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Introduction

1 Introduction

Proteins that are expressed across various tissues and cell types usually perform basic
functions and are often conserved, such as reggie-1 and reggie-2 (also called flotillin-2 and
flotillin-1 respectively). Reggies/flotillins belong to the stomatin/prohibitin/flotillin/HfIK/C
(SPFH) protein family (Tavernarakis et al., 1999; Browman et al., 2007) whose members are
present in bacteria, fungi, higher plants and metazoans, including vertebrates and mammals
(Malaga-Trillo et al., 2002; Rivera-Milla et al., 2006; Hinderhofer et al., 2009). Reggies were
discovered independently as proteins that are up-regulated during axon-regeneration of
retinal ganglion cells after optic nerve transection in goldfish (Schulte et al., 1997) and as
components of the floating lipid raft fraction after membrane solubilization and sucrose
density centrifugation (Bickel et al., 1997), which explains the different names.

Reggies consist of a N-terminal SPFH-domain (or head domain), containing two hydrophobic
stretches that are, however, not hydrophobic enough to form a transmembrane domain
(Rivera-Milla et al., 2006). Reggie-1 carries a myristoylation site and two palmitoylation sites,
while reggie-2 has two to three palmitoylation sites, that all reside around the first
hydrophobic stretch (Rivera-Milla et al., 2006). These regions determine the membrane raft
association of reggies in special microdomains (Morrow et al., 2002; Neumann-Giesen et al.,
2004). The C-terminal flotillin-domain (or tail domain) contains predicted alpha helical coiled-
coil regions that are rich in glutamate and alanine and are important for the homo- and
hetero-oligomerization of reggies (Solis et al., 2007).

In spite of their conservation and abundance in many different tissues and cell types
(Stuermer, 2011), the exact function of reggies and their precise role is still unclear. As raft
proteins they preferentially localize to membrane regions that are enriched in sphingolipids
and cholesterol. These regions form distinct environments and recruit specific proteins,
depending on their composition (Simons and Sampaio, 2011). Several, seemingly
unconnected and often cell type specific functions for reggies have been proposed.

The work presented here shows that reggies function in membrane protein recycling and
trafficking and thereby regulate cell-cell and cell-matrix adhesion. They can act as regulators
of the epidermal growth factor receptor (EGFR) at the plasma membrane (PM) and control
the proper formation and dynamics of adherens junctions (AJs), as shown in chapter 3. In
addition, they are directly involved in the recycling and turnover of E-cadherin and other cell
surface receptors such as the transferrin receptor (TfR). The role of reggies in recycling is
controlled by their direct interaction with the Rab family GTPase Rablla and the membrane
deforming protein sorting nexin 4 (SNX4), as demonstrated in chapter 4. Chapter 5 shows
that the influence of reggies on the Rab11-dependent targeted recycling is not only confined

to E-cadherin dependent cell-cell contacts, but also affects the regulation of the integrin
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dependent cell-substrate adhesion by the control of integrin recycling and focal adhesion

(FA) turnover.

1.1 The function of reggie proteins

Reggie-1 and reggie-2 share 48% amino acid identity and are structurally and functionally
related to each other (Rivera-Milla et al.,, 2006). They form homo- as well as hetero-
oligomers and the stability of reggie-2 depends on reggie-1, because reggie-2 undergoes
proteasomal degradation upon down-regulation of reggie-1 (Frick et al., 2007; Solis et al.,
2007). The dependence of reggie-1 on reggie-2 has also been suggested (Saslowsky et al.,
2010). Reggies reside at the cytoplasmic face of the PM and at various vesicles (Lang et al.,
1998; Langhorst et al., 2008b). These observations, together with the insight that reggies
form microdomains (Lang et al., 1998; Solomon et al., 2002), suggest that reggies might be
involved in the regulation of trafficking and in the formation of distinct domains at the PM.
This may account for the role of reggies in signaling and trafficking, which will be exemplified

in the following chapters.

1.1.1 Therole of reggies in protein signaling

Reggies are expressed in many different tissues and cells, where they often subserve cell-
type specific functions (Stuermer, 2011). This could be explained by a role of reggies as
platforms or landmarks for the accumulation of specific cell surface proteins that provoke
further signaling (Stuermer, 2010). This view is supported by the observation that reggies
reside at important signaling sites of cells, for instance in the growth cones of growing axons,
at the immunological synapse of T-cells and at cell-cell contacts (Stuermer, 2010).

The first indications for the role of reggie microdomains as signaling platforms came from
experiments in neurons, where antibody cross-linking of the GPI-anchored proteins F3 and
Thy-1 led to their association into micro-patches that co-clustered with reggie-1 and reggie-2
(Lang et al., 1998). Another hint came from adipocytes, where insulin stimulation led to the
recruitment of c-cbl and its partner cbl-associated protein (CAP) from the insulin receptor into
reggie-microdomains and to translocation of the glucose transporter 4 (GLUT4) to the PM
(Baumann et al., 2000). Further studies in T-cells revealed that reggies form a preassembled
platform (so-called reggie-cap) at one pole of the cell (Rajendran et al., 2003; Stuermer et al.,
2004). Activation of the T-cells by PrP crosslinking led to an increase in intracellular Ca** and
to the recruitment of the T-cell receptor (and other proteins) as well as signaling proteins (Src
tyrosine kinase, MAP kinase) to the reggie cap (Stuermer et al., 2004). This capping and
initiation of signaling was disturbed when a trans-negative reggie-1 mutant was transfected

into the cells (Langhorst et al., 2006). In mast cells, reggie-2 was shown to be involved in the
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Lyn-kinase-dependent activation of the IgE-receptor, which was, after binding of IgE, also
shifted to reggie microdomains (Kato et al., 2006).

Other evidence for reggies and their role in the promotion of signaling came from
hematopoietic cells and neutrophils. These cells polarize upon chemokine activation and
form so-called uropods, which are important for their movement and immune response.
During activation, they undergo polarization, whereby reggies polarize and cluster at the
uropod (Rajendran et al., 2009; Rossy et al., 2009). These observations were corroborated
later by the finding that neutrophils of reggie-2 knockout mice showed a disturbed uropod
formation, which led to reduced migration in response to a chemoattractant (Ludwig et al.,
2010). In this context it was also shown that reggies colocalize and interact with the actin
associated proteins moesin, spectrin and myosin lla, proposing a function of reggies in actin
regulation and reorganization at the cell cortex (Rajendran et al., 2009; Ludwig et al., 2010;
Affentranger et al., 2011).

Prior to these reports, reggies were already implied in the regulation of the actin
cytoskeleton, showing that reggie-1 overexpression induced the formation of filopodia
(Neumann-Giesen et al., 2004). Later it was shown that reggie-1 associated with the actin
regulator Vav and that a trans-negative mutant of reggie-1 led to reduced spreading of
activated T-cells (Langhorst et al., 2006). In addition, direct in vitro protein-binding revealed
that reggies can directly bind F-actin via their head-domain (Langhorst et al., 2007).
Furthermore, reggies were able to influence Rho GTPases and their downstream regulators
of actin (Arp2/3, Cortactin, N-WASP and cofilin) in neuronal cells (Munderloh et al., 2009;
Bodrikov et al., 2011) during axonal outgrowth and regeneration.

Thus reggies might form dynamically regulated landmarks for the accumulation and further
signaling of proteins in growing axons, T-cells, adipocytes and neutrophils and seem to be

closely linked to the control and reorganization of the actin cytoskeleton.

1.1.2 The connection of reggies and the GPIl-anchored cellular prion protein

The prion protein is mostly known for its role in transmissible spongiform neurodegenerative
encephalopathies (like Creutzfeldt-Jakobs disease, Scrapie and BSE) where the normal
cellular form (PrP) undergoes conformational changes (into the PrP-scrapie-form), causing
protein aggregation and neuronal death (Collinge, 2001; Knight and Will, 2004). PrP is a
GPl-anchored protein that consists of an a-helical-rich globular domain, with two N-
glycosylation sites, a central hydrophobic domain and a flexible tail (Aguzzi et al., 2008). PrP
has, like reggies, been implicated in many different functions and its physiological role still
remains elusive. The cellular functions of PrP, as well as its roles in diseases is subject of

various reviews from different perspectives (Westergard et al.,, 2007; Aguzzi et al., 2008;
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Linden et al., 2008; Fraser, 2014). The following paragraph emphasizes the interaction of
PrP with reggies.

GPIl-anchored proteins, like PrP, tend to be targeted into lipid rafts, because the saturated
acyl chains of the GPIl-anchor preferentially associate with saturated sphingolipids (Stahl et
al., 1987; Brown and London, 2000). Moreover, PrP contains a sphingolipid binding domain
(Rosenmann et al., 2001) and a region in the flexible domain that seems to be important for
its raft association (Baron and Caughey, 2003). In many reports these rafts are, however,
solely defined by the fact that they can be extracted with cold non-ionic detergents or that
they can be disturbed by cholesterol depletion (Lichtenberg et al., 2005; Taylor and Hooper,
2006). Because rafts can be quite different in th eir composition (Madore et al., 1999), it is
thus, difficult to define the exact signaling and interaction partners of PrP.

Reggies and PrP are strongly expressed in the nervous system (Manson et al., 1992; Lang
et al., 1998). Both proteins were shown to localize to synapses (Moya et al., 2000; Solis et
al., 2010) and are involved in NMDA receptor function (Khosravani et al., 2008; Swanwick et
al., 2009). During neurite outgrowth, PrP was demonstrated to bind NCAM and recruit it to
lipid rafts, which led to further signaling via fyn (Santuccione et al., 2005). In mouse
hippocampal neurons, PrP activation caused enhanced PrP association with reggie, which
activated fyn and MAP kinase signaling, promoting N-cadherin trafficking to the growth cone
(Bodrikov et al., 2011).

Besides their strong expression in the nervous system, reggies and PrP are important
proteins in the immune system: In primary T-cells and the Jurkat T-cell line, reggies form
stable domains at one pole of the cells (so-called reggie caps). Upon T-cell activation by
antibody-crosslinking, PrP is translocated to the reggie-caps, which leads to a Ca**-stimulus,
and signaling of the Src tyrosine kinases fyn and Ick, and to Erk1/2 activation (Stuermer et
al., 2004). In addition, reggies and PrP co-immunoprecipitate with fyn in T-cells (Mattei et al.,
2004; Stuermer et al., 2004). In line with these observations, PrP knockout mice show a
delayed lymphocyte activation (Mabbott et al., 1997). It is astonishing that in spite of the role
of PrP and reggies in the nervous system and immune system both, reggie (double)
knockout mice (Berger et al., 2013; Bitsikas et al., 2014), as well as PrP knockout mice
(Bueler et al., 1992) are viable and breed normally, indicating that in both cases
compensatory mechanisms allow the animals to survive (Steele et al., 2007). It has been
shown, however, that at least PrP knockout mice are not normal, as they exhibit ataxia and,
later in live, a loss of Purkinje cells (Weissmann and Flechsig, 2003).

In contrast to PrP knockout mice, a morpholino-induced knockdown of PrP in zebrafish (PrP-
1) led to a developmental arrest of the embryo during gastrulation, which was lethal. This

arrest was due to a defect in E-cadherin stability at the cell-cell contacts, which led to loss of
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adhesion between the embryonic cells (Malaga-Trillo et al., 2009). This effect was dependent
on Src kinase activity. PrP does not only play an indirect role in cell-cell adhesion, by the
regulation of E-cadherin, but also a more direct role through PrP-PrP-trans interaction. This
was demonstrated by transfection of PrP into the, normally non-adhesive, Schneider-2 (S2)
cell line: PrP led to the formation of cell-cell contacts, where it accumulated together with
reggie-1 and activated Src (Malaga-Trillo et al., 2009; Solis et al., 2010). The role of reggie-1
and PrP in the formation of adherens junctions, which are E-cadherin dependent structures
at cell-cell contacts in human A431 cells, is subject of chapter 3.

Moreover, overexpression of PrP in S2-cells did not only induce cell-cell adhesion, but
additionally led to spreading of the cells on the substrate, indicating that PrP promotes cell-
cell, as well as cell-substrate adhesion (Schrock et al., 2009). When PrP was
downregulated in N2a cells, focal adhesions (FAs) were indeed reduced in number and
increased in length together with the activation of the FA kinase (FAK). PrP localized to FAs
(Solis et al., 2010) and, additionally, to structures that morphologically resembled FAs but did
not have the FA-markers paxillin or vinculin and were therefore called FA-like structures
(Schrock et al., 2009). These FA-like structures colocalized with overexpressed reggie-1 and
the expression of a reggie-1 dominant negative construct led to their complete loss (Solis et
al., 2010), indicating that their formation is dependent on reggie-1. The role of reggie-1 on FA

turnover and in integrin trafficking is subject of chapter 5.

1.1.3 Therole of reggies in protein targeting and trafficking

Reggies are not only located at important sites at the PM but additionally reside at several
intracellular compartments like lysosomes (Langhorst et al., 2008b), recycling endosomes
(Gagescu et al., 2000; Solomon et al.,, 2002), post Golgi-vesicles (Morrow et al., 2002;
Vetrivel et al., 2004), lipid rich vesicles (Reuter et al., 2004), exosomes (Phuyal et al., 2014)
and phagosomes (Dermine et al., 2001). This strongly suggests a role of reggies in vesicle
trafficking.

Reggie-2 was reported to control a special, clathrin- and caveolin-independent, form of
endocytosis of GPIl-anchored proteins, cholera toxin B and proteoglycans (Glebov et al.,
2006; Payne et al., 2007; Ait-Slimane et al., 2009). However, this view is still under debate,
because others were not able to find an involvement of reggies in such an endocytic pathway
for GPl-anchored proteins (Langhorst et al., 2008b; Schneider et al., 2008). In addition, it
was shown (in vivo and in vitro) that the role of reggies in the intoxication by cholera-toxin is
not due to differences in endocytosis, but that they operate in the sorting mechanism

between endosomes and the ER (Saslowsky et al., 2010).
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Instead, there is evidence that reggies can accelerate clathrin-dependent endocytosis. For
instance, reggies clustered with the amyloid precursor protein (APP) (Schneider et al., 2008),
and with the Neumann-Pick-C1 like 1 (NPC1L1) protein (Ge et al., 2011), which then led to
their clathrin-dependent endocytosis. This is in line with reports from other groups, where
tetanus-toxin requires clustering into lipid rafts before it can be internalized via a clathrin-
mediated pathway (Herreros et al., 2001; Deinhardt et al., 2006). The same mechanism has
been shown for the anthrax-toxin receptor and PrP (Abrami et al., 2003; Sunyach et al.,
2003), indicating that these receptors have to be activated in reggie microdomains before
they can be endocytosed via clathrin-coated pits. There are conflicting results concerning the
role of reggies in the internalization of the dopamine transporter (DAT): Reggie-2 has been
proposed to organize DAT for clathrin-dependent endocytosis (Cremona et al., 2011).
However, in a re-examination another group was not able to confirm that reggies are
involved in the internalization of DAT (Sorkina et al., 2013). Thus the role of reggies in
endocytosis is highly debated and still needs to be re-evaluated (Stuermer, 2010).

Reggies are used as markers for exosomes (Rajendran et al., 2006), which are released by
the fusion of multivesicular bodies with the PM (Raposo et al., 1996). Reggie-2 was reported
to mediate the trafficking of APP and exosome formation (Okabayashi and Kimura, 2010). In
addition, reggies were repeatedly shown to colocalize and interact with the cleaved form of
APP, B-amyloid (AB), which plays an important role in the development of Alzheimer s
disease (Chen et al., 2006a; Rajendran et al., 2006). AB thereby accumulates in intracellular
vesicles together with reggie-1 and is also released from the cells via exosomes, where it
forms AB-plaques that contain the exosome markers reggie-2 and alix (Rajendran et al.,
2006; Rajendran et al., 2007). Yet, the function of reggies in this context is still unclear. A
recent report revealed that the down-regulation of reggie-1 and -2 did not affect the general
release of exosomes but changed their composition (Phuyal et al., 2014), indicating that
reggies might be important for the sorting or recruitment of proteins to exosomes.

The first indications for the importance of reggies in the regulation of targeted protein
trafficking were found during insulin signaling in adipocytes and skeletal muscle cells, where
the insulin receptor resides at the PM together with the c-cbl/CAP-complex (Baumann et al.,
2000; Fecchi et al., 2006). Upon insulin stimulation, the complex dissociates from the
receptor and translocates to reggie-microdomains where CAP interacts via its sorbin-
homology (SoHo) domain with reggie-2 (Baumann et al., 2000; Kimura et al., 2001). The
glucose transporter 4 (GLUT4) and reggie-2 reside together in an intracellular compartment
at the perinuclear region. Upon insulin signaling, they translocate together to the PM in a

process that involves the small GTPase TC10 to allow glucose uptake (Fecchi et al., 2006;
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Chang et al.,, 2007). Another group has shown that this insulin stimulated trafficking of
GLUT4 is also dependent on the exocyst complex (Chen et al., 2007).

It is striking that TC10 together with Exo70 (a component of the exocyst complex) is essential
for axonal elongation (Dupraz et al., 2009). The process of axonal growth requires constant
targeted membrane and protein turnover at the growth cone. Down-regulation of reggies in
vivo led to inhibition of axon regeneration after optic nerve lesion in zebrafish (Munderloh et
al., 2009). Rats, in contrast to fish, are normally not able to regenerate their axons after optic
nerve lesion. However, reggie-1 overexpression was sufficient to enable these axons to
regenerate (Koch et al., 2012). In addition, it has been shown that reggie-2 localizes to
synapses and functions in synapse formation in hippocampal neurons (Swanwick et al.,
2010b). Of interest, reggie also interacted with CAP in neuronal cells and a dominant
negative mutant of reggie-1 led to a defective neuronal differentiation and inhibited the
recruitment of CAP to the cell surface (Langhorst et al., 2008a). Later it was demonstrated
that reggie interacts with Exo70 and that a constitutively active mutant of TC10 was able to
rescue the deleterious effect of reggie-1 down-regulation in mouse hippocampal neurons
(Bodrikov et al., 2011). These reports show that the role of reggies in protein trafficking, seen
in adipocytes and skeletal muscle cells, might also be important for developing axons and
adult neurons (Stuermer, 2010). Thus the (seemingly unconnected) cell type specific
functions of reggies could be explained by their role in the regulation of targeting- and
trafficking of diverse cargo. This hypothesis is supported by observations in living cells where
reggie vesicles shuttle between intracellular stores and the PM (Langhorst et al., 2008b).
There are other reports that point to a role of reggies in protein trafficking, however, the
mode of action is in most cases still not solved. For instance, it has been reported that
reggies are involved in the trafficking and sorting of cholera toxin (Saslowsky et al., 2010),
ricin and shiga toxin (Pust et al., 2010) between endosomes and the ER which influences
their toxicity to cells. Reggie-1 was also shown to be involved in the regulation of the long
range secretion of Wnt in Drosophila, but the underlying mechanisms are still elusive
(Katanaev et al., 2008). It was speculated that Wnt is transported in reggie-vesicles to
specific sites at the PM, where reggie-microdomains and the lipoprotein receptor form dating
points for Wnt high range secretion (Solis et al., 2013b). This would present an additional
example for the role of reggies in the targeted delivery of proteins to special sites of the cell.
The regulation of protein trafficking is strongly dependent on filamentous actin (F-actin),
microtubules and their corresponding motor proteins as well as regulatory GTPases (Anitei
and Hoflack, 2012). Reggie-1 can interact with the microtubule motor kinesin KIF9 and
thereby regulate cell-matrix degradation at podosomes (Cornfine et al., 2011). This is

consistent with the role of reggies in the regulation of actin and its regulatory GTPases. That
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reggies are indeed components of the tubulovesicular recycling compartment, which is
dependent on actin and microtubules, and how reggie-1 regulates the recycling and
trafficking of E-cadherin and the TfR via Rablla and SNX4 is subject of chapter 4. Recently
it has been shown that reggies interact with the (-site amyloid precursor protein-cleaving
enzyme 1 (BACE1l) and regulate its sorting (John et al., 2014). This resulted in a similar
phenotype (perinuclear accumulation of the protein) as described in chapter 4 for E-cadherin
and TfR. Thus a growing body of evidence, to which this work has contributed, supports the
hypothesis that reggies function in the targeted delivery of proteins to distinct sites of the

cells.

1.2 E-cadherin mediated cell-cell adhesion

The evolution of intercellular adhesions was a fundamental step in the development of
multicellular organisms with defined tissues and organs. This adhesion is mediated by
classical cadherins in all solid tissues (Niessen et al., 2011). There are three major types of
cadherin mediated cell-cell adhesions (called junctions): adherens junctions (AJs), tight
junctions (TJs) and desmosomes, however, there are additional cell-type specific junction
types like endothelial junctions or synaptic junctions. These different junctions are defined by
the cadherin that is used as transmembrane component of the particular adhesion complex,
as well as by the composition of the intracellular cadherin partners (Wheelock and Johnson,
2003b). AJs thereby represent the most ancient and most abundant type of junctions
(Grimson et al., 2000; Franke et al., 2009). Accordingly, the epithelial cadherin (E-cadherin),
which is typical of AJs, is the most extensively studied cadherin. Multiple functions of AJs
were identified including the formation of tissue integrity and tissue barriers, cell sorting,
regulation of cell polarity and differentiation and the control of cell motility and proliferation
(lvanov and Naydenov, 2013).

E-cadherin belongs to the single pass type | transmembrane classical cadherins . It has five
tandemly repeated extracellular cadherin (EC) domains that are able to bind Ca*". The Ca**-
binding is important for conformational changes from a flexible globule to a rigid structure
which allows the formation of E-cadherin homodimers between adjacent cells (Pokutta et al.,
1994; Shapiro and Weis, 2009). The changes in conformation of the EC domains can be
transduced across the PM and induce signaling through the cytoplasmic binding partners of
E-cadherin. These binding partners include the armadillo family proteins p120 catenin,
binding the juxtamembrane domain of E-cadherin, [3-catenin and plakoglobin (also called x-
catenin) which both bind to the C-terminal cadherin-binding domain (Wheelock and Johnson,
2003Db; Cavey and Lecuit, 2009). An additional armadillo protein, a-catenin, is an essential

part of AJs and links the cell-cell adhesion-cluster to the actin cytoskeleton. It can either bind




Introduction

to B-catenin in a monomeric form and serve as interaction partner for actin regulators (like a-
actinin, vinculin and spectrin) or bind directly to F-actin as a dimer (van Roy and Berx, 2008).
As mentioned in chapter 1.1.2, E-cadherin was shown to colocalize with PrP and reggie at
cell-cell contacts, and PrP affected E-cadherin dependent cell adhesion in zebrafish embryos
(Malaga-Trillo et al., 2009). The influence of reggies and PrP on the organization, formation

and turnover of AJs will be discussed in chapter 3.

1.2.1 E-cadherin recycling and AJ remodeling

Although AJs are essential for stable cell-cell contacts, they are highly dynamic structures
with a constant turnover of E-cadherin and thus depend on a dynamic equilibrium of E-
cadherin trafficking. This is controlled by an enormous array of molecules that contribute to
its transport, loading, sorting and delivery (Bryant and Stow, 2004; de Beco et al., 2009). The
complexity of E-cadherin trafficking is already reflected by its diverse endocytic pathways: It
can be taken up via clathrin-dependent mechanisms (Le et al., 1999; lvanov et al., 2004),
caveolin-dependent mechanisms (Akhtar and Hotchin, 2001; Lu et al., 2003) and
macropinocytosis (Paterson et al., 2003; Bryant et al., 2007). These main pathways are
again subdivided into processes that are dependent on dynamin, Rho-GTPases or the small
GTPases Rab5 and Arf6 (lvanov and Naydenov, 2013). Which pathway is taken, is
dependent on the cell-type, the activation stimulus and the state of the cell. Following
endocytosis, E-cadherin traffics to early endosomes (EEs) that are positive for EEA-1 and
Rab5 and is then either transferred to Rab7 positive late endosomes and lysosomes for
degradation (Palacios et al., 2005), or to Rabl11l positive recycling endosomes (REs) from
where it is recycled back to the PM (Le et al., 1999; Bryant et al., 2007). These processes
require a large number of intermediate signaling and sorting steps that occur at the
tubulovesicular endocytic recycling compartment (ERC) and at tubular recycling endosomes
(Grant and Donaldson, 2009). The ERC is also targeted by newly synthesized E-cadherin
from the ER, that passed the trans-Golgi-network (TGN) (Ilvanov and Naydenov, 2013).

The ERC contains the small GTPases Rab11, Rab8a and Arf6 as main-regulators as well as
the Rabl1- and Arf6-interacting proteins Rab11FIPs. The tubular structure is induced by the
EPS15 homology-domain containing proteins 1-4 (EHD-1-EHD-4) and the BAR-domain
containing sorting nexins (SNXs) that are able to sense and deform membrane and are also
involved in crucial sorting and recycling steps (Grant and Donaldson, 2009). Chapter 4
provides evidence that reggies are a part of this tubulovesicular ECR. Reggie-1 directly
interacts with Rablla and SNX4 and thereby regulates E-cadherin trafficking and recycling
to the PM.
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It has been shown that E-cadherin is trafficked through the ERC to be targeted to cell-cell
contacts, which was disturbed by overexpression of a Rabll-dominant negative mutants
(Lock and Stow, 2005; Desclozeaux et al., 2008). In addition, Rab8a was reported to be
involved in the transport of E-cadherin to the PM (Yamamura et al., 2008) and Arf6 was
implicated in the regulation of AJs (Palacios et al., 2001). SNX1 also participates in the
process of E-cadherin recycling, as its knockdown led to the accumulation of E-cadherin at
the perinuclear region (Bryant et al., 2007). Thus several components of the ERC were
shown to control E-cadherin trafficking and recycling.

Vesicles derived from the ERC can also be guided to their target sites by the exocyst
complex. This is an evolutionary conserved octameric protein complex, consisting of Sec3,
Secb, Secb, Sec8, Secl0, Secl5, Exo70 and Exo84 (Heider and Munson, 2012). Exo70 can
associate with reggie-1 (Fecchi et al., 2006; Bodrikov et al., 2011) and Exo70 and other
exocyst components were shown to be important for E-cadherin recruitment to AJs
(Langevin et al., 2005; Xiong et al., 2012). Thus, the regulators of E-cadherin recycling and
its endocytic pathways are numerous. This work adds reggie-1 to this list (chapter 4) by
showing that it functions in E-cadherin trafficking from the ERC to the PM.

In addition to the proteins that are directly involved in the endocytic and exocytic machinery,
AJs can be regulated by cytoskeletal elements and their regulators. AJs are connected to the
cortical cytoskeleton, however, it is still unclear how. Several observations have revealed an
important role of Arp2/3 and N-WASP for actin assembly and cadherin mediated cell
contacts (Brieher and Yap, 2013). Furthermore, the GTPases RhoA, Cdc42 and Racl are
able to regulate the adhesive activity of cadherins (Wheelock and Johnson, 2003a). During
cell contact formation, Racl can be actively recruited to cell-cell contact sites (Ehrlich et al.,
2002). Of interest, reggies were shown to regulate these GTPases (Munderloh et al., 2009).
Chapter 3 reports that inhibition of Racl is able to rescue effects of reggie-1 knockdown on
AJs.

Microtubules are also important for the remodeling of AJs. In epithelial cells, bundles of
mictrotubules are anchored to AJs by their minus ends (Ilvanov and Naydenov, 2013). p120
was shown to bind directly to microtubules and [3-catenin binds the microtubule-based motor
dynein (Ligon et al., 2001; Franz and Ridley, 2004). Another report demonstrated that the
cadherin-catenin complex is transported along microtubules to AJs by the interaction of p120
with kinesins (Chen et al., 2003). The recycling of proteins from the ERC and tubular
endosomes back to the membrane occurs along microtubules and thus also represents an

important factor in E-cadherin recycling.
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1.3 Integrin mediated cell-substrate adhesion

The ability of cells to interact with their environment is central for their proper function. One
important group of proteins that is involved in sensation of and reaction to signals at the
same time are the integrins. Integrins are type | single pass transmembrane molecules that
consist of a large extracellular domain and a short cytoplasmic domain (Bridgewater et al.,
2012). The combination of 18 a- and eight B-integrin-subunits can co-assemble to 24 specific
heterodimeric receptors for extracellular matrix proteins, soluble ligands and RGD-containing
proteins (Margadant et al., 2011). Similar to E-cadherin in AJs during cell-cell adhesion,
integrins can cluster into small areas that mediate cell-substrate adhesion. These structures
are called focal complexes that can mature into stable focal adhesions (FAs), which are
connected to the actin cytoskeleton. The underlying enormous molecular network that is
present in FAs is called integrin adhesome . This adhesome consists of about 232 proteins
of which roughly 148 are directly located at the adhesion site (Winograd-Katz et al., 2014).
The protein network in FAs has two roles: On the one hand it provides a scaffold for
adhesion and on the other hand it is involved in signaling events that regulate cell structure,
motility, behavior and fate (Geiger et al., 2009; Winograd-Katz et al., 2014). Integrins, which
are the extracellular receptors within FAs, can adopt a bent inactive conformation or an
open active conformation and perform outside-in or inside-out signaling (Hynes, 2002;
Bridgewater et al., 2012). The activation of integrins is achieved by binding of their interaction
partners (e.g. talins and kindlins) and by phosphorylation through signaling partners
(Margadant et al., 2011). When individual integrins or integrin clusters are engaged, a weak,
talin-mediated connection to the actin cytoskeleton is established, which recruits additional
signaling and actin binding proteins to promote FA maturation. Early after the process of
integrin-ligand binding, paxillin and Src are recruited to the adhesion site. Src is activated
and can phosphorylate the focal adhesion kinase (FAK). Paxillin recruits vinculin, which is an
interactor of the reggie-binding protein CAP and of many other proteins that mediate and
enforce the bond to the actin cytoskeleton (Harburger and Calderwood, 2009). It was shown
in the past, that reggie-1 is necessary to recruit CAP to FAs and PrP to FA-like structures
(Langhorst et al., 2008a; Solis et al., 2010), indicating that reggies have a regulatory function
in cell-matrix adhesion. Chapter 5 shows, that reggie-1 regulates the number, distribution

and turnover of FAs by regulating Rabl1-dependent integrin trafficking.

1.3.1 Integrin recycling and FA turnover
Integrin trafficking is an important regulatory feature of adherent cells to control cell
adhesion, spreading and cell migration. It regulates FA turnover and disassembly, matrix

turnover and spatiotemporal integrin redistribution to sites where new FAs are formed
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(Margadant et al., 2011). Several recycling pathways for integrins have been proposed and it
emerges that long range recycling and spatially restricted recycling occur in parallel to
promote FA turnover (Caswell et al., 2009).

The routes that integrins can take into the cells are as diverse as the endocytic pathways
previously described for E-cadherin. They can be endocytosed via clathrin-dependent and
caveolin-dependent mechanisms as well as by macropinocytosis. Several cell-type or
stimulus-dependent adaptor proteins have been described for each pathway (Caswell et al.,
2009). In addition, microtubules as well as the actin cytoskeleton were, as in case of AJs,
proven to be important for the turnover of FAs (Akhshi et al., 2014).

After internalization integrins traffic to Rab5 positive EE and are either targeted to late
endosomes and lysosomes for degradation or are recycled back to the PM. From EEs,
integrins can either traffic along the so called short loop directly back to the membrane,
which is dependent on Rab4, or along the long loop through the Rabl11 positive perinuclear
ERC (Margadant et al., 2011). Integrin sorting and recycling away from the ERC depends,
like the sorting and recycling of E-cadherin, on Rabll, Rab8a, Arf6, SNX proteins and
EHD1. Rabll functions in integrin recycling, together with several associated proteins
including Rab11FIP1, and EHD1, to name a few (lvaska et al., 2002; Jovic et al., 2007;
Caswell et al., 2008; Caswell et al.,, 2009). Rab8a and EHD1 were implicated in integrin
recycling through the MICAL-Like-1 protein (MICAL-L1) that links them to the tubular
recycling structures (Sharma et al., 2009). SNXs were also involved in the regulation of
integrins at the cell surface and in integrin sorting away from the degradative pathway
(Bottcher et al.,, 2012; Tseng et al., 2014). Arf6 has been shown to regulate Rabl1-
dependent as well as Rab11-independent integrin trafficking (Powelka et al., 2004; Eva et al.,
2012). Recently it was demonstrated, that the Arf6 positive compartment can again be
subdivided into distinct functional subcompartments, depending on the associated co-factors
(Chen et al., 2014).

Thus there is growing evidence that the textbook knowledge on clearly partitioned
compartments that are defined by one special GTPase has to give way to a more complex
view, where a network of GTPases can act alone or together, depending on their co-factors,
to regulate protein trafficking and recycling (Grant and Donaldson, 2009). The present work,
shows that reggies are part of this complex network and function together with Rabl1a in the
trafficking of integrins to FAs (chapter 5) as well as in the recycling of E-cadherin to cell-cell

contacts (chapter 4).
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2 Aim of this work

Reggies localize at intracellular vesicles and to the PM (often together with PrP). At the PM,
they are preferentially localized at important sites of the cells such as cell-cell contacts, the
T-cell cap and in the growth cone of growing axons. Reggies colocalize with specific
membrane proteins at the PM and in vesicles and are apparently involved in vesicle
trafficking. This led to the hypothesis that reggies are guiding specific membrane proteins
from internal compartments to strategically important sites of the cells and thus function in
protein targeting and trafficking (Stuermer, 2010). The aim of this thesis was to test this
hypothesis, to define the trafficking pathways that depend on reggies and to identify potential
signaling partners of reggies, specifically during cell to cell and cell to substrate adhesion.
Therefore, loss-of-function and gain-of-function experiments with reggies, PrP and different
GTPases as well as overexpression of fluorescently tagged E-cadherin and different
integrins were conducted in different cell lines, in combination with biochemical and
functional analyses and use of fluorescence microscopy and live cell imaging.

This work demonstrates that epithelial cells in which reggie-1 is downregulated, show defects
in cell-cell adhesion and contact inhibition. The impaired intercellular adhesion results from
disorganized AJ formation and organization, which is the consequence of abnormal E-
cadherin trafficking. This involves a reduced stimulation-dependent EGFR signaling at the
cell contact sites and impaired uptake of the EGFR. Importantly, reggies reside at the
tubulovesicular recycling compartment and regulate together with Rablla and SNX4 the
trafficking of E-cadherin to cell-cell contacts. In addition, reggie-1 knockdown impairs the
recycling of the TfR from the ERC back to the PM, even though it is unclear in whether the
TfR is targeted to specific sites.

Moreover, reggie-1 down-regulation changes cell motility which results from effects on
Rabll-dependent integrin trafficking, abnormal regulation of cell-substrate contacts and
enhanced Rac1l activation.

These results are described in two published papers and one, presently unpublished,

manuscript:

1) Reggies/Flotillins regulate E-cadherin-mediated cell contact formation by affecting
EGFR trafficking published 2012 in Molecular Bio logy of the Cell .

2) Reggies/Flotillins interact with Rablla and SNX4 at the tubulovesicular recycling
compartment and function in transferrin receptor and E-cadherin trafficking
published 2013 in Molecular Biology of the Cell .

3) Reggie-1/Flotillin-2 regulates integrin trafficking and focal adhesion turnover via

Rablla unpublished manuscript
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3 Reggie and cell-cell adhesion

3.1 Reggies/Flotillins regulate E-cadherin-mediated cell contact formation by
affecting EGFR trafficking

3.1.1 Abstract

The reggiefflotillin proteins are implicated in membrane trafficking and, together with the
cellular prion protein (PrP), in the recruitment of E-cadherin to cell contact sites. Here, we
demonstrate that reggie, as well as PrP down-regulation, in epithelial A431 cells cause
overlapping processes and abnormal formation of adherens junctions (AJs). This defect in
cell adhesion results from reggie effects on Src tyrosine kinases and epidermal growth factor
receptor (EGFR): loss of reggies reduces Src activation and EGFR phosphorylation at
residues targeted by Src and c-cbl and leads to increased surface exposure of EGFR by
blocking its internalization. The prolonged EGFR signaling at the plasma membrane
enhances cell motility and macropinocytosis, by which junction-associated E-cadherin is
internalized and recycled back to AJs. Accordingly, blockage of EGFR signaling or
macropinocytosis in reggie-deficient cells restores normal AJ formation. Thus, by promoting
EGFR internalization, reggies restrict the EGFR signaling involved in E-cadherin
macropinocytosis and recycling and regulate AJ formation and dynamics and thereby cell

adhesion.

3.1.2 Introduction

Adhesion between epithelial cells typically depends on the adhesion molecule E-cadherin
and its linkage to the actin cytoskeleton through the intracellular ligands alpha-, beta- and
p120-catenin (Nishimura and Takeichi, 2009). Disturbances in E-cadherin function can cause
epithelial tumor progression to invasiveness and metastasis (Gavard and Gutkind, 2008). A
major factor underlying impaired cell adhesion and thus cancer is elevation of epidermal
growth factor (EGF) and EGF receptor (EGFR) signaling through which many crucial signal
transduction molecules are (over-) activated (Gavard and Gutkind, 2008). This imbalanced
signaling affects many cellular functions including increase in cell motility and decrease in
cell adhesion by modifying regulators of the E-cadherin/catenin complex or its internalization
and turnover (Mosesson et al., 2008). In intact tissues, the adhesion-disrupting influence of
EGFR signaling is restricted by efficient EGFR internalization and down-regulation (Sorkin
and Goh, 2008).

The spatiotemporally controlled internalization and turnover of the E-cadherin/catenin
complex is necessary for the maintenance of cell adhesion which prevents extensive cell

overlap (Green et al.,, 2010). Thus, although seemingly stable, the adhesive contacts
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between cells are continually remodeled. Within cell contact sites, E-cadherin is typically
concentrated in adherens junctions (AJs) which are highly dynamic structures and subject to
a continuous basal to apical flow (Kametani and Takeichi, 2007). Concurrently, E-cadherin
molecules in AJs are continually turned over (Hong et al., 2010). Bryant et al. demonstrated
that E-cadherin at cell contact sites is internalized by macropinocytosis, recycled and
redelivered to the plasma membrane (PM) without degradation (Bryant et al., 2007). It is not
known, however, whether this process affects cell adhesion and its regulation is still not well-
understood, but macropinocytosis apparently internalized the E-cadherin/catenin complex as
a whole. Macropinocytosis is an effective way to incorporate in a clathrin-independent
manner segments of membrane which are redelivered to distinct sites of the cell (Falcone et
al., 2006). Typical activators of macropinocytosis in epithelial cells are EGF as well as PISK
and Racl downstream of EGFR signaling (Falcone et al., 2006).

E-cadherin plays a major role during tissue reorganization and migration in the developing
embryo (Halbleib and Nelson, 2006). Only recently it has been recognized in zebrafish
embryos that the recruitment of E-cadherin from intracellular Rab11 positive vesicles to cell
contact sites depends on PrP-PrP trans-interaction and the ensuing signal transduction
(Malaga-Trillo et al., 2009). Because PrP associates with reggie-microdomains (Solis et al.,
2010), these data raised the question of whether reggies would affect E-cadherin functions in
mammalian epithelial cells.

The reggie proteins (also known as flotillins) are expressed in virtually every cell type and
across organisms as distant as fly and human (Stuermer, 2010). Although this suggests that
they subserve basic cellular functions, precisely which roles reggies play has remained
elusive. That reggies are crucial for membrane trafficking and turnover came from evidence
in neurons, where they are necessary for growth cone elongation (Munderloh et al., 2009).
Furthermore, participation of reggies in signal transduction has been repeatedly reported
(Stuermer, 2010). Reggies interact with Src tyrosine kinases and adaptor proteins of the
ponsin family. Together, they activate the ubiquitin ligase c-cbl and the GTPase TC10 and
control the exocyst-assisted translocation of membrane proteins (Kioka et al., 2002).
Evidence from the literature together with results from our own work, recently led to the
hypothesis that reggies regulate the recruitment and targeted delivery of specific membrane
proteins from intracellular compartments to specific sites of the PM (Stuermer, 2010). This
attributes to reggies a role in cargo trafficking and accounts for the fact that reggies are
essential for growth cone elongation, neuronal differentiation and axon regeneration
(Munderloh et al., 2009). Of interest, reggies have been implicated in a clathrin- and
dynamin-independent endocytic route of the GPIl-anchored protein CD59 (Glebov et al.,

2006). Furthermore, reggies have also been shown to facilitate clathrin-dependent
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endocytosis of the amyloid precursor protein and the transporters of cholesterol and
dopamine (Schneider et al., 2008; Cremona et al., 2011; Ge et al., 2011).

In the present study we set out to clarify whether reggies might contribute to the
internalization, turnover, trafficking and targeted deployment of E-cadherin and whether they
might regulate cell adhesion in association with PrP. Our results show that reggie down-
regulation inhibits EGFR internalization by blocking the phosphorylation of two of its major
tyrosine phosphorylation sites (Y1045 and Y845) and disturbs cell adhesion and AJ
formation and dynamics. This defect in AJ formation and dynamics is caused by an
imbalanced rate of the macropinocytic uptake and re-delivery of E-cadherin to AJs.
Accordingly, AJs can be rescued by amiloride, Racl and PI3K inhibition, all known inhibitors
of macropinocytosis. Reggies are not required for macropinosome formation but instead

regulate together with PrP the targeted recycling of E-cadherin to AJs.

3.1.3 Results

The role of reggies in E-cadherin-mediated cell contact formation

Human A431 epidermoid carcinoma cells naturally express E-cadherin and coaccumulate
reggie-1, PrP and E-cadherin at cell contacts (Figure 3.1, A and B). As shown for other cell
types (Langhorst et al., 2008b), reggie-1 also occurs at several types of vesicles. To
determine the role of reggie-1 and PrP in cell contact formation, we generated permanently
transfected A431 cell lines by using short hairpin RNA (shRNA) vectors against reggie-1 and
PrP (hereafter shR1 and shPrP, respectively). Of interest down-regulation of reggie-1 not
only affected the expression of reggie-2 (Solis et al., 2007), but also decreased the protein
levels of PrP (Supplemental Figure S3.1, A and B). Conversely, PrP ablation seemed not to
affect the levels of both reggie-1 and -2 (Supplemental Figure S3.1, A and B). shR1 and
shPrP cells were organized in small clusters and retained cell contacts like wild type (WT)
and shRNA control cells (hereafter shLuc) (Supplemental Figure S3.2A). E-cadherin
immunostaining of shRNA transfected cells did not show any apparent abnormality.
However, both shR1 and shPrP cells formed overlapping processes with neighboring cells of
an area twice as large as shLuc cells (Figure 3.1, C and D). No other defects such as cell
size, shape or number were observed in shR1 and shPrP cells (unpublished data). This
result suggests that reggies and PrP are involved in E-cadherin-mediated contact formation
in A431 cells, consistent with findings in zebrafish embryos (Malaga-Trillo et al., 2009).
Similar phenotypes were observed in cell contacts of MCF-7 mammary epithelial cells and E-
cadherin-enhanced green fluorescent protein (EGFP)-expressing HelLa cells treated with
small interfering RNAs (siRNAs) against reggie-1 or PrP (Supplemental Figure S3.2, B and
C).
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Figure 3.1 Reggies regulate cell contact inhibition and intercellular adhesion in A431 cells.
Immunostaining of endogenous PrP (A) and reggie-1 (R1, B) showed that both proteins colocalized
with E-cadherin (E-cad) at cell contact sites in A431 cells. Scale bars, 10 um. (C) Down-regulation of
reggie-1 (shR1) or PrP (shPrP) induced a significant increase in overlapping processes (yellow
arrowheads) as revealed by E-cad immunostaining. Scale bars, 10 um. (D) Quantification of
overlapping areas (n=3, ***p<0.001, one-way ANOVA, mean — SEM). (E) Intercellular adhesion was
analyzed using the dispase-based dissociation assay. Whereas a low degree of fragmentation of the
cell carpets was observed in control shLuc cells (left), increased levels of fragmentation were apparent
in shR1 (middle) and shPrP (right) cells. (F) Quantification of the dispase assay (h=4, **p<0.01,
***n<(0.001, one-way ANOVA, mean — SEM).
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To analyze whether the increase in overlapping processes observed in shR1 and shPrP cells
affects intercellular adhesion, we used the dispase-based dissociation assay (Huen et al.,
2002). Although shLuc cell carpets exhibited only minimal dissociation, shR1, as well as
shPrP, cell carpets dissociated into humerous smaller fragments after mechanical stress
(Figure 3.1, E and F). Thus, down-regulation of reggies or PrP leads to impaired cell
adhesion.

Biochemical analyses of shR1 and shPrP cells revealed that the cell adhesion defects were
not due to an impaired expression of E-cadherin, (3-catenin or p120-catenin, nor of caveolin-
1, as another lipid raft protein (Supplemental Figure S3.1A). Moreover, neither were reggie-1
and PrP required for the formation of the E-cadherin/catenin complex (Supplemental Figure
S3.1C) nor was the cell surface E-cadherin expression significantly affected in shR1 and
shPrP cells, as shown by biotinylation and trypsinization experiments (Supplemental Figure
S3.1, D and E). Because a fraction of E-cadherin has been reported to associate with lipid
rafts (Seveau et al., 2004), and reggies are raft components, we analyzed the E-cadherin raft
distribution in A431 cells. However, the amount of E-cadherin in lipid raft fractions was very
small in these cells and was not visibly affected upon down-regulation of reggies or PrP
(Supplemental Figure S3.1F). Of interest, we observed approximately twofold increase in the
tyrosine phosphorylation level of B-catenin (Supplemental Figure S3.1G) but not of p120-
catenin or E-cadherin in shR1 and shPrP cells (unpublished data). To test whether down-
regulation of reggies or PrP would affect the level of E-cadherin endocytosis, surface
proteins were biotinylated and cells incubated for 2 h at 37 C. After stripping of the residual
surface biotinylated proteins, the internalized E-cadherin was determined. Western blots
showed that the pool of internalized E-cadherin in shR1 and shPrP cells was not different
from that in control cells (Supplemental Figure S3.1H). Thus, reggies and PrP appear not to
control the overall E-cadherin surface localization, its binding with the major catenins, or its

raft association.

The role of reggies in the formation, organization and dynamics of AJs

Given that down-regulation of reggies did not cause an overall reduction of E-cadherin at the
PM, we reasoned that perhaps specific elements, the AJs, might be affected. A431 cells
treated with 0.2% Triton X-100 before fixation selectively retain E-cadherin stabilized in AJs
which appear as streaks (Shewan et al., 2005). In WT and control shLuc cells, detergent-
resistant E-cadherin staining appeared in prominent streaks at cell contacts, which
colocalized with the ends of perijunctional actin bundles and partially with reggie-1 and PrP
(Figure 3.2A, and Supplemental Figure S3.3, A-C).
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Figure 3.2 Disruption of AJ formation and dynamics after reggie-1 and PrP down-regulation. (A)
Immunostainings of the detergent-resistant pools of E-cadherin (E-cad) and B-catenin (B-cat) showed
the streaks typical of AJs at contact sites in control A431 cells (shLuc, first row) and revealed
disorganized AJs in reggie-1 (shR1, second row) and PrP (shPrP, third row) knockdown cells
(enlargement of boxed areas on the right). Scale bars, 10 um. (B) E-cadherin-EGFP (E-cad-EGFP)-
expressing cells were transfected with control siRNA (siGL2), siRNA against reggie-1 (siR1) or siRNA
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against PrP (siPrP) and AJ movements recorded for 20 min. In contrast to control cells (left), AJs were
not well-defined, and their basal-to-apical movements were significantly reduced in siR1 (middle) and
siPrP (right) cells. Trajectories of individual AJs from basal (b) to apical (a) regions of overlapping cell
contacts (outlined by black lines) are shown in color (bottom). Scale bars, 5 um. (C, D) Quantifications
showed a significant reduction of velocity (C) and number (D) of AJs in cells treated as in B (n=5,
*p<0.05, ***p<0.001, one-way ANOVA, mean — SEM).

However, in contrast to WT and shLuc cells, detergent-resistant AJs appeared strongly
disorganized in shR1 and shPrP cells: AJs were often not evident and a diffuse E-cadherin
distribution was observed along the entire contact sites (Figure 3.2A). By contrast, the
formation and organization of desmosomes were not affected in shR1 and shPrP cells
(Supplemental Figure S3.3D), suggesting that the defects in cell adhesion result from an
impaired E-cadherin-dependent AJ formation.

To obtain independent evidence for defects in AJ morphology, we analyzed the apparent
length of AJs at the EM level (Supplemental Figure S3.3E). AJs in shR1 cells (0.32 — 0.03
pum, n=31) were significantly shorter than their counterparts in shLuc cells (0.54 — 0.06 um;
p=0.008, n=29). Likewise, AJs in shPrP cells were also reduced in length compared to
control shLuc cells (0.37 — 0.04 um; p=0.05, n=19).

It has recently been shown in A431 cells that AJs are highly dynamic structures, which
continuously form at the base of cell contact sites, migrate apically within a few minutes and
are then internalized (Hong et al., 2010). To analyze the role of reggies in AJ dynamics, we
generated a permanently transfected A431 cell line expressing E-cadherin-EGFP and
transfected these cells with a specific siRNA against reggie-1. Time-lapse microscopy
studies showed that, in fact, E-cadherin-labeled AJs moved from the basal to the apical
aspect of cell contacts in a very well-organized manner in WT and control siRNA transfected
cells (Figure 3.2B, and Supplemental Movie S3.1). As expected, AJs appeared strongly
disorganized in cells transfected with siRNA against reggie-1: individual AJs were often not
visible and a rather homogeneous fluorescence was observed over the entire contact site
(Figure 3.2B, and Supplemental Movie S3.2). Accordingly, the amount of AJs visible at cell
contacts was significantly reduced in these cells (Figure 3.2D). Of note, the AJs that did form
were markedly impaired in their coordinated basal-to-apical movement (Figure 3.2B).
Individual AJs normally move with an average velocity of 0.32 — 0.05 pm/min in WT and 0.30
—0.04 pum/min in control transfected cells which fell to 0.14 — 0.02 um/min in cells transfected
with siRNA against reggie-1 (Figure 3.2C). A very similar phenotype was observed in cells
treated with siRNA against PrP (Figure 3.2, B and D, and Supplemental Movie S3.3),

confirming the functional association between reggie-1 and PrP.
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Taken together, these data indicate that the expression of reggies (and PrP) is necessary for
adhesive strength, the correct formation and organization of AJs and for the coordinated

movement of AJs at contact sites.

The role of reggies in EGFR endocytosis and signaling
It is well known that cell adhesion is impaired as a consequence of increased EGFR activity
(Gavard and Gutkind, 2008). Therefore, we examined whether increased EGFR signaling

might be responsible for the defects in AJs observed in shR1 cells.

shLuc + EGF

*k%k

Closure after
24 h (%)
oB 83883

shLuc  shR1

shR1

Figure 3.3 EGFR blocker rescued AJ formation defects of shR1 cells. (A-D) E-cadherin-EGFP (E-
cad-EGFP) expression in shRNA stably transfected A431 cells revealed a reduction in AJ formation
(boxed area enlarged in inserts) and increased cell motility (white lines and kymographs in right) in
shR1 cells (C) compared to control shLuc cells (A). Stimulation of shLuc cells with 10 ng/ml EGF (B)
mimicked both the reduced AJ formation and the increased cell motility observed in shR1 cells.
Incubation of shR1 cells with the EGFR blocker PD 158780 (D) rescued the defects in AJ formation
and increased cell motility. Selected areas showed cell contacts between E-cad-EGFP expressing and
non-transfected cells for better visualization. Scale bars, 5 pym. (E) A scratch assay showed an
increased invasion and wound closure after 24 h in shR1 over shLuc cells, which is quantified in (F).
Scale bar: 500 um. Quantification of scratch closure after 24 h (n=4, ***p<0.001, t-test, mean — SEM).

Of interest, EGFR immunostaining revealed its co-localization with E-cadherin-EGFP in AJs

at cell contact sites (especially at the most apical region), suggesting a functional relationship

21



Reggie and cell-cell adhesion

between EGF signaling and AJ formation (Supplemental Figure S3.4A). When control shLuc
cells were exposed to 10 ng/ml EGF, AJ formation was impaired, mimicking the phenotype
observed in shR1 cells (Figure 3.3, A-C, and Table 3.1). Whereas higher EGF concentrations
showed stronger effects on AJ formation, lower concentrations only partially mimicked the
shR1 phenotype (unpublished data). Of note, the defects in AJs observed in shR1 cells were
fully rescued by incubation with the specific EGFR blockers tyrphostin AG-1478 and
PD158780 (Figure 3.3, C and D, and Table 3.1), strongly indicating that reggies affect AJ
formation by regulating EGFR signaling.

Because cell adhesion is often inversely correlated with cell motility, we examined whether
ruffling activity and wound closure dynamics were altered in shR1 cells. Cell motility was
increased in shR1 cells, and this was mimicked by EGF stimulation of control shLuc cells
(Figure 3.3, A-C, and Table 3.1). On the other hand, the increased cell motility observed in
shR1 cells was rescued by the specific EGFR blocker (Figure 3.3D, and Table 3.1).
Moreover, when a scratch was applied to cell monolayers, the wound was closed two times
faster in shR1 than in shLuc cells (Figure 3.3, E and F). Thus down-regulation of reggies

additionally increased cell motility and migration.

Table 3.1 Quantification of AJs and cell motility

number of AJs cell motility

(AJ/um?) (um/min)
shLuc 0.170-0.014 0.060 — 0.000
shLuc + EGF 0.073 —0.015 *** 0.108 - 0.019 *
shR1 0.043 —0.009 *** 0.138-0.023 *
shR1 + PD158780 0.162 -0.013 0.060 — 0.000
shR1 + Tyrphostin AG-1478 0.154 -0.010 n.d.

EGF stimulation of control shLuc cells mimicked the defect in AJ formation (humber of AJs) and cell
motility observed in shR1 cells. EGFR inhibitors (PD158780 and Tyrphostin AG-1478) rescued both
AJ and cell motility defects in shR1 cells. Data not determined (n.d.). Statistical differences related to
shLuc cells. n=3, *p<0.05; ***p<0.001, one-way ANOVA, mean — SEM.

To determine whether EGFR expression and signaling is perturbed when reggies are
missing, we analyzed shLuc and shR1 cells upon EGF stimulation. Whereas most EGFR
staining was lost from the PM in control cells after 120 min EGF application, the receptor
remained at the PM and in intracellular compartments in shR1 cells (Figure 3.4A, and

Supplemental Figure S3.4B).
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Figure 3.4 Reggies regulate EGFR internalization. (A) EGFR immunostaining is densest at cell
contact sites in control shLuc and shR1 cells at resting state (0 min EGF). When stimulated with 10
ng/ml EGF for 120 min, EGFR staining is strongly reduced in shLuc cells but not in shR1 cells. Scale
bars, 20 um. (B) When reggie-1 is re-introduced (R1-EGFP) into shR1 cells in a rescue experiment,
EGFR staining is reduced in R1-EGFP expressing cells (white arrowheads) after stimulation with EGF
(120 min). Scale bars, 10 um. (C, D) 120 min of EGF application (+) leads to a strong reduction of
EGFR from the cell surface in shLuc control cells but significantly less in shR1 and shPrP cells,
whereas E-cadherin remains unchanged. When the total amount of EGFR is determined after EGF
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stimulation a significant reduction occurs in all cells due to receptor degradation but less in shR1 and
shPrP cells compared to the shLuc controls (n=3, *p<0.05, ***p<0.001, one-way ANOVA, mean —
SEM). (E) Exposure of cells to EGF-rhodamine (EGF-rhod) for 10 min led to significant endocytosis in
shLuc control cells as evidenced by the large number of rhodamine-labeled endosomes. This uptake
was partially blocked in shR1 cells. (F) Quantification of EGF-rhodamine uptake at 5 and 10 min of
exposure to EGF as explained in (E) (n=3, ***p<0.001, paired t-test, mean — SEM). Scale bars, 10 um.
(G) EGF-rhodamine containing endosomes after 5 min of treatment were not colocalized with reggie-1
(R1-EGFP) at the cell periphery (boxed area enlarged in inserts) to any significant extent. Scale bars,
10 pm.

To verify the specificity of this effect, we performed a rescue experiment by transfecting shR1
cells with a reggie-1-EGFP shRNA-resistant construct. Whereas EGFR immunostaining
accumulated at the PM in untransfected shR1 cells after EGF stimulation, the receptor was
efficiently downregulated in those cells into which reggie-1 was re-introduced (Figure 3.4B).
Conversely, the expression of caveolin-1-EGFP did not rescue the defects in EGFR down-
regulation in shR1 cells (Supplemental Figure S3.4C), indicating that the absence of reggies
cannot be compensated by this lipid raft component.

Likewise, in a biochemical experiment in which the cell surface proteins were biotinylated,
EGFR was strongly increased in the pool of cell surface proteins after stimulation with EGF in
shR1 and shPrP cells compared to control shLuc cells (Figure 3.4, C and D). However, only
a moderate but significant increase in the total level of the receptor was observed in shR1
and shPrP cells upon stimulation (Figure 3.4, C and D). These results suggest that reggies
and PrP regulate EGFR endocytosis after EGF stimulation, and, therefore, its reduced
internalization in shR1 and shPrP cells caused a delay in receptor degradation. To confirm
this hypothesis, we indirectly quantified EGFR endocytosis using rhodamine-labeled EGF. As
expected, shR1 cells exhibited a 30 and 40% reduced EGF uptake after 5 and 10 min
incubation, respectively (Figure 3.4, E and F). Thus, reggies appear to control the
internalization of EGFR during EGF stimulation. However, reggie-1 did not significantly
colocalize either with EGFR or EGF-rhodamine labeled vesicles after 5 min stimulation
(Figure 3.4G) (Langhorst et al., 2008b), indicating that reggies regulate receptor
internalization but are not at vesicles along the major EGFR endocytic pathway.

EGFR activity is tightly controlled and regulated by tyrosine phosphorylation at multiple sites
of the receptor. Therefore, we analyzed if reggies might contribute to the tyrosine
phosphorylation state of EGFR upon EGF stimulation. Western blots were performed with
antibodies (Abs) specific for the phosphorylated EGFR tyrosine residues 845, 992, 1045,
1068 and 1148, respectively. In addition to the expected delay in EGFR degradation (Figure
3.5, A and B), the absence of reggies caused a strong reduction in the phosphorylation of
Y845 and Y1045 and had milder effects on other tyrosine residues (Figure 3.5, A and C).
Y1045 is the major autophosphorylation residue of EGFR which is involved in the c-cbl-

dependent EGFR ubiquitination and internalization (Sorkin and Goh, 2008). Consistently, we
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observed that shR1 cells showed reduced c-cbl immunostaining at the PM after 5 min EGF
stimulation (Supplemental Figure S3.4D). EGFR phosphorylation at the Y845 residue was
reported to depend on Src activity (Leu and Maa, 2003).

Figure 3.5 Biochemical analysis of EGFR phosphoryla  tion. (A-C) Control shLuc and shR1 cells
were exposed to 10 ng/ml EGF between 0 and 120 min and the total EGFR and the phosphorylation
(P) of specific tyrosine residues of EGFR were determined with specific Abs as indicated. Reggie-1
(R1) and a-tubulin (a-tub) served as loading control. The quantification of the differences between
shLuc and shR1 cells of total EGFR as well as each of the 5 tyrosine residues normalized to total
EGFR are shown in B and C, respectively (n=4, *p<0.05, **p<0.01, ***p<0.001, paired t-test).

Therefore, we analyzed the level of activated Src using specific Abs against the activated
forms of the kinases. Indeed, shR1 cells showed an overall reduced level in activated Src-

kinases compared to control shLuc cells (Figure 3.6, A and B).
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