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GENERAL INTRODUCTION
Mechanisms of molecular communication within and between cells are characterized by 
stunning complexity based on a limited set of common principles. Extracellular signals 
including soluble ligands as well as cell- or extracellular matrix-associated proteins and 
lipids engage cell surface receptors, initiating a chain of intracellular signaling events 
that culminate in an appropriate response. The intracellular transport of such signals 
can occur through chains of sequential protein modifications such as phosphorylation, 
through random diffusion of conformationally altered molecules and through the use of 
physical means such as tightly controlled transport on membrane domains or vesicles. 
In order to better understand molecular interactions and mechanisms that govern 
signal transduction within the cell’s interior, classical biochemical methods need to be 
combined with modern approaches such as high resolution imaging and the use of 
selective removal of proteins by RNA interference. 

Here, we focus on the regulation of signal transduction and cellular responses by 
two classes of proteins that play distinct, complementary roles in molecular cell biology. 
These are the family of BAR-domain proteins, non-enzymatic adapters that bind to lipids 
as well as proteins, bridging intercellular vesicular structures with the cellular signaling 
machinery. Secondly, we focus on the family of small GTPases, molecular switches 
that play key roles in cytoskeletal dynamics, cell morphology and cell adhesion and 
migration. Below, we will briefly introduce these protein families and provide additional 
background on their role in two exemplary processes, i.e. growth factor signaling and 
the control of cell-cell contact. 

The BAR Domain Family
BAR-domain proteins are capable of sensing membrane curvature, e.g. generated by 
formation of clathrin coated pits (Doherty and McMahon, 2009). In addition, by binding 
as banana-shaped dimers (Peter et al., 2004) to negatively charged lipids, such as 
phosphoinositides and phosphatidylserine, they can further promote membrane curvature, 
which eventually leads to either invagination or protrusion depending on the type of BAR 
domain (Suetsugu et al., 2010). The first BAR domain was characterized almost two decades 
ago in Amphiphysin (David et al., 1994). Since then, many proteins were found to harbor 
a BAR domain. Interestingly, several different BAR-like domains were identified based on 
sequence homology and structural similarity, leading to the expansion of the BAR-domain 
protein superfamily. Currently, this family (Table 1) comprises proteins encoding one of six 
classes of BAR-domains: the classical BAR domain, or the N-BAR, BAR-PH, PX-BAR, F-BAR, 
and I-BAR domains (Frost et al., 2009; Qualmann et al., 2011; Suetsugu et al., 2010). As 
most BAR domain proteins can form oligomers, and contain one or more protein-binding 
scaffolding/adaptor domains (e.g. SH3 domains), they can form a molecular link between 
processes such as membrane dynamics and actin reorganization (Kessels and Qualmann, 
2004; Kessels and Qualmann, 2006). As a result, BAR-domain containing proteins have 
emerged as important regulators of intracellular signaling pathways.



chapter 1

1

General IntroductIon and Scope of theSIS

1

10 11

Membrane Binding and Deformation
Two major mechanisms allow BAR proteins to sense and bind to membranes resulting 
in the induction of membrane curvature. The first, also called the scaffold mechanism, 
involves the binding of BAR-domain proteins to membranes as intrinsically-curved 
crescent-shaped dimers (Qualmann et al., 2011). These dimers are lined with 
positively charged amino acids that allow binding to the negatively charged surface 
of membranes. The localization of these positive residues determines the direction of 
curvature induced by BAR proteins. In most cases, the concave surface is lined with 
these positive residues, which results in the induction of invaginations as is the case 

for the Arfaptin BAR- or the CIP4 F-BAR domain (Qualmann et al., 2011). In contrast, 
in the I-BAR domains, such as in IRSp53, these positively charged residues line the 
convex surface of the dimer thereby inducing outward protrusions such as filopodia 
(Mattila et al., 2007). Alternatively, proteins of the N-BAR subclass partially embed 
hydrophobic or amphipathic domains into the membrane (Qualmann et al., 2011). By 
inserting an amphipathic α-helix, the N-BAR proteins Endophilin and Amphiphysin 
(Gallop et al., 2006; Peter et al., 2004), can sense and induce membrane curvature, 
which is aided by the concave-surface located positively charged amino acids. In 
addition to the N-BAR sub-class, one member of the F-BAR subfamily was shown to 
insert a hydrophobic domain into the membrane to induce curvature. In conjunction 
with the positively charged amino-acids at the concave surface of the F-BAR dimer, 
PACSIN proteins use hydrophobic “wedge” loops to sense and induce membrane 
curvature (Shimada et al., 2010; Wang et al., 2009), a mechanism similar to that used 
by amphipathic helices of the N-BAR sub-class. 

Functions of BAR Domain Proteins
In general, BAR domain proteins can act as adaptor proteins linking various processes. 
Most BAR domain proteins comprise one or more protein-binding scaffolding/
adaptor domains (e.g. SH3 domains) with which they associate to regulatory proteins 
including Rac1, N-WASP, Dynamin, and Synaptojanin (Chitu and Stanley, 2007; de 
Kreuk et al., 2011; Kessels and Qualmann, 2004). In addition to these protein-protein 
interaction domains, some BAR domain proteins use their membrane-binding BAR 
domain to mediate protein-protein interactions. This was shown for IRSp53 that 
utilizes its I-BAR domain for both Rac1 binding and formation of protrusions (by 
creating outward curvature) (Abou-Kheir et al., 2008; Miki et al., 2000). As mentioned 
above, BAR proteins are known to oligomerize (Kessels and Qualmann, 2004; Kessels 
and Qualmann, 2006) which allows for multiple interactions. Due to this feature, 
several BAR proteins were found to provide a link between membrane dynamics, 
e.g. through interactions with Dynamin, and the actin cytoskeleton, e.g. through 
interactions with N-WASP. During endocytosis, BAR proteins are translocated to the 
plasma membrane promoting formation of tubular invaginations mediated by their 
BAR domain followed by the targeting of Dynamin to these tubular invaginations 
to ensure proper vesicle scission. Subsequently, BAR proteins can target the actin-
polymerization machinery to these sites, via interactions with N-WASP, to provide 
force needed for vesicle internalization. In line with their role in endocytosis and 
vesicle transport, BAR proteins are also implicated in traffic of growth factor receptors, 
regulating receptor activation and downstream signaling (see below). Finally, several 
BAR proteins were shown to regulate activity and function of GTPases. It was shown 
that the BAR protein Arfaptin is an effector of Arf family GTPases. Arfaptin interacts 
with Rac1 as well providing a link between the Arf and Rho family signalling pathways 
(Tarricone et al., 2001). 

Table 1: Human BAR Domain Superfamily Proteins. This table shows the different subclasses 
and representatives of the BAR domain superfamily. BAR domain structures are shown. PDB 
codes are given. BAR, Bin/Amphiphysin/Rvs. N-BAR, N-terminal amphipathic helix-BAR. BAR-PH, 
BAR-Pleckstrin Homology. PX-BAR, PhoX-BAR. F-BAR, Fes/CIP4 Homology-BAR. I-BAR, inverted-
BAR or IRSp53-MIM omology domain (IMD)-BAR. Images are taken from: Qualmann et al., 2011.
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In general, it can be concluded that BAR domain proteins are important regulators 
of many processes by providing docking platforms for the targeting of proteins to 
specific sites or pathways, or by linking different processes to ensure proper signaling.

Rho-Family GTPases
RhoGTPases constitute a distinct subfamily within the superfamily of Ras-related small 
GTPases and are involved in the regulation of cell polarity and motility through their 
effects on the actin cytoskeleton and membrane traffic (Jaffe and Hall, 2005; Ridley, 
2006). The subfamily of RhoGTPases consists of 22 members (Wennerberg and Der, 
2004). Interestingly, although they share very high sequence homology, RhoGTPases 
induce unique biological effects (Bishop and Hall, 2000; Bosco et al., 2009). This is 
partially mediated by differential binding of effector proteins to activated GTPases. 
Although some effectors are known to bind to several activated RhoGTPases, 
often each GTPase interacts with a specific subset of effectors thereby regulating 
specific cellular responses (Bishop and Hall, 2000). Furthermore, the hypervariable 
C-terminal region of the RhoGTPases contributes to differential cellular signaling 
as well. In addition to its role in subcellular targeting and control of signaling 
(Michaelson et al., 2001; ten Klooster and Hordijk, 2007; van Hennik et al., 2003), 
the C-terminal hypervariable region of RhoGTPases was shown to mediate protein-
protein interactions. Our group has extensively studied binding partners of the Rac1 
C-terminus and found several proteins, such as PACSIN2, Caveolin1, and β-Pix, that 
interact specifically with the hypervariable region, independent of the activation 
status of Rac1 (de Kreuk et al., 2011; Nethe et al., 2010; ten Klooster et al., 2006). 
Thus, although RhoGTPases share high sequence homology, hardly any sequence 
homology is found in their C-terminal hypervariable domain (Fig. 1A) explaining the 
large variety in interaction partners and biological outcomes. However, this will not 
explain the wide variety of biological effects exerted by a single RhoGTPase. In this 
case, specific localized signaling is secured by so-called “spatio-temporal signaling 
modules” (Pertz, 2010) which allows RhoGTPases to interact with different regulators 
at different intracellular locations.

Regulation of RhoGTPase Activity
RhoGTPases act as molecular switches (Fig.  1B). They cycle between an inactive 
GDP-bound state and an active GTP-bound state (Hall, 1998). This transition 
is regulated by guanine-nucleotide-exchange factors (GEFs) that facilitate the 
exchange of GDP for GTP (Rossman et al., 2005) and by GTPase-activating proteins 
(GAPs) that stimulate the low intrinsic GTPase activity thereby hydrolizing GTP to 
GDP (Bernards and Settleman, 2004). An important feature in the activation cycle is 
the translocation of RhoGTPases between the cytosol and the plasma membrane. 
Whereas, inactive RhoGTPases reside in the cytosol, bound to RhoGDI (Rho guanine 
nucleotide dissociation inhibitor), most activated RhoGTPases are localized at 
the plasma membrane. This translocation suggests an important role for vesicular 

Figure 1: Regulation of RhoGTPases. (A) This schematic representation of a RhoGTPase 
shows the N-terminal effector domain (ED) and the C-terminal hypervariable domain (HV). 
Sequences of the hypervariable domain of different RhoGTPases are indicated. (B) Activation 
cycle of RhoGTPases. In the cytosol, inactive GDP-bound RhoGTPases reside in complex with 
RhoGDI. Upon translocation to the plasma membrane, RhoGTPases can be activated by GEF 
proteins. Inactivation of RhoGTPases is achieved either by targeting to a degradation pathway 
or by GAP proteins.
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traffic in the control of GTPase (in)activation, e.g. by targeting them to intracellular 
sites for GAP-mediated inactivation. Several studies have shown the importance of 
internalization in Rac1 inactivation. Active Rac1 resides in cholesterol-rich membrane 
domains and loss of cell adhesion to the matrix induces Rac1 internalization with 
Rac1 inactivation as a result (del Pozo and Schwartz, 2007). Furthermore, it was 
shown that Dynamin-mediated endocytosis (in conjunction with the F-BAR protein 
PACSIN2), plays a key role in Rac1 traffic as increased Rac1 activity was observed 
when Dynamin or PACSIN2 function was inhibited (de Kreuk et al., 2011; Schlunck 
et al., 2004). As mentioned above, BAR-domain proteins are important regulators 
of membrane dynamics, regulating vesicle traffic and endocytosis. Logically, these 
proteins have been implicated in the control of RhoGTPase activity and function. In 
chapter 2 of this thesis, this will be further discussed. 

It is generally accepted that RhoGTPase activity is controlled by GEFs that activate 
GTPases, and GAPs that inactivate GTPases. In recent years, accumulating evidence 
suggest an alternative mechanism of RhoGTPase inactivation, independent of GAP 
proteins. Via this mechanism, signaling is terminated as a result of RhoGTPase 
ubiquitylation (Nethe and Hordijk, 2010; Schaefer et al., 2012). In contrast to GAP-
mediated inactivation, which allows the GTPase to re-enter the activation pathway, 
poly-ubiquitylation of activated RhoGTPases results in their degradation and removal 
from the GTPases cycle.

RhoGTPases as Regulators of Cell Adhesion and Migration
Cell migration is an essential feature of physiological processes such as development 
and wound healing. The actin cytoskeleton regulates the capacity of cells to migrate 
by controlling cell polarity, organization of adhesive structures, and the generation 
of force (Ridley et al., 2003). RhoGTPases, and in particular Rac1, Cdc42, and RhoA, 
are important regulators of cytoskeletal remodeling and thereby regulate cell 
adhesion and migration. In order to migrate, cells acquire a polarized morphology. 
At the front, Arp2/3-mediated actin assembly drives formation of flat membrane 
protrusions, called lamellipodia, mediated by Rac1-driven actin polymerization 
as well as Cdc42-mediated formation of finger-like protrusions called filopodia 
(Jaffe and Hall, 2005; Le Clainche and Carlier, 2008). Upon formation of these 
membrane protrusions at the front, the cell forms mature adhesions that connect 
the actin cytoskeleton to the extracellular matrix. Whereas Rac1 and Cdc42 are 
generally considered to control actin remodeling at the front of the cell, RhoA acts 
primarily at the rear where it regulates actomyosin contractility and disassembly 
of adhesions (Jaffe and Hall, 2005; Le Clainche and Carlier, 2008), driving forward 
migration Recent studies, however, have revealed that RhoA activation occurs in 
the leading edge as well (Pertz et al., 2006). This suggests that the regulation of 
the actin cytoskeleton by RhoGTPases is far more complex than initially thought. 
Furthermore, cytoskeletal remodeling is regulated in a temporal and spatial manner 
and does not rely on individual RhoGTPases but rather on a carefully balanced 

interplay between different GTPases. This idea is supported by the observation that 
altering signaling of one specific RhoGTPase affects the levels, activity and function 
of other GTPases as well (Boulter et al., 2010) further underscoring the complexity 
of RhoGTPase signaling. 

Control of Epithelial Cell-Cell Contact by RhoGTPases
Cohesive sheets of epithelial cells which cover most, if not all, body surfaces are a 
fundamental feature of multicellular organisms. The epithelium forms a physical barrier 
that separates the internal milieu of the body from its external environment (Perez-
Moreno et al., 2003; Watanabe et al., 2009). An important feature of the epithelium 
regulating this barrier function is the presence of tightly controlled cell-cell adhesions 
that are essential for tissue integrity. 

Adhesion between epithelial cells is generally mediated by three types of junctions: 
desmosomes, tight junctions, and adherens junctions (Perez-Moreno et al., 2003). 
Here, I will mainly focus on tight- and adherens junctions, as the role of RhoGTPase 
signaling in desmosomes seems minimal. One major role of tight junctions is to act as 
anatomical fences seperating the apical from the basolateral domains of the plasma 
membrane (Diamond, 1977). On the other hand, adherens junctions play key roles in 
tissue sorting during development (Stepniak et al., 2009). Furthermore, both tight- and 
adherens junctions are important focal sites for anchorage of the actin cytoskeleton. 
In addition, these junctions can function as signaling hubs by their local concentration 
of downstream effectors (Citi et al., 2011). Tight junctions harbor several different 
proteins such as occludin, claudin, and ZO-1 (Citi et al., 2011). Adherens junctions 
are characterized by the presence of cadherins, which are calcium-dependent 
transmembrane receptors. Intracellularly, the catenins (α, β, γ, and p120-catenin), form 
a complex with the cadherins (Perez-Moreno et al., 2003), linking the transmembrane 
cadherin to the actin cytoskeleton. 

The actin cytoskeleton which is anchored to the junctional complexes, has a 
profound role in junction assembly, disassembly, and maturation (Mege et al., 2006). As 
RhoGTPases are important regulators of cytoskeletal remodeling, their role in epithelial 
junction remodeling has been extensively studied. By promoting the formation of 
lamellipodia, Rac1 was implicated in the initiation of epithelial cell-cell contacts (Citi et 
al., 2011; Yamada and Nelson, 2007). In contrast to Rac1, the contribution of which in 
junction remodeling is broadly accepted, the role of RhoA in cell-cell contact is less clear. 
Some studies indicate that RhoA signaling is important for junction disassembly, e.g. 
it was shown that during epithelial-mesenchymal transition, RhoA activity is important 
for cadherin-contacts disruption (Bhowmick et al., 2001). Similarly, Schlegel and 
coworkers showed that increased RhoA activity caused epithelial barrier breakdown. 
However, they also showed that RhoA activity was needed to maintain barrier function 
(Schlegel et al., 2011) indicating a dual function for RhoA in barrier regulation. Several 
other studies showed that RhoA is involved in stabilization of junctions as well (Baum 
and Georgiou, 2011; Braga et al., 1997). An elegant study from Yamada and Nelson, 
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which involved high-resolution live-cell imaging of RhoGTPase biosensors, showed 
the differential roles of Rac1 and RhoA in junction remodeling. Whereas Rac1 has a key 
role in initiating adhesive contacts, RhoA regulates expansion and completion of cell-
cell contacts (Yamada and Nelson, 2007). Recently we identified a novel mechanism 
through which Rac1 regulates junctional integrity which is described in Chapter 6. 
Rac1 activity targets the E3 ligase Nedd4 to epithelial junctions thereby stabilizing 
the junctions. Here, Nedd4 regulates the ubiquitylation and subsequent degradation 
of the scaffold protein Dvl1, which was shown to be a negative regulator of epithelial 
cell-cell contacts (Elbert et al., 2006; Nethe et al., 2012). 

Thus, RhoGTPases are key regulators of epithelial junction remodeling and a tightly 
controlled balance between the different RhoGTPases and their activities is required 
to maintain and modulate epithelial barrier integrity. 

Growth Factor Signaling
Growth factor signaling, including through receptor tyrosine kinases, is key to 
fundamental processes such as proliferation, migration, and cell survival (Blume-Jensen 
and Hunter, 2001; van der Geer et al., 1994). Logically, in several human diseases 
such as cancer, aberrant expression and activation of growth factor receptors has 
been observed. Internalization and intracellular trafficking is central to growth factor 
signaling. One of the best studied growth factor receptor-mediated pathways is that 
induced by Epidermal Growth Factor (EGF). EGF binding to the extracellular domain 
of the EGF receptor leads to receptor autophosphorylation within the intracellular 
regions and activation. Subsequently, several downstream signaling pathways, such as 
the Erk and Akt pathways are activated (Gan et al., 2010). The level of EGF receptors 
on the cell surface is an important determinant for the outcome of downstream 
signaling, further underscoring the importance of endocytic traffic in the regulation of 
growth factor signaling.

Endocytic Trafficking of the EGF Receptor
In resting cells, the EGF receptor is constitutively internalized in the absence of ligand. 
Upon internalization, the EGF receptor traverses the endosomal compartment after 
which most of the receptor recycles to the plasma membrane (Fig.  2; left panel). 
As the EGF receptor internalization rate is much slower than its recycling rate, the 
majority of the EGF receptors are localized to the surface (Herbst et al., 1994). 
Upon ligand binding, the EGF receptor is rapidly internalized and targeted to early 
endosomes (Fig. 2; right panel). In addition to signaling from the plasma membrane, 
compartmentalized EGF receptor signaling from early endosomes occurs which 
is important for specific signaling pathways such as the Erk pathway (Sigismund et 
al., 2008). To limit continuous signaling, the EGF receptor is subsequently targeted 
either to lysosomes for degradation or it recycles (in its inactive conformation) back to 
the plasma membrane (Sorkin and Goh, 2008; Wiley, 2003). In both cases, signaling 
is terminated.

Figure 2: Endocytic Trafficking of the EGF Receptor. In 
resting cells (left panel), the Epidermal Growth Factor (EGF) 
receptor is constitutively internalized in the absence of ligand 
(A). Upon internalization, the EGF receptor recycles back to 
the plasma membrane (B) although a small portion is targeted 
for degradation (C). Upon EGF stimulation, the EGF receptor is 
rapidly internalized to early endosomes (D). Here the fate of the 
receptor is determined either by recycling back to the plasma 
membrane (E) or by targeting to lysosomes for degradation 
(F) depending on the concentration of the stimulus.

To avoid aberrant signaling, transport of the EGF receptor, as well as of other growth factor 
receptors, through the different endocytic compartments is under tight control. Through 
their role in regulating membrane dynamics, the BAR-domain family of proteins has been 
implicated in growth factor receptor transport trafficking. Some BAR domain proteins such 
as endophilin are involved in the internalization of the EGF receptor, controlling the initial 
steps of trafficking (Soubeyran et al., 2002). Other BAR-family proteins, such as CIP4 and 
the sorting nexins (SNX) 1 and 5 regulate late events in EGF receptor traffic (Hu et al., 2009; 
Kurten et al., 1996; Liu et al., 2006). Instead of regulating EGF receptor internalization, they 
are involved in the sorting of the EGF receptor. Once internalized and targeted to early 
endosomes, these proteins regulate the fate of the EGF receptor by either targeting the 
receptor to lysosomes for degradation or to the recycling compartment. 

Lack of control at any of these locations, e.g. through improper functioning of BAR 
proteins, could lead to delayed receptor degradation with increased and prolonged 
signaling as a result. In turn, this could lead to abnormal cell proliferation or migration 
which could possibly promote development of diseases such as cancer.
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SCOPE OF THE THESIS
In this thesis, I wish to discuss the regulatory role of BAR-domain proteins in cellular 
control. In particular, I focused on the role of BAR-domain proteins in regulating 
RhoGTPase signaling and growth factor signaling. In addition, I focused on the Rac1-
mediated regulation of epithelial cell-cell contacts.

In Chapter 2 we provide an overview of BAR-domain proteins involved in the 
regulation of RhoGTPases. BAR-domains are important modules functioning at the 
interface between the actin cytoskeleton and membrane dynamics. In this chapter, we 
discuss how membrane dynamics (e.g. endocytosis and vesicle traffic), regulated by 
BAR-domains, affects GTPase activation and function.

In Chapter 3 we identify the F-BAR domain protein PACSIN2 as an important 
negative regulator of Rac1 activation and signaling. We show that PACSIN2 regulates 
internalization of the small GTPase Rac1 thereby targeting Rac1 to intracellular sites 
for GAP-mediated inactivation. As a result, loss of PACSIN2 results in increased cell 
spreading and migration. This study identified a novel role for PACSIN2 in regulating 
Rac1 activation and signaling.

In Chapter 4 we characterize a novel role for the BAR-domain containing human 
minor histocompatibility antigen-1 (HMHA1) as a RhoGAP. Previously, HMHA1 
was only studied in the context of its role in forming a histocompatibility barrier 
in transplantation. We show that HMHA1 regulates RhoGTPase activity and as a 
consequence affects the actin cytoskeleton and cell spreading and migration. In 
addition, biochemical studies suggest that HMHA1 is a genuine RhoGAP. This study 
identified a previously unknown role for HMHA1 in regulating RhoGTPase activation 
and function.

In Chapter 5 we identify a novel role for the F-BAR protein PACSIN2 in growth 
factor receptor activation and signaling. We demonstrate that PACSIN2 negatively 
regulates Epidermal Growth Factor (EGF) receptor activation and signaling by 
controlling receptor surface expression. Loss of PACSIN2 increases surface levels of the 
EGF receptor and, as a consequence, increases receptor activation and downstream 
signaling in response to EGF. Interestingly, we show that the role of PACSIN2 is not 
specific for the EGF receptor as signaling downstream of HGF in epithelial cells, 
but also in primary endothelial cells downstream of TNFα, is increased in PACSIN2 
depleted cells as well.

In Chapter 6 we report a novel pathway by which Rac1 stimulates maturation of 
cell-cell contacts in epithelial cells. Rac1 triggers translocation of the HECT E3 ligase 
Nedd4 to cell-cell junctions. We show that Rac1 activity triggers Nedd4-mediated 
ubiquitylation of the scaffold protein Dvl1, a negative regulator of epithelial cell-cell 
contacts, and this could be prevented when Rac1 is inhibited. We also show that loss 
of Nedd4 results in decreased degradation of Dvl1 and as a consequence decreased 
junctional integrity. We demonstrate that Nedd4-mediated ubiquitylation is important 
as Nedd4 mutants, incapable of ubiquitylating, failed to induce Dvl1 degradation. 

Moreover, Dvl1 mutants, insensitive to Nedd4-mediated ubiquitylation, decrease 
junctional integrity to an even greater extent than wild-type Dvl1. This study identified 
a novel pathway in which Rac1, in conjunction with Nedd4 and Dvl1, promotes 
maturation of cell-cell contacts.



chapter 1

1

General IntroductIon and Scope of theSIS

1

20 21

REFERENCE LIST Mattila, P. K., Pykalainen, A., Saarikangas, J., 
Paavilainen, V. O., Vihinen, H., Jokitalo, E. and Lap-
palainen, P. (2007). Missing-in-metastasis and IRSp53 
deform PI(4,5)P2-rich membranes by an inverse BAR 
domain-like mechanism. J. Cell Biol. 176, 953-964.

Mege, R. M., Gavard, J. and Lambert, M. (2006). 
Regulation of cell-cell junctions by the cytoskeleton. 
Curr. Opin. Cell Biol. 18, 541-548.

Michaelson, D., Silletti, J., Murphy, G., D’Eustachio, 
P., Rush, M. and Philips, M. R. (2001). Differential lo-
calization of Rho GTPases in live cells: regulation by 
hypervariable regions and RhoGDI binding. J. Cell 
Biol. 152, 111-126.

Miki, H., Yamaguchi, H., Suetsugu, S. and Tak-
enawa, T. (2000). IRSp53 is an essential intermediate 
between Rac and WAVE in the regulation of mem-
brane ruffling. Nature 408, 732-735.

Nethe, M., Anthony, E. C., Fernandez-Borja, M., 
Dee, R., Geerts, D., Hensbergen, P. J., Deelder, A. 
M., Schmidt, G. and Hordijk, P. L. (2010). Focal-ad-
hesion targeting links caveolin-1 to a Rac1-degrada-
tion pathway. J. Cell Sci.

Nethe, M., de Kreuk, B. J., Tauriello, D. V., Anthony, 
E. C., Snoek, B., Stumpel, T., Salinas, P. C., Maurice, 
M. M., Geerts, D., Deelder, A. M. et al. (2012). Rac1 
acts in conjunction with Nedd4 and Dishevelled-1 to 
promote maturation of cell-cell contacts. J. Cell Sci.

Nethe, M. and Hordijk, P. L. (2010). The role of ubiq-
uitylation and degradation in RhoGTPase signalling. 
J. Cell Sci. 123, 4011-4018.

Perez-Moreno, M., Jamora, C. and Fuchs, E. (2003). 
Sticky business: orchestrating cellular signals at adhe-
rens junctions. Cell 112, 535-548.

Pertz, O. (2010). Spatio-temporal Rho GTPase sign-
aling - where are we now? J. Cell Sci. 123, 1841-1850.

Pertz, O., Hodgson, L., Klemke, R. L. and Hahn, K. 
M. (2006). Spatiotemporal dynamics of RhoA activity 
in migrating cells. Nature 440, 1069-1072.

Peter, B. J., Kent, H. M., Mills, I. G., Vallis, Y., Butler, 
P. J., Evans, P. R. and McMahon, H. T. (2004). BAR 
domains as sensors of membrane curvature: the am-
phiphysin BAR structure. Science 303, 495-499.

Qualmann, B., Koch, D. and Kessels, M. M. (2011). 
Let’s go bananas: revisiting the endocytic BAR code. 
EMBO J. 30, 3501-3515.

Ridley, A. J. (2006). Rho GTPases and actin dynam-
ics in membrane protrusions and vesicle trafficking. 
Trends Cell Biol. 16, 522-529.

Ridley, A. J., Schwartz, M. A., Burridge, K., Firtel, 
R. A., Ginsberg, M. H., Borisy, G., Parsons, J. T. and 
Horwitz, A. R. (2003). Cell migration: integrating sig-
nals from front to back. Science 302, 1704-1709.

Rossman, K. L., Der, C. J. and Sondek, J. (2005). 
GEF means go: turning on RHO GTPases with gua-
nine nucleotide-exchange factors. Nat. Rev. Mol. Cell 
Biol. 6, 167-180.

Schaefer, A., Nethe, M. and Hordijk, P. L. (2012). 
Ubiquitin links to cytoskeletal dynamics, cell adhe-
sion and migration. Biochem. J. 442, 13-25.

Schlegel, N., Meir, M., Spindler, V., Germer, C. T. 
and Waschke, J. (2011). Differential role of Rho GT-
Pases in intestinal epithelial barrier regulation in vitro. 
J. Cell Physiol 226, 1196-1203.

Schlunck, G., Damke, H., Kiosses, W. B., Rusk, N., 
Symons, M. H., Waterman-Storer, C. M., Schmid, 
S. L. and Schwartz, M. A. (2004). Modulation of Rac 
localization and function by dynamin. Mol. Biol. Cell 
15, 256-267.

Shimada, A., Takano, K., Shirouzu, M., Hanawa-
Suetsugu, K., Terada, T., Toyooka, K., Umehara, 
T., Yamamoto, M., Yokoyama, S. and Suetsugu, S. 
(2010). Mapping of the basic amino-acid residues re-
sponsible for tubulation and cellular protrusion by 
the EFC/F-BAR domain of pacsin2/Syndapin II. FEBS 
Lett. 584, 1111-1118.

Sigismund, S., Argenzio, E., Tosoni, D., Cavallaro, 
E., Polo, S. and Di Fiore, P. P. (2008). Clathrin-me-
diated internalization is essential for sustained EGFR 
signaling but dispensable for degradation. Dev. Cell 
15, 209-219.

Sorkin, A. and Goh, L. K. (2008). Endocytosis and 
intracellular trafficking of ErbBs. Exp. Cell Res. 314, 
3093-3106.

Soubeyran, P., Kowanetz, K., Szymkiewicz, I., Lang-
don, W. Y. and Dikic, I. (2002). Cbl-CIN85-endophilin 
complex mediates ligand-induced downregulation of 
EGF receptors. Nature 416, 183-187.

Stepniak, E., Radice, G. L. and Vasioukhin, V. 
(2009). Adhesive and signaling functions of cadherins 
and catenins in vertebrate development. Cold Spring 
Harb. Perspect. Biol. 1, a002949.

Suetsugu, S., Toyooka, K. and Senju, Y. (2010). Sub-
cellular membrane curvature mediated by the BAR 
domain superfamily proteins. Semin. Cell Dev. Biol. 
21, 340-349.

Tarricone, C., Xiao, B., Justin, N., Walker, P. A., Rit-
tinger, K., Gamblin, S. J. and Smerdon, S. J. (2001). 
The structural basis of Arfaptin-mediated cross-talk 
between Rac and Arf signalling pathways. Nature 
411, 215-219.

ten Klooster, J. P. and Hordijk, P. L. (2007). Target-
ing and localized signalling by small GTPases. Biol. 
Cell 99, 1-12.

ten Klooster, J. P., Jaffer, Z. M., Chernoff, J. and 
Hordijk, P. L. (2006). Targeting and activation of Rac1 
are mediated by the exchange factor beta-Pix. J. Cell 
Biol. 172, 759-769.

van der Geer, P., Hunter, T. and Lindberg, R. A. 
(1994). Receptor protein-tyrosine kinases and their 
signal transduction pathways. Annu. Rev. Cell Biol. 
10, 251-337.

van Hennik, P. B., ten Klooster, J. P., Halstead, J. R., 
Voermans, C., Anthony, E. C., Divecha, N. and Hor-
dijk, P. L. (2003). The C-terminal domain of Rac1 con-

Abou-Kheir, W., Isaac, B., Yamaguchi, H. and Cox, 
D. (2008). Membrane targeting of WAVE2 is not suf-
ficient for WAVE2-dependent actin polymerization: a 
role for IRSp53 in mediating the interaction between 
Rac and WAVE2. J Cell Sci. 121, 379-390.

Baum, B. and Georgiou, M. (2011). Dynamics of ad-
herens junctions in epithelial establishment, mainte-
nance, and remodeling. J. Cell Biol. 192, 907-917.

Bernards, A. and Settleman, J. (2004). GAP control: 
regulating the regulators of small GTPases. Trends 
Cell Biol. 14, 377-385.

Bhowmick, N. A., Ghiassi, M., Bakin, A., Aakre, M., 
Lundquist, C. A., Engel, M. E., Arteaga, C. L. and 
Moses, H. L. (2001). Transforming growth factor-be-
ta1 mediates epithelial to mesenchymal transdiffer-
entiation through a RhoA-dependent mechanism. 
Mol. Biol. Cell 12, 27-36.

Bishop, A. L. and Hall, A. (2000). Rho GTPases and 
their effector proteins. Biochem. J 348 Pt 2, 241-255.

Blume-Jensen, P. and Hunter, T. (2001). Oncogenic 
kinase signalling. Nature 411, 355-365.

Bosco, E. E., Mulloy, J. C. and Zheng, Y. (2009). Rac1 
GTPase: a “Rac” of all trades. Cell Mol. Life Sci. 66, 
370-374.

Boulter, E., Garcia-Mata, R., Guilluy, C., Dubash, A., 
Rossi, G., Brennwald, P. J. and Burridge, K. (2010). 
Regulation of Rho GTPase crosstalk, degradation and 
activity by RhoGDI1. Nat. Cell Biol. 12, 477-483.

Braga, V. M., Machesky, L. M., Hall, A. and Hotchin, 
N. A. (1997). The small GTPases Rho and Rac are re-
quired for the establishment of cadherin-dependent 
cell-cell contacts. J. Cell Biol. 137, 1421-1431.

Chitu, V. and Stanley, E. R. (2007). Pombe Cdc15 ho-
mology (PCH) proteins: coordinators of membrane-
cytoskeletal interactions. Trends Cell Biol. 17, 145-
156.

Citi, S., Spadaro, D., Schneider, Y., Stutz, J. and 
Pulimeno, P. (2011). Regulation of small GTPases at 
epithelial cell-cell junctions. Mol. Membr. Biol. 28, 
427-444.

David, C., Solimena, M. and De, C. P. (1994). Au-
toimmunity in stiff-Man syndrome with breast cancer 
is targeted to the C-terminal region of human am-
phiphysin, a protein similar to the yeast proteins, 
Rvs167 and Rvs161. FEBS Lett. 351, 73-79.

de Kreuk, B. J., Nethe, M., Fernandez-Borja, M., 
Anthony, E. C., Hensbergen, P. J., Deelder, A. M., 
Plomann, M. and Hordijk, P. L. (2011). The F-BAR 
domain protein PACSIN2 associates with Rac1 and 
regulates cell spreading and migration. J. Cell Sci. 
124, 2375-2388.

del Pozo, M. A. and Schwartz, M. A. (2007). Rac, 
membrane heterogeneity, caveolin and regulation 
of growth by integrins. Trends Cell Biol. 17, 246-250.

Diamond, J. M. (1977). Twenty-first Bowditch lecture. 
The epithelial junction: bridge, gate, and fence. Phys-
iologist 20, 10-18.

Doherty, G. J. and McMahon, H. T. (2009). Mecha-
nisms of endocytosis. Annu. Rev. Biochem. 78, 857-
902.

Elbert, M., Cohen, D. and Musch, A. (2006). PAR1b 
promotes cell-cell adhesion and inhibits dishevelled-
mediated transformation of Madin-Darby canine kid-
ney cells. Mol. Biol. Cell 17, 3345-3355.

Frost, A., Unger, V. M. and De, C. P. (2009). The BAR 
domain superfamily: membrane-molding macromol-
ecules. Cell 137, 191-196.

Gallop, J. L., Jao, C. C., Kent, H. M., Butler, P. J., 
Evans, P. R., Langen, R. and McMahon, H. T. (2006). 
Mechanism of endophilin N-BAR domain-mediated 
membrane curvature. EMBO J. 25, 2898-2910.

Gan, Y., Shi, C., Inge, L., Hibner, M., Balducci, J. 
and Huang, Y. (2010). Differential roles of ERK and 
Akt pathways in regulation of EGFR-mediated signal-
ing and motility in prostate cancer cells. Oncogene 
29, 4947-4958.

Hall, A. (1998). Rho GTPases and the actin cytoskel-
eton. Science 279, 509-514.

Herbst, J. J., Opresko, L. K., Walsh, B. J., Lauffen-
burger, D. A. and Wiley, H. S. (1994). Regulation of 
postendocytic trafficking of the epidermal growth 
factor receptor through endosomal retention. J. Biol. 
Chem. 269, 12865-12873.

Hu, J., Troglio, F., Mukhopadhyay, A., Everingham, 
S., Kwok, E., Scita, G. and Craig, A. W. (2009). F-
BAR-containing adaptor CIP4 localizes to early endo-
somes and regulates Epidermal Growth Factor Re-
ceptor trafficking and downregulation. Cell Signal. 
21, 1686-1697.

Jaffe, A. B. and Hall, A. (2005). Rho GTPases: bio-
chemistry and biology. Annu. Rev. Cell Dev. Biol. 21, 
247-269.

Kessels, M. M. and Qualmann, B. (2004). The syn-
dapin protein family: linking membrane trafficking 
with the cytoskeleton. J Cell Sci. 117, 3077-3086.

Kessels, M. M. and Qualmann, B. (2006). Syndapin 
oligomers interconnect the machineries for endocytic 
vesicle formation and actin polymerization. J Biol. 
Chem 281, 13285-13299.

Kurten, R. C., Cadena, D. L. and Gill, G. N. (1996). 
Enhanced degradation of EGF receptors by a sorting 
nexin, SNX1. Science 272, 1008-1010.

Le Clainche, C. and Carlier, M. F. (2008). Regulation 
of actin assembly associated with protrusion and ad-
hesion in cell migration. Physiol Rev. 88, 489-513.

Liu, H., Liu, Z. Q., Chen, C. X., Magill, S., Jiang, Y. 
and Liu, Y. J. (2006). Inhibitory regulation of EGF re-
ceptor degradation by sorting nexin 5. Biochem. Bio-
phys. Res. Commun. 342, 537-546.



chapter 1

1

22

tains two motifs that control targeting and signaling 
specificity. J. Biol. Chem. 278, 39166-39175.

Wang, Q., Navarro, M. V., Peng, G., Molinelli, E., 
Lin, G. S., Judson, B. L., Rajashankar, K. R. and Son-
dermann, H. (2009). Molecular mechanism of mem-
brane constriction and tubulation mediated by the F-
BAR protein Pacsin/Syndapin. Proc. Natl. Acad. Sci. 
U. S. A 106, 12700-12705.

Watanabe, T., Sato, K. and Kaibuchi, K. (2009). Cad-
herin-mediated intercellular adhesion and signaling 

cascades involving small GTPases. Cold Spring Harb. 
Perspect. Biol. 1, a003020.

Wennerberg, K. and Der, C. J. (2004). Rho-family 
GTPases: it’s not only Rac and Rho (and I like it). J. Cell 
Sci. 117, 1301-1312.

Wiley, H. S. (2003). Trafficking of the ErbB receptors and 
its influence on signaling. Exp. Cell Res. 284, 78-88.

Yamada, S. and Nelson, W. J. (2007). Localized 
zones of Rho and Rac activities drive initiation and 
expansion of epithelial cell-cell adhesion. J. Cell Biol. 
178, 517-527.




