nucleotide exchange factors
(GEFs), GTPase activating proteins (GAPs), and effectors (Bos et al. 2007). Within
this region, one amino acid difference exists between the Rap2 isoforms. Six amino
acids within this region are different between Rapl and Rap2, an important one is
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on position 39 (S in Rapl, F in Rap2), as this residue allows specific GEFs and
effectors to bind to Rap2 (Miertzschke et al. 2007; Nonaka et al. 2008; Yaman
et al. 2009). Most differences between the Rap isoforms reside within the
C-terminal hypervariable region (HVR). This region determines the subcellular
localization of the protein in three ways (Prior and Hancock 2012): (1) the last four
residues constitute the CAAX-motif (C = cysteine, A = aliphatic, X =any amino
acid). This CAAX-motif is recognized by either a farnesyltransferase or a
geranylgeranyltransferase, which covalently attaches an isoprenoid (either farnesyl
or geranylgeranyl) to the cysteine. These lipid modifications insert into lipid
bilayers to target the protein to cell membranes. RaplA, Rap1B, and Rap2B are
geranylgeranylated, whereas Rap2A and Rap2C are farnesylated. (2) Rap1 proteins
have a poly-basic region in the HVR that aid to membrane targeting. For instance,
RaplA contains two clusters of three lysine residues within the HVR, in which it
differs subtly with Rap1B (Fig. 11.1). (3) In contrast, Rap2 proteins contain two
cysteine residues that are palmityolated. Palmitoylation is dynamic and a driving
force in recycling of small GTPases (Rocks et al. 2010). Although Rap proteins are
found in the plasma membrane, intracellular positions have been identified as well
(Berger et al. 1994; Hisata et al. 2007; Mochizuki et al. 2001).

Most research has focused on Rapl as overexpression of Rapl, but not Rap2,
suppresses Ras-induced cell transformation. This was shown in an elegant genetic
screen by Noda and coworkers in 1989 (Kitayama et al. 1989). cDNAs were
introduced into Ras transformed cells and selected for flat revertants. One of the
hits was Kirsten Ras revertant 1 (Krev-1), identical to RaplA. As Rapl and Ras are
very similar in their effector-binding region and effector proteins binding to Rap1 in
pull-down assays invariably bind Ras as well, it was hypothesized that Rap inter-
feres in Ras signaling by functioning as a decoy that traps Ras effectors in a
nonfunctional compartment. Indeed, it was reported that Rap1 binds to and inhibits
Raf1 (Cook et al. 1993; Nassar et al. 1995). In contrast, Rap1l was reported to be the
dominant activator of B-Raf to positively regulate the ERK pathway (Vossler
et al. 1997). Both these results were questioned by other groups, and the prevailing
model is that the effect of Rapl on the morphology of Ras-induced transformed
cells is due to the ability of Rapl to increase cell adhesion (Bos 2005). It should be
noted that there is indeed evidence that Rapl can influence the Raf/B-Raf-MEK-
ERK pathway; however, whether this is a direct effect due to an interaction with
Raf or B-Raf, or indirectly, for instance, due to the regulation of integrins, is still a
matter of debate. Our own results point to an indirect effect (Zwartkruis et al. 1998).

Despite their similarities, Ras and Rap were early inventions in evolution (van
Dam et al. 2011). Both proteins were already present in the last eukaryotic common
ancestor. Rapl and Rap2 deviate later during evolution. The presence of Rap in
unicellular organisms further stresses a role of Rap proteins in the regulation of
fundamental cellular events. Indeed, studies in yeast were critical in understanding
the overall function of Rapl proteins. The Rapl ortholog in budding yeast, Bud1/
Rsrl, is involved in bud site selection (Park et al. 1993; Chant et al. 1991). Spatial
landmarks determine the position of a future bud adjacent to a budscar of a previous
bud. Budl together with its GEF, Bud5, and GAP, Bud2, recognize the landmark
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Fig. 11.1 Sequence alignment of the five Rap proteins. The amino acid sequence of RaplA is
indicated. Dashes indicate identical amino acids in the other isoforms. Red amino acids are
different between Rapl and Rap2. Green amino acids are different between Rapl isoforms,
whereas blue amino acids are different between Rap2 isoforms. Green boxes indicate the P-loop
(important for nucleotide binding) and the Switch regions (important for GEF and effector
binding). The yellow box indicates the hypervariable region (HVR) (important for localization),
which includes the palmitoylatable cysteines and the CAAX-motif

and pass the signal on to recruit the actin cytoskeleton. This generated the hypoth-
esis that Rap proteins are involved in the recognition of spatial cues to direct actin
driven processes.

Also studies in Drosophila helped in understanding the function of Rap proteins.
Disruption of Rapl results in a dorsal closure defect suggesting an effect on cell
migration (Asha et al. 1999). If the maternal contribution of Rapl is disrupted as
well, an early lethal effect is observed due to a failure of migration of the pole cells
(early germ cells) during embryogenesis. Disruption of Rap1 in the wing results in a
defect in DE-cadherin mediated cell-cell junctions (Knox and Brown 2002).
Together, these studies point already to a function of Rap proteins in cell adhesion,
migration, and the actin cytoskeleton. This is supported by the phenotype of Rapl
knockout mice. Rapl A—/— mice are viable and fertile, but cells isolated from these
mice show defective integrin activation (Duchniewicz et al. 2006). Rap1B—/—
mice show 85 % embryonic lethality due to excessive bleeding, probably attribut-
able to weakening of the vessel wall (Chrzanowska-Wodnicka et al. 2005, 2008).
By now, regulation of cell-cell adhesion, cell-matrix adhesion and actin dynamics
confine the textbook functions of the Rap proteins in mammalian cells, the analysis
of which has been performed along three main lines: the analysis of the molecular
mechanism of Rapl activation and inactivation, the analysis of the biological
responses and the identification of the molecular mechanism, including the identi-
fication of the critical effects of Rap proteins. We will present the highlights of
these studies.
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11.2 Rap Activity Regulation

The first indication that Rapl acts as a molecular switch came from work of
Altschuler and coworkers who showed that cAMP activates Rapl (Altschuler
et al. 1995). They were using a classical labeling experiment, in which cells
transfected with epitope-tagged Rapl were labeled with *P orthophosphate.
After immunoprecipitation of Rapl, the ratio GDP/GTP was determined by thin
layer chromatography. Activation measurements became much easier by the intro-
duction of the pull-down assay by Franke and coworkers (1997), which employs the
Rap1-binding domain of RalGDS as a probe to precipitate RaplGTP, followed by
western blotting. Using this technology it was shown that Rapl1 is activated by a
large variety of stimuli, suggesting that multiple GEFs or GAPs are involved in the
regulation of Rapl (Gloerich and Bos 2011). Indeed, many of these regulatory
proteins were identified and molecular details on their regulation elucidated.

11.2.1 RapGEFs

GEFs activate small G-proteins by decreasing their affinity for nucleotides (Bos
et al. 2007). As a result, GDP is replaced by the more abundant GTP. The catalytic
domain of RapGEFs is the CDC25 Homology Domain (CDC25-HD), flanked by a
stabilizing Ras Exchange Motif (REM). In addition, these GEFs have usually
several other domains (Fig. 11.2) or posttranslational modifications that respond
to extracellular signals and regulate either activity, localization, or both.

11211 C3G

C3G (Crk SH3 domain-binding GEF) (RapGEF1) was the first RapGEF identified
by Tanaka et al. (1994) and Matsuda et al. (1994), based on its possession of a for
RasGEFs characteristic REM-CDC25-HD region and its binding to the SH3
domain of the adaptor protein Crk through a proline-rich sequence. The predomi-
nant target of C3G is Rapl. C3G is ubiquitously expressed and C3G knockout mice
are early embryonic lethal indicating the importance of this GEF (Ohba et al. 2001).
C3G confers an auto-inhibited conformation, as its activity can be greatly enhanced
by removal of the N-terminal half (Ichiba et al. 1999). In cells, release of
autoinhibition is conferred by phosphorylation of Y504 by kinases of the Src
family, which in their turn are activated by a variety of stimuli.
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Fig. 11.2 The RapGEF family. Domain architecture of the RapGEFs is shown, in addition to their
prototypical activating signal and Rap isoform preference

11.2.1.2 Epacs

A real surprise was the discovery of Epac proteins by De Rooij et al. and Kawasaki
etal. in 1998 (de Rooij et al. 1998; Kawasaki et al. 1998a), as these proteins turn out
to be regulated by direct cAMP binding. At that time it was commonly accepted that
protein kinase A (PKA) and some ion channels were the only targets of cAMP. The
Epac proteins, Epacl (RapGEF3) and Epac2 (RapGEF4), are characterized by the
presence of either one (Epacl) or two (Epac2) cyclic nucleotide-binding domains.
Furthermore, both isoforms contain a DEP domain, the catalytic REM-CDC25-HD
tandem, and an RA domain (Gloerich and Bos 2010). Expression of both Epacl and
Epac?2 is highly variable between cell types, with Epacl amongst others high in
endothelial cells, kidney, heart, brain, adipose tissue, and ovary and Epac2 in brain,
adrenal glands and beta cells of the pancreas (Kawasaki et al. 1998a). Epacl and
Epac2 single and double knockout mice are viable with mild defects (Pereira
et al. 2013), suggesting a modulatory role rather than a critical role in Rapl
regulation.

Structure analysis of both active and inactive Epac2 revealed that Epac is
normally in a closed inactive conformation, in which the N-terminal (regulatory)
region occludes the Rap-binding site (Rehmann et al. 2006). Upon binding of
cAMP, a massive conformational change allows Rap to reach the catalytic helix
(Rehmann et al. 2008). Interestingly, in addition to allosteric activation, cAMP
induces the translocation of Epacl, but not Epac2, to the plasma membrane
(Ponsioen et al. 2009). Recently, the molecular mechanism of this translocation
was eluded. Binding of cAMP induces a conformation change in the DEP domain
(Li et al. 2011), allowing it to bind to phosphatidic acid, which is enriched in the
plasma membrane (Consonni et al. 2012). Hence, cAMP controls both Epacl
activity as well as plasma membrane localization. A diverse set of proteins binds
Epacl resulting in a variety of different membrane localizations. These include the
ERM proteins (Ezrin, Radixin, Moesin), RanBP2 and -arrestin (Gloerich
et al. 2010, 2011; Mangmool et al. 2010). In all cases cAMP remains required for
activation.
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11.2.1.3 RasGRPs (CalDAG-GEFs)

RasGRP was first identified as a RasGEF having, in addition to the REM-CDC25-
HD module, (calcium-binding) EF hands and a (DAG-binding) C1 domain (Ebinu
et al. 1998). Subsequently, additional members of the family were found that were
specific for Rap proteins, or have dual specificity (Kawasaki et al. 1998b; Yama-
shita et al. 2000). At that time these were renamed in CalDAG-GEFs, but the
official name remains RasGRP for all protein members. Both DAG and calcium are
under control of phospholipase C (PLC), which converts the lipid PI-4,5P2 to DAG
and IP3, the latter being an inducer of calcium release from the endoplasmic
reticulum. Structural data show that RasGRP forms dimers in which the catalytic
core is shielded. Binding of calcium and DAG overcomes this autoinhibition (Iwig
et al. 2013). Furthermore, DAG employs additional control on RasGRPs. First, it
enhances the targeting of RasGRP to cell membranes (Ebinu et al. 1998). Second, it
activates PKC, which phosphorylates RasGRP (Zheng et al. 2005). This phosphor-
ylation event is important for RasGRP activity status, but not its localization,
suggesting DAG controls both RasGRP activity as well as localization. Here, it is
important to note some intriguing differences between the RasGRPs. RasGRP2
does not directly bind DAG and therefore escapes DAG-mediated control on its
localization (Johnson et al. 2007). Hence, RasGRP2 is only subjected to DAG-
PKC-mediated activation. Furthermore, the RasGRPs display specificity in the
activation of substrates. RasGRP2 shows substrate specificity towards the Raps
and does not activate other Ras-like G-proteins. Conversely, RasGRP1 does not
activate Raps but does activate Ras isoforms (Kawasaki et al. 1998b). RasGRP3
promiscuously activates both Rap and Ras isoforms (Yamashita et al. 2000). Hence,
RasGRP2 and 3 are of importance for Rap. Both these isoforms are under control of
DAG, albeit to different extents. We have kept the CalDAG-GEF nomenclature
(RasGRP2 is CalDAG-GEF1 and RasGRP3 CalDAG-GEF3) for these two
RapGEFs.

11.2.1.4 PDZ-GEFs

PDZ-GEF1 (RapGEF2) and PDZ-GEF2 (RapGEF6) are two RapGEFs that at first
notice appear highly similar to the Epacs. PDZ-GEFs contain the REM-CDC25-HD
tandem and an RA domain in their C-terminal half and two cyclic nucleotide-
binding domains and a PDZ domain in the N-terminal half (de Rooij et al. 1999).
However, the cyclic nucleotide-binding domains lack critical residues for cAMP or
c¢GMP binding, and indeed cyclic nucleotides cannot activate PDZ-GEF in vitro
(Kuiperij et al. 2003; Pham et al. 2000). Although PDZ-GEFs exhibit an auto-
inhibited state (de Rooij et al. 1999), the mechanism of its relieve is currently
unclear. Additional control of PDZ-GEF can be conferred by interacting scaffold-
ing proteins, phosphorylation, and degradation (Letschka et al. 2008; Magliozzi
et al. 2013; Sakurai et al. 2006). Furthermore, active G-proteins can bind to the RA
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domain present in PDZ-GEF. The RA domain of PDZ-GEF1 binds active Rapl
(Liao et al. 2001), whereas the RA domain of PDZ-GEF2 binds active M-Ras
(Yoshikawa et al. 2007). Recently, PDZ-GEF was found to interact with phospha-
tidic acid in the apical membrane of intestinal epithelial cells. This interaction
resulted in the activation of Rap2A (Gloerich et al. 2012).

11.2.1.5 RasGEF1s

The RasGEF1 proteins RasGEF1A, B, and C comprise a relatively uncharacterized
family of RapGEFs (Yaman et al. 2009). They contain the typical REM-CDC25-
HD tandem, but other designated domains or regulatory sequences are lacking. So
far experimental data on the RasGEFs have been restricted to in vitro measurements
to test their activity towards various G-proteins. This revealed that the RasGEFs
confer substrate specificity towards the Rap2 proteins (Yaman et al. 2009). In line
with this, depletion of RasGEF1C enhances the barrier function of endothelial
monolayers, similar to depletion of Rap2 (Pannekoek et al. 2013).

11.2.1.6 PLCe

PLCe is an atypical RapGEF in the sense that it bears multiple catalytically active
domains (Jin et al. 2001; Lopez et al. 2001; Song et al. 2001). The N-terminus
contains the REM-CDC25-HD module to catalyze Rap activation. The CDC25-HD
is flanked by a PLC domain, which processes phospholipids. Furthermore, PLCe
also contains an RA domain that can bind active Rap1 (Jin et al. 2001). Thus, PLCe
induces Rapl activation at places where Rapl activity is already present,
establishing a positive feedback system to enhance Rap activation.

11.2.2 RapGAPs

Rap inactivation by GTP hydrolysis occurs as one of the phosphates of GTP
(gamma-phosphate) reacts with H,O to GDP and Pi (Bos et al. 2007). However,
charges around the G-protein-bound GTP do not allow the correct orientation and
polarization of the attacking H,O molecule, resulting in a very slow intrinsic
GTPase activity of small G-proteins. GAPs generally function to coordinate the
attacking H,O and neutralize the negative charge of the gamma-phosphate, thereby
greatly enhancing the efficiency of the H,O attack on the gamma-phosphate (Bos
et al. 2007).

It should be noted that inactivation is an essential step in the dynamic control of
small GTPases. For instance, Rapl enhances migration of Dictyostelium by induc-
ing attachment to matrix. Efficient migration requires the formation of attachment
at the leading front and release of cell attachment at the rear end. The latter is
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ensured by GAP-mediated inactivation of Rapl (Jeon et al. 2007). Similarly,
extravasation of tumor cells is blocked by both constitutive Rapl activation and
RapGAP overexpression, as these conditions confer either too strong or too weak
adhesion to migrate through the vessel wall (Freeman et al. 2010).

11.2.2.1 RapGAPs

The function of RaplGAP is still rather elusive. RaplGAP, comprising several
splice variants, contains a GAP domain that catalyzes GTP hydrolysis on Rap
proteins and a GoLoco domain. The GoLoco domain was found to interact with
Ga subunits of hetero-trimeric G-proteins as well as 14-3-3 (Jordan et al. 2005;
Meng et al. 1999; Willard et al. 2007), but the precise function of this domain is still
unclear as interactions were reported to be activating and inhibitory. Phosphoryla-
tion by cGMP-dependent kinases may activate Rapl GAP.

11.2.2.2 Spal and the SPARs

Spal and the related GAPs SPARI, 2, and 3 are RapGAPs characterized by the
presence of a C-terminal PDZ domain. PDZ domains are notorious protein—protein
interaction domains that regulate spatial distribution of signaling. As such, Spal
and the SPARs are also found to locate to various complexes under control of their
PDZ domains. For instance, SPAR is localized to Ephrin receptors to induce Rap1-
mediated de-attachment by Ephrins (Richter et al. 2007), and to dendritic spines to
regulate spine morphology (Pak et al. 2001). Apart from localization, the SPARs
are also regulated by protein degradation via multiple pathways, all of which
function to manage sustained activity of Rapl (Gloerich and Bos 2011).

11.2.2.3 Plexins

Plexins are cell surface receptors for the semaphorin family of guidance cues. Their
cytosolic tail harbors a GAP domain that catalyzes inactivation of Rap G-proteins.
When not bound to semaphorins, Plexins exist as monomers, the GAP domain of
which is auto-inhibited. Plexins dimerize upon ligand binding, which induces
release of auto-inhibition. Therefore, semaphorin molecules act as repulsive guid-
ance cues by inducing Plexin-mediated Rap1 inactivation (Wang et al. 2012).

11.2.2.4 GAP1 Proteins and SynGAP

Analogous to the CalDAG-GEFs, which display dual specificity towards Ras and
Rap, RasGAPs of the GAP1 family inactivate both Ras and Rap (Kupzig et al. 2006,
2009). These GAPs, termed RASA2 (GAP1™), RASA3 (GAP1"™*""), RASA4
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(CAPRI), and RASAL1, contain a central GAP domain which is flanked by two C2
domains at the N terminus and a PH domain at the C terminus (King et al. 2013).
The dual specificity towards both Ras and Rap is surprising as RasGAPs and
RapGAPs generally utilize different mechanisms: RasGAPs provide an arginine
to reposition GIn61 in Ras to allow correct polarization of the attacking H,O. Rap
proteins lack GIn61, but its function can be fulfilled by an asparagine that is
provided by RapGAPs (Daumke et al. 2004). The dual specificity GAPs in essence
function as RasGAPs by providing the arginine residue to facilitate Ras inactiva-
tion. In addition to that, dual specificity GAPs contain sequences outside the GAP
domain that induce conformational changes in Rap that allow its GIn63 to aid in
correct positioning of the attacking H,O, thereby allowing these GAPs to also
catalyze Rap inactivation (Sot et al. 2010).

11.3 Rap Functions

Initially, the function of Rapl in mammalian cells was studied by the introduction
of a constitutively active Rapl (RapV12), by the introduction of a dominant
negative Rapl (RapN17) or the introduction of a RapGAP. For instance, a key
finding in elucidating Rap1 functioning was made in 1999, when overexpression of
the RapGAP Spal was shown to prevent attachment of HeLa cells (Tsukamoto
et al. 1999). Indeed subsequent analysis revealed that Rapl is a key mediator of
integrin-mediated cell adhesion and of cell—cell junction formation (Boettner and
Van Aelst 2009; Pannekoek et al. 2009; Raaijmakers and Bos 2009). Many subse-
quent studies on the function of Rap1l were greatly helped by the development of an
Epac-selective cAMP analogue, 8-pCPT-2'O-Me-cAMP (007) (Enserink
et al. 2002). Using this analogue endogenous Epac and subsequently Rap proteins
were selectively activated in cells, and biological responses could be identified and
analyzed. As such, the Rap proteins have now been solidly implicated in regulating
endothelial barrier function, epithelial cell-cell adhesion, homing of circulatory
cells, neurite outgrowth, induction of cell polarity, and cardiac contraction. To this
end, Rap controls the activity or localization effector proteins by binding to their
RA, RBD, or B41/ERM domain, which are structurally similar domains (Kiel and
Serrano 2006). The effectors of the Rap proteins can be classified in different
groups: inducers of cell-matrix adhesion (RAPL, RIAM), inhibitors of
Rho-mediated contraction (KRIT1, Radil, Rasipl, ARAP1, ARAP3,
RA-RhoGAP) and activators of actin remodeling (TIAMI1, Vav2, TNIK, NIK,
MINK) (Fig. 11.3). Furthermore, the cell-cell adhesion scaffold AF6 and the
lipid modifier (and RapGEF) PLCe are controlled by Rapl. We will discuss these
effectors in light of the physiological effects of Rap1 (see Fig. 11.4 for an overview
picture).
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Fig. 11.3 Rap effectors. Domain architecture of Rap effector proteins is shown, in addition their
Rap-induced function
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Fig. 11.4 Overview of Rap functions in physiological settings. Picture shows the core Rap
signaling pathways in the physiological settings Rap functions in, indicating the known input
signals, GEFs, Rap isoforms, and effector proteins. See text for details

11.3.1 Endothelial Barrier Function

The endothelium is the inner lining of the vascular system. Its main function is to
form a barrier between the blood and the tissues underlying the vasculature. The
tightness of this barrier should be very dynamically regulated, as controlled passage
of fluid, solutes, and even circulating cells should be allowed upon request of the
tissue (Komarova and Malik 2010). Rap1 activation enhances the barrier function
of the endothelium (Pannekoek et al. 2014). To this end, barrier tightening agents
increase cAMP levels, which activate both Epacl and PKA to enhance barrier
function (Lorenowicz et al. 2008). Also in the absence of cAMP moderate levels of
active Rapl are maintained to ensure a certain amount of basal barrier function.
This effect is controlled by PDZ-GEF (Pannekoek et al. 2011). PDZ-GEF1 is the
main isoform, which is supported by the defective cell-cell adhesion and concom-
itant yolk sac vasculogenesis observed in PDZ-GEF1—/— mice (Kanemura
et al. 2009; Wei et al. 2007). Furthermore, Rapl is activated when hyperper-
meability is induced to prevent excessive leakage and ensure rapid reestablishment
of the barrier (Birukova et al. 2013). Recent advances suggest that Rap1 controls
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endothelial barrier by regulating tension on the actin cytoskeleton. To this end,
various pathways have suggested, some of which may act in concert. Diminished
tension on radial stress fibers is conferred by the Rapl effectors KRIT1 (Glading
et al. 2007; Stockton et al. 2010) or Rasipl/Radil (Post et al. 2013; Wilson
et al. 2013; Xu et al. 2009). How KRIT1 regulates tension remains to be elucidated.
Rasipl and Radil control the RhoGAP ArthGAP29 to inhibit the tension pathway
(Post et al. 2013; Xu et al. 2011). In contrast, Rap1 also induces tension in the actin
cytoskeleton that runs along the cell—cell contact, a process mediated by Cdc42
(Ando et al. 2013). Hence, Rap1 simultaneously increases and decreases cytoskel-
etal tension depending on where the actin bundle is located. Together this renders
cell-cell junction tightening. Interestingly, the Rapl-Rasipl/Radil-ArhGAP29
pathway also directs cell spreading, both in endothelial and in epithelial cells, due
to the abovementioned relaxation of stress fibers (Post et al. 2013).

11.3.2 Epithelial Cell-Cell Adhesion

Similar to the endothelium, the epithelium is a cell layer that confers a barrier
function to protect underlying tissue. The main difference between the two is that
the epithelium is avascular, as the epithelium lines body cavities. Its barrier
function depends on its location and can be very tight (e.g., skin) but also less
tight (e.g., kidney). Rapl is important for epithelial cell-cell adhesion. However, in
contrast the endothelium, Rap1 effects on epithelial monolayers are only observed
upon challenging of the monolayer: RaplGAP overexpression prevents de novo
formation of cell—cell junctions, but does not affect mature cell-cell junctions
(Hogan et al. 2004). Similarly, effects of Rapl siRNA could only be observed
after replating the monolayer (Dube et al. 2008). Hence, Rapl is required for
epithelial cell-cell adhesion either during development or when the monolayer is
challenged, but not for maintenance of cell-cell adhesion. To this end, Rapl is
activated by either C3G or PDZ-GEF2. Overexpression of dominant negative C3G
prevents de novo junction formation, similar to Rapl GAP overexpression (Hogan
et al. 2004). Here, the junctions lack E-cadherin, suggesting C3G/Rap1 functions in
the recruitment of E-cadherin during junction formation. Depletion of PDZ-GEF2
has a milder effect: junctional E-cadherin levels are 80 % of their control counter-
parts and the junction appears zipper-like, indicative of high tension (Dube
et al. 2008). Interestingly, these PDZ-GEF2 effects are differentially phenocopied
by depletion of Rapl isoforms: RaplA depletion induces the zipper-like morpho-
logy, but does not affect the E-cadherin levels. The reverse goes for depletion of
Rap1B, which affects E-cadherin levels but not junction morphology. It remains to
be determined how these effects are controlled by Rapl. The junctional scaffold
AF6 and the small G-protein Cdc42 have been suggested to control cell—cell
adhesion downstream of Rapl, specifically considering E-cadherin levels (Fuku-
yama et al. 2005; Hogan et al. 2004; Hoshino et al. 2005). How these effectors
cooperate and how the zipper phenotype is conferred remains to be elucidated.
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11.3.3 Adhesion of Circulatory Cells

Circulatory cells like lymphocytes and platelets are non-adherent but can be rapidly
induced to adhere when the body requires an immune response (lymphocytes) or
blood clot formation (platelets) (Varga-Szabo et al. 2008; von Andrian and Mackay
2000). This adhesion relies on multistep adhesion cascades, in which activation of
Rapl ensures strong integrin-mediated adhesion to extracellular matrix. For plate-
lets it has been shown that weak adhesion or prothrombotic factors impinge on
CalDAG-GEF1 to induce activation of Rapl and concomitant strong, integrin-
mediated adhesion (Bernardi et al. 2006; Stefanini et al. 2009). Indeed, CalDAG-
GEF1—/— mice display defective integrin-dependent platelet aggregation
(Crittenden et al. 2004). Using model cell lines it is suggested that active Rapl at
the plasma membrane functions by recruiting RIAM, which induces the high
affinity conformation of oIIbf3 integrins via its binding protein Talin (Han
et al. 2006; Lee et al. 2009). As a result, the platelets will form a meshwork with
soluble fibrinogen fibers to form the blood clot. Additional control on this process is
ensured by RaplGAP. Nitric oxide prevents blood clot formation and it can do so
by inducing phosphorylation of the platelet-specific isoform of Rap1GAP, thereby
restricting Rapl activation and concomitant integrin activation (Danielewski
et al. 2005; Schultess et al. 2005).

Just as platelets, lymphocytes can be induced to adhere via a multistep adhesion
cascade, thereby allowing lymphocyte adhesion at secondary lymphoid organs,
where they screen for antigen, but also to allow strong adhesion between lympho-
cyte and an antigen presenting cell (APC). The latter relies on engagement of the
T-cell receptor (TCR), which induces Rap1 activation via the GEFs C3G, CalDAG-
GEF, and PDZ-GEF (Boussiotis et al. 1997; Katagiri et al. 2004b; Letschka
et al. 2008). Why and how these three GEFs cooperate is unknown. Next, activated
Rapl engages with its effector RAPL to induce both clustering and activation of the
LFA-1 integrin, thereby securing strong adhesion between lymphocyte and APC
(Katagiri et al. 2003, 2004a).

Much less is known about adhesion of lymphocytes at secondary lymphoid
organs. Here, reversible adhesion of lymphocytes is induced by chemokines,
which impinge on CalDAG-GEF1 (Ghandour et al. 2007). However, the require-
ment of CalDAG-GEF1 for lymphocyte adhesion appears restricted to certain
integrins, so other GEFs might contribute to regulate other integrins. The same
holds for events downstream of Rapl: RAPL is required for stable arrest of
lymphocytes. However, RAPL is not required for initial arrest, whereas Rapl is
(Ebisuno et al. 2010). Hence, other Rap1 effectors are at play here as well. RIAM
would be the prime candidate, as it controls integrin activation downstream of
Rapl. Indeed, RIAM depletion inhibits lymphocyte adhesion (Lafuente et al. 2004).
However, as opposed to its function in platelet adhesion, RIAM does not require its
Talin-binding domain to induce lymphocyte adhesion (Menasche et al. 2007).
Instead, the central RA and PH domain are sufficient. These domains bind the
adaptor protein SKAP1, which, together with its binding partners ADAP and



11 Rap Signaling 245

SLP-76, is required for Rapl translocation (Kliche et al. 2006; Patzak et al. 2010).
Furthermore, RIAM has been suggested to induce Rapl activation by CalDAG-
GEF1 by mobilizing intracellular calcium (Patsoukis et al. 2009). Apparently, the
function of RIAM in Rapl signaling may be more complex than solely being an
effector in integrin signaling.

11.3.4 Neurological Functions

Rapl is implicated in two aspects of neuronal functioning. First, Rap1 controls the
extension of neurites, which will become the axon and dendrites (Anneren
et al. 2000). Second, once a neurite establishes a synaptic contact, Rapl controls
synaptic transmission (Imamura et al. 2003). Little mechanistic data are known
about the latter. However, Rapl functioning in neurite extension is better under-
stood. Activation of Rap1 is conferred by different inputs, which impinge on Epac?2,
C3G, and PDZ-GEF1 (Hisata et al. 2007; Liu et al. 2008; Radha et al. 2008).
Intriguingly, the latter two seem to cooperate in maintaining Rapl activity upon
neurotrophin receptor stimulation by activating Rapl at early endosomes (C3G)
and late endosomes (PDZ-GEF) (Hisata et al. 2007). Guidance cues that either
attract or repel the extending neurite also impinge on Rapl activity, most notably
via RapGAPs: Ephrins induce retraction by recruiting SPAR to the activated
receptor (Richter et al. 2007), whereas Semaphorins bind to and induce dimeriza-
tion of Plexins, thereby activating the GAP domain in the cytosolic tail of the
Plexins (Wang et al. 2012). The mode by which Rap1 mediates neurite extension is
clear-cut: it prevents retraction by inactivating Rho-mediated contraction.
RA-RhoGAP and ARAP3 are effectors that harbor RhoGAP activity, thereby
directly relaying Rapl activation towards Rho inactivation (Jeon et al. 2010a, b;
Yamada et al. 2005). In a different setting, the sequential activation of Rap1B and
CDC42 determines the fate of an axon. This fate is regulated by selective protection
for degradation of Rap1B in the future axon (Schwamborn et al. 2007; Schwamborn
and Puschel 2004).

11.3.5 Polarity

Polarity occurs when a polarization cue induces an uneven distribution of proteins
over the cell. By inducing cell adhesion to matrix or other cells, Rap can facilitate
polarization. However, Rap can also directly induce polarization. Front-rear polar-
ity induced by Rapl is observed in migrating lymphocytes (Shimonaka et al. 2003)
and neutrophils (Carbo et al. 2010) and apical-basal polarity induction by Rapl1 is
seen in hepatocytes during canalicular network formation (Fu et al. 2011) and in the
endothelium upon VE-cadherin engagement (Lampugnani et al. 2010). In terms of
mechanisms, the contribution of Rap2 to apical-basal polarity of the intestinal



246 W.-J. Pannekoek and J.L. Bos

epithelium is best understood (Gloerich et al. 2012). Here, induction of the polarity
kinase Lkb1 induces translocation of PDZ-GEEF to the apical membrane by increas-
ing the membrane levels of phosphatidic acid, which functions as a direct anchor for
PDZ-GEF. PDZ-GEF activates Rap2A, which induces translocation of its effector
TNIK, its target MST4, and the MST4 substrate Ezrin. Next, activated Ezrin
induces actin remodeling that results in the formation of a brush border. As such,
a designated Rap2 signaling pathway couples induction of polarity to the polarized
distribution of the actin cytoskeleton (Gloerich et al. 2012).

11.3.6 Cardiac Contraction

Cardiac myocytes are specialized muscle cells, the contraction of which functions
to pump blood within the heart ventricles into the circulation. Contraction of
cardiac myocytes relies on the electrically evoked release of calcium from the
sarcoplasmatic reticulum. This release of calcium can be enhanced by cAMP via
Epacl/Rapl. Activated Rapl binds to the RA domain of PLCe, which induces the
generation of DAG and IP3. These second messengers activate PKC to induce
CaMKII-mediated phosphorylation of the ryanodine receptor, thereby inducing
calcium release from the sarcoplasmic reticulum (Oestreich et al. 2009). As men-
tioned above, PLCe also harbors a CDC25-HD that can activate Rap1. This domain
is also required for cardiac contraction. Here, Rap1 activated PLCe establishes a
positive feedback loop to sustain Rapl activity and cardiac contraction (Oestreich
et al. 2009; Pereira et al. 2007).

Apart from directly inducing signaling to enhance excitation-contraction cou-
pling, Rapl also facilitates coordinated contraction of neighboring cells. This
process is regulated by gap junctions, which allow the excitatory signal to be
transduced to neighboring cells. The formation of gap junctions is facilitated by
the presence of adherens junctions, which are induced by Epacl/Rapl (Somekawa
et al. 2005). Indeed, Rap1 increases cell—cell contact levels of Connexin43, which is
the main constituent of gap junctions in cardiac myocytes (Somekawa et al. 2005).
Furthermore, the aforementioned pathway Epacl/Rapl/PLCepsilon/PKC also
increases phosphorylation of Connexin43, thereby further contributing to coordi-
nated contraction (Duquesnes et al. 2010).

11.4 Concluding Remarks

The Rapl protein, which originally was identified based on its capacity to revert
Ras-induced cell transformation, is now known as a Ras-like G-protein that func-
tions via its own independent signaling pathways. Rapl1 is regulated by GEFs and
GAP that are spatially localized in the cell and respond to a variety of extracellular
stimuli. Molecular details of several downstream pathways have been revealed and
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the emerging picture is that Rap proteins are molecular switches that in most
pathways, but not exclusively, impinge on processes that are linked to the actin
cytoskeleton. Indeed, Rapl modulates Rho GTPases, like Rho, Rac, and Cdc42, as
well as adhesion molecules, like integrins and cadherins, which are connected to the
actin cytoskeleton. How are Rapl proteins directing all these different functions?
One could envision two models. The first is that depending on the cellular context
and the activating signal, Rap1l mediates a localized event that results in a single
response. The second is that activation of Rapl results directly in a pleotropic
effect, with multiple endpoints. The activation of Epac by the selective agonist
007 frequently results in pleiotropic effects (increased adhesion, tightening of
junctions, inhibition of migration), suggesting that multiple pathways are activated.
Indeed, the Radil/Rasip1-ArhGAP29 pathway mediates Epacl-induced cell spread-
ing, but not Epacl-induced integrin-mediated adhesion in the same cell. In endo-
thelial cells, Epacl activation simultaneously inhibits Rho and activates CDC42,
most likely through different pathways. In contrast to this multifaceted pathway,
Rap2 employs a straightforward linear pathway to control intestinal epithelial cell
brush border formation. Most likely, Rap proteins serve diverse roles in signaling,
one as an upstream controller of diverse (actin-driven) processes, like the dynamic
regulation of cell—cell and cell-matrix adhesion, and one that is more restricted to
one directional event, like possibly the formation of brush borders, the determina-
tion of axon fate, and cardiac contraction.

In the past two decades we have obtained a fairly good picture on the function of
Rap proteins and the molecular mechanism of several processes. It turned out to be
one of the best model systems to study spatial and temporal control of signaling,
with GEFs that are regulated by second messengers and that translocate to the site
of action, with effectors that are spatially localized and activated after Rap activa-
tion, and with protein domains that change conformation to interact with spatial
cues. However, much remains to be explored and many questions remain. For
instance, relatively simple, why is Rap2A uniquely involved in brush border
formation, whereas the other Rap proteins are expressed? More complicated is
the integration of all Rap signaling events amongst each other and with other
signaling events, which requires a systems biology approach. With 007 as a unique
single trigger, and high-end single cell analyses, these latter studies can be done. In
addition, the Rap signaling pathway controls many processes that are underlying
disease, like endothelial cell leakage, cardiac contraction, blood cell, and platelet
adhesion. Our knowledge of the Rapl signaling pathway requires translation into
the clinic. In our opinion selective activation of the Rap1 signaling pathway may be
more beneficial than inhibition, e.g., to inhibit vessel leakage. 007 can be a lead
compound, but specific activators for PDZ-GEF may be worth to develop.
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