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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/HflK/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 coiledcoil 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 Rab11a 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 heterooligomers 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 The role of reggies in protein signaling
Reggies are expressed in many different tissues and cells, where they often subserve celltype 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 Ca2+ 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 IIa, 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 GPI-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
GPI-anchored protein that consists of an α-helical-rich globular domain, with two Nglycosylation 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.
GPI-anchored proteins, like PrP, tend to be targeted into lipid rafts, because the saturated
acyl chains of the GPI-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 their 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 Ca2+-stimulus,
and signaling of the Src tyrosine kinases fyn and lck, 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 (PrP1) 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 cellcell, 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 The role 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 GPI-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 GPI-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 clathrinmediated 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, β-amyloid (Aβ), which plays an important role in the development of Alzheimer’s
disease (Chen et al., 2006a; Rajendran et al., 2006). Aβ thereby accumulates in intracellular
vesicles together with reggie-1 and is also released from the cells via exosomes, where it
forms Aβ-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 sorbinhomology (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 Rab11a and SNX4 is subject of chapter 4. Recently
it has been shown that reggies interact with the β-site amyloid precursor protein-cleaving
enzyme 1 (BACE1) 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
(Ivanov and Naydenov, 2013).
E-cadherin belongs to the single pass type I transmembrane “classical cadherins”. It has five
tandemly repeated extracellular cadherin (EC) domains that are able to bind Ca2+. The Ca2+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, β-catenin and plakoglobin (also called χcatenin) which both bind to the C-terminal cadherin-binding domain (Wheelock and Johnson,
2003b; Cavey and Lecuit, 2009). An additional armadillo protein, α-catenin, is an essential
part of AJs and links the cell-cell adhesion-cluster to the actin cytoskeleton. It can either bind
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to β-catenin in a monomeric form and serve as interaction partner for actin regulators (like αactinin, 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 Ecadherin 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; Ivanov 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 (Ivanov 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 Rab11 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) (Ivanov and Naydenov, 2013).
The ERC contains the small GTPases Rab11, Rab8a and Arf6 as main-regulators as well as
the Rab11- 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 Rab11a 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 Rab11-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,
Sec5, Sec6, Sec8, Sec10, Sec15, 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 Rac1 are
able to regulate the adhesive activity of cadherins (Wheelock and Johnson, 2003a). During
cell contact formation, Rac1 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 Rac1 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 (Ivanov and Naydenov, 2013). p120
was shown to bind directly to microtubules and β-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 I single pass transmembrane molecules that
consist of a large extracellular domain and a short cytoplasmic domain (Bridgewater et al.,
2012). The combination of 18 α- and eight β-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 Rab11-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 Rab11 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 Rab11, Rab8a, Arf6, SNX proteins and
EHD1. Rab11 functions in integrin recycling, together with several associated proteins
including Rab11FIP1, and EHD1, to name a few (Ivaska 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 Rab11dependent 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 Rab11a 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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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 Ecadherin 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 Rab11a 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
Rab11-dependent integrin trafficking, abnormal regulation of cell-substrate contacts and
enhanced Rac1 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 Biology of the Cell”.
2) Reggies/Flotillins interact with Rab11a 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
Rab11a – unpublished manuscript
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3.1

Reggie and cell-cell adhesion
Reggies/Flotillins regulate E-cadherin-mediated cell contact formation by
affecting EGFR trafficking

3.1.1 Abstract
The reggie/flotillin 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 wellunderstood, 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 PI3K
and Rac1 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 GPI-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 downregulation 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, Rac1 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 Ecadherin-enhanced green fluorescent protein (EGFP)-expressing HeLa cells treated with
small interfering RNAs (siRNAs) against reggie-1 or PrP (Supplemental Figure S3.2, B and
C).

16

Reggie and cell-cell adhesion

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 µm. (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 µm. (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 (n=4, **p<0.01,
***p<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 numerous 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, β-catenin or p120-catenin, nor of caveolin1, 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 β-catenin (Supplemental Figure S3.1G) but not of p120catenin or E-cadherin in shR1 and shPrP cells (unpublished data). To test whether downregulation 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, detergentresistant 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 β-catenin (β-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 µm. (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 µm. (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
µm, n=31) were significantly shorter than their counterparts in shLuc cells (0.54 ± 0.06 µm;
p=0.008, n=29). Likewise, AJs in shPrP cells were also reduced in length compared to
control shLuc cells (0.37 ± 0.04 µm; 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 µm/min in WT and 0.30
± 0.04 µm/min in control transfected cells which fell to 0.14 ± 0.02 µm/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.

20

Reggie and cell-cell adhesion
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.

Figure 3.3 EGFR blocker rescued AJ formation defects of shR1 cells. (A-D) E-cadherin-EGFP (Ecad-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 µm. (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 µm. 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
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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/µm2)

(µm/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 (number 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 µm. (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 µm. (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 µm.
(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 µm.

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 downregulation 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-cbldependent 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 phosphorylation. (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 α-tubulin (α-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 Srckinases compared to control shLuc cells (Figure 3.6, A and B).
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Next, we studied whether the impaired EGFR internalization observed in shR1 cells may
affect downstream signaling molecules known to require EGFR signaling in endosomes
(Murphy et al., 2009). Accordingly, during EGF stimulation the activation of Erk1/2, PI3K and
Akt was significantly reduced in shR1 cells, whereas p38 MAPK activation was enhanced
(Figure 3.6, A and B). In addition, we observed that the levels of reggie-1 slightly decrease
during EGF stimulation of control shLuc cells (Figure 3.5A, and Figure 3.6A); however this
effect was not significant.

Figure 3.6 Biochemical analysis of EGFR downstream targets. (A) shLuc and shR1 cells were
stimulated with EGF as indicated in Figure 3.5. Western blot analyses show that the phosphorylation
(P) of Src, PI3K subunits p85 and p55, Akt (T308 and S473), p38 and Erk1/2 kinases is altered in
shR1 cells. Abs against total Src, PI3K subunit p85, Akt, p38, Erk1/2, reggie-1 (R1) and α-tubulin (αtub) were used a loading control. (B) Quantification of the differences between shLuc and shR1 cells
from A (n=4, *p<0.05, **p<0.01, ***p<0.001, paired t-test).

Taken together, the present observations suggest that the impaired cell adhesion upon
down-regulation of reggies seems to result from a delayed EGFR endocytosis which, in turn,
might induce a sustained EGFR activity at the PM.
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Reggies and macropinocytosis
Our results indicate that the defective AJ formation in shR1 cells are caused by elevated
surface EGFR signaling without noticeable effects on the ratio of E-cadherin at the PM
versus intracellular pools. Still, AJs are E-cadherin-dependent structures and are
characterized by continuous E-cadherin turnover (Hong et al., 2010). It has been reported
that in EGF stimulated MCF-7 cells the level of surface-exposed E-cadherin is kept at steady
state through its internalization by macropinocytosis and recycling (Bryant et al., 2007).
Therefore we examined macropinosome formation and E-cadherin trafficking in shR1 and
control shLuc cells, and tested whether its macropinocytic uptake and deployment at AJs
might be affected by reggies.
To determine whether reggies are involved in macropinocytosis, we applied EGF-rhodamine
to reggie-1-EGFP expressing A431 cells. By 5 min after stimulation, cells exhibited the
typical ring-shaped macropinocytic structures containing both EGF and reggie-1 (Figure
3.7A). These macropinosomes also contained endogenous reggie-1, EGFR, E-cadherin
together with β-catenin and p120, as well as PrP (Figure 3.7, B-D, and Supplemental Figure
S3.5, A-D).
When we examined whether the absence of reggies affects macropinocytosis, we found that
shR1 cells did exhibit macropinosomes after EGF application (Supplemental Figure S3.5, BD). Thus, reggies are apparently not necessary for macropinosome formation. By contrast,
shR1 cells showed macropinosomes with an apparent higher frequency than shLuc cells
(unpublished data), indicating that depletion of reggies promotes macropinosome formation.
For a semi-quantitative assessment, we stimulated shR1 and control shLuc cells with EGF in
the presence of high molecular weight Alexa-labeled dextran, which is typically endocytosed
by macropinosomes (Kerr and Teasdale, 2009). A comparison between cells showed that
shR1 cells internalized dextran more efficiently than shLuc cells (Figure 3.7, E and F),
implying that absence of reggies promotes macropinocytic uptake. Accordingly, the same
effect was observed in shPrP cells (Supplemental Figure S3.6, A and B). This increased
macropinocytosis in shR1 and shPrP cells can be explained by the persistence of EGFR at
the PM upon EGF stimulation. The fact that reggie-1 associates with but is not necessary for
macropinosome formation suggests that reggies may play a role in the trafficking of
macropinocytic cargo proteins.
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Figure 3.7 Formation of macropinosomes in A431 cells treated with EGF. (A) Reggie-1-EGFP
(R1-EGFP)-transfected cells showed colocalization of reggie-1 and EGF-rhodamine (EGF-rhod) in the
forming macropinosome after 5 min EGF treatment (boxed area enlarged in inserts). (B) R1-EGFP
colocalized with EGFR in a macropinosome. (C, D) Immunostaining with Abs against E-cadherin (Ecad) and EGFR as well as with Abs against PrP and EGFR showed colocalization of the protein pairs
in macropinosomes. Scale bars, 10 µm. (E, F) Addition of Alexa-dextran (dextran) showed a
significantly higher amount of internalization in shR1 cells compared to control shLuc cells (n=3,
***p<0.001, t-test, mean ± SEM). Scale bars, 10 µm.

Rescue of AJ formation
As mentioned above, E-cadherin is internalized by macropinocytosis and recycled at steady
state (Bryant et al., 2007). This observation together with our finding showing that downregulation of reggies raises the rate of macropinocytosis and disturbs AJ formation and
dynamics, led to the hypothesis that these phenomena are causally linked. Thus, blockage of
macropinocytosis in shR1 cells might counterbalance the abnormal AJ phenotype. Therefore,
we monitored AJ formation in E-cadherin-EGFP expressing shR1 cells after amiloride
treatment, a classical blocker of macropinocytosis (Kerr and Teasdale, 2009). As expected,
amiloride blocked the increased uptake of dextran in shR1 cells after EGF stimulation
(Supplemental Figure S3.6, C and D). Of importance, AJ formation which is severely
disturbed in shR1 cells (Figure 3.3C) returned to near-normal rates upon amiloride treatment
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(Figure 3.8A, and Table 3.2). It has been reported that amiloride, by affecting the pH in the
endocytic structures, blocks Rac1 (Koivusalo et al., 2010). Therefore, we tested directly
whether a specific Rac1 inhibitor had the same rescuing effect as amiloride. Indeed, the
Rac1 inhibitor increased AJ formation in shR1 cells (Figure 3.8B, and Table 3.2). Because
down-regulation of reggies induced higher levels of p38 kinase activation after EGF
stimulation (Figure 3.6), we used a p38 specific inhibitor and rescued the defects in AJ
formation (Table 3.2). On the other hand, no rescue effects were observed with inhibitors of
other EGFR downstream signaling molecules such as MEK1/2, PLC and ROCK (Figure
3.8C, and Table 3.2). Thus, the EGFR signaling involved in macropinocytosis affects the
reggie-dependent regulation of AJs.

Table 3.2 Macropinocytosis blockers rescue AJ formation
Inhibitor

number of AJs
(AJ/µm2)

shLuc

0.170 ± 0.014

shR1

0.043 ± 0.009 ***

shR1

+ amiloride

0.157 ± 0.020

shR1

+ Rac1

0.132 ± 0.006

shR1

+ PI3K

0.168 ± 0.018

shR1

+ p38

0.165 ± 0.018

shR1

+ MEK1/2

0.064 ± 0.007 ***

shR1

+ PLC

0.034 ± 0.004 ***

shR1

+ ROCK

0.043 ± 0.006 ***

The macropinocytosis blocker amiloride rescued the AJ formation defects (number of AJs) in shR1
cells. Blockers of Rac1, PI3K and p38 increased the formation of AJs, whereas this effect was not
observed by the inhibitors of MEK1/2, PLC and ROCK. Statistical differences related to shLuc cells.
n=3, ***p<0.001, one-way ANOVA, mean ± SEM.

Consistent with the well-characterized role of PI3K in the regulation of macropinocytosis in
EGF-stimulated A431 cells (Araki et al., 2007), the AJ phenotype of shR1 cells was also
rescued by a PI3K specific inhibitor (Figure 3.8D, and Table 3.2). This result appears
incongruent with the reduced phosphorylation of the PI3K-regulatory subunits p85 and p55
observed in shR1 cells during EGF stimulation (Figure 3.6). However, the reduced PI3K
activation is in agreement with the reduced downstream activation of Akt (Figure 3.6), since
both kinases seems to require EGFR signaling in endosomes to complete activation (Murphy
et al., 2009). To reconcile this issue, we analyzed the role of PI3K and Akt in the EGFmediated macropinocytosis of shR1 cells using specific inhibitors. Indeed, the PI3K inhibitor
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blocked the increased uptake of dextran in shR1 cells after EGF stimulation, whereas the Akt
inhibitors IV and VIII had no significant effects (Supplemental Figure S3.6, E and F).
Together, these results indicate that the EGF-mediated PI3K activation, but not its
downstream signaling to Akt, is involved in the increased macropinocytosis of shR1 cells.
Because the first step in the activation of PI3K is believed to occur at the PM (Sorkin and von
Zastrow, 2009), we speculate that the delayed EGFR endocytosis in shR1 cells might induce
a local increase in the PI3K activity at the cell surface. Therefore, we analyzed the
subcellular localization of the phosphorylated PI3K subunits p85 and p55 in shR1 and control
shLuc cells during EGF stimulation. Immunostainings revealed a weak signal for the
activated PI3K subunits in serum-starved cells which clearly increased upon EGF stimulation
(Figure 3.8E), confirming the specificity of the antibody. Of interest, we observed an
accumulation of the phosphorylated PI3K subunits at the apical pole of cell contacts after 20
min of EGF treatment in shR1 cells (Figure 3.8E). Conversely, EGF-stimulated shLuc cells
displayed more widespread signals of the activated PI3K subunits at the apical and basal
regions without accumulation at cell contacts (Figure 3.8E). In sum, our results indicate that
AJ formation is impaired in shR1 cells because the delayed EGFR internalization enhances
its signaling at the PM (probably at the apical region) which, in turn, increases
macropinocytosis and recycling of E-cadherin to AJs.
To obtain a first impression of whether this hypothesis holds true, we monitored E-cadherinEGFP-labeled vesicles within EGF stimulated shR1 and control shLuc cells. E-cadherinpositive vesicles were tracked and quantified at the focal plane of newly forming AJs (basal
pole of cell contacts) (Hong et al., 2010). Indeed, the amount of E-cadherin-positive vesicles
traveling in the basal region of cell contacts was significantly increased in shR1 cells
compared to shLuc cells (Figure 3.8, F and G, and Supplemental Movies S3.4 and S3.5).
This result shows that down-regulation of reggies results in an increase in E-cadherin vesicle
trafficking during EGF stimulation. Finally, we analyzed whether reggies might be involved in
the targeting of E-cadherin-loaded vesicles to AJs. EGF treatment of A431 cells cotransfected with E-cadherin-EGFP and reggie-1- momomeric red fluorescent protein (mRFP)
showed the expected co-localization of both proteins in macropinosomes (Figure 3.8H). In
addition, we observed double-labeled vesicles and vesiculotubular structures (Figure 3.8H).
Then, we recorded vesicle trafficking at the focal plane of the AJs upon EGF stimulation. The
vast majority of vesicles carried both E-cadherin and reggie-1 (Supplemental Figure S3.6G).
Of importance, double-labeled vesicles and highly dynamic vesiculotubular structures were
observed to move toward as well as from AJs (Supplemental Figure S3.6G, and
Supplemental Movie S3.6). These data suggest that reggies may be involved in the
trafficking of E-cadherin and its targeted delivery to AJs.
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Figure 3.8 Macropinocytosis blockers rescue AJ formation in reggie knockdown cells. Ecadherin-EGFP (E-cad-EGFP)-transfected shR1 cells showed a recovery of AJ formation when
treated with the macropinocytosis blockers amiloride (A), Rac1 (B) and PI3K (LY294002, D), but not
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when treated with the PLC blocker U-73122 (C). Selected areas showed cell contacts between E-cadEGFP expressing and non-transfected cells for better visualization. Scale bars, 5 µm. (E) shLuc and
shR1 cells were either non-stimulated (EGF 0 min) or stimulated with 10 ng/ml EGF for 20 min and
immunostained with an Ab against the phosphorylated PI3K subunits p85 and p55 (P-PI3K). The weak
staining of non-stimulated cells contrasts with the stronger signals after EGF stimulation, particularly in
shLuc cells. Phosphorylated PI3K subunits accumulated at cell contacts in the apical pole of shR1
cells (boxed area), as opposed to a more widespread distribution in shLuc cells at apical and basal
regions. Scale bars, 20 µm. (F) E-cad-EGFP labeled vesicles of EGF stimulated control shLuc and
shR1 cells were monitored by time lapse recordings at the focal plane of AJs for 1 min. The vesicle
tracks were traced as indicated by the lines (right panels). Scale bars, 5 µm. (G) The quantification of
E-cadherin vesicles emerging into the focal plane of AJs showed a significant increase in shR1 over
control shLuc cells (n=10, ***p<0.001, t-test, mean ± SEM). (H) E-cad-EGFP and reggie-1-mRFP (R1mRFP)-co-transfected A431 cells were stimulated with EGF for 15 min. A selected frame (boxed
areas) showed that both proteins were colocalized at the same vesicles and tubulovesicular
structures. Scale bars, 10 µm.

3.1.4 Discussion
The results of this study show that down-regulation of reggies and PrP impaired cell
adhesion by disrupting the spatiotemporal pattern of AJs which normally undergo a basal to
apical flow at the cell contact sites: AJs stalled or failed to form in shR1 and shPrP cells.
Dissection of the underlying events uncovered that down-regulation of reggies led on the one
hand to the reduction of activated Src tyrosine kinases and to reduced phosphorylation of the
tyrosine residue (Y805) on EGFR, which is the target of Src, and on the other hand had a
major effect on tyrosine phosphorylation of the EGFR residue (Y1045) relevant for c-cbldependent EGFR internalization (Sorkin and Goh, 2008). Delayed internalization prolonged
EGFR signaling at the PM and this, in turn, increased the efficacy of E-cadherin
macropinocytosis and negatively affected AJ formation (Figure 3.9). Indeed, AJ malformation
correlated with and probably arose from defects in the trafficking of E-cadherin vesicles at
the level of the AJs in shR1 cells. Thus, reggies apparently coordinate the trafficking of
specific cargo vesicles involved in membrane protein recycling and re-delivery in epithelial
cells.
Reggies, Src tyrosine kinase and c-cbl
The two effects of reggies (regulation of Src activity and c-cbl dependent events) are in line
with earlier evidence showing that reggies interact with several Src tyrosine kinases in many
different cells (Stuermer, 2010) and that reggies communicate with c-cbl through CAP (Kioka
et al., 2002). The functional association between EGFR and Src might connect EGFR to PrPand reggie-mediated signaling since both reggie and PrP associate with, and trigger signals
via Src-family tyrosine kinases (Stuermer, 2010). Our results are in agreement with the view
that PrP trans-interactions in reggie-microdomains activate Src kinases (Solis et al., 2010;
Stuermer, 2010), thereby affecting EGFR phosphorylation and endocytosis. This might
explain previous results showing that Erk1/2 activation induced by Ab-crosslinking of PrP is
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mediated by EGFR signaling (Monnet et al., 2004) and that Src-kinase activity increases
EGFR endocytosis during EGF stimulation (Ware et al., 1997). Furthermore, our results
suggest that the activity of c-cbl which is crucial for EGFR down-regulation (Sorkin and Goh,
2008) depends on reggies. c-cbl has been involved in the regulation of a reggie-dependent
signaling cascade leading to the activation of the small GTPase TC10 (Kioka et al., 2002)
and in the targeted recycling of specific cell surface receptors (Baldys et al., 2009). This
suggests a function of the reggie/c-cbl interaction in guiding E-cadherin to the forming AJs.

Figure 3.9 Model of the role of reggies and PrP in AJ formation. (A) In epithelial cells, PrP
homophilic trans-interactions trigger clustering of PrP in reggie microdomains and activate Src-family
tyrosine kinases at cell-cell contacts. This activated pool of Src kinases seems to be necessary for the
correct phosphorylation of the Y845 residue of the EGFR during EGF stimulation. Additionally, Y845
phosphorylation might be required for the proper autophosphorylation of various other tyrosine
residues of the receptor, especially the Y1045 residue known to be associated with the c-cbldependent EGFR internalization. EGF stimulation of EGFR at the PM, in turn, triggers the
macropinocytosis of E-cadherin from AJs, which is recycled back to the cell contacts sites for the
formation of new AJs. (B) The down-regulation of reggies or PrP generates a decrease in Src
activation and an overall reduction in EGFR tyrosine phosphorylation during EGF stimulation. This
impairs EGFR endocytosis leading to the retention of the receptor at the PM and to the reduction in
the activation of downstream molecules known to require EGFR-signaling endosomes. The increased
surface EGFR signaling causes an enhanced macropinocytosis of E-cadherin from AJs. Thus, the
accelerated macropinocytosis and subsequent recycling of E-cadherin negatively impact the formation
of AJs.

Reggies and macropinocytosis
Our results indicate that the prolonged surface exposure of EGFR in shR1 cells influenced
EGFR signaling and the ensuing activation at the PM of PI3K and Rac1 which, in turn,
regulate macropinocytosis (Kerr and Teasdale, 2009). Thus, through their effect on EGFR
phosphorylation and internalization, reggies restrict the efficacy of macropinocytosis. The fact
that macropinocytosis was increased in the absence of reggies implies that they are not
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required for processes such as formation of the macropinocytic cup or its budding into the
cell. Reggies assembled at macropinocytic structures containing E-cadherin, EGFR and PrP
and, according to live observations, might control the trafficking of E-cadherin vesicles at the
level of AJs. Thus, reggies seem to guarantee a well-controlled macropinocytic uptake of Ecadherin (and EGFR) and the targeted recycling of E-cadherin (and probably a fraction of
EGFR) to the forming AJs. We observed that the total amount of E-cadherin at the PM
versus intracellular compartments was unchanged in shR1 and shPrP cells. This is expected
if macropinocytic uptake of E-cadherin is counterbalanced by its recycling back to the PM as
previously reported (Bryant et al., 2007).
We observed that the tyrosine phosphorylation level of β-catenin was increased in our shR1
and shPrP cells without an apparent effect on E-cadherin/catenin complex formation.
Phosphorylation of β-catenin by EGFR, Src and various other kinases is believed to
negatively affect E-cadherin/catenin interactions and adhesion (Lilien and Balsamo, 2005).
This view, however, has been challenged in an elegant paper using β-catenin/plakloglobindouble null F9 cells (Tominaga et al., 2008). That study uncovered the phosphorylation of
various tyrosine residues that had no impact on E-cadherin/catenin complex formation and
cell adhesion. The identification of the tyrosine residue(s) responsible for the increased βcatenin phosphorylation in our shR1 and shPrP cells and its/their potential role in E-cadherin
macropinocytosis await further analysis.
The role of PrP in E-cadherin turnover and recruitment
Aside from the fact that reggie depletion led to down-regulation of PrP, cells in which only
PrP was downregulated mimicked the reggie phenotype in several respects. That PrP
colocalized with reggies, E-cadherin and EGFR not only at cell contact sites but also in the
macropinosomes suggests that PrP might be functionally involved in the macropinocytic
uptake and recycling of E-cadherin to AJs. The detailed analysis of PrP’s impact on the
generation of AJs awaits further experimentation. However, the contribution of PrP to these
events might consist in the recruitment of E-cadherin from the vesicles to cell contacts as in
the zebrafish embryo (Malaga-Trillo et al., 2009). In the embryo, recruitment of E-cadherin to
contact sites required PrP trans-interactions, and might be needed for the recruitment of Ecadherin from macropinocytic vesicles back to AJs. PrP may exert this function by interacting
with reggies and its associated signaling molecules. Together they could form a landmark for
E-cadherin deployment in epithelial cells (Stuermer, 2010).
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Reggies and clathrin-mediated endocytosis
We show here that EGFR phosphorylation and internalization are impaired in shR1.
However, we did not directly examine which routes EGFR takes into the cells. The fact that
we did not observe reggie-1 at EGF-rhodamine vesicles other than macropinosomes
suggests that reggies are not directly (physically) involved in EGFR endocytosis. The
clathrin-coated pit pathway is perhaps the most important pathway of EGFR internalization
(Sorkin and Goh, 2008). This would imply that reggies facilitate the clathrin-mediated
endocytosis of EGFR. Accordingly, it has been recently demonstrated that reggies can
modulate the clathrin-dependent uptake of the amyloid precursor protein (Schneider et al.,
2008), the dopamine transporter (Cremona et al., 2011) and a cholesterol transporter (Ge et
al., 2011). The modulation of the clathrin-dependent endocytosis via reggies might involve an
interaction with the adapter AP2 (Ge et al., 2011), although reggies were previously not
observed at clathrin-coated pits (Langhorst et al., 2008b; Schneider et al., 2008).
During the revision of our manuscript, a paper was published showing that siRNA-mediated
down-regulation of reggie-2 in HeLa cells reduced the EGF-mediated phosphorylation of
EGFR (only at Y1173) and Erk1/2, but had no effect on EGFR endocytosis and the PI3K/Akt
pathway (Amaddii et al., 2012). Our results, however, show that reggie-1 down-regulation
inhibits EGFR phosphorylation at various residues (particularly at Y845 and Y1045), impairs
EGFR endocytosis and degradation, and affects the downstream targets PI3K/Akt and
Erk1/2 which are known to require receptor endocytosis (Murphy et al., 2009; Sorkin and von
Zastrow, 2009). Thus, the different effects on the EGFR pathway induced by siRNAs against
reggie-2 might result from the high residual levels of reggie-1 observed under these
conditions (Amaddii et al., 2012).
Reggies drive the macropinocytic membrane turnover and re-delivery
Our work on EGFR indicates that its internalization is impaired in shR1 cells. This enhanced
the macropinocytosis through which E-cadherin is re-delivered to cell contact sites. Yet redelivery might be imprecise in shR1 cells which correlates with increased, and by inference,
error-prone E-cadherin vesicle trafficking. The latter role of reggies – macropinocytic
recycling and targeted re-delivery of the macropinocytic cargo – could explain results from
other publications and indicates which function reggies might generally subserve. For
example in neurons, reggies are enriched in the growth cone and are indispensible for axon
elongation (Stuermer, 2010). In addition, reggies were implicated in the turnover of
semaphorins in the growth cone (Carcea et al., 2010). This fits to the notion that neurons
employ a highly efficient macropinocytic turnover mechanism of membrane and associated
proteins during growth cone elongation and navigation (Tojima et al., 2011). This mechanism
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is known to be regulated by neurotrophin receptor tyrosine kinases (Valdez et al., 2007). Of
interest, neutrophils derived from a reggie-2/flotillin-1 knock out mouse had problems with
chemotactic movements in matrigel, which correlates with the accumulation of reggies at the
uropod of these cells (Ludwig et al., 2010). Migratory cells depend, like growth cones, on
macropinocytic membrane turnover at their leading and trailing edges and migration is also
triggered by stimulation of receptor tyrosine kinases.
Thus, if reggies generally regulate the macropinocytic turnover mediated by receptor tyrosine
kinases in polarized cells, this would account for the fact that reggies are present in virtually
every cell type and why they have been implied in seemingly different functions.
3.1.5 Materials and Methods
Reagents, Antibodies and Plasmids
Cell culture reagents were purchased from Life Technologies (Darmstadt, Germany).
Antibodies (Abs) and their distributors were as follows: monoclonal (m)Abs against ECadherin, p120, β-catenin, α-catenin, ESA/reggie-1, flotillin-1/reggie-2, EGFR and caveolin-1
(BD Biosciences, Heidelberg, Germany); anti-PrP (6H4) (Prionics, Schlieren, Switzerland);
desmoplakin 1/2 (Progen, Heidelberg, Germany); mAb against phosphotyrosine (PTyr100)
and the polyclonal (p)Abs against E-cadherin, EGFR, c-cbl, phospho-EGFR Y845, Y992,
Y1045, Y1068 and Y1148, Src, phospho-Src Y416, Akt, phospho-Akt Thr308, phospho-Akt
Ser473, p38, phospho-p38 Thr180/Tyr182, PI3K p85, phospho-PI3K (p85 Y458/p55 Y199),
Erk1/2 and phospho-Erk1/2 Thr202/204 (Cell Signaling, Frankfurt am Main, Germany); pAb
anti-α-tubulin (Abcam, Cambridge, MA). Secondary Abs for immunostaining and Western
blot analyses from Jackson ImmunoResearch (West Grove, PA). Phalloidin-Alexa548 from
Invitrogen (Carlsbad, CA). The following inhibitors were used: EGFR-inhibitors PD158780
(Sigma-Aldrich, St Louis, MO) and Tyrphostin AG-1478 (Cell Signaling); PI3K inhibitor
LY294002, MEK1/2 inhibitor U0126 (Cell Signaling); Rac1-inhibitor and Akt inhibitors IV and
VIII (Calbiochem, La Jolla, CA); amiloride, p38 kinase inhibitor SB 202190, PLC inhibitor U73122, and ROCK-inhibitor Y-27632 (Sigma-Aldrich). The reggie-1-EGFP rescue construct
and the caveolin-1-EGFP vector were described previously (Langhorst et al., 2008b;
Munderloh et al., 2009). The human E-cadherin-EGFP vector was generously provided by
Vann Bennett (Duke University Medical Center, Durham, NC).
Cell culture and cell lines
A431, MCF-7 and HeLa cells were cultured in DMEM supplemented with 10% FCS, Lglutamine and penicillin/streptomycin. A431 cells were growth until roughly 90% of
confluency (hereafter indicated as “near confluency”) to avoid the formation of multiple cell
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layers (Van Itallie et al., 1995). Vector transfection was carried out using FugeneHD (Roche,
Mannheim, Germany) following manufacturer’s protocol and siRNA transfection using
Nanofectin siRNA transfection reagent (PAA, Linz, Austria). AlexaFluor-546 labeled siRNA
duplexes against reggie-1 (R1.0) and PrP were obtained from Quiagen (Valencia, CA) and
the target sequences were previously described (Solis et al., 2007; Schrock et al., 2009).
Permanent reggie-1 and PrP depletion in A431 cells was obtained by shRNA interference
with annealed primers expressed in the pRetroSuper vector (kindly provided by Dietmar
Schreiner, The University of Iowa, Iowa City, IA). Primers used for reggie-1 are: 5′ sense
strand, 5′-gatccccGGTGAAGATCATGACGGAGttcaagagaCTCCGTCATGATCTTCACCttttta3′,

and

3′

antisense

strand,

5′-

agcttaaaaaGGTGAAGATCATGACGGAGtctcttgaaCTCCGTCATGATCTTCACCggg-3′;

for

PrP

5′-

are:

PrPA

5′

sense

strand,

gatccccCCGGATAGGCTAATCAATAttcaagagaTATTGATTAGCCTATCCGGttttta-3′ and 3′
antisense

strand,

5′-

gcttaaaaaCCGGATAGGCTAATCAATAtctcttgaaTATTGATTAGCCTATCCGGggg-3′; PrPB 5′
sense

strand,

5′-

gatccccGTGACTATGAGGACCGTTAttcaagagaTAACGGTCCTCATAGTCACttttta-3′, and 3′
antisense

strand,

5′-

agcttaaaaaGTGACTATGAGGACCGTTAtctcttgaaTAACGGTCCTCATAGTCACggg-3′. shLuc
control vector expressing a shRNA against firefly luciferase was provided by Dietmar
Schreiner. Annealed primers were cloned using the BamHI and HindIII sites of the
pRetroSuper vector. To generate stable knockdown lines, shRNA vectors were transfected
into A431 cells and cells cultured under selection in 10 µg/ml puromycin.
E-cadherin-EGFP expressing A431 cells were generated by transfection with the E-cadherinEGFP, and by selection in 0.8 mg/ml G418.
Immunofluorescence and Microscopy
A431, MCF-7 and HeLa cells were fixed and stained as previously described (Langhorst et
al., 2008b). Cells were analyzed with a α-Plan-Apochromat 63x/1.4 objective at a confocal
microscope (LSM510 Meta) and/or Axioplan2 equipped with an AxioCam HRm (all from
Zeiss, Jena, Germany).
Visualization of Triton-resistant AJs in A431 cell lines was performed according to Shewan et
al. (Shewan et al., 2005). Briefly, cells were grown on poly-L-lysine (pLys)-coated coverslips
to near confluency, immersed for 10 sec in ice-cold Triton buffer (10 mM HEPES pH 7.4, 50
mM NaCl, 3 mM MgCl2, 300 mM Sucrose, 0.2% Triton X-100), fixed and immunostained as
above.
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Quantification of overlapping cell contacts
A431 cell lines were grown on pLys-coated coverslips until near confluency, fixed and
stained for E-cadherin and DAPI. Widefield images were acquired in an Axioplan2
microscope and the overlapping area of roughly 400 cell contacts was marked and measured
using the Axiovision 4.8 software (Zeiss). The mean area covered by cell contacts of shRNA
control cells was set to 100% and statistical analysis was performed from three independent
experiments using a one-way analysis of variance (ANOVA) test.
Dispase-based dissociation assay
The dispase-based dissociation assay has been previously described (Huen et al., 2002).
Briefly, shRNA stably transfected A431 cells were grown in duplicate on 60 mm plates until
confluency was entirely reached. Cells were washed with PBS, incubated with a 2.4 U/ml
dispase (Roche) solution for 1 h at 37°C and the released cell carpets were carefully washed
and transferred to 15 ml tubes. Tubes were inverted 60 times on a rocker and cell fragments
were counted. Quantification was done from four replicates of three independent
experiments and statistical analyses using a one-way ANOVA test.
Scratch assay
A431 cells were grown to near confluency on a 12-well plate and a scratch was performed
with a tip of a micropipette. Cells were washed twice with PBS and cultured normally. Images
of the wound were taken after indicated time points and the empty (wound) area was
measured. The percentage of wound closure was calculated comparing the initial wound
area with the wound after 24 h. Quantification was done from four replicates of three
independent experiments and statistical analyses using a paired t-test.
Electron microscopy (EM) analyses
Electron micrographs taken randomly at 20,000 primary magnification were enlarged to
80,000 times for morphometric analyses of AJs. The apparent length of structures fulfilling
the criteria of AJs in A431 cells, as exemplified by Troyanovsky et al. (Troyanovsky et al.,
2006), was measured where they occurred in strictly perpendicular section.
Biochemical analyses
A431 cells grown on plates to near confluency were lysed with ice-cold lysis buffer (20 mM
Tris-HCl, pH 7.5 100 mM NaCl, 5 mM MgCl2, 2 mM EDTA, 1% Triton X-100, 10% glycerin)
supplemented with protease and phosphatase inhibitor cocktails (ThermoFisher Scientific,
Waltham, MA). Extracts were cleared by centrifugation and boiled at 95°C for 5 min or used
for co-immunoprecipitation analyses. Briefly, lysates were incubated with 1 µg Ab against E-
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cadherin, p120 or β-catenin for 1 h at 4°C. Then, 20 µl of protein-G agarose (Roche) was
added and incubated overnight at 4°C. The beads were washed and prepared for SDSPAGE and Western blots. Lipid rafts were isolated as described previously (Stuermer et al.,
2004). Quantification of blots was done using ImageJ.
Quantification of cell surface E-cadherin and E-cadherin endocytosis
shRNA permanently transfected A431 cells grown on plates to near confluency were
incubated on ice with 1 mg/ml sulfo-NHS-SS-biotin (Pierce, ThermoFisher Scientific) in PBS
for 30 min. Free sulfo-NHS-SS-biotin was quenched by two washes with ice-cold 50 mM
NH4Cl in PBS containing 1 mM MgCl2 and 0.1 mM CaCl2 and several washes in PBS. Cell
extracts and E-cadherin immunoprecipitation were done as described above. Biotinylated Ecadherin was analyzed by Western blots using ExtrAvidin-peroxidase (Sigma-Aldrich) and
anti-E-cadherin mAb.
For E-cadherin trypsinization, A431 cells were grown on plates to near confluency and
incubated in HEPES-buffered saline supplemented with 0.01% trypsin for 10 min at 37°C in
the presence of 2 mM Ca2+ or 1 mM EGTA. Cells were immediately boiled in Laemmli
buffer, and E-cadherin was detected by Western blots.
Endocytosis of E-cadherin was studied as previously described (Le et al., 1999). Briefly,
A431 cells grown on plates to near confluency were biotinylated as described above. Cells
were incubated for 2 h at 37°C in normal media supplemented with 10 µM cycloheximide to
stop protein synthesis. Surface biotin was removed by incubation with three 20 min washes
with ice-cold glutathione solution (60 mM glutathione, 75 mM NaCl, 75 mM NaOH and 1%
BSA). Biotinylated proteins from cleared cell extracts (lysed as above) were collected with 10
µl of streptavidin beads overnight at 4°C, and finally analyzed by Western blot against Ecadherin.
EGF stimulation
Transfected and non-tranfected shRNA A431 cells were serum-starved for 4 h, stimulated
with 10 ng/ml EGF (Sigma-Aldrich) in DMEM-Hepes pH7.4 supplemented with 10 µm
cycloheximide for the time indicated in the corresponding figures and prepared for
immunostaining, biotinylation and biochemical analyses as described above. Statistical
analyses were done using a one-way ANOVA test or a paired t-test from at least 3
independent experiments.
EGF-rhodamine and dextran uptake
A431 cells were prepared as above, stimulated with 20 ng/ml EGF-rhodamine (Molecular
Probes, Invitrogen) or with 10 ng/ml EGF in the presence of 0.5 mg/ml dextran-AlexaFluor
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488 (10,000 MW; Molecular Probes, Invitrogen) for the times indicated in the corresponding
figures, fixed and mounted for confocal microscopy analysis. For EGF-rhodamine uptake,
cells were washed three times with ice-cold acidic buffer (0.2 M acetic acid, 0.5 M NaCl) to
remove surface-bound EGF-rhodamine previous to fixation. For dextran uptake experiments,
cells were alternatively pretreated for 30 min with DMSO, 1 mM amiloride, 50 µM LY294002,
1 µM Akt inhibitor IV or 10 µM Akt inhibitor VIII before EGF stimulation. The LSM Image
Browser (Zeiss) was used for fluorescence quantification of roughly 300 cells per each time
point from at least three independent experiments. Statistical analyses were done using a
one-way ANOVA test or a paired t-test.
Live cell imaging
A431 cells were transfected for 48-72 h on pLys-coated coverslips. Cells were recorded
using a Colibri Cell Observer SD imaging system equipped with a α-Plan Fluar 100x/1.45
objective and an AxioCam HRm (Zeiss). Cells were maintained in medium on 37°C
preheated incubator and objective, and images were acquired with 100% LED power.
Images for the analysis of AJs in A431 cells expressing E-cadherin-EGFP were acquired
every 2 min for 20 min periods as described above. Images were further analyzed using
ImageJ and Axiovision 4.8 (Zeiss). Total amount of AJs of 10-20 cell contacts and the
distance covered by 25 AJs from 5 randomly selected cell contacts were measured.
Alternatively, cells were stimulated with 10 ng/ml EGF, or treated with 50 nM PD158780, 100
nM Tyrphostin AG-1478, 1 mM amiloride, 50 µM LY294002, 20 µM U0126, 100 µM Rac1inhibitor, 20 µM SB 202190, 20 µM U-73122, or 20 µM Y-27632 each for 1 h at 37°C before
live imaging and analyzed as above. For kymograph analyses, region at the cell contacts
were selected and kymographs were produced using the ImageJ and the speed of cell
movement was calculated using the plugin “Kymo Line ROI” (Elisa May, University of
Konstanz). For vesicle trafficking, E-cadherin-EGFP transfected and R1-mRFP cotransfected A431 cells were serum starved for 4 h and stimulated with 10 ng/ml EGF during
the recording. Images were acquired every 0.5 sec for 5 min as described above. Cell
contacts of 10-20 cells were measured and analyzed using Axiovision 4.8 and Imaris
software (Bitplane Scientific Software). Statistical analysis was performed using a one-way
ANOVA test or a paired t-test.
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3.1.8 Supplementary data
Supplementary figures

Figure S3.1 Biochemical analysis of permanently transfected A431 cells. (A) Expression levels of
reggie-1 (R1), PrP, E-cadherin (E-cad), p120-catenin (p120), β-catenin (β-cat), caveolin-1 (cav1) and
α-tubulin (α-tub) as loading control were analyzed by Western blots in extracts from wild type (WT)
and shRNA stably transfected A431 cells. shRNAs against PrP (shPrPA and shPrPB) strongly
reduced the expression of PrP but not the levels of reggie-1, E-cadherin and catenins compared to WT
and control shRNA cells (shLuc). shRNA against reggie-1 (shR1) blocked reggie-1 and reduced PrP
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expression without affecting the E-cadherin/catenin complex. (B) Western blot (WB) analyses of
shRNA stably transfected A431 cells revealed that the shRNA against reggie-1 (shR1) considerably
reduced the levels of reggie-2 (R2). A shRNA against PrP (shPrPA) did not affect reggie-2 protein
levels. α-tubulin (α-tub) was used a loading control. (C) Immunoprecipitation (IP) of E-cadherin and
p120 revealed that the interaction between E-cadherin, p120 and α- and β-catenins were unaffected in
shR1 and shPrP cells. (D) Analysis of E-cadherin surface expression by biotinylation followed by Ecadherin IP and WB against biotin and E-cadherin showed that the E-cadherin expression level at the
PM was not changed in shPrP or shR1 cells. (E) E-cadherin cell surface expression was studied by a
2+
trypsin digestion assay. Incubation with trypsin in the presence of Ca (TC) or EGTA (TE) followed by
WB analyses revealed that E-cadherin was localized mostly on the PM in control shLuc cells. Ecadherin PM localization was not affected in shPrP (A and B) or shR1 cells. α-tub used as loading
control. (F) Lipid raft association of E-cadherin revealed its presence in lipid raft fractions (1 to 6) in
control shLuc cells and that this distribution was not significantly affected in shR1 cells (upper panels).
Similarly, shPrPA cells (lower panels) did not significantly affect both E-cadherin and reggie-1
distribution in lipid raft fractions. (G) IP of β-catenin followed by WB against phospho-tyrosine (PY), Ecadherin and β-catenin revealed that β-catenin tyrosine phosphorylation was increased in shPrP and
shR1 cells compared to shLuc control cells without any apparent effect in E-cadherin/β-catenin
complex formation. (H) Endocytosis of biotinylated cell surface E-cadherin was unchanged in shPrP
and shR1 cells.

Figure S3.2 Influence of reggie and PrP on E-cadherin-mediated cell contact inhibition. (A)
Overall cell morphology and cell clone formation were not affected in A431 cells stably transfected with
shRNAs against PrP (shPrPA and B) or reggie-1 (shR1) when compared to control cells (shLuc). (B)
Confocal images of MCF-7 cells transfected with either control siRNA (siGL2, upper row), siRNA
against reggie-1 (siR1, middle row), or siRNA against PrP (siPrP, lower row) showed process
overgrowth at cell contacts. Immunostaining of endogenous E-cadherin (E-cad) was used as cell
contact marker. (C) HeLa cells expressing E-cadherin-EGFP (E-cad-EGFP) and transfected with
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either control siRNA (siGL2, upper row), siRNA against reggie-1 (siR1, middle row), or against PrP
(siPrP, lower row) showed overlapping cell contacts (arrowheads). Scale bars, 10 µm.

Figure S3.3 Co-localization of reggie-1 and PrP with AJs. (A) E-cadherin (E-cad) and phalloidin (Factin) stainings of pre-permeabilized A431 cells showed the co-localization of detergent-resistant AJs
with the ends of perijunctional actin bundles (enlarged boxed areas). Scale bar, 10 µm (B,C)
Detergent-resistant AJs partially colocalized with PrP (B) and reggie-1-EGFP (R1-EGFP; C). Scale
bars, 10 µm. (D) Desmoplakin 1/2 (DP 1/2) immunostaining revealed the normal organization of
desmosomes in shR1, shPrP and control shLuc cells. Scale bars, 20 µm. (E) Representative EM
images of shLuc and shR1 cells showed the reduced size of AJs in shR1 cells compared to shLuc
cells. Adherens junction (aj), desmosome (ds), cell surface (cs). Scale bars, 0.1 µm.
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Figure S3.4 Association of EGFR with AJs and c-cbl recruitment to cell contact sites. (A) EGFR
immunostaining is colocalized with E-cadherin-EGFP (E-cad-EGFP) at AJs at cell contact sites, and
especially at the apical as opposed to basal end of the contact zone (boxed regions enlarged in
inserts). (B) EGFR immunostaining of EGF stimulated A431 cells showed the strong accumulation of
EGFR at the PM and in intracellular compartments in shR1 cells compared to control shLuc cells.
Reggie-1 (R1) immunostaining revealed its down-regulation in shR1 cells. (C) The overexpression of a
caveolin-1-EGFP (cav1-EGFP; white arrowheads) construct was unable to compensate the defect in
EGFR down-regulation in shR1 cells after stimulation with EGF (120 min). Scale bars, 10 µm. (D)
Immunostaining with Abs against c-cbl and E-cadherin (E-cad) showed that both are colocalized at cell
contact sites in shLuc control cells after 5 min EGF stimulation whereas c-cbl is not efficiently recruited
to cell contact sites in shR1 cells. Scale bars, 10 µm.
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Figure S3.5 Macropinocytosis of E-cadherin bound to β-catenin and p120-catenin. (A)
Immunostaining of endogenous reggie-1 (R1) and EGFR in A431 cells after 5 min EGF stimulation
revealed the co-localization of both proteins in macropinosomes. (B-D) Immunostainings with Abs
against EGFR, E-cadherin (E-cad), β-catenin (β-cat) and p120-catenin (p120) showed that they
colocalize in macropinosomes in control shLuc as well as in shR1 cells after EGF stimulation. Boxed
region (macropinosome) is shown enlarged in the right image of each row. Scale bars, 10 µm.
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Figure S3.6 Dextran uptake in shPrP and shR1 cells. (A) Control shLuc and shPrP cells were
stimulated with EGF for 30 min in the presence of Alexa-dextran (dextran). The amount of labeled
endosomes indicative of dextran uptake is significantly higher in shPrP cells than in control cells. (B)
Quantification of dextran uptake from (A). (C) shR1 cells treated as in (A) showed that the increased
macropinocytic uptake of dextran was blocked by 1 mM amiloride. (D) Quantification of dextran uptake
from (C). (E) shR1 cells treated as in (A) showed that the increased macropinocytic uptake of dextran
was blocked by 50 µM PI3K inhibitor (LY294002), but not by 1 µM Akt inhibitor IV or 10 µM Akt
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inhibitor VIII. (F) Quantification of dextran uptake from (E). Scale bars, 10 µm. (n=3, ***p<0.001, paired
t-test, mean ± SEM). (G) E-cadherin-EGFP and reggie-1-mRFP co-transfected A431 cells were
stimulated with EGF and monitored by time lapse recordings at the focal plane of AJs for 2 min (see
Supplemental Movie S3.6). A selected frame (boxed area enlarged in the right panels) showed that
both proteins were colocalized at the same vesicles and tubulovesicular structures (arrowheads).
Scale bars, 10 µm.

Supplementary movie legends
Movie S3.1 AJ dynamics in control A431 cells. A431 cells permanently expressing E-cadherinEGFP were transfected with control siRNA (GL2) and AJ dynamics was recorded over 20 minutes
using a Colibri-imaging system. Well-defined AJs could be observed that moved in a well-defined
manner from the basal to the apical pole of the cell contact. Trajectories of individual AJs are shown in
color.
Movie S3.2 AJ dynamics in A431 cells transfected with siRNA against reggie-1. A431 cells
permanently expressing E-cadherin-EGFP (E-cad-EGFP) were transfected with siRNA against reggie1 (siR1) and recorded as in Movie S3.1. In contrast to the well-defined AJs in control siRNA treated
cells (Movie S3.1), AJ formed by siR1 cells were often disorganized and E-cad-EGFP localization was
rather homogenous compared to control cells. The dynamics of AJs were also impaired showing
reduced basal-to-apical movements. Trajectories of individual AJs are shown in color.
Movie S3.3 AJ dynamics in A431 cells transfected with siRNA against PrP. A431 cells
permanently expressing E-cadherin-EGFP were transfected with siRNA against PrP (siPrP) and
recorded as in Movie S3.1. AJs formed by siPrP cells showed a similar phenotype in organization and
movements as seen for the AJs of siR1 cells (Movie S3.2). Trajectories of individual AJs are shown in
color.
Movie S3.4 Trafficking of E-cadherin-EGFP vesicles in control 431 cells. Control shLuc cells were
transfected with E-cadherin-EGFP and stimulated with 10 ng/ml EGF. E-cadherin-containing vesicles
in the focal plane of AJs were recorded over 1 min using a Colibri-imaging system and showed a
limited E-cadherin trafficking in this area.
Movie S3.5 Trafficking of E-cadherin-EGFP vesicles in shR1 cells. shR1 cells were treated and
recorded as in Movie S3.4. An increased E-cadherin vesicle trafficking can be observed in the focal
plane of AJs compared to control shLuc cells (Movie S3.4).
Movie S3.6 Co-trafficking of E-cadherin-EGFP and reggie-1-mRFP in A431 cells. E-cadherinEGFP and reggie-1-mRFP co-transfected A431 cells were stimulated with EGF and recorded over 2
min as in Movie S3.4. The recording showed that most vesicles carry both proteins. Vesicles as well
as highly dynamic tubulovesicular structures labeled with E-cadherin and reggie-1 are trafficked
towards as well as from AJs. A magenta arrowhead point to a E-cadherin- and reggie-1-positive
tubular structure.

.
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4.1

Reggie and protein trafficking
Reggies/flotillins interact with Rab11a and SNX4 at the tubulovesicular
recycling compartment and function in transferrin receptor and Ecadherin trafficking

4.1.1 Abstract
The lipid raft proteins reggie-1 and -2 (flotillins) are implicated in membrane protein trafficking
but exactly how has been elusive. We find that reggie-1 and -2 associate with the Rab11a,
SNX4 and EHD1-decorated tubulovesicular recycling compartment in HeLa cells and that
reggie-1 directly interacts with Rab11a and SNX4. Short hairpin RNA-mediated downregulation of reggie-1 (and -2) in HeLa cells reduces association of Rab11a with tubular
structures and impairs recycling of the transferrin (Tf)-transferrin receptor (TfR) complex to
the plasma membrane. Overexpression of constitutively active Rab11a rescues TfR recycling
in reggie-deficient HeLa cells. Similarly, in a Ca2+ switch assay in reggie-depleted A431 cells,
internalized E-cadherin is not efficiently recycled to the plasma membrane upon Ca2+
repletion. E-cadherin recycling is rescued, however, by overexpression of constitutively
active Rab11a or SNX4 in reggie-deficient A431 cells. This suggests that the function of
reggie-1 in sorting and recycling occurs in association with Rab11a and SNX4. Of interest,
impaired recycling in reggie-deficient cells leads to de novo E-cadherin biosynthesis and cell
contact reformation, showing that cells have ways to compensate the loss of reggies.
Together our results identify reggie-1 as a regulator of the Rab11a/SNX4-controlled sorting
and recycling pathway which is, like reggies, evolutionarily conserved.
4.1.2 Introduction
Reggie-1 and reggie-2 (flotillin-2 and flotillin-1, respectively) are lipid raft proteins which are
expressed in virtually every cell type and in organisms as distant as flies and humans
(Stuermer, 2010). Although this might suggest that reggies subserve basic cellular functions,
such roles have not been clearly defined. Reggies form oligomers and clusters of <100 nm at
the cytoplasmic face of the plasma membrane (PM) and at membranes of various types of
vesicles (Stuermer, 2010). They were implied in endocytosis of the GPI-anchored protein
CD59 and claimed to constitute a specific clathrin-independent endocytic route (Glebov et
al., 2006). This view, however, is controversial (Stuermer, 2010; Otto and Nichols, 2011),
although it is now widely accepted that reggies are involved in cargo trafficking. For instance,
A. Saltiel and colleagues demonstrated in adipocytes a role of reggie-2 in the translocation of
glucose transporter 4 (Glut4) from a perinuclear (reggie-positive (Fecchi et al., 2006)) store
to the PM, a process involving the adapter protein CAP, the Cdc42-related GTPase TC10

48

Reggie and protein trafficking
(Baumann et al., 2000; Kioka et al., 2002; Chang et al., 2007) and the exocyst (Kawase et
al., 2006). Reggies were later shown to participate in trafficking of the cholesterol transporter
NPC1L1 (Ge et al., 2011) and the dopamine transporter DAT (Cremona et al., 2011), and to
promote the clathrin-dependent uptake of the amyloid precursor protein (APP) (Schneider et
al., 2008) and NPC1L1 (Ge et al., 2011). Of interest, reggies strikingly accumulate at cell-cell
contact sites of many cells (Stuermer et al., 2004; Solis et al., 2010) where they are
colocalized with E-cadherin in epithelial cells (Malaga-Trillo et al., 2009; Solis et al., 2012).
More recently, reggies were shown to be functionally involved in adherens junction (AJ)
formation and dynamics in A431 epithelial cells. In these cells, reggie down-regulation by
specific shRNAs increased epidermal growth factor receptor signaling (by interfering with its
uptake) and accelerated macropinocytosis (Solis et al., 2012), which has been recognized as
the pathway responsible for junctional E-cadherin internalization in MCF7 cells (Bryant et al.,
2007). Junctional E-cadherin, in turn, is subject to rapid turnover and recycling (Hong et al.,
2010). This and the finding that internalized E-cadherin is apparently trafficked in reggiedecorated vesicles (Solis et al., 2012) suggested that reggie might function in E-cadherin, or
generally in cargo recycling (Stuermer, 2010). This hypothesis received support from our
work in neurons, which fail to extend their axon and are unable to regenerate axons after
optic nerve lesion in zebrafish when reggie is down-regulated (Munderloh et al., 2009).
Growth cone elongation and axon regeneration require the constant turnover and redelivery
of membrane and membrane proteins (Shao et al., 2002; Falcone et al., 2006; Stuermer,
2010), a process that appears to be somehow regulated by reggie (Bodrikov et al., 2011;
Koch et al., 2012).
To obtain a better understanding of whether and how reggies contribute to membrane protein
trafficking and recycling, we decided to examine the role of reggie in simpler model cells. We
used A431 cells for the analysis how reggie might regulate E-cadherin trafficking and HeLa
cells which can be easily transfected and are therefore commonly used to explore the
intricate network controlling cargo transport through the endosomal system. Moreover, HeLa
cells exhibit a tubulovesicular trafficking system supported by proteins with membranedeforming properties such as EHD (eps15 homology domain) family members (Naslavsky
and Caplan, 2011) and sorting nexins, SNX (Worby and Dixon, 2002; Cullen, 2008). SNX4,
in particular, has been identified as participant in the sorting of the transferrin (Tf) receptor
(TfR) away from lysosomal degradation and into the Rab11a recycling pathway (Traer et al.,
2007). It has been proposed that tubules provide an expansion of the endomembrane
compartments for extensive cargo sorting through the endosome network which is assisted
by GTPases of the Rab, Ras and Rho families (Grant and Donaldson, 2009; Stenmark,
2009). Rab11a, for instance, defines the segment that receives cargo sorted away from
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degradation pathways and destined for recycling (Ullrich et al., 1996; Takahashi et al., 2012).
The redelivery of recycling cargo to the PM typically involves components of the exocyst. The
exocyst binds Rab11a (Zhang et al., 2004; Wu et al., 2005) and together with the GTPases
TC10 and RalA promotes the targeted recycling of specific cargo (Chen et al., 2006b;
Stuermer, 2010). TC10 and Exo70 are known to interact with reggie (Baumann et al., 2000;
Chang et al., 2007; Bodrikov et al., 2011) for reinsertion into the PM of Glut4 and N-cadherin,
respectively.
This information together with our present finding that reggies decorate a widely ramified
tubulovesicular compartment indicative of sorting and recycling, led us to examine whether
reggies interact with SNX4 and Rab11a and contribute to TfR recycling in HeLa cells. We
also explored whether reggies might participate in E-cadherin recycling in connection with
Rab11a and SNX4 in A431 cells. This is addressed by using the so-called Ca2+ switch assay
(Chitaev and Troyanovsky, 1998; Pertz et al., 1999). We thus analyze whether reggies, being
evolutionarily conserved and present in basically every cell type, constitute a new member of
the equally well-conserved Rab11a/SNX4-mediated recycling route.
4.1.3 Results
Reggies are associated with the tubulovesicular sorting and recycling system
In our attempt to understand the contribution of reggie to the intracellular trafficking and
recycling of membrane proteins (TfR in HeLa and E-cadherin in A431 cells), we transfected
HeLa cells with reggie-1-EGFP or reggie-2-EGFP. Of interest, expression of either reggie-1
or -2 led to the formation of prominent reggie-positive tubular structures, which emerged from
the perinuclear recycling compartment and reached to the vicinity of the PM (Figure 4.1, A
and B). Such tubules were also apparent after immunostaining with a reggie-1-specific Ab
consisting of conspicuous rows of orderly aligned puncta and centered on the recycling
compartment (Figure 4.1C). In addition, reggie-1-specific Abs labeled small and larger
vesicles (the latter representing lysosomes (Stuermer et al., 2001)). In further experiments
aimed at characterizing of the tubulovesicular system, we focused on reggie-1 and
determined by immunostaining analyses that tubules decorated by reggie-1 (hereafter
reggie-tubules) are not constituents of the ER, Golgi and mitochondrial endomembrane
systems (Supplemental Figure S4.1, A-C). Reggie-tubules appeared highly dynamic with
vesicles deriving from and merging with tubules and moving towards and away from the PM
(Figure 4.1D, and Supplemental Movie S4.1). Although less prominent, dynamic reggietubules were also observed in A431 cells (Supplemental Figure S4.1D, and Supplemental
Movie S4.2).
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Figure 4.1 Characterization of reggie-tubules in HeLa cells. (A-C) Confocal microscopy of HeLa
cells shows reggie-decorated tubules after expression of either reggie-1-EGFP (R1-EGFP; A) or
reggie-2-EGFP (R2-EGFP; B) emanating from the perinuclear recycling compartment (arrowheads).
Immunostaining of endogenous reggie-1 (R1; C) shows its localization at tubular structures and
vesicles. Boxed area indicates adjacent enlargement. (D) Real time images of HeLa cells expressing
R1-EGFP were recorded for 2 min. In the first time lapse recording (I; left boxed region), a vesicle
emerges from the end of a reggie-tubule and moves towards the PM (arrows). The second time lapse
recording (II; left boxed region) shows the elongation of a reggie-tubule towards the PM (arrows). (EH) R1-EGFP-decorated tubules in HeLa cells partially colocalize with the α-tubulin microtubules (αtub; E) and the F-actin cytoskeleton (G). Exposure to nocodazole (F) or cytochalasin D (H) caused
collapse and abnormal number and organization of reggie-tubules, respectively. Boxed areas enlarged
in inserts. (I) Quantification of DMSO (control), cocodazole (Noco), cytochalasin D (CytD) and filipin
effects on reggie-tubule formation in HeLa cells (n=3, **p<0.01, ***p<0.001, one-way ANOVA, error
bars: SEM). Scale bars, 10 µm.
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As typical for tubulovesicular systems in earlier studies (Grant and Donaldson, 2009), the
reggie-tubules extended along microtubules and collapsed when cells were exposed to the
microtubule-polymerization blocker nocodazole (Figure 4.1, E, F and I). Reggies also
colocalized with filamentous actin (Langhorst et al., 2007). When cells were treated with
cytochalasin D to inhibit actin polymerization, the number of cells with reggie-tubules
increased but tubules appeared highly disorganized (Figure 4.1, G, H and I). In contrast, the
number of cells exhibiting reggie-tubules decreased significantly when cells were incubated
with the cholesterol-sequestering drug filipin (Figure 4.1I), which is consistent with the notion
that reggies are preferentially associated with cholesterol-enriched membrane domains
(Roitbak et al., 2005; Langhorst et al., 2008b). Reggies possess a CRAC (cholesterol
recognition amino acid consensus) motif in their head domain (also known as SPFH,
stomatin, prohibitin, flotillin, HFLK/C, domain). The head domain and its acylation sites are
required for the interaction of reggies with membranes (Neumann-Giesen et al., 2004; Liu et
al., 2005; Langhorst et al., 2008b), whereas the alpha-helical coiled-coil tail (flotillin) domain
promotes homo- and hetero-oligomerization (Solis et al., 2007).
To evaluate which domain is responsible for the localization at tubules, we co-transfected
reggie-1 full-length and its membrane-associated deletion constructs (Figure 4.2A)
(Langhorst et al., 2008b). The construct containing the N-terminal SPFH domain (R1NT) and
the one comprising the C-terminal tail (R1MCT) domain localized at reggie-tubules (Figure
4.2, B and C), whereas the construct lacking both regions (R1WTSH) but including the first
30 amino acids with the acylation sites of reggie-1 did not (Figure 4.2D). The R1MCT
construct comprising the tail domain might localize to reggie-tubules by its interaction with
the reggie-1 full-length protein. Therefore, we generated shR1 HeLa cells to express the
mutant proteins in reggie-depleted cells (Figure 4.2E). In shR1 cells, the R1MCT deletion
construct (as well as the R1WTSH mutant) no longer bound to tubules (Figure 4.2F). The
R1NT construct, however, still exhibited tubular structures in reggie-depleted cells (Figure
4.2F). These data indicate that the head domain is necessary for the association of reggie-1
with tubules, whereas the tail domain is dispensable. Of interest, the R1NT mutant was
absent from large intracellular vesicles decorated by reggie-1 (Figure 4.2B), that is,
lysosomes (Langhorst et al., 2008b), suggesting that the tail domain might be necessary for
lysosomal targeting.
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Figure 4.2 Reggie-1 head (SPFH) domain is necessary for its localization at tubules in HeLa
cells. (A) Schematic representation of the C-terminal EGFP-tagged reggie-1 constructs used in this
study. Reggie-1 full-length (R1) and its membrane-associated deletion constructs lacking the tail
(flotillin) domain (R1NT), the head domain (R1MCT) or both domains (R1WTSH) are shown. The
EGFP tags are depicted as green ovals. (B-D) Confocal images of HeLa cells expressing wild-type
reggie-1-mRFP (R1-mRFP) and reggie-1 deletion mutants revealed that R1NT-EGFP (B) and R1MCTEGFP (C) decorate reggie-tubules, whereas the R1WTSH-EGFP (D) construct was not observed at
tubules. Boxed areas enlarged in inserts. (E) Expression levels of reggie-1 (R1), reggie-2 (R2),
Rab11a, SNX4, TfR and GAPDH as loading control were analyzed by Western blots (WB) from
extracts of shRNA-stably transfected and untransfected HeLa cells. shRNA against reggie-1 (shR1)
strongly reduced reggie-1 and reggie-2 expression compared to control transfected shRNA (shLuc)
and HeLa cells, while no effects were observed on the levels of Rab11a and SNX4. Biotinylation
analysis showed that TfR surface expression was not affected in shR1 cells. Total TfR expression
level was significantly reduced in shR1 cells compared to shLuc and HeLa cells. This effect was
rescued by blocking lysosomal degradation with 50 µM chloroquine (n=4, **p<0.01, one-way ANOVA,
mean ± SEM). (F) Expression of the reggie-1 deletion constructs in shR1 HeLa cells revealed the
formation of reggie-tubules by the construct containing the head domain (R1NT-EGFP). The reggie-1
deletion mutants lacking this domain (R1MCT and R1WTSH) were not observed at tubules. Scale
bars, 10 µm.
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Tubulovesicular systems often serve in membrane protein sorting and recycling (Grant and
Donaldson, 2009). To determine if reggie-1 is a component of the recycling system, we cotransfected HeLa cells with reggie-1 and Rab11a. Both proteins strongly colocalized at the
perinuclear region as well as at tubular structures emerging from this area (Figure 4.3A). In
agreement with these observations reggie-1 and Rab11a (identified by double immunogold
staining and EM analysis) were detected together at elongated tubular structures adjacent to
the PM of HeLa and PC12 cells (Supplemental Figure S4.2, A-D). Both were also coclustered at tubular structures extending along parallel bundles of, most likely, microtubules
(Supplemental Figure S4.2B).
In addition to Rab11a, numerous small GTPases have been reported to reside at the
recycling compartment (Grant and Donaldson, 2009). Accordingly, the reggie-positive
perinuclear compartment and tubules also contained the GTPases associated with recycling:
Arf6 and Rab8a (Supplemental Figure S4.3, A and B), as well as EHD1 and SNX4 (Figure
4.3, B and C), but not the retromer-component SNX1 (Supplemental Figure S4.3C). No
significant co-localization with the early endosomal markers EEA1 and Rab4a was observed
(Supplemental Figure S4.3, D and E).
The exocyst complex participates in membrane protein targeting from the recycling
compartment to the PM (Grant and Donaldson, 2009). Consequently, we found that reggietubules colocalized with the exocyst subunit Exo70, whereas Sec5 was associated with the
reggie-positive perinuclear compartment (Supplemental Figure S4.4, A and B). Reggietubules also colocalized with the exocyst-regulating GTPases TC10 and RalA (Figure 4.3D,
and Supplemental Figure S4.4C). This connects reggie-tubules to reggie`s role in Glut4 and
N-cadherin trafficking to the PM, which was shown to require TC10 and the exocyst
(Baumann et al., 2000; Chen et al., 2006b; Chang et al., 2007; Bodrikov et al., 2011).
To examine whether reggie-1 might interact with components of the tubulovesicular system
specifically involved in recycling, co-immunoprecipitation experiments were performed on
transfected HeLa cells. As shown in Figure 4.3E, immunoprecipitation experiments with
reggie-1-HA specifically co-precipitated EGFP-tagged Rab11a and SNX4 but not EHD1,
Rab4a, Rab8a, SNX1 and Arf6-ECFP. To analyze if reggie-1 directly interacts with Rab11a
and SNX4, we carried out in vitro pull-down assays using recombinant proteins. Because the
SPFH domain of reggie-1 seems to be responsible for its localization in tubules (Figure
4.2F), we generated a GST-fusion construct (GST-R1NT) of this domain excluding the
hydrophobic stretch within the first 30 amino acids to avoid unspecific binding. Of note, GSTR1NT was able to pull-down recombinant His6-tagged SNX4 and Rab11a independently of
its loading with GDP or GTPγS (Figure 4.3F, G).
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Figure 4.3 Reggie-tubules belong to the recycling compartment. (A) Reggie-1-HA (R1-HA) and
EGFP-Rab11a are colocalized at tubules as well as at the recycling compartment in the perinuclear
region as seen in the merged image (right). (B-D) Reggie-1 also colocalized at tubules with EGFPEHD1 (B) and EGFP-SNX4 (C) as well as with the exocyst-regulating GTPase TC10 (HA-TC10; D).
Boxed areas enlarged in inserts. Scale bars, 10 µm. (E) Immunoprecipitation (IP) and Western blot
(WB) analyses from co-transfected HeLa cell extracts show that reggie-1-HA (R1-HA) specifically
interacts with EGFP-Rab11a and EGFP-SNX4 but not with EGFP-tagged Rab4a, Rab8a, SNX1,
EHD1 and Arf6-ECFP. (F-G) Western blot analysis shows that recombinant His6-tagged Rab11a (HisRab11a; F) loaded with GDP or GTPγS and SNX4 (His-SNX4; G) are efficiently pulled-down by a
GST-fusion construct of the head/SPFH domain of reggie-1 (GST-R1NT), but not by GST used as
control. No competition is observed for the interaction of GST-R1NT with His6-tagged Rab11a and
SNX4 (G).

In addition, no competition was observed for the interaction of GST-R1NT with Rab11a and
SNX4 (Figure 4.3G). Because a GST-Rab11a construct was unable to pull-down His6-SNX4
(Supplemental Figure S4.4D), these results indicate that reggie-1 might be necessary for the
coordination of SNX4 and Rab11a in the recycling compartment.
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Together, these data identify reggie-1 as a component of the tubulovesicular system involved
in the regulation of recycling.
To evaluate whether reggie-1 controls the formation of the tubular recycling system, we
analyzed the cellular distribution of Rab11a and EHD1 after depletion of reggie-1. Downregulation of reggie-1 causes the proteasomal degradation of reggie-2 (Solis et al., 2007) so
that cells have reduced levels of both reggies (Figure 4.2E). Rab11a in tubules was
significantly reduced in shR1 cells as well as in HeLa cells treated with a specific siRNA
against reggie-1 compared with shLuc and control siRNA-transfected cells (Figure 4.4, A and
B, and Supplemental Figure S4.5, A-C). Conversely, the pattern of EHD1-decorated tubules
was normal in both shR1 and shLuc cells (Supplemental Figure S4.5D). Thus, although
reggie-1 seems to regulate Rab11a localization in tubules, it is most probably not required for
the formation of tubules per se. To study whether the presence of Rab11a in tubules
depends on its activity, we analyzed the subcellular localization of the constitutively active
(CA) and the dominant negative (DN) mutants of Rab11a (Q70L and N25S, respectively)
(Ullrich et al., 1996). The Rab11a-CA mutant clearly localized at tubules in shR1 and shLuc
control cells (Figure 4.4C), but the Rab11a-DN construct did not (Figure 4.4D). The absence
of Rab11a-DN from tubules points to a relation between Rab11a localization and activity.
Taken together, our present data show that reggie-1 is a component of the tubulovesicular
recycling system and it might be involved in Rab11a activation during recycling.
The role of reggie-1 in TfR recycling
To determine whether reggie-1 is indeed involved in cargo recycling, we analyzed the
trafficking of rhodamine-labeled transferrin (Tf-rhod) in HeLa cells expressing reggie-1EGFP. No apparent co-localization between Tf-rhod and reggie-positive perinuclear
structures was observed after 5 min of incubation (Figure 4.4E), suggesting that reggie-1 is
not involved in Tf endocytosis. In a pulse-chase experiment, HeLa cells were incubated for 5
min with Tf-rhod (pulse), washed and left for 10 min (chase) to allow Tf trafficking to the
recycling compartment. As expected, Tf-rhod accumulated at the reggie-positive perinuclear
recycling compartment (Figure 4.4F).Accordingly, quantification of the Pearson’s Correlation
Coefficient revealed a two-fold increase in the co-localization of Tf-rhod and reggie-1-EGFP
after 10 min chase (0.21 ± 0.02 for 5 min pulse and 0.42 ± 0.04 for 5 min pulse-10 min
chase; p<0.001). Moreover, the TfR also accumulated at the perinuclear compartment in a
similar pulse-chase experiment and colocalized with endogenous reggie-1 (Supplemental
Figure S4.5E), suggesting that reggies may be involved in TfR recycling.
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Figure 4.4 Reggie-1 colocalizes with internalized Tf-rhod at the recycling compartment. (A) The
localization of Rab11a (EGFP-Rab11a) at tubules is significantly reduced in reggie-depleted (shR1)
cells compared to controls (shLuc). (B) Quantification of the effect of reggie-1 down-regulation on
Rab11a-tubule formation in HeLa cells (n=3, ***p<0.001, paired t-test, error bars, SEM). (C, D) shR1
HeLa cells showed that the constitutive active mutant of Rab11a (EGFP-Rab11a-CA; C) localizes at
tubules, whereas its dominant negative variant (EGFP-Rab11a-DN; D) is absent from tubules. (E, F)
Tf-rhod containing endosomes after 5 min pulse do not significantly colocalize with reggie-1-labeled
(R1-EGFP) structures at the perinuclear compartment (E). Tf-rhod colocalization with reggie-1
increased at the perinuclear recycling compartment (arrowheads; F) after 5 min pulse followed by 10
min chase. Boxed areas magnified in right panels. Scale bars, 10 µm.

How reggies affect Tf trafficking was examined using the pulse-chase method in shR1 cells.
The amount and distribution of incorporated Tf-rhod did not differ between shR1, shLuc and
untransfected HeLa cells after 5 min pulse (Figure 4.5, A and B). After 10 min chase, cells
showed similar accumulation of Tf-rhod at the perinuclear compartment (Figure 4.5A),
excluding a major role of reggies in the endocytosis of Tf-rhod and its transport from early
endosomes to the recycling compartment. Of importance, however, the perinuclear
accumulation of Tf-rhod increased roughly 40% in shR1 cells after 20 min chase compared
to shLuc and untransfected HeLa cells (Figure 4.5, A and C).
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Figure 4.5 Down-regulation of reggie-1 impairs Tf recycling in HeLa cells. (A) Wild type and
shRNA-stably transfected HeLa cells were pulsed with Tf-rhod for 5 min and then chased for 10 and
20 min. Reggie-depleted (shR1) cells showed no defects in Tf-rhod uptake (5 min pulse) and transport
from early endosomes to the recycling compartment (10 min chase) compared to control transfected
(shLuc) and untransfected HeLa cells. After 20 min chase, however, the accumulation of Tf-rhod was
retained at the perinuclear compartment in the majority of shR1 cells, but reduced in shLuc and HeLa
cells. (B, C) Quantification of the effect of reggie-1 down-regulation on Tf-rhod uptake (B) and
recycling (C) in HeLa cells (n=3, **p<0.01, one-way ANOVA, error bars, SEM). (D) Western blot (WB)
analysis of pulse-chase experiments in shLuc and shR1 cells using biotinylated Tf (Tf-biotin) confirmed
that Tf recycling was delayed in reggie-depleted cells after 20 min chase. No significant difference was
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observed in Tf-biotin uptake upon reggie down-regulation (n=4, **p<0.01, paired t-test, mean ± SEM).
α-tubulin (α-tub) was used as loading control. (E) Expression of a shRNA-resistant reggie-1 construct
(R1-EGFP rescue) rescued the Tf-rhod recycling defects observed after 20 min chase in transfected
(arrowheads) but not in untransfected shR1 cells. (F, G) Pulse-chase experiments were performed in
shR1 (F) and control shLuc (G) cells expressing a Rab11a constitutive active (EGFP-Rab11a-CA) and
dominant negative (EGFP-Rab11a-DN) mutant, respectively. While the Rab11a-CA construct was
able to rescue the Tf-rhod recycling defects in shR1 cells without affecting its uptake (arrowheads; F),
in shLuc cells the Rab11a-DN mutant impaired both Tf-rhod uptake and recycling (arrowheads; G). (H,
I) Quantification of the Tf-rhod perinuclear accumulation from the pulse-chase experiments shown in
(E-G).A constitutive active mutant of Rab8a (EGFP-Rab8a-CA) was not able to rescue or mimic the
effects of reggie-depletion in shR1 or shLuc cells, respectively (n=3, **p<0.01, one-way ANOVA, error
bars, SEM). Scale bars, 10 µm.

Immunostainings also revealed an increased accumulation of the TfR at the perinuclear
compartment in shR1 cells after 20 min chase (Supplemental Figure S4.5, F and G).
Therefore, the absence of reggies seems to impair TfR recycling. Biochemical analysis of
pulse-chase experiments using biotinylated Tf confirmed that down-regulation of reggies did
not affect Tf endocytosis, but significantly delayed its recycling after 20 min chase (Figure
4.5D). The specificity of this phenotype was supported by a rescue experiment in which the
shR1 cells were transfected with a shRNA-resistant reggie-1 construct (Solis et al., 2007).
After 20 min chase, the Tf-rhod accumulation at the perinuclear region was reduced to the
normal level in cells in which reggie-1 was reintroduced (Figure 4.5, E and H), but not in
untransfected shR1 cells.
Further biochemical characterization of reggie-deprived cells revealed that the levels of
Rab11a and SNX4 were unchanged in shR1 cells compared to untreated HeLa and control
shLuc cells (Figure 4.2E). The total level of TfR, however, was significantly reduced in shR1
cells compared to controls (Figure 4.2E). The Tf uptake was not affected in shR1 cells
(Figure 4.5, A, B and D), nor was the cell surface expression of TfR diminished in shR1 cells
as shown in a biotinylation assay (Figure 4.2E). Thus reduction of TfR in reggie-depleted
cells is likely caused by mis-sorting of the endocytosed receptor into the lysosomal
degradation pathway, as reported after down-regulation of SNX4 (Traer et al., 2007). In
agreement with this view, shR1 cells showed a striking colocalization of Tf-rhod with the
lysosomal marker Lamp-2 after 20 min chase, which is rarely observed in shLuc control cells
(Supplemental Figure S4.5H). In addition, the total protein level of TfR was restored in shR1
cells when lysosomal degradation was blocked by chloroquine (Figure 4.2E).
If down-regulation of reggie-1 would indeed affect the activation of Rab11a, the reduction of
Tf recycling should be rescued by forced Rab11a activation in shR1 cells. Therefore we
expressed the Rab11a-CA mutant in shR1 cells and analyzed Tf recycling in pulse-chase
experiments. The level of incorporated Tf-rhod after 5 min pulse remained unaffected by the
Rab11a-CA construct in shR1 cells (Figure 4.5F). After 20 min chase, the perinuclear
accumulation of Tf-rhod was significantly reduced in those cells that expressed Rab11a-CA,
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but not in the untransfected shR1 cells (Figure 4.5, F and H). Thus the CA mutant of Rab11a
was able to rescue the recycling defects induced by reggie-1 down-regulation. Conversely,
the Rab11a-DN and Rab8a-CA mutants were unable to rescue this phenotype (Figure 4.5H).
Moreover, the defect in Tf recycling was partially mimicked in control shLuc cells by the
expression of the Rab11a-DN mutant, but not by the CA constructs of Rab11a and Rab8a
(Figure 4.5, G and I). Expression of Rab11a-DN in shLuc cells, however, seemed to reduce
Tf-rhod uptake and its accumulation after 20 min chase was observed not only at the
perinuclear region, but also at peripheral areas of transfected cells (Figure 4.5G) (Takahashi
et al., 2012).
Together our data indicate that reggies might regulate TfR sorting and recycling by
coordinating the activity of Rab11a and SNX4.
Reggie-1 regulates E-cadherin recycling in A431 cells
We recently showed that reggies are involved in E-cadherin-mediated cell adhesion and
adherens junction dynamics (Solis et al., 2012). We also demonstrated that a substantial
fraction of E-cadherin is trafficked in reggie-decorated vesicles and tubules at the level of
adherens junctions (Solis et al., 2012), suggesting that reggies regulate aspects of Ecadherin transport.
To determine whether E-cadherin recycling to the PM occurs in conjunction with the
tubulovesicular system discussed above, we co-expressed reggie-1-mRFP and E-cadherinEGFP and followed protein trafficking by live imaging. We confirmed that E-cadherin was
localized to the reggie-decorated tubulovesicular system and that both proteins traffic in
tubules (in a Ca2+ switch experiment, detailed below) (Supplemental Figure S4.6A, and
Supplemental Movie S4.3). To ascertain that tubules are no artifacts of reggie-1
overexpression, we performed immunostainings to visualize the distribution of the
endogenous proteins. Accordingly, E-cadherin colocalized with endogenous reggie-1 at the
perinuclear compartment and in tubular structures (Supplemental Figure S4.6B), indicating
that E-cadherin is recycled in association with reggie-1 in A431 cells.
To induce E-cadherin endocytosis and recycling, shLuc and shR1 A431 cells were subjected
to chelation by EGTA in the Ca2+ switch experiment (causing E-cadherin internalization and
loss of cell adhesion (Le et al., 1999)). After Ca2+ depletion, E-cadherin became clustered in
the perinuclear compartment in both shLuc and shR1 cells (Figure 4.6A) and partially
colocalized with Rab11a and TfR (Supplemental Figure S4.6C), indicating that internalized
E-cadherin accumulates at the recycling compartment in A431 cells. Perinuclear E-cadherin,
however, also colocalized with the lysosomal marker Lamp-2 (Supplemental Figure S4.6C),
suggesting that a fraction of E-cadherin undergoes degradation once it is endocytosed (see
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later discussion).We also confirmed by using a blocker of dynamin (MiTMAB) that the
perinuclear accumulation resulted from E-cadherin endocytosis via the classical clathrin- and
dynamin-dependent uptake pathways (Le et al., 1999) (Supplemental Figure S4.6D).
Perinuclear E-cadherin accumulation was still observed in shLuc and shR1 cells at 15 min
after Ca2+ replenishment (Figure 4.6A). After 30 and 60 min, however, E-cadherin
accumulation disappeared from the majority of the shLuc control cells but remained in the
majority of the shR1 cells (Figure 4.6, A and C). This was quantified by counting cells with
perinuclear E-cadherin accumulation ≥ 6 µm2 after 30 min Ca2+ replenishment (which is the
average size of endocytic E-cadherin clusters) (Figure 4.6C). The increased number of cells
retaining E-cadherin clusters indicates that reggie-depleted A431 cells have defects in
recycling E-cadherin to the PM.
As in HeLa cells, the recycling defects observed in A431 cells were not caused by reduced
levels of Rab11a or SNX4 in shR1 cells (Supplemental Figure S4.6E).To determine whether
reggie controls Rab11a activity during E-cadherin recycling to the same extent as during TfR
recycling, shR1 A431 cells were transfected with Rab11a-CA and subjected to the Ca2+
switch experiment. The majority of the shR1 cells with Rab11a-CA lost the abnormal
perinuclear E-cadherin accumulation, indicating that Rab11a-CA was able to rescue the
blocked recycling (Figure 4.7, A and B). Expression of Rab11a-DN, by contrast, mimicked
the reggie-knockdown phenotype in control shLuc cells (Figure 4.7, A and B). Disappearance
of the E-cadherin accumulation in shR1 cells (rescue) was also achieved by overexpression
of SNX4 but not by EHD1 or the Rab8a-CA mutant (Figure 4.7, A and B). These results
suggest that reggie-1 participates in E-cadherin recycling and operates in pathways that codepend on Rab11a and SNX4.
In the Ca2+ switch experiment we noted that shR1 A431 cells reformed E-cadherin-labeled
contacts almost to the same extent as their shLuc counterparts (Figure 4.6A) and despite the
persisting intracellular accumulation and thus impaired E-cadherin recycling. When protein
levels were examined in Western blot analyses, the E-cadherin concentration was equal in
shR1 and shLuc cells at 0 min, but was significantly increased in shR1 cells after 60 min Ca2+
replenishment (Figure 4.6E). To analyze whether this effect results from de novo synthesis of
E-cadherin, the cells were treated with cycloheximide (blocking protein synthesis) and
examined again at 0 and 60 min in the Ca2+ switch experiment. Under this condition Ecadherin expression was equal in shLuc and shR1 cells at 60 min (Figure 4.6F), indicating
that the increase in E-cadherin in shR1 cells results from up-regulation of its de novo
synthesis.
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Figure 4.6 Down-regulation of reggie-1 impairs E-cadherin recycling in A431 cells. (A, B) Ecadherin endocytosis and recycling were induced in shRNA-stably transfected A431 cells by
2+
incubation with EGTA for 3 h followed by a Ca recovery for 0, 15, 30 or 60 min in absence (A) or
2+
presence of cycloheximide (B). Depletion of Ca and E-cadherin internalization causes cells to give
2+
up cell-cell contacts (0 min). Ca repletion (15, 30 and 60 min) allows cell-cell contact reformation.
Immunostaining using an E-cadherin (E-cad) antibody showed its strong perinuclear accumulation
(arrowheads) at 0 and 15 min recovery in both cycloheximide-treated and non-treated reggie-depleted
(shR1) and control (shLuc) A431 cells. However, the perinuclear E-cad accumulation was strongly
reduced after 30 and 60 min recovery in shLuc cells, but maintained in the majority of shR1 cells
independent of cycloheximide treatment (arrowheads). Incomplete formation of E-cadherin-mediated
2+
cell contacts during Ca recovery in cycloheximide-treated shR1 cells was evident (B). Scale bars, 10
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µm. (C, D) Quantification of the effect of reggie-down-regulation on E-cadherin recycling in normal (C)
and cycloheximide-treated (D) A431 cells (n=3, *p<0.05, **p<0.01, paired t-test, error bars, SEM). (E,
F) Expression levels of E-cadherin, reggie-1 (R1) and α-tubulin (α-tub) as loading control were
analyzed by Western blots from extracts of shLuc and shR1 A431 cells in absence (E) or presence of
cycloheximide (F). shLuc and shR1 A431 cells (control) showed similar E-cadherin expression levels,
2+
which were slightly reduced after Ca chelation (0 min) independently of cycloheximide treatment.
After 60 min recovery, however, shR1 cells presented a significantly higher E-cadherin expression
level than control shLuc cells (E). This effect was abolished upon cycloheximide treatment (F) (n=4,
**p<0.01, paired t-test, mean ± SEM).

Figure 4.7 Rab11a and SNX4 rescue defects in E-cadherin recycling in reggie-depleted A431
2+
cells. (A) A Ca switch experiment in reggie-downregulated (shR1) A431 cells revealed that the
perinuclear E-cadherin (E-cad) accumulation was released in cells expressing the Rab11a constitutive
active mutant (mRFP-Rab11a-CA) or SNX4 (mCherry-SNX4) after 30 min recovery. In a similar
experiment, the E-cadherin recycling phenotype was mimicked in control shLuc A431 cells by the
expression of the dominant negative mutant of Rab11a (mRFP-Rab11a-DN). Scale bars, 10 µm. (B)
Quantification of the effects of SNX4 and the Rab11a-CA and -DN mutants on E-cadherin recycling in
shLuc and shR1 A431 cells. Expression of EGFP-EHD1 (EHD1) or mRFP-Rab8a-CA mutant (Rab8aCA) was not able to mimic or rescue this phenotype in shLuc or shR1 cells, respectively (n=4,
**p<0.01, one-way ANOVA, error bars, SEM).
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Both shR1 and shLuc cells, however, showed a decrease of E-cadherin at 60 min compared
with 0 min, probably due to E-cadherin degradation (Figure 4.6F) (Shen et al., 2008). Of
note, treatment of cells with cycloheximide did not reduce the number of cells with increased
perinuclear E-cadherin accumulation, and shR1 cells showed a delay in the formation of Ecadherin dependent cell contacts (Figure 4.6, B and D), indicating that reggie-depletion
impairs E-cadherin recycling to the PM and thus cell contact formation.
Together, our findings identify reggie-1 as a component of the tubulovesicular recycling
system and a regulator of TfR and E-cadherin recycling via its interaction with Rab11a and
SNX4.
4.1.4 Discussion
Our results identify reggie-1 as a binding partner of Rab11a and SNX4 and show that reggies
function as regulators of the Rab11a- and SNX4-mediated sorting and recycling of TfR in
HeLa and of E-cadherin in A431 cells. This corresponds to the association of reggie-1 and -2
with the tubulovesicular recycling compartment decorated with Rab11a, SNX4 and EHD1
and several other GTPases required for cargo trafficking. The central role that reggie-1 plays
in recycling was recognized in reggie-deficient HeLa cells which retained the TfR in a
perinuclear compartment instead of re-delivering it to the PM. Cell transfection with Rab11aCA rescued the blocked recycling in reggie-deficient cells so that the TfR returned to the PM.
Similarly, in A431 cells reggie-1 turned out to be needed for the re-delivery of E-cadherin
from the perinuclear Rab11a-positive compartment to the PM in the Ca2+ switch experiment.
Again, Rab11a-CA as well as SNX4 overexpression rescued E-cadherin recycling. Together
with the evidence that reggie-1 specifically binds and interacts with Rab11a and SNX4, our
results imply that reggie-1 associates with a complex of Rab11a and SNX4 and coordinates
their activities. As in previous studies, reggie down-regulation had no significant effect on the
largely clathrin- and dynamin-dependent endocytosis of either TfR or E-cadherin, nor did
reggie colocalize to any significant extent with EEA1 and vesicles of early endocytosis
(Langhorst et al., 2008b; Schneider et al., 2008; Cremona et al., 2011; Solis et al., 2012)
although some staining of Rab5a at reggie-tubules occurred. By promoting recycling, reggie1 apparently contributes, together with Rab11a and SNX4 (Traer et al., 2007), to divert TfR
from lysosomal degradation in HeLa cells, because TfR was markedly reduced in shR1 cells.
Of interest, A431 cells in the Ca2+ switch experiment responded to the impaired recycling
caused by reggie down-regulation with E-cadherin de novo synthesis to promote the
reformation of cell contacts. Together our results identify reggie-1 as a new and important
regulator of membrane protein trafficking along the Rab11a- and SNX4-mediated sorting and
recycling route.
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The role of reggie in Rab11a- and SNX4-mediated recycling is almost certainly not confined
to TfR and E-cadherin, as reggies were reported to affect aspects of trafficking of Glut4
(Baumann et al., 2000; Fecchi et al., 2006), DAT (Cremona et al., 2011), NPC1L1 (Ge et al.,
2011), NMDA receptor (Swanwick et al., 2009), adhesion molecules (Hoehne et al., 2005;
Swanwick et al., 2010a; Bodrikov et al., 2011), Wnt and Hedgehog (Katanaev et al., 2008;
Solis et al., 2013b) and the TCR (Stuermer et al., 2004) in many different cell types and
species. Whether the formation of a protein complex between reggie-1, SNX4 and Rab11a
directly activates the GTPase or is involved in the trafficking of these molecules remain to be
tested.
Our finding that the reggie proteins are constituents of the tubulovesicular system is
consistent with their proposed role in the targeted delivery of membrane proteins such as
guidance and growth factor receptors, adhesion and transporter proteins to specific sites of
the PM like cell contacts, leading edge of migratory cells and growth cones (Stuermer, 2010).
These represent regions with highly efficient recycling activities of membrane and associated
proteins. This membrane protein turnover is absolutely required for cell migration and axon
growth (Shao et al., 2002) and is likewise needed for adherens junction (Hong et al., 2010)
and focal adhesion formation (Caswell et al., 2009). Membrane protein turnover, whether at
cell-cell or cell-substrate contact sites or at the leading edge or growth cones, typically
depends on Rab11a (Lock and Stow, 2005; Eva et al., 2010) and members of the SNX and
EHD families (Shao et al., 2002; Worby and Dixon, 2002; Cullen, 2008; Naslavsky and
Caplan, 2011). Thus our present results can indirectly account for the earlier findings which
identified reggies as crucial elements for growth cone elongation and axon regeneration
(Munderloh et al., 2009; Bodrikov et al., 2011; Koch et al., 2012). In vertebrates, reggies are
present in all cells analyzed so far, yet apparently they are more important in certain cell
types (neurons) than in others, particularly when the polarized transport of specific cargo
molecules is concerned.
The function of reggies in the targeted recycling of cargo appears to be evolutionary
conserved. Reggie down-regulation or misexpression causes defects in the deployment of
specific proteins in species as distant as Drosophila and mammals (Hoehne et al., 2005;
Katanaev et al., 2008), where Rab11a and SNX family members also have important roles.
The striking degree of sequence identity between Drosophila and mammalian reggies
(Rivera-Milla et al., 2006) further suggests that the domains for membrane binding and
protein-protein interactions inherent to the head and tail domains are conserved.
Of interest, our results show furthermore, that A431 cells compensate the loss of reggie by
increasing E-cadherin biosynthesis. Only then are the cells able to re-establish proper
contacts, a process of great significance for tissue integrity and prevention of metastasis
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(Gavard and Gutkind, 2008). This observation emphasizes the importance of reggies in
cargo recycling and can explain why down-regulation or even knock-out of reggies gives
subtle or no apparent phenotypes (Ludwig et al., 2010; Banning et al., 2012; Berger et al.,
2012). We suspect that cells activate compensatory mechanisms – such as de novo
synthesis of E-cadherin – in the absence of reggie to guarantee the targeted delivery of
important membrane proteins.
Cells can possess a sophisticated tubulovesicular recycling system equipped with coat
proteins in which cargo proteins can be sorted away for the delivery to specific sites of the
cell (Jovic et al., 2009). This group of cargo proteins includes E-cadherin (Grant and
Donaldson, 2009) as well as Glut4 and β-integrins, both representing membrane proteins
whose trafficking was suggested to be influenced by reggie (Fecchi et al., 2006; Schrock et
al., 2009; Stuermer, 2010). The expansion of the sorting and recycling compartment into
tubules is considered to promote sorting and depends on high packing density of proteins
with membrane-deforming properties, such as members of the EHD and SNX families (van
Weering et al., 2010; Naslavsky and Caplan, 2011). Reggies seem to represent a new type
of coat protein. The analysis of reggie domains suggests that reggies may possess
membrane-deforming properties on their own and therefore their overexpression would favor
tubule formation. On the other hand, tubules persist in the absence of reggie, indicating that
they are not absolutely required for tubule formation. Reggies cluster preferentially in
cholesterol-rich domains and possess a CRAC motif in their head domain (Roitbak et al.,
2005). Reggie association with tubules and the cholesterol depletion experiment which
disrupts tubules, suggest that these endomembranes have a specific lipid raft composition
which is favored by the reggie proteins (Morrow and Parton, 2005; Langhorst et al., 2008b).
Thus, reggies appear to create or demarcate membrane domains of specific lipid
composition, probably like EHD1 and SNX4 which are associated with phosphatidylinositol-4phosphate and phosphatidylinositol-4, 5-bisphosphate (Jovic et al., 2009; Cullen, 2011).
Together, our results have shown that reggie-1 binds Rab11a and SNX4 and contributes to
Rab11a- and SNX4-dependent sorting and recycling needed for the re-delivery of TfR and Ecadherin to the PM. This evidence together with published data (ours and those of other
groups) agrees with the idea that reggies regulate recycling and targeted re-delivery of
several (or even many) membrane proteins, implying that this activity might represent the
function of reggie which had for so long been ill defined.
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4.1.5 Materials and Methods
Reagents and Antibodies
Cell culture reagents were purchased from Gibco BRL. Monoclonal antibodies (mAbs)
against reggie-1/flotillin-2 (ESA), flotillin-1, GM130, Rac1, E-cadherin and RalA were from BD
Biosciences (San Diego, DA), mAbs against HA and GFP from Roche (Indianapolis, IN),
mAbs against CoxIV and PDI, and polyclonal antibody (pAb) against E-cadherin and EEA1
from Cell Signaling (Beverly, MA), mAb against TfR and pAb against Rab11a from Invitrogen
(Carlsbad, CA), pAb against reggie-1/flotillin-2 and mAb against biotin from Sigma-Aldrich
(St. Louis, CA). pAbs against Sec5, Exo70 and SNX4 were from Santa Cruz Biotechnology
(Santa Cruz, CA), mAb against RGS-His from Qiagen (Valencia, CA), pAbs against α-tubulin
and GAPDH from Abcam (Cambridge, MA). HRP-conjugated pAb against GST was from GE
Healthcare (Piscataway, NJ) and mAb against Lamp-2 was from the Developmental Studies
Hybridoma Bank (University of Iowa city, IA). Phalloidin-Alexa568, rhodamine-conjugated
transferrin and biotinylated transferrin were from Invitrogen. Secondary Abs for
immunostaining and Western blots were from Jackson ImmunoResearch (West Grove, PA).
Plasmids
The R1-HA, R1-EGFP, R1-EGFP rescue, R1-mRFP, R2-EGFP, R1NT-EGFP, R1MCT-EGFP
and R1WTSH-EGFP constructs were described previously (Langhorst et al., 2007; Solis et
al., 2007; Solis et al., 2012). E-cadherin-EGFP vector was generously provided by Vann
Bennett (Duke University Medical Center, Durham, NC), EGFP-Rab4a by Marci Scidmore
(Cornell University, Ithaca, NY), EGFP-SNX4 by Kirsten Sandvig (University of Oslo, Oslo,
Norway), EGFP-SNX1 and mCherry-SNX4 by Peter Cullen (University of Bristol, Bristol, UK),
EGFP-EHD1 by Juan S. Bonifacino (National Institutes of Health, Bethesda, MD), HA-TC10
by Alan Saltiel (University of Michigan, Ann Arbor MI), EGFP-Rab8a WT and Q67L by Johan
Peränen (University of Helsinki, Helsinki, Finland), EGFP-Rab11a Q70L and S25N mutants
by Stephen Ferguson (The University of Western Ontario, London, Canada). Arf6-ECFP
(11382) and EGFP-Rab11a WT (12674) were obtained from Addgene (Cambridge, MA).
mRFP-Rab11a mutants were obtained by replacing the EGFP ORF (Clontech, Mountain
View, CA) with the mRFP sequence derived from the pmRFP-C1 plasmid. Arf6-DsRed was
cloned by replacing the ECFP ORF with the DsRed sequence from the pDsRed-monomerN1 vector (Clontech). The reggie-1 head/SPFH domain (aa 31 to 183) was cloned into the
pGEX-KG vector (Abdesselem et al., 2009) to produce a recombinant GST-fusion protein.
Rab11a cDNA was cut from the EGFP-Rab11a plasmid and cloned into the vectors pGEX4T-1 (GE Healthcare) and pQE30 (Qiagen) to generate GST- and His6-tagged constructs,
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respectively. His6-tagged SNX4 was generated by inserting the corresponding cDNA derived
from the EGFP-SNX4 plasmid into the pQE30 vector. His6-tagged and GST-fusion proteins
were expressed in E. coli BL21-CodonPlus (DE3)-RIPL (Stratagene, Santa Clara, CA).
Cell cultures
HeLa and A431 cells were cultured in MEM and DMEM, respectively, supplemented with
10% FCS, L-glutamine and penicillin/streptomycin. Vector transfections were carried out with
FugeneHD (Roche) and siRNA transfections with Nanofectin siRNA transfection reagent
(PAA, Linz, Austria) according to manufacturer’s instructions. AlexaFluor-546-labeled siRNA
duplexes against reggie-1 (R1.0) and firefly luciferase (GL2) were obtained from Quiagen
(Valencia, CA) using previously described target sequences (Solis et al., 2007).Stably
transfected HeLa cells were generated using shRNA plasmids previously reported (Solis et
al., 2012) and by selection in normal media supplemented with 10 µg/ml puromycin. shRNAstably transfected A431 cells were previously described (Solis et al., 2012).
Immunofluorescence and microscopy
HeLa and A431 cells were washed and PFA-fixed at 37°C for better preservation of tubular
structures. Staining of A431 and HeLa cells were done as previously described (Langhorst et
al., 2008b; Solis et al., 2012). Cells were analyzed with anα-Plan-Apochromat 63x/1.4 oil or
an Apochromat 40x/1.2 water objective at a confocal microscope (LSM510 Meta) equipped
with an AxioCamHRm (all Carl Zeiss, Jena, Germany).
Toxin treatments
HeLa cells, grown on poly-L-lysine (pLys)-coated coverslips, were transfected with R1-EGFP
for 48 h and incubated for 30 min at 37°C in MEM supplemented with 10 µM cytochalasin D,
10 µM nocodazole, 10 µg/ml filipin (all Calbiochem, La Jolla, CA), or DMSO as control. After
fixation and staining, roughly 600 transfected cells per condition from 3 independent
experiments were analyzed by counting R1-EGFP expressing cells with tubular structures.
The total amount of co-transfected cells was set to 100% (one-way ANOVA test for statistical
analysis).
Quantification of Rab11a-tubules
For quantification of Rab11a-tubules after reggie-1 knockdown, HeLa cells were transfected
with siRNA against reggie-1 or control GL2 for 48 h and then transfected with the EGFPRab11a vector for additional 24 h before fixation. Alternatively, shRNA-stably transfected
HeLa cells were transfected with the EGFP-Rab11a vector on PLL-coated coverslips and
grown for 24 h before fixation. Roughly 600 cells per condition from 3 independent
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experiments were analyzed by comparing cells exhibiting or not Rab11a-positive tubules.
The total amount of transfected cells was set to 100% (paired t-test for statistical analysis).
Biochemical and biotinylation analyses
HeLa and A431 cells were lysed with ice-cold lysis buffer (20 mM Tris-HCl, pH 7.5, 100 mM
NaCl, 5 mM MgCl2, 2 mM EDTA, 1% Triton X-100, 10% glycerin) supplemented with
protease and phosphatase inhibitor cocktails (Thermo Scientific). Extracts were cleared by
centrifugation and boiled at 95°C for 5 min or used for co-immunoprecipitation analyses.
Briefly, lysates were incubated with 1 µg Ab against HA-epitope for 1 h at 4°C. Then, 20 µl of
protein-G agarose (Roche) was added and incubated overnight at 4°C. The beads were
washed and prepared for SDS-PAGE and Western blots. TfR protein levels were analyzed
from total cell extracts of parental and shRNA stably-transfected HeLa cells non-treated or
treated overnight with 50 µM chloroquine (Sigma-Aldrich) in normal medium to block
lysosomal degradation. Quantification of blots was done using ImageJ (National Institutes of
Health, Bethesda, MD) from 4 independent experiments. One-way ANOVA or paired t-test
was used for statistical analysis. Biotinylation of cell surface proteins was carried out as
described previously (Solis et al., 2012).
Transferrin uptake and pulse-chase assays
The transferrin uptake and pulse-chase experiments were carried out as described
previously (Jovic et al., 2009). Briefly, HeLa cells were starved in MEM lacking serum and
supplemented with 0.5% BSA (MEM-BSA) for 1 h at 37°C. Cells were incubated with MEMBSA supplemented with 2 µg/ml Tf-rhod or Tf-biotin for the time indicated in the
corresponding figures. Then, cells were either fixed as described above or subjected to a
chase of 10 or 20 min in complete MEM at 37°C followed by fixation. Fluorescence mean
intensities of total and perinuclear accumulation of Tf-rhod were scored from roughly 200
cells per group (3 independent experiments) using the LSM Image Browser software (Zeiss)
for uptake and pulse-chase experiments (one-way ANOVA test for statistical analysis). Colocalization of R1-EGFP and Tf-rhod was quantified from confocal images by the Pearson’s
Correlation Coefficient using the JACoP plugin for ImageJ (Bolte and Cordelieres, 2006). The
thresholds were determined automatically using Costes automatic thresholding and the
Pearson’s Correlation Coefficient was scored from at least 100 cells per condition from two
independent experiments (paired t-test for statistical analysis). For immunoblotting, HeLa
cells were starved for 1 h in 0.2% MEM-BSA, followed by a 10 min pulse with 20

g/ml Tf-

biotin in MEM-BSA. After several washing steps with acidic buffer (0.2 M acetic acid, 0.5 M
NaCl) to remove surface bound Tf, cells were either lysed immediately or subjected to a
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chase for 20 min in complete MEM at 37°C and then lysed and prepared for SDS-PAGE and
Western blots using Abs against biotin and α-tubulin as control. Quantification of blots was
done from 4 independent experiments (paired t-test for statistical analysis).
Pull-down of recombinant proteins
GST-fusion proteins were isolated from bacteria cell extracts using Glutathione Sepharose
4B beads (GE Healthcare) according to manufacturer’s instructions. GST-fusion proteins
immobilized to Glutathione Sepharose beads were used to pull down His6-tagged proteins.
Briefly, bacteria extracts containing His6-tagged Rab11a were incubated with 1 mM GDP or
100 µM GTPγS in 50 mM Hepes pH 7.4 supplemented with 150 mM NaCl and 10 mM MgCl2
for 1 h at room temperature to allow guanine nucleotide loading. Equal volumes of GDP- or
GTPγS-loaded Rab11a extracts and/or extracts containing His6-tagged SNX4 were applied to
GST-coupled beads and incubated for 3 h at 4°C. Beads were repeatedly washed and bound
proteins were eluted with 40 mM reduced Glutathione in 50 mM Tris-HCl pH 8.0 and 150 mM
NaCl. Samples were prepared for SDS-PAGE and Western blots were carried out using antiGST and anti-RGS-His Abs.
Calcium switch experiments
A431 cells were grown to approximately 60 % confluency on pLys-coated coverslips for
immunostaining or on normal cell culture plates for immunoblotting. Cells were treated with
growth medium without serum supplemented with 4 mM EGTA for 3 h, followed by several
washing steps and addition of normal growth medium for the indicated time points. For the
analysis of perinuclear accumulation of E-cadherin, the proportion of cells containing Ecadherin-labeled perinuclear clusters ≥ 6 µm2 was counted from LSM-pictures using the
Axiovision 4.8 software (Zeiss). When indicated, 10 µM of cycloheximide was added 1.5 h
before fixation or lysis. The dynamin-2 blocker MiTMAB (Calbiochem) was added at 20 µM
during Ca2+ chelation and recovery. Quantification of immunostainings was done from 100200 cells per condition (3-4 independent experiments) and blots were measured from 3
independent experiments (paired t-test for statistical analysis).
Live cell imaging
HeLa and A431 cells were transfected for 48 h on pLys-coated coverslips, recorded with the
Colibri imaging system (470 nm and 555 nm) and the α-Plan Fluar 100x/1.45 objective at the
Axiovert 200M equipped with an AxioCamHRm (Zeiss). Cells were maintained in MEM and
DMEM, respectively, at 37°C, 5% CO2 and controlled humidity. Images were acquired with
100% LED power every 100 or 1000 msec for 1-5 min and analyzed using Axiovision 4.8.
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Electron microscopy (EM) analyses
HeLa cells after R1-EGFP transfection and normal PC12 cells were processed for postembedding immuno-EM gold labeling avoiding antigen redistribution as previously described
(Langhorst et al., 2008b). Reggie-1 was labeled with the mAb ESA and Rab11a with a pAb.
Antibody labeling was visualized by protein A-gold conjugates with a 5 nm gold tag (pAAu5nm) and mAb labeling with goat anti-mouse F(ab)2-gold conjugates with 10 nm gold
(F(ab)2-Au10nm). This combination excludes cross-reactive gold labeling. Specifically pAgold binds only to the Fc-region of pAb, but cannot bind to F(ab)2. Conversely, the F(ab)2gold conjugate cannot bind to the pAb used or to pA
4.1.6 Publication comment
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compartment and function in transferrin receptor and E-cadherin trafficking. Mol Biol Cell.
4.1.7 Supplementary data
Supplementary figures

Figure S4.1 Characterization of reggie-tubules. (A-C) Reggie-tubules (R1-EGFP) in HeLa cells did
not colocalize with markers of the endoplasmic reticulum (PDI, A), Golgi (GM130, B) or mitochondria
(CoxVI, C). Higher magnification of boxed areas in upper right. Scale bars, 10 µm. (D) Recordings of
A431 cells expressing R1-EGFP revealed that reggie-tubules are highly dynamic structures (arrows in
I, from boxed region in right panel) where vesicles pinch off the tubules (arrows in II, from boxed
region in right panel). Scale bars, 10 µm, and 2 µm for enlarged regions.
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Figure S4.2 Colocalization of reggie-1 and Rab11a. Sections of HeLa cells were immunolabeled
using a mAb against reggie-1 (large arrowheads) and a pAb against Rab11a (small arrowheads). (A)
A tubular structure, labeled for reggie-1 and Rab11a lies close to the cell surface membrane (CS). (B)
Co-localization of Rab11a and reggie-1 occurs along a tubular structure aligned to putative
microtubular bundles (framed) and on a vesicular profile nearby, suggesting transport along
microtubular rails. (C, D) Non-transfected PC12 cells were double-labeled as HeLa cells in (A, B). A
reggie-1 labeled tubule (framed; C) resides adjacent to the cell surface (CS). A large Rab11a-positive
compartment (framed; D) is double-labeled with reggie-1. The specificity of labeling is supported by
the absence of background. Scale bars, 0.1 µm.
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Figure S4.3 Reggie-tubules belong to the recycling compartment. (A-E) Confocal images of HeLa
cells expressing reggie-1 (R1-EGFP, R1-HA or R1-mRFP) show co-localization of reggie-tubules with
the recycling-associated GTPases Arf6 (Arf6-DsRed, A), Rab8a (EGFP-Rab8a, B), but not with the
retromer-regulating protein SNX1 (EGFP-SNX1, C) or the early endosomal markers EEA1 (D) and
Rab4a (EGFP-Rab4a, E). Boxed areas magnified in inserts. Scale bars, 10 µm.
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Figure S4.4 Reggie-tubules associate with components of the exocyst complex. (A-C)
Immunostainings of reggie-1-EGFP (R1-EGFP) transfected HeLa cells show reggie-tubules colocalizing with the exocyst component Exo70 (A), whereas Sec5 (B) colocalized with reggie-1 at
perinuclear vesicles (B). The exocyst-regulating GTPase RalA (C) was also observed at reggietubules. Scale bars, 10 µm. (D) Western blots analysis (WB) shows that recombinant His6-tagged
SNX4 (His-SNX4) was efficiently pulled-down by a GST-fusion construct of the head/SPFH domain of
reggie-1 (GST-R1NT), but not by a GST fused to Rab11a (GST-Rab11a) or GST used as control.
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Figure S4.5 Down-regulation of reggie-1 impaired formation of Rab11a-tubules and TfR
recycling. (A) HeLa cells expressing EGFP-Rab11a show the formation of Rab11a-positive tubules
which are significantly reduced in reggie-1 siRNA treated (siR1, right) but not in control transfected
(siGL2, left) cells. (B) Quantification of the number of cells showing Rab11a-tubules after reggie-downregulation (n=3, *p<0.05, paired t-test, error bars, SEM). (C) Western blot analysis (WB) of siRNAtransfected HeLa cells shows the efficiency of reggie-1 (R1) and reggie-2 (R2) down-regulation
compared to control siGL2 transfected cells. α-tubulin (α-tub) served as loading control. (D)
Association of EHD1 (EGFP-EHD1) with tubules is clearly observed in control shLuc cells and
persisted after reggie-1 down-regulation (shR1). (E) Immunostainings of endogenous reggie-1 (R1)
and TfR in a pulse-chase experiment show their co-localization at the perinuclear recycling
compartment in HeLa cells (arrowheads). (F, G) A pulse-chase experiment shows the persisting
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accumulation of endogenous TfR (arrowheads; F) at the perinuclear compartment in shR1 cells, but
less frequent in control shLuc cells. Quantification of the effect of reggie-1 down-regulation on TfR
recycling (G) (n=3, *p<0.05, paired t-test, error bars, SEM). (H) Immunostaining of the lysosomal
marker protein Lamp-2 shows a higher degree of co-localization (arrowheads) with rhodamine-labeled
Tf (Tf-rhod) in shR1 cells compared to control shLuc cells in a pulse-chase experiment (images were
recorded with different acquisition settings to allow detection of the low perinuclear Tf-rhod signal
observed in shLuc cells). Scale bars, 10 µm.

Figure S4.6 E-cadherin recycling in A431 cells. (A) Recordings of an A431 cell expressing reggie-12+
mRFP (R1-mRFP) and E-cadherin-EGFP (E-cad-EGFP) during a Ca switch experiment show both
2+
proteins at the perinuclear recycling compartment and emerging tubules (arrows) at 30 min after Ca
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repletion. The image shows a cell expressing R1-mRFP and E-cad-EGFP forming contacts with nontransfected cells. Boxed area magnified in left panels. (B) Immunostaining against endogenous reggie1 and E-cadherin confirmed their co-localization at the perinuclear compartment and tubular structures
2+
(arrowhead) emerging from this region after 30 min Ca recovery. Boxed area magnified in right
2+
panels. (C) Immunostainings shows that internalized E-cadherin (E-cad) at 30 min after Ca repletion
colocalized with endogenous Rab11a,TfRand Lamp-2 at both the perinuclear recycling compartment
2+
and lysosomes. (D) Accumulation of E-cadherin at the recycling compartment during a Ca switch
experiment was prevented by the dynamin-blocker MiTMAB in both reggie-depleted (shR1) and
control (shLuc) A431 cells. Scale bars, 10 µm, and 2 µm for enlarged regions. (E) Western blots from
extracts of stably transfected A431 cells show strong reduction of reggie-1 (R1) expression levels in
shR1 cells compared to control shLuc cells. The expression levels of Rab11a and SNX4 remained
unaffected. α-tubulin (α-tub) was used as loading control.

Supplementary movie legends
Movie S4.1 Dynamics of reggie-tubules in HeLa cells. HeLa cells were transfected with reggie-1EGFP and recorded using a Colibri imaging system. Tubular structures are highly dynamic and can be
seen to derive from the perinuclear recycling compartment and move towards the PM as well as from
the PM to the recycling compartment. Vesicles can be seen to fuse with the PM and travel back to the
recycling compartment.
Movie S4.2 Dynamics of reggie-tubules in A431 cells. A431 cells were transfected with reggie-1EGFP and recorded as in MovieS1. Reggie-tubules are highly dynamic and move to and from the PM.
Vesicles are observed traveling through the cell to the PM and back.
Movie S4.3 Trafficking of E-cadherin in reggie-tubules in A431 cells. A431 cells were transfected
2+
with reggie-1-mRFP and E-cadherin-EGFP and recorded as in Movie S4.1 at 60 min after Ca
2+
repletion (Ca
switch experiment). Both proteins are observed at the perinuclear recycling
compartment and trafficking in tubules and vesicles.
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Reggie and cell-substrate adhesion
Reggie-1/Flotillin-2 regulates integrin trafficking and focal adhesion
turnover via Rab11a

5.1.1 Abstract
Reggies/flotillins are implicated in trafficking of membrane proteins to their target sites and in
the regulation of the Rab11a-dependent targeted recycling of E-cadherin to adherens
junctions (AJs). Here we demonstrate a function of reggies in focal adhesion (FA) formation
and α5- and β1-integrin recycling to FAs. Down-regulation of reggie-1 in HeLa and A431
cells by siRNA and shRNA increased the number of FAs, impaired their distribution and
markedly modified FA turnover. This was coupled to enhanced FA kinase (FAK) and Rac1
signaling and to gain in cell motility. Wild type and constitutively active (CA) Rab11a rescued
the phenotype (normal number of FAs) whereas dominant negative (DN) Rab11a mimicked
the loss-of-reggie phenotype in control cells. That reggie-1 affects integrin trafficking
emerged from the faster loss of internalized antibody-labeled β1-integrin in reggie-deficient
cells. Moreover, live imaging using TIRF microscopy protein revealed vesicles containing
reggie-1 and α5- or β1-integrin, trafficking close to the substrate–near membrane and making
kiss-and-run contacts with FAs. Thus, reggie-1 in interaction with Rab11a controls Rac1 and
FAK activation and coordinates the targeted recycling of α5- and β1-integrins to FAs to
regulate FA formation and cell motility.
5.1.2 Introduction
Integrins are heterodimeric receptors, composed of α- and β-subunits which are involved in
the formation of FAs. Integrin α- and β-subunits assemble in a cell-type specific manner and
serve as receptors for distinct extracellular matrix proteins, soluble ligands and RGDcontaining proteins (Margadant et al., 2011).
During cell migration, integrins and FAs undergo rapid turnover (Margadant et al., 2011), a
process that includes recycling and the targeted re-delivery of integrins and integrininteracting components to newly forming focal contacts and nascent FAs (Caswell et al.,
2009). Integrin recycling requires EHD1 positive cargo vesicle trafficking, controlled by Rab
and Rho-GTPases and the cytoskeleton (Jovic et al., 2007; Caswell et al., 2009; Grant and
Donaldson, 2009). Rab11, the key player in cargo recycling, is therefore indispensable for FA
formation and cell migration (Eva et al., 2010; Arjonen et al., 2012; Bridgewater et al., 2012).
An important role in integrin, as well as E-cadherin trafficking has been attributed to Src and
FAK. These kinases seem to regulate whether cells increase their migratory activity by
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integrin activation or their engagement in cell-cell adhesion by E-cadherin activation (Canel
et al., 2013). Even though the current knowledge of the molecular constituents of FAs is
substantial (for review see Bridgewater et al., 2012; Caswell et al., 2009), it is still
incompletely understood how integrins are targeted to the plasma membrane and FAs.
The streak-like FAs resemble to some extent adherens junctions (AJs) which are elongated
structures that are dependent on E-cadherin, which is the homophilic adhesion protein
involved in cell-to-cell-interaction. Cell adhesion between epithelial cells depends on the
dynamic turnover of E-cadherin and AJs and the making and breaking of adhesions which
involves Rab11 and the balanced activation of Rho GTPases (Grant and Donaldson, 2009;
Ivanov and Naydenov, 2013). We have recently recognized that the reggie/flotillin proteins
participate in AJ formation and in the Rab11a-dependent turnover of E-cadherin in A431 cells
(Solis et al., 2012; Solis et al., 2013a), as well as in N-cadherin deployment in axonal growth
cones of hippocampal neurons (Bodrikov et al., 2011). Reggies/flotillins form oligomeric
clusters in lipid rafts at the cytoplasmic face of the plasma membrane and at specific
trafficking vesicles (Solis et al., 2007; Solis et al., 2013a). We identified reggies as associates
of the Rab11a positive tubulo-vesicular recycling compartment where they co-cluster with
membrane deforming BAR proteins, SNX4 and EHD1, and directly interact with Rab11a and
SNX4 (Solis et al., 2013a). Reggie-deficient cells presented abnormal AJs and migrated
faster in a wound-closure assay (Solis et al., 2012). This correlated with abnormal E-cadherin
trafficking and changes in the activation state of Rho and Rab family GTPases after reggie-1
knockdown (Solis et al., 2012; Solis et al., 2013a).
The accelerated cell migration after reggie down-regulation and the interaction with CAP (ccbl-associated protein), a component of FAs (Kioka et al., 2002), suggested that reggies
might also play a role in FA formation (Schmidt and Dikic, 2005). In addition, the downregulation of reggie and overexpression of

a dominant negative reggie-1-construct,

disturbed the localization of overexpressed prion protein in structures resembling FAs
(Schrock et al., 2009), affected Src and FAK and impaired axon growth (Langhorst et al.,
2008a; Munderloh et al., 2009). As reggies were, furthermore, implicated in the delivery of
the T cell receptor to the T cell cap (Stuermer et al., 2004) and in Rab11a-dependent Ecadherin recycling (Solis et al., 2013a), we concluded that reggies might regulate as well
integrin recycling and FA dynamics through Rab11a (Stuermer, 2010).
Here, we investigated whether reggie-1 is involved in the regulation of integrin dependent
FAs, in analogy to its role in AJ formation, and whether integrin trafficking depends on the
interaction of reggie with Rab11a (Stuermer, 2010). Indeed, down-regulation of reggie-1 by
siRNA and shRNA affected FA number, distribution and turnover in HeLa and A431 cells and
increased cell motility on fibronectin (FN) in correlation with a rise in Rac1 and FAK activity.
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We show (by Colibri and TIRF microscopy in living HeLa cells) that reggie-1 traffics together
with α5- and β1-integrin (one of the FN receptors). A pulse chase experiment with an
antibody against β1-integrin revealed a faster loss of signal during the chase in reggiedeficient cells. The reggie-dependent increase in FA number was rescued by a Rab11awildtype (wt) and a Rab11a-CA mutant construct, and was mimicked by Rab11-DN.
Thus, we show that the influence of reggie on the Rab11a-dependent recycling process has
extensive effects on FA number and distribution, integrin trafficking, cell motility and the
regulation of cell-matrix adhesion.
5.1.3 Results
Reggie-1 knockdown affects FAs
In HeLa cells, FAs are typically localized at the cell periphery, as exemplified by
immunostainings with anti-paxillin antibody (Ab) (Figure 5.1A). In these cells, reggie-1
resides at intracellular vesicles and at the plasma membrane (Langhorst et al., 2008b; Solis
et al., 2013a). Paxillin and reggie-1 do not co-localize to any significant extent except for
small areas where reggie-1 vesicles seem to partially overlap with paxillin positive FAs
(Figure 5.1A zoom in). Former results from this lab showed that the knockdown of reggie-1
leads to the degradation of reggie-2 in HeLa cells (Solis et al., 2007; Solis et al., 2013a). To
investigate whether the knockdown of reggie-1 and loss of reggie-2 affects FAs, we treated
cells with (lissamine-labeled) siRNA against reggie-1 (R1) and luciferase (GL2), as control.
The number and distribution of FAs were determined by the paxillin Ab (Figure 5.1B - E).
Immunostainings confirmed the reduction of reggie-1 (R1) in siRNA treated cells (Figure
5.1F), showing the efficiency of the siRNA.
R1 siRNA led to a change of FAs on fibronectin (FN) and on poly-L-lysine (PLL) (Figure 5.1B
and D lower panels): The paxillin clusters became more numerous, disorganized and more
widely distributed compared to GL2 siRNA treated and wild type HeLa cells, where FAs
resided at the cell periphery (Figure 5.1A, B and D). To quantify this effect, the number of
FAs per 100 µm2 was determined in reggie-1 siRNA-treated and GL2 siRNA control cells. As
indicated in Figures 5.1C and E, reggie-1 knockdown led to a 34% increase in number of
FAs on PLL and to a 46% increase on FN compared to control siRNA treated cells.
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Figure 5.1 Reggie-1 siRNA affects the number and distribution of focal adhesions in HeLa cells.
(A) Immunostaining of paxillin and reggie-1 (R1) in HeLa cells on fibronectin (FN) shows paxillin in
focal adhesions (FAs) in the cell periphery, and R1 in small vesicles and puncta which occasionally colocalize with FAs (arrowheads). The boxed areas are enlarged (right). Scale bar, 10 µm. Reggie-1
siRNA treated cells (labeled siRNA in red) on FN (B) or poly-L-lysin (PLL) (D) have more and smaller
FAs in a scattered distribution (B and D lower panels) compared to GL2 siRNA control cells (B and D
upper panels). The boxed areas are enlarged (right). Scale bars, 10 µm. Quantification of FAs per 100
2
µm showed significantly more FAs in reggie-1 knockdown cells on FN (C) (n=3, ∗∗p<0.01, error bars,
SEM) and on PLL (E) (n=4, ∗∗p<0.01, error bars, SEM) compared to GL2 controls. Immunostaining
with an Ab against R1 prove efficient down-regulation of reggie-1 by R1 siRNA (red) (F). Scale bars,
10 µm. Nuclei are labeled by DAPI (blue).
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Figure 5.2 Stable knockdown of reggie-1 affects focal adhesions (FAs) in HeLa and A431 cells.
HeLa cells on fibronectin (FN), stably transfected with shR1.0 (A) and shR1.1 (C). lose their reggie-1
specific immunostaining (red). Focal adhesions (FAs) labeled by paxillin (white) were more numerous
and scattered in shR1.0 as well as in shR1.1 cells (A and C lower panels), compared to the shLuc
control (upper panels). Boxed areas are enlarged (right). Scale bars, 10 µm. Quantification of the FA
2
per 100 µm revealed that shR1.0 (B) and shR1.1 (D) have significantly more FAs than shLuc cells
(n=3, ∗∗p<0.01, error bars, SEM). (E) Western blot analysis of shLuc, shR1.0 and shR1.1 cells show
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that reggie-1 was down-regulated whereas β1-integrin, paxillin or focal adhesion kinase (FAK)
remained unchanged in shR1.0 or shR1.1 cells. Paxillin (white) localized in A431 cells on FN
predominantly at cell edges and sometimes into FA structures (F). shR1.0 cells had more FAs which
were more scattered and had less paxillin at the edges (F, lower panel) compared to shLuc control
cells. Reggie-1 (R1, red) was efficiently down-regulated in shR1.0 cells. The boxed areas are enlarged
(right). Scale bars, 10 µm. (G) Quantification of FA number per cell in A431 cells revealed significantly
more FAs in shR1.0 cells compared to shLuc cells (n=3, ∗∗p<0.01 error bars, SEM). A western blot
shows that reggie-1 down-regulation was efficient in A431 shR1.0 cells (H). Nuclei are labeled by
DAPI (blue).

To substantiate this effect and to explore the underlying mechanisms we used cell lines with
stable knockdown of reggie-1 (shR1 cells) (Solis et al., 2012; Solis et al., 2013a). Two
different shRNA sequences against reggie-1 (shR1.0 and shR1.1) were used to exclude
unspecific side effects. The shRNA sequence against luciferase (shLuc) served as control.
Immunostainings (Figure 5.2A and C), and Western blots (Figure 5.2E) with the reggie-1 Ab
showed that shR1.0 and shR1.1 were both efficient in down-regulating reggie-1. The paxillin
staining in these cells demonstrated that both reggie-1 shRNAs affected FAs in a similar way
as the siRNA against reggie-1: FAs became more numerous, disorganized and scattered in
the absence of reggie-1 (Figure 5.2A and C). The number of FAs per 100 µm2 increased by
30 and 36%, respectively, in shR1.0 and shR1.1 cells over controls (Figure 5.2B and D). This
was not caused by changes in the expression of paxillin, β1-integrin or focal adhesion kinase
(FAK), as shown by Western blots (Figure 5.2E).
To assure that the phenotype after loss of reggie-1 was not confined to HeLa cells, we used
A431 cells with either a stable knockdown of reggie-1 (shR1.0) or luciferase (shLuc), seeded
these cells on FN and immunostained them with paxillin and reggie-1 (R1) Abs. Staining and
western blots showed efficient down-regulation of reggie-1 in shR1.0 cells (Figure 5.2F and
H). A431 cells are epithelial cells that, in contrast to HeLa cells, form strong E-cadherindependent cell-cell contacts. They do not form FA-structures to the same extent as HeLa
cells. Paxillin localized in these cells either to ruffles or, to a lower extent, to FAs at the
periphery, where the cells were not in contact with one another (Figure 5.2F). Reggiedeficient A431 cells had more paxillin-labeled FAs and reduced paxillin in ruffles (Figure
5.2F). The number of FAs per cell increased by 56% in shR1.0 cells compared to shLuc cells
(Figure 5.2G).
The formation of FAs is integrin-dependent, implying that reggie-1 down-regulation might
affect integrin trafficking, as previously seen for E-cadherin (Solis et al., 2013a). Therefore,
we transfected HeLa shLuc and shR1.0 cells (henceforth shR1 cells) with an α5-integrinEGFP construct and used TIRF microscopy to recognize the protein in FAs in the substratenear region (Figure 5.3A). This approach showed, that shR1 cells produced more integrin-
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EGFP-labeled FAs at the substrate-near membrane than shLuc cells (Figure 5.3A), similar to
the result obtained with paxillin staining.

Figure 5.3 Reggie-1 knockdown affects the distribution of α5- and β1-integrins and FAK
phosphorylation. The influence of reggie-1 down-regulation on FAs was not only visible by
immunostaining with paxillin. (A) TIRF images of overexpressed α5-integrin-EGFP expression in HeLa
shLuc and shR1 cells on fibronectin (FN) show more FAs in shR1 cells. Scale bars, 10 µm. An
increase of FA number was also visible in shLuc and shR1 cells overexpressing GFP-Paxillin and a
counterstaining (live) with a β1-integrin Ab (B). shR1 cells had more and scattered FAs compared to
shLuc cells. Scale bars, 10 µm. shR1 cells were transfected with a R1-rescue (shRNA insensitive)
construct (red asterisks in the left panel and red cells in the right panel) and immunostained with a
paxillin Ab (white) (C). Cells with R1-rescue construct showed fewer FAs, restricted to the periphery,
whereas non-transfected cells had more FAs in a scattered distribution. Scale bar, 10 µm. (D) shLuc
and shR1 cells grown on FN showed no differences in the phosphorylation of paxillin (pPaxillin) but
shR1 cells had enhanced phosphorylation of the focal adhesion kinase at Y576/577 (pFAK) (n=5, ±
SEM, p <0.01).
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Likewise, when the cells were transfected with GFP-paxillin and exposed to live staining at
4°C with the 12G10 Ab against β1-integrin, shR1 cells showed more FAs in a scattered
distribution compared to shLuc controls (Figure 5.3B).Thus, in the absence of reggie-1, FAs
are disorganized as seen with paxillin and α5 and β1-integrin. As an additional control for the
specificity of the effect, shR1 cells were transfected with a reggie-1-rescue construct (R1rescue) which is resistant to the shRNA (Munderloh et al., 2009). The non-rescued cells
(Figure 5.3C) displayed the shR1-FA phenotype, showing an increased number and widely
scattered paxillin-labeled FAs whereas the rescued cells (red asterisks) showed fewer FAs
positioned at the cell periphery (Figure 5.3C; see also Figure 5.7G and H). Western blots of
shR1, compared to shLuc cells, showed no difference in the phosphorylation of paxillin
whereas pFAK was slightly increased (Figure 5.3D).
These data show that the knockdown of reggie-1 led to an increase in FA number and to a
scattered distribution of FAs, suggesting that reggies are involved in the regulation of FA
structure and position.
Reggie-1 down-regulation affects cell movement
The regulation and turnover of FAs is important for cell motility. Therefore we asked whether
reggie-1 down-regulation and the ensuing change in FA number and distribution would affect
cell motility. shLuc and shR1 cells on FN-coated ibidi µ-dishes were monitored for 1 h
(Supplemental Movie S5.1). The rate of cell movement was analyzed by kymographs that
were taken for each cell in the visual field (Figure 5.4A). The membrane shifts over time
(movement) on both sides of the cell were measured and quantified (Figure 5.4A and B). The
kymographs and Supplemental Movie S5.1 show that shR1 cells are more motile compared
to shLuc cells (Figure 5.4A arrowheads). A quantification of this movement showed that the
lateral membrane in shR1 cells moved twice as much as in shLuc cells (Figure 5.4B). Thus
the rise of FA number and their abnormal distribution in shR1 cells is linked to an enhanced
motility of the cells.
Role of Rac1 activation
Cell motility is influenced by Rac activity (Nobes and Hall, 1999) and Rac was suggested to
contribute to FA regulation through the stabilization of adhesion components (Steffen et al.,
2013). To analyze, whether the activation of Rac1 was different in shLuc and shR1 cells, we
determined the amount of GTP-bound Rac1 by affinity-purification with the Rac1-binding
protein Pak1-PBD, bound to agarose. Indeed, while both shLuc and shR1 cells had the same
amount of total Rac1 (Input), shR1 cells had twice as much Rac1-GTP than shLuc cells
(Figure 5.4C lanes 1 and 2 compared to 3 and 4).
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Figure 5.4 Reggie-1 affects cell motility, Rac1 activation and the turnover of FAs. Live imaging in
30 sec intervals under brightfield for 1 h shows, that shR1 cells are more motile than shLuc cells (A)
(compare to Supplemental Movie S5.1). The right panels show kymographs of the regions 1 and 2,
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marked by the red lines. The arrowheads indicate the extent of movement of the two cells over the
recorded time. shR1 cells show a higher motility, compared to shLuc cells, as quantified in (B) (n=3,
∗∗p<0.01, error bars, SEM). Rac1 is overactivated in shR1 cells, as seen by the Rac-GTP assay (C).
Total Rac1 was the same in shLuc and shR1 cells (input), while Rac1-GTP was twofold enhanced in
precipitates of shR1 cells (lane 1 and 2) (n=3, ± SEM, p<0.05, values normalized to the input). (D and
E) Treatment of shLuc and shR1 cells with amiloride for 1 h changed the number and localization of
2
FAs in shR1 cells back to the phenotype to shLuc (D). Quantification of FAs per 100 µm , revealed
significantly fewer FAs in shR1 cells with amiloride, than DMSO treated shR1 cells (E) (n=3,
∗∗∗p<0.001, error bars, SEM). Live imaging of HeLa shLuc (upper panel) and shR1 cells (lower panel)
transfected with GFP-Paxillin on fibronectin (F). Cells were recorded for 60 min and pictures were
taken every 30 sec. The left two panels show the focal adhesions (FAs) of a shLuc and a shR1 cell at
time 0 (beginning of the recording) and after 60 min (60). The comparison of time 0 and 60 shows that
FAs changed more over time in shR1 cells, compared to shLuc cells. The boxed areas are enlarged
(right) and timelines are shown (in minutes). Stable FAs are marked by red arrows, emerging and/or
elongating FAs by red arrowheads and retracting and/or disappearing FAs by green arrows. Turnover
in shR1 cells is higher, compared to shLuc cells. The Figure corresponds to Supplemental Movie S5.2.
(G and H) Pulse chase experiment with a β1-integrin Ab. shLuc and shR1 cells endocytosed the same
amount after the pulse (0 min). The mean Ab signal in Z-stacks disappeared faster in shR1 cells,
compared to shLuc cells, as quantified in (H) (n=3, ∗p<0.05, ∗∗p<0.01 error bars, SEM). The signal of
shLuc cells after 1 h pulse (0 min) was set to 100%. All scale bars, 10 µm.

To assess whether Rac1 inhibition can change the effect of reggie-1 knockdown on FAs, we
used the Rac1 blocker amiloride, which leads to submembraneous acidification (Koivusalo et
al., 2010) and also blocks macropinocytosis. The number of FAs in shR1 cells (but not in
shLuc cells) was strongly reduced when cells were treated for 1 h with amiloride (Figure
5.4D, 5.4E). Treatment of shLuc and shR1 cells with DMSO as control showed the typical
increase in number of FAs in shR1, compared to shLuc cells. Thus reggies contribute to the
control of the activation of Rac1 which is connected to the control of FA number and position.
There are several options to explain how Rac1 activity is controlled during cell migration and
how it might affect FA turnover (Palamidessi et al., 2008; Ramel et al., 2013; Steffen et al.,
2013). Rac activity was, for instance, implicated in vesicle trafficking and Rac itself was
implied to be subjected to recycling to the plasma membrane during cell migration
(Palamidessi et al., 2008). This and the notion that FA turnover is strongly dependent on
vesicle trafficking and integrin delivery (Bridgewater et al., 2012) led us to ask, whether and
how reggies might affect FA turnover and integrin trafficking and recycling.
Reggie-1 down-regulation affects the turnover of FAs
FAs are subject of constant remodeling and turnover (Bridgewater et al., 2012). To determine
whether the turnover and remodeling of FAs depends on reggie-1, we monitored the EGFPpaxillin labeled FAs in shLuc and shR1 cells on FN for 1 h. For all FAs of each recorded cell,
we analyzed, whether they were stable (Figure 5.4F; red arrows), newly formed and/or
elongating (red arrowheads), or disappearing and/or retracting (green arrows) (Table 5.1,
Figure 5.4F and Supplemental Movie S5.2). As before, there were significantly more GFPpaxillin labeled FAs per 100 µm2 in shR1, compared to shLuc cells (Table 5.1).
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Table 5.1 Quantification of focal adhesion tunover.
number of FAs

forming and/or
elongating FAs

disappearing and/or
retracting FAs

stable FAs

shLuc

shR1

shLuc

shR1

shLuc

shR1

shLuc

shR1

3.1 ± 0.48

5,0 ± 0.13
**

1.45 ± 0.43

1.73 ± 0.46

1.26 ± 0.27

2.1 ± 0.32
**

1.0 ± 0.13

1.86 ± 0.54
*

FAs per 100 µm ; *p < 0.05; **p < 0.01
2

HeLa shLuc and shR1 cells were transfected with GFP-paxillin. All FAs were monitored over 1 h and
divided into the three categories. shR1 cells revealed more stable, more disappearing and/or retracting
and the tendency to more newly forming and/or elongating FAs. The total number of FAs was also
enhanced in shR1 cells, compared to the control, as seen before (n=5, ∗∗p<0.01, ∗p<0.05, ± SEM).

In addition, shR1 cells showed significantly more stable, as well as higher numbers of
disappearing and/or retracting FAs. The number of newly formed and/or elongating FAs
showed the same tendency, even though this was not significant, probably because of the
small sample size (Table 5.1). Figure 5.4F shows shLuc and shR1 cells at the beginning of
the recording (0) and after 60 min. The boxed area is enlarged and shows examples of the
fate of single FAs over time (see Supplemental Movie S5.2). The enhanced rate of FAturnover is not simply a consequence of the fact that there are more FAs when reggie-1 is
knocked down but there is also a higher extent of FA remodeling in shR1 cells (Figure 5.4F
left two panels, Supplemental Movie S5.2). Thus, reggie-1 seems to influence both FA
number and FA remodeling.
Reggies regulate integrin turnover
To determine whether reggie-1 influences β1-integrin trafficking, a pulse chase experiment
was conducted in shLuc and shR1 cells. Cells were incubated with the β1-integrin Ab 12G10
for 1 h at 37°C in serum free medium, followed by 30 min or 60 min chase in normal growth
medium and an acidic wash to remove all externally bound antibody (Figure 5.4G). After 1 h
pulse β1-integrin Ab was seen in small vesicles and to a larger extent in the perinuclear
recycling compartment of shLuc and shR1 cells. Fluorescence intensity measurements of
whole cell stacks showed that there was no difference between control and reggie-1 deficient
cells after 1 h pulse (Figure 5.4H). However, after 30 and 60 min chase shLuc cells tended to
retain more β1-integrin Ab labeling, compared to shR1 cells (Figure 5.4G and H). This
indicates that either the turnover and recycling of β1-integrin is faster in shR1 cells or that β1integrin is more rapidly degraded.
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Reggie-1 traffics together with α5-integrin and β1-integrin
Reggie-1 was implied in trafficking and recycling of E-cadherin and cell contact formation
(Solis et al., 2013a), so that reggie-1 might also regulate trafficking of integrins. To
investigate whether reggie-1 regulates FA turnover through its influence on integrin trafficking
and recycling, we co-transfected HeLa cells with reggie-1 coupled to RFP (R1-RFP) and
either α5-integrin-EGFP or β1-integrin-EGFP, because α5β1-integrin is a receptor for FN.
Recordings of moving vesicles with the Colibri system revealed R1-RFP at vesicles, together
with β1- integrin, as well as with α5-integrin (Figure 5.5A, B and Supplemental Movie S5.3).
We were interested in co-trafficking of reggie-1 and integrins at the substrate-near
membrane and, therefore used TIRF microscopy on living cells.

Figure 5.5 Co-trafficking of reggie-1 with α5-integrin and β1-integrin. Live imaging of HeLa cells
(on FN), transfected with R1-RFP and β1-integrin-EGFP (A) or R1-RFP and α5-integrin-EGFP (B).
Vesicle trafficking was recorded in 1 sec intervals over 5 min with a Colibri system. The boxed areas
are enlarged (right) and show timelines of moving vesicles in the red and green channels separately.
Arrows point to vesicles containing both, R1-RFP and β1-integrin-GFP (A) or R1-RFP and α5-integrinEGFP (B). All scale bars, 10 µm. The figure corresponds to Supplemental Movie S5.3.

These movies showed that β1-integrin-EGFP (Figure 5.6A, Supplemental Movie S5.4), as
well as α5-integrin-EGFP (Figure 5.6B, Supplemental Movie S5.5), are localized in FAs at
the periphery (Figure 5.6A and B zoom ins, upper panels), as well as in moving vesicles.
Vesicles had both R1-RFP and α5-integrin-EGFP or R1-RFP and β1-integrin-GFP,
respectively (Figure 5.6A, B and Supplemental Movie S5.4 and S5.5). When FAs were
identified with GFP-paxillin in cells co-transfected with R1-RFP, paxillin clustered at FAs, but
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was not seen in moving vesicles with reggie-1. However, R1-RFP vesicles often contacted in
a “kiss-and-run mode” the GFP-paxillin labeled FAs, as shown in Figure 5.6C and
Supplemental Movie S5.6.
Thus, R1-RFP vesicles contact FAs, and co-traffic with α5- and β1-integrin-EGFP vesicles,
suggesting an involvement of reggie-1 in integrin-dependent FA formation and remodeling.

Figure 5.6 Reggie-1 and integrins co-traffic nearby the substrate and contact focal adhesions.
Live imaging of HeLa cells (on FN), transfected with R1-RFP and β1-integrin-EGFP (A), R1-RFP and
α5-integrin-EGFP (B) or R1-RFP and GFP-paxillin (C). Vesicle trafficking was recorded in 2 sec
intervals up to 5 min. The boxed areas are enlarged (A, B and C to the right) and timelines of the red
and green channels are shown separately (A and B). Vesicles containing R1-RFP together with β1integrin-EGFP (A) or R1-RFP together with α5-integrin-EGFP (B) are marked by red arrowheads.
GFP-paxillin (which is not at vesicles) demarcates focal adhesions (C). The timeline shows R1-RFP
vesicles that contact (white arrowheads) focal adhesions. The green paxillin signal was tresholded to
reduce background fluorescence and to outline focal adhesions. All scale bars, 10 µm. (A)
corresponds to Supplemental Movie S5.4, (B) to Supplemental Movie S5.5 and (C) to Supplemental
Movie S5.6.

Reggie-1 controls the number of FAs via Rab11a
Reggie-1 interacts with Rab11a and is involved in the recycling of E-cadherin in A431 cells
(Solis et al., 2013a). Thus, reggies might as well play a role in Rab11-dependent integrin
recycling. Indeed α5- and β1-integrins co-localize with Rab11a and Rab11FiP1 (also known
as Rab coupling protein, RCP) (Figure 5.7A, B). Following exposure of living cells to the
activating β1-integrin Ab for 1 h at 37°C, labeling was concentrated in the recycling
compartment, together with Rab11FIP1 (Figure 5.7A). When α5-integrin-EGFP was cotransfected together with mCherry-Rab11a, they co-localized in many vesicles close to the
substrate-near region of the cell, as seen by TIRF microscopy (Figure 5.7B).
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Figure 5.7 The FA phenotype after reggie-1 down-regulation is cross-rescued by Rab11a. β1integrin traffics via a Rab11 positive compartment. (A) Ab against β1-integrin added to live HeLa cells
for 1 h at 37°C accumulates in the perinuclear recycling compartment, positive for Rab11FIP1 (red,
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DAPI in blue). HeLa cells transfected with α5-integrin-EGFP and mCherry-Rab11 showed a
substantial co-localization (arrowheads) nearby the substrate (TIRF images) (B). The boxed area is
enlarged (right). The overexpression of different Rab11-constructs (in red) in HeLa shLuc and shR1
cells (C- F) affected the number and distribution of paxillin-positive FAs (white). Transfection with a
mRFP-C1 (control) construct did not affect the FAs in either shLuc or shR1 cells (C). shR1 cells had
still more and more widely scattered FAs. Transfection with mCherry-Rab11 (Rab11 wt) had no effect
on the number of FAs in shLuc cells (left) but reduced the number of FAs in shR1 cells (right) and
changed their distribution (D). FAs seemed larger in shLuc cells, when mCherry-Rab11 was
overexpressed. An mRFP-Rab11-CA (Rab11 CA) did not affect FAs in shLuc cells, but restored in
shR1 cells the number of FAs to control levels (E). mRFP-Rab11-DN mutant (Rab11 DN) increased
the number of FAs in shLuc cells but not in shR1 cells (F). The reggie-1 rescue construct (R1-rescue)
restored the number of FAs in shR1 cells to control values (G). Quantification of the number of FAs
2
per 100 µm (H) of shLuc and shR1 cells, transfected with the control, Rab11 wt, Rab11 CA and and
of R1-Rescue were able to rescue the phenotype in shR1 cells. Rab11 DN mimicked the effect of
reggie-1 knockdown on FAs in shLuc cells (H) (n=3, ∗∗∗p<0.001, ∗∗p<0.01, error bars, SEM). EGFPRab11 CA co-localized with endogenous reggie-1 (R1) in various vesicles (I, arrows). All scale bars,
10 µm. The nuclei are labeled with DAPI.

To determine, whether the overexpression of Rab11a wild type (wt), the Rab11 constitutively
active (CA) and Rab11 dominant negative (DN) forms might affect the number of FAs in
shLuc and shR1 cells, we transfected the cells with the constructs and stained for paxillin.
mRFP-C1 served as a control vector. As expected, transfection with the control vector
resulted in the normal number of FAs in shLuc cells and in the abnormal pattern and higher
number, described above in reggie-deficient cells (Figure 5.7C, H). However, transfection
with the Rab11a wt construct, as well as the Rab11 CA mutant, significantly reduced the
number of FAs in reggie-1-deficient cells but had no visible effect on the number of FAs in
control cells (Figure 5.7D, E, H). By contrast, transfection of shLuc cells with the Rab11 DN
mutant increased the number of FAs significantly in shLuc cells, but it had no effect on the
FAs in shR1 cells (Figure 5.7F, H). The R1-rescue construct reduced the number of FAs to
control levels in shR1 cells, demonstrating that the reggie-1-knockdown phenotype was
specific (Figure 5.7G, H). Overexpressed EGFP-Rab11 CA in wt HeLa cells was located at
vesicles in the perinuclear region and in the cell periphery (Figure 5.7I). Many of the vesicles
with EGFP-Rab11 CA were also labeled by a reggie-1 Ab (highlighted by arrows in Figure
5.7I). Thus, Rab11a wt and Rab11 CA constructs rescued the reggie-1 knockdown
phenotype, whereas the Rab11 DN mutant caused shLuc cells to acquire the phenotype of
reggie-1 knockdown cells. This is in line with our previous data, where the same mutants
rescued and respectively mimicked the effect of reggie-1 knockdown on E-cadherin recycling
(Solis et al., 2013a). This is consistent with the interaction of reggie-1 and Rab11a and
emphasizes their shared role in recycling.
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5.1.4 Discussion
The reggie proteins reside at the plasma membrane and at vesicular carriers, involved in
membrane protein trafficking (Stuermer, 2010), and function in Rab11-dependent cargo
recycling and delivery to specific sites. This function promotes, according to our earlier work,
E-cadherin recycling, cell adhesion and adherens junction turnover (Solis et al., 2012; Solis
et al., 2013a). Our present results substantiate the role of reggies in membrane protein
recycling and demonstrate, that reggies function in Rab11-controlled and FA-directed
trafficking of α5- and β1-integrin. Using paxillin to visualize FAs, we show in reggie-deficient
cells that FAs increased in number, lost their preferential peripheral position and acquired a
scattered distribution. Moreover, reggie-1 down-regulation enhanced the dynamic turnover of
FAs and increased cell motility, coincident with an elevation of FAK and Rac1 activity (Rac1GTP). In contrast to views, implying reggies in lipid raft-mediated endocytosis (Payne et al.,
2007; Ait-Slimane et al., 2009), reggie-deficient cells showed no difference in Ab-labeled β1integrin internalization in a pulse chase assay, but tended to lose the labeling faster than
reggie-expressing shLuc control cells. Of note, the specific defects that resulted from loss of
reggie-1, such as increase in FA number and abnormal distribution, were rescued by
increased Rab11 activity in reggie-deficient cells. Vice versa, DN Rab11 produced the
reggie-deficiency phenotype in shLuc control cells: more FAs in a scattered distribution.
Of interest, the downregulation of reggie-1 and the ensuing disturbances of Rab11 activation
resulted in faster turnover of FAs and integrins. This might be explained by compensatory
effects taking place in shR1 cells, as seen before in A431 cells (Solis et al., 2013a), or by
effects on other regulators of the recycling machinery, which, however, disturbed the normal
order of FAs.
Observation of live cells, over-expressing fluorescently tagged proteins with TIRF
microscopy, showed that reggie-1 co-traffics with both α5- and β1-integrin vesicles which
engage in kiss-and-run contacts with FAs, implying a reggie and Rab11-dependent delivery
of integrins to FAs. Altogether, these data suggest that reggie-1, in concert with Rab11a and
controlled Rac1 and FAK activation, coordinate the targeted recycling of α5- and β1-integrins
to cell-substrate contacts and thereby regulate FA formation and cell motility.
The activity of Rab11 during integrin recycling is highly regulated and assisted by many
interacting proteins (Powelka et al., 2004; Pellinen and Ivaska, 2006; Jovic et al., 2007;
Caswell et al., 2009; Eva et al., 2010; Bhuin and Roy, 2011). Reggie-1 binds Rab11a directly
(Solis et al., 2013a), which involves its association with specific cargo vesicles (containing
α5- and β1-integrin). In case of E-cadherin, reggies associated with Rab11a at vesicles,
positive for SNX4 and EHD1, for the recycling of the adhesion protein to cell contact sites
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(Solis et al., 2013a). Reggies are attached to membranes through their head domain and
might even possess membrane-deforming properties by their ability to assemble into
oligomers and microscopically visible (≤ 100nm) clusters (Stuermer et al., 2004). It is
conceivable that reggies act as specific vesicle coats and “guide” vesicular carriers with
specific membrane proteins to their target sites at the plasma membrane. This function would
account for the fact that reggies were implicated in trafficking of different membrane proteins
and in different cells (Stuermer, 2010). In fact, there is no cell type without reggie, and a
striking degree of evolutionary conservation (Rivera-Milla et al., 2006).
The observation of reggie-dependent cargo trafficking might have been misinterpreted as
reggie/flotillin-dependent and lipid raft bound endocytosis (Glebov et al., 2006). Our present
assay with a β1-integrin antibody as well as earlier experiments with E-cadherin, transferrin
receptor and the T-cell receptor did not detect a reggie-mediated endocytosis event but
discovered instead a reggie-assisted Rab11-dependent recycling route (Stuermer, 2010;
Solis et al., 2013a).
In a wound closure assay, reggie-deficient A431 cells migrated faster, probably because
reggies influence many signaling molecules resulting in the imbalanced activation of RhoGTPases after reggie down-regulation (Solis et al., 2012). The increased motility in the
present reggie-deficient HeLa cells correlates with increased FAK, Rac1 activation and
abnormal FAs. It is possible that the effect of reggie-1 down-regulation on Rac1 activation
results from abnormal vesicle transport which seems to be normally governed by reggie and
Rab11.This implies that the delivery of Rac1 to specific regions in the cell occurs through its
transport at vesicles (Palamidessi et al., 2008). This affects the phosphoinositide composition
of the transport vesicles and increases the preference of Rac1 for lipid rafts
(Balasubramanian et al., 2007), which are the microdomains favored by reggies. Recently,
Emery and Ramel have suggested that Rab11 is involved in the spatiotemporal regulation of
Rac activity during collective cell movement (Emery and Ramel, 2013; Ramel et al., 2013)
and Rab11FIP3, which binds Arf6, can regulate polarized Rac1 activation (Jing et al., 2009).
These reports together with our data indicate that reggie and Rab11 might regulate Rac1
recruitment and its spatially confined activation. A role of Rac in paxillin turnover in FAs has
also been suggested (Steffen et al., 2013).
Rab11 was also implied in the targeted delivery of Src tyrosine kinases to FAs (Bach et al.,
2014). Src contributes to the phosphorylation of FAK (Canel et al., 2013). Since reggies
interact with Rab11 and Src (Stuermer et al., 2001; Stuermer et al., 2004; Liu et al., 2005;
Solis et al., 2012) it is possible that reggies at vesicles and at the plasma membrane
coordinate the interactions, underlying FA formation and turnover. Alternatively FAK
activation might be caused by defective integrin recycling in consequence of loss of reggie-1.
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Amiloride, which was used to block Rac1 activation, interferes with macropinocytosis
(Koivusalo et al., 2010) which is known to affect FA internalization and recycling (Gu et al.,
2011). Inhibition by amiloride reduced the number of supernumerary FAs in reggie-deficient
cells to near normal numbers, so that Rac1 over-activation or aberrant macropinocytosis
might contribute to the altered FA dynamics in our reggie-deficient cells (Solis et al., 2012)
Down-regulation of reggie-1 leads to a considerable reduction of reggie-2 (Solis et al., 2007),
and vice versa (Saslowsky et al., 2010). The present effects on integrin trafficking thus result
from down-regulation of reggie-1 and the substantial reduction of reggie-2. It is unclear why
there are two reggies at cargo vesicles, but their emergence is an evolutionarily early event
(Hinderhofer et al., 2009). Reggie-1 and reggie-2 homologs exist in Drosophila (Rivera-Milla
et al., 2006), where the loss of reggie-1 caused shortening of the wingless and hedgehog
gradients (Katanaev et al., 2008) presumably due to defects in morphogen deposition and
recycling.
Reggies were also needed for growth cone formation and elongation (Munderloh et al., 2009;
Koch et al., 2013) and the targeted delivery of N-cadherin as one of many growth and
guidance receptors (Bodrikov et al., 2011) in elongating neurites. The Rab11/ARF-6
dependent recycling of integrins was demonstrated by Eva and colleagues as an essential
molecular mechanism for the regeneration of axons in mammals (Eva et al., 2010; Eva et al.,
2012). This is in line with our present results on the interaction of reggie and Rab11a at
trafficking cargo vesicles during cell migration (Stuermer, 2010). This implies an interaction of
reggies with the cytoskeleton and motor proteins, as exemplified before (Langhorst et al.,
2007; Cornfine et al., 2011) and awaits further research. Reggies also interact with the RhoGTPases TC10 (Fecchi et al., 2006; Bodrikov et al., 2011) and RalA which are involved in
the exocyst-dependent membrane-directed cargo transport which additionally supports the
role of reggies in targeted recycling.
5.1.5 Materials and Methods
Reagents and Antibodies
Cell culture reagents were purchased from Life Technologies (Darmstadt, Germany).
Monoclonal antibodies (mAbs) against Paxillin, FAK, β1-integrin, Rac1 and reggie-1 (ESA)
were from BD Biosciences (San Diego, DA), mAb against β1-integrin (12G10) from Bio-Rad
(Hercules, CA), polyclonal antibody (pAb) against R1 (clone 1680) from Sigma-Aldrich (St.
Louis, CA), pAb against α-tubulin from Abcam (Cambridge, MA), pAb against Rab11FIP1
(RCP) was a kind gift from Rytis Prekeris (University of Colorado, Denver), anti phosphopAbs against pFAK (Y576/577) and pPaxillin were purchased from Cell Signaling (Beverly,

95

Reggie and cell-substrate adhesion
MA). The PAK-1 PBD agarose conjugated Rac1-GTP assay reagent was purchased from
Upstate Biotechnology (Lake Placid, NY) and all secondary Abs for Western blots and
immunostaining were obtained from Jackson ImmunoResearch (West Grove, PA).
Plasmids
The R1-mRFP and R1-EGFP-rescue vectors have been previously described (Langhorst et
al., 2007; Solis et al., 2007; Solis et al., 2012). The mCherry-Rab11 construct and the α5integrin-EGFP vector were kindly provided by Richard Eva (University of Cambridge, UK)
and Donna Web (University of Virginia, Charlottesville, USA). The β1-integrin-EGFP was a
kind gift from Sue Craig (University of Manchester, UK). EGFP-Rab11 Q70L and S25N
mutants were kindly provided by Stephen Ferguson (University of Western Ontario, Canada)
and the mRFP-Rab11 mutants were created by replacing the EGFP-ORF by mRFP from the
pmRFP-C1 vector (Solis et al., 2012). The GFP-paxillin construct was a gift from Kenneth
Yamada (Bethesda, Maryland, USA).
Cell culture
HeLa and A431 cells were cultured in MEM, or DMEM, respectively, both supplemented with
10% FCS, penicillin/streptomycin and L-glutamine. Vector transfection was performed with
Lipofectamine (Life Technologies) for 48 h and siRNA transfection was carried out with the
Nanofectine siRNA transfection reagent (PAA, Linz, Austria) for 72 h, all according to the
manufacturer’s instructions. Labeled (AlexaFluor546) siRNA duplexes against R1 (R1.0) or
luciferase from firefly (GL2) were purchased from Quiagen (Valencia, CA) according to target
sequences described previously (Solis et al., 2007).
Stable transfected cell lines
HeLa and A431 cells with stable knockdown were obtained by using shRNA plasmids (Solis
et al., 2012). Cells were selected in normal growth medium supplemented with 10 µg/ml
puromycin. Stably transfected HeLa and A431 cells (shLuc and shR1.0) were described
previously (Solis et al., 2012; Solis et al., 2013a). A second HeLa cell line for the downregulation of reggie-1 (shR1.1) was obtained using the primers 5′ sense strand, 5′gatccccGTTCATGGCAGACACCAAGttcaagagaCTTGGTGTCTGCCATGAACttttta-3′, and 3′
antisense

strand,

5′-

agcttaaaaaGTTCATGGCAGACACCAAGtctcttgaaCTTGGTGTCTGCCATGAACggg-3′.
Annealed primers were cloned using the BamHI and HindIII sites of the pRetroSuper vector.
Cells were selected and further cultured in 10 µg/ml puromycin.
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Immunofluorescence and microscopy
HeLa and A431 cells were fixed with PFA, washed for three times with PBS and
permeabilized with PBS containing 0.01% Triton-X-100 for 1 min. After three additional
washing steps, cells were blocked for 30 min with 1% bovine serum albumin (BSA) in PBS.
Immunostaining was performed overnight with the corresponding antibodies. After three
washes with PBS, cells were incubated with the secondary antibodies for 1.5 h, followed by
three washing steps with PBS and two additional washes with MilliQ water. The coverslips
were mounted with Mowiol and kept at 4°C. Microscopy was performed by a PlanApochromat 63x/1.4 oil objective or an Apochromat 40x1.2 W objective at a confocal
microscope (LSM700, Zeiss, Jena). For the live staining, cells were washed with cold PBS,
incubated with the Ab, diluted in cold medium, at 4°C for 1 h, fixed and immunostained as
described.
Live imaging of overexpressed proteins
Cells were seeded onto µ-dishes with glass-bottom (ibidi), coated with fibronectin (FN) and
transfected as describe above. After 48 h, cells were recorded with a Colibri Cell Observer
SD system (470 nm and 555 nm at 100% LED power) with an α-Plan Fluar 100x/1.45
objective at 37°C and 5% CO2 every second for 5 min to monitor co-trafficking of two
different proteins or every 30 sec for 1 h to record the movement of FAs with a AxioCamHRm
(Zeiss). Data were analyzed in Axiovision 4.8 (Zeiss) or ImageJ (National Institutes of Health,
Bethesda, MD). For the quantification of FA turnover all FAs of each recorded cell were
analyzed and divided into the different categories (5 independent experiments with at least 3
cells per construct per experiment). Alternatively, cells were recorded every 2 sec for up to 5
min at 37°C in culture medium (buffered with 25 mM HEPES) at the Zeiss Axio Observer Z1,
equipped with a TIRF system, using a α-Plan Fluar 100x/1.45 objective with diode lasers 488
nm and 543 nm (Zeiss, BIC Uni Konstanz). Videos were analyzed by ZEN 2012 (Zeiss) or
ImageJ.
Live imaging and analysis of cell mobility
Cells were seeded on µ-dishes (ibidi), coated with FN and grown overnight at 37°C. Pictures
were taken every 30 sec for 1 h in brightfield with a 40x objective at 37°C and 5% CO2.
Movies and kymographs of lines across the cells were analyzed with ImageJ. The speed of
movement of the cell edges was measured using the plugin “Kymo Line ROI” (Elisa May, BIC
University of Konstanz). About 100 cells per cell line were measured in three independent
experiments. Statistical analysis was performed using the paired t-test.
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Biochemical analysis
To analyze the concentration of specific proteins in shLuc and shR1 HeLa and A431 lines,
cells were grown to confluency on plastic cell culture dishes (Greiner). To quantify the
phosphorylated proteins, HeLa cells were grown on FN coated glass coverslips and lysed
with ice cold lysis buffer (20 mM TrisHCl pH7.5,100 mM NaCl, 5 mM MgCl2, 2 mM EDTA, 1%
Triton-X-100 and glycerol) containing HALT protease-phosphatase inhibitor cocktail (Thermo
Scientific). The lysed cells (in lysis buffer) were homogenized with a 27G needle. Extracts
were centrifuged and the supernatant was boiled at 95°C for 5 min. Proteins were separated
by SDS-page and transferred to a nitrocellulose membrane by Western blot. Membranes
were blocked and immuno-analyzed with the corresponding primary and secondary
antibodies.
Rac1-GTP assay
Lysates were cleared by centrifugation. The protein concentration was measured and
adjusted for the samples. A small amount of each sample was saved for protein analysis of
the input. The rest of the lysates was incubated with 10 µg of Rac Assay Reagent Pak-1 PBD
agarose conjugate (Upstate) at 4°C for 1 h. The agarose beads were washed three times
with lysis buffer, resuspended in 2x sample buffer and boiled for 5 min prior to separation on
an SDS gel. Proteins were transferred to a nitrocellulose membrane, blocked, analyzed with
a primary Ab against Rac1 (BD Bioscience) and analyzed as described above.
Quantification of FAs
HeLa and A431 shLuc and shR1 cells were seeded on FN coated glass cover slips and fixed
after 24 h at 37°C and 5% CO2. For siRNA treatment, the cells were transfected and seeded
after 48 h onto FN or PLL-coated glass coverslips. After additional 24 h incubation at 37°C,
cells were fixed. For DNA transfection, shLuc and shR1 cells were seeded 6 h after
transfection to FN-coated coverslips and incubated for 48 h prior to fixation. Cells were then
immunostained with the paxillin Ab as described above and recorded at a confocal
microscope. The number of FAs per cell was counted and the size of each cell was
measured with ImageJ. Each experiment was performed at least three times and about 100
to 150 cells per construct and experiment were analyzed. The number of FAs per cell was
normalized to 100 µm2 and the shLuc control was set to 100%. Statistical analyses were
performed by a paired t-test.
Pulse chase experiments with β1-integrin Ab
Cells, grown on FN-coated coverslips were serum starved for 2 h and incubated with the
12G10 β1-integrin Ab (5 µg/ml) in serum free medium for 1 h at 37°C. Cells were washed
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three times with PBS and chased for the indicated times with normal growth medium. After
three washes with PBS, cell surface-bound Ab was removed with cold acidic buffer (0.5 M
NaCl, 0.2 M acetic acid) for 10 sec followed by three additional washes with cold PBS. Cells
were fixed with PFA, permeabilized and immunostained as described above. For
quantification, the mean fluorescence intensity per cell of combined Z-stacks was determined
with ImageJ from three independent experiments (100-150 cells for each time point and
construct). Statistical analysis was performed by a paired t-test.
Drug treatment
Cells seeded on FN were grown as described above. The cells were then incubated for 1 h in
medium containing 1 mM amiloride or DMSO as control. To analyze and quantify the number
of FAs, cells were fixed and treated as described above.
5.1.6 Supplementary data
Supplementary movie legends
Movie S5.1 Reggie-1 knockdown enhances the motility of HeLa cells. shLuc HeLa cells, (left) and
shR1 cells (right) were recorded under brightfield for 1 h, taking pictures every 30 sec. The videos are
shown at 50 frames per sec. Reggie-1 deficient cells exhibit an increased motility compared to control
cells.
Movie S5.2 Focal adhesion dynamics in shLuc and shR1 HeLa cells. The movie shows areas of
the periphery of a shLuc HeLa cell (left) and a shR1 cell (right). The cells were transfected with GFPpaxillin to visualize focal adhesions. Movies were recorded for 1 h and pictures were taken every 30
sec with a Colibri-imaging-system. The dynamics of focal adhesions in shR1 cells (right) seem to be
enhanced, compared to the control (left). The videos are shown at a rate of 50 frames per sec.
Movie S5.3 Co-trafficking of reggie-1 together with integrins. HeLa cells were co-transfected with
either R1-RFP and β1-integrin-EGFP (left), or R1-RFP and α5-integrin-EGFP (right). Co-trafficking of
reggie-1 and integrins can be seen (yellow vesicles). The movies were recorded with a Colibri-imaging
system for 5 min, taking pictures for every second. The videos are shown at a rate of 10 frames per
sec.
Movie S5.4 Reggie-1 and β1-integrin traffic together in the substrate-near region of the cell.
HeLa cells were transfected with R1-RFP together with β1-integrin-EGFP and recorded at a TIRFmicroscope. The movie shows that reggie-1 and β1-integrin are together in vesicles that move towards
and away from the edges of the substrate-near region of the cell. Focal adhesions can be seen as
green immobile clusters. Pictures were taken every two seconds. The video is shown with a rate of 5
frames per sec.
Movie S5.5 Reggie-1 and α5-integrin move together in vesicles in the substrate-near region of
the cell. HeLa cells were co-transfected with R1-RFP and α5-integrin-EGFP and recorded at a TIRF
microscope. Yellow vesicles, containing both proteins contact focal adhesions (green) in a kiss-andrun mode. Pictures were taken for every two seconds over 5 min. The video is shown at a frame rate
of 5 frames per sec.
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Movie S5.6 Reggie-1 vesicles frequently touch focal adhesions. HeLa cells were co-transfected
with R1-RFP and GFP-paxillin. The paxillin signal was tresholded to clearly outline the focal adhesions
and to eliminate background. Reggie-1 vesicles (red) contact the focal adhesions in a kiss-and-run
mode (yellow spots). The pictures were taken at a TIRF microscope, every two sec over 5 min and the
video is shown at a rate of 5 frames per sec.
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The foregoing results show that reggies are part of the tubulovesicular recycling
compartment and that reggie-1 can directly interact with Rab11a and SNX4 and regulate
them. The co-operation of reggie-1 and Rab11a is thereby important for the trafficking of
specific membrane proteins to their destination. This is exemplarily shown during this work
for the transport of E-cadherin to cell-cell contact sites and for the delivery of integrins to
FAs. Both, AJs and FAs were abnormal when reggie-1 was downregulated and were
rescued by expression of a Rab11-CA mutant form. The recycling of the TfR back to the PM
was also impaired in the absence of reggie-1 and was rescued by Rab11-CA. In contrast to
cadherins and integrins which are targeted to specific sites of the cell, it is not clear whether
this applies to the TfR as well. Some reports show that the localization of the TfR in neurons
is restricted to the cell body and dendrites, but is excluded from the axon (Cameron et al.,
1991; West et al., 1997). These observations indicate that the TfR might be also targeted to
special areas in other cells.
Reggies reside at the cytoplasmic face of the PM, and often cooperate with a partner on the
cell surface to transmit signals over the PM. It was shown that PrP and reggies often interact
during signal transduction (e.g. during T-cell activation and in neurons). This work shows that
PrP and reggie also work together to regulate AJ formation and turnover. It would be
interesting to investigate, whether PrP serves as a landmark during cell-contact formation.
PrP is a GPI-anchored protein and its anchor is confined to the outer leaflet of the
membrane. However, it seems that PrP clustering and co-accumulation of reggie are
sufficient to transduce the signal into the cell: A computational model was able to show that
already small clusters of such peripheral membrane proteins (like PrP) that co-cluster with
intracellularly clustered partners (like reggie-microdomains) are able to recruit other proteins
and induce signaling (Morozova et al., 2011). Results in S2 cells, which do normally not
express any adhesion molecules, point into the same direction: PrP overexpression led to
PrP-PrP trans-interaction and to the accumulation of reggies and Src kinases at these sites
(Malaga-Trillo et al., 2009). Whether reggies and PrP also co-operate at FAs is unclear.
Reggies are on the one hand able to control the localization of PrP to FA-like structures,
which may represent precursors of mature FAs (Solis et al., 2010). Knockdown of reggie-1 or
PrP show on the other hand different phenotypes with regard to FAs: Reggie-1 downregulation leads to more FAs in a scattered distribution (chapter 5), whereas PrP downregulation induces the formation of fewer FAs that are longer (Schrock et al., 2009). PrP is
not the only protein that preferentially localizes in reggie-microdomains and some cells do
not even have PrP, thus it is reasonable to assume that other proteins (GPI-anchored or
transmembrane) can also provide directional cues or that reggies can have several partners
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at the same time. The GPI-anchored proteins F3 and Thy-1 are, for instance, (together with
PrP) strongly associate with reggie-microdomains in neurons (Schulte et al., 1997; Lang et
al., 1998).
Reggies have been implicated to be involved in a clathrin-independent, flotillin-dependent
endocytosis of GPI-anchored- and other transmembrane proteins (Glebov et al., 2006).
However, reggie-1 down-regulation did not perturb the endocytosis of PrP, E-cadherin or β1integrin in HeLa and A431 cells. An enhanced retention of the EGFR upon EGF stimulation
at the cell surface was found in reggie-1-deficient A431 cells, but as a result of an impaired
Src-dependent phosphorylation of the receptor and not due to loss of flotillin-dependent
endocytosis.
The present work demonstrates that reggies are important regulators of E-cadherin, α5- and
β1-integrins and the EGFR. These membrane proteins function in cell adhesion, tissue
integrity, epithelial to mesenchymal transition and thus also in the development of cancer.
This is in line with several reports showing that misbalanced expression of reggies
contributes to cancer and tumor progression (Berger et al., 2013; Wang et al., 2013; Yan et
al., 2014). In addition, reggie-1 influenced the transport of the TfR, which is an important
target for cancer therapeutics (Tortorella and Karagiannis, 2014).
Reggie-1 regulates E-cadherin and integrin recycling in a Rab11 dependent way (in A431
cells and HeLa cells) and the transport of GLUT4 (in adipocytes) together with TC10, RalA
and the exocyst complex (Fecchi et al., 2006). During axon outgrowth reggie-1 also
cooperates with TC10 and Exo70 in N-cadherin transport (Bodrikov et al., 2011). Thus,
reggies are able to interact with several GTPases to coordinate cargo trafficking. Whether
the specificity for the particular GTPase depends on other binding partners remains an
interesting and important question to answer. Reggies are proteins that reside at membranes
with a special lipid composition (Simons and Sampaio, 2011). These specific environments
might offer platforms for the recruitment and binding of particular proteins, allowing specific
interactions of reggies and their partners during cargo transport.
During the activation of T-cells, reggies pre-cluster at one pole of the cell, which represents
the future immunological synapse, and recruit PrP and the TCR to this site (Stuermer et al.,
2004). The TCR in T-cells exists in two pools: an intracellular pool in REs and one pool at the
PM (Das et al., 2004). TCR-activation leads to polarized TCR recycling from the REs to the
immunological synapse, which is dependent on Rab11 (Finetti et al., 2014). Reggies
associate with this endosomal pool but it has not been clarified, whether they contribute to
the polarized recycling of the receptor. However, this would comply with the current view of
the role of reggies in targeted recycling.
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Conclusions and outlook
Another aspect of the present work was the observation that the cells were able to partially
overcome the effect of reggie-1 down-regulation by compensatory mechanisms. A431 cells
were, for instance, able to partially compensate the defect in re-formation of cell-cell contacts
by enhanced expression of E-cadherin, even though AJs remained abnormal (chapter 3 and
4). This suggests that the newly synthesized E-cadherin that comes from the ER over the
Golgi to the ERC takes, in this case, another route than the E-cadherin that comes from the
cell surface and is recycled back. The cell can thus use alternative trafficking routes to
deliver E-cadherin to cell contact sites. One could speculate that a compensatory trafficking
pathway might also apply to integrin recycling during focal adhesion turnover, when reggie-1
is knocked down. This would account for the fact that there was more FA turnover even
though Rab11-dependent recycling was disturbed. Integrins are well known to be recycled in
the Rab11 dependent “long loop” as well as in a Rab4 dependent “short loop” pathway
(Margadant et al., 2011). When Rab11-function is impaired after reggie-1 down-regulation,
the Rab4 dependent recycling pathway for integrins might compensate the defects in Rab11
dependent recycling.
In conclusion, this work has demonstrated the role of reggies in membrane protein trafficking
by showing that E-cadherin dependent AJs and α5 and β1-integrin dependent FAs are
abnormal in shape, distribution and turnover in reggie-1 deficient HeLa and A431 cells.
Rab11 was identified as an important interaction partner of reggie-1 during cargo recycling.
This function would explain why reggies are ubiquitously expressed across all cell types and
accounts for their evolutionary conservation. The cell type specific functions, that reggies
were shown to be involved in (in neurons, T-cells, adipocytes etc.), may thus be a result of
their general role in the trafficking of cell type specific membrane proteins.
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7.1

Summary

Reggie-1 and -2 are two 48 kDa proteins in lipid rafts, which form homo- and heterooligomeric clusters in lipid raft microdomains at the cytoplasmic face of the plasma
membrane and at vesicular compartments. They are evolutionary highly conserved and are
present in basically all cells. The fact that reggies are located at important sites of the cells
and in trafficking vesicles suggests that they might function in the delivery of cargo to specific
sites.
The present thesis has investigated whether and how reggies might contribute to E-cadherin
delivery to adherens junctions (AJs) at cell-cell contacts and of α5- and β1-integrins to focal
adhesions (FAs) at cell-substrate contacts.
In the first part of this thesis it is shown that E-cadherin clusters at cell-cell contacts in
epithelial cells, together with PrP and reggie-1. The Loss of reggie-1 or PrP leads to a
reduced contact inhibition of the cells and to a reduction in the strength of intercellular
adhesions. This is a consequence of a defective formation and regulation of AJs. Reggiedeficient A431 cells show an impaired phosphorylation of Src, which leads to enhanced
surface expression of the EGFR, caused by its reduced Src-mediated phosphorylation.
Knockdown of reggie-1 thus leads to an imbalanced activation of several downstream
molecules. Reggie-1 co-traffics in vesicles together with E-cadherin and reggie-1 deficiency
induces an enhanced macropinocytic activity and a higher E-cadherin turnover in these cells
which leads to imbalanced AJ formation and regulation.
The second part shows that reggies play an important role in protein trafficking. Reggies are
part of the endocytic sorting and recycling machinery. They colocalize with Rab11a, SNX4,
EHD1, TC10 and Arf6, which are all constituents of this machinery, and can directly interact
with Rab11a and SNX4. Reggie-1 down-regulation impairs the localization of Rab11a to
recycling-tubules and leads to a defect of transferrin receptor recycling in HeLa cells and in
the recycling of E-cadherin in A431 cells. The defect in E-cadherin recycling can be partially
compensated by the cells by enhanced synthesis of E-cadherin. Of note, the defective
recycling can be rescued in both cell lines by a Rab11-CA mutant (and by overexpression of
SNX4 in A431 cells) and can be mimicked in control cells by overexpression of a Rab11-DN
mutant.
In the third part it is shown that reggie-1 also influences integrin dependent cell-substrate
contacts. Reggie-1 deficient cells exhibit higher numbers of FAs in a scattered distribution
and enhanced cell motility together with enhanced activation of Rac1 and FAK. In line with
these observations, reggie-1 knockdown-cells display an enhanced turnover of FAs. Reggie-
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1 co-traffics together with α5- and β1-integrins in vesicles towards FAs. Of importance, the
enhanced number and scattered distribution of FAs in reggie-1 down-regulated cells can be
rescued by a Rab11-CA mutant, and is mimicked in control cells with a Rab11-DN mutant
construct, as seen before for the effect of reggie-1 down-regulation on E-cadherin and
transferrin receptor recycling.
These data strengthen the hypothesis that reggies function together with Rab11 in the
targeted transport of membrane proteins to specific sites of the cell (Stuermer, 2010).
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7.2

Zusammenfassung

Reggie-1 und -2 sind zwei 48 kDa große „lipid raft“ Proteine, die an der Plasmamembran und
in Transportvesikeln durch homo- und hetero- Oligomersierung spezielle Mikrodomänen
bilden. Sie sind evolutionär hoch konserviert und in praktisch allen Zellen vorhanden. Die
Beobachtung, dass Reggies sowohl an wichtigen Stellen an der Plasmamembran, als auch
in Transportvesikeln vorkommen, weist darauf hin, dass diese möglicherweise am Transport
von Proteinen an spezifische Stellen der Membran beteiligt sind.
In dieser Studie wurde erforscht, ob und in welcher Weise Reggies am Transport von ECadherin an „adherens junctions“ (AJs; Zell-Zell Kontakte) und von α5- und β1-Integrinen an
Fokalkontakte (FAs; Zell-Substrat Kontakte) beteiligt sind.
Im ersten Teil dieser Studie wird gezeigt, dass Reggie-1 in Epithelzellen zusammen mit ECadherin (welches für die Bildung von AJs zuständig ist) und mit PrP, an Zell-Zell Kontakten
akkumuliert. Zellen ohne Reggie-1 oder PrP verlieren die Eigenschaft der Kontaktinhibition
und bilden weniger starke Zell-Zell Kontakte im Vergleich zu Kontrollzellen. Dieser Effekt
wird hervorgerufen durch Probleme bei der Bildung und der Regulation von AJs. A431 Zellen
ohne Reggie-1 weisen reduzierte Mengen an phosphoryliertem Src auf, was zu einem
erhöhten Verbleib des EGF-Rezeptors an der Membran führt, da dieser dadurch weniger
phosphoryliert und Aufgenommen werden kann. Die Herunterregulation von Reggie-1 führt
dadurch zu einem Ungleichgewicht in der Aktivierung verschiedener Moleküle, die in der
Signalkette Unterhalb des EGF-Rezeptors liegen. Reggie-1 befindet sich, zusammen mit ECadherin, an Transportvesikeln in der Zelle. Das Fehlen von Reggie-1 hat zur Folge, dass ECadherin

vermehrt

durch

einen

alternativen

Transportweg,

die

Makropinozytose,

aufgenommen und Recycelt wird, was zu einer erhöhten E-Cadherin Fluktuation und zu
defekten AJs führt.
Im zweiten Teil wird gezeigt, dass Reggies Teil der tubulären Sortier- und RecyclingsMaschinerie der Zelle sind. Reggies lokalisieren dort zusammen mit Rab11a, SNX4, EHD1,
TC10 und Arf6, welche allesamt Komponenten dieser Maschinerie darstellen. Dabei kann
Reggie-1 direkt sowohl an Rab11a, als auch an SNX4 binden. Defektives Reggie-1
beeinflusst die Lokalisierung von Rab11a an das tubuläre System und verursacht Störungen
im Recycling des Transferrin-Rezeptors in HeLa Zellen und im Recycling von E-Cadherin in
A431 Zellen. Reggie-1 negative Zellen haben die Fähigkeit die Störung in der Formierung
von Zell-Zell Kontakten zu vermindern, indem Sie die Produktion von E-Cadherin steigern.
Die Recycling-Defekte können in beiden Fällen (E-Cadherin und Transferrin Rezeptor) durch
Überexpression

von

konstitutiv

aktivem

Rab11

aufgehoben

werden

(und

durch
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Überexpression von SNX4 in A431 Zellen). Die Expression einer dominant negativen
Mutante von Rab11 kann den Effekt von fehlendem Reggie-1 in Kontrollzellen nachahmen.
Im dritten Teil wird gezeigt, dass Reggie-1 Einfluss auf die die Anzahl und die Verteilung von
Fokalkontakten hat, welche Verbindungen der Zelle zum Substrat darstellen. Zellen ohne
Reggie-1 weisen eine gesteigerte Phosphorylierung von FAK und eine erhöhte Aktivierung
von Rac1 auf. Die Herunterregulation von Reggie führt zu gesteigerter Motilität der Zellen,
einhergehend mit einem geseigerten Umbau von Fokalkontakten. Reggie-1 wird zusammen
mit α5- und β1-Integrin an Fokalkontakte transportiert. Die Defekte an Zell-SubstratKontakten, durch Fehlendes Reggie-1, können, wie zuvor beim Recycling von E-Cadherin,
durch Überexpression einer konstitutiv aktiven Rab11 Mutante aufgehoben werden.
Außerdem steigert die Überexpression einer dominant negativen Rab11 Mutante die Anzahl
der Fokalkontakte in Kontrollzellen in gleicher Weise wie das Fehlen von Reggie-1.
Diese Daten stützen Hypothese, dass Reggies, zusammen mit Rab11a, am zielgerichteten
Transport von Membranproteinen beteiligt sind (Stuermer, 2010).
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Note on contributions

* means equal contribution

Gonzalo P. Solis*, Yvonne Schrock*, Nikola Hülsbusch*, Marianne Wiechers, Helmut
Plattner and Claudia A. O. Stuermer: Reggies/flotillins regulate E-cadherin-mediated cell
contact formation by affecting EGFR trafficking; Mol Biol Cell (2012).
I designed, performed, analyzed and quantified the physiological assays on the
different cell lines, including the overlap of cells, the dispase-based dissociation assay
and the scratch wound assay (see Figure 3.1 and Figure 3.3). Moreover, I designed,
performed and analyzed the preparations of the detergent-resistant pools of Ecadherin (pre-permeabilization) and the associated localization of β-catenin and Factin together with E-cadherin (see Figure 3.2 and Supplemental Figure S3.3). In
addition I designed, performed and quantified the complete biochemical analysis of
the total amount of EGFR in shLuc and shR1 cells during EGF stimulation and the
corresponding analyses of the different EGFR phosphorylation sites (Figure 3.5), as
well as the complete biochemical analyses of the total and phosphorylated levels of
Src, PI3K, Akt, P38 and Erk1/2 (Figure 3.6). Besides I designed, performed and
analyzed the localization of desmosomal structures (immunostainings) in shLuc, shR1
and shPrP cells (see Supplemental Figure S3.3). Furthermore, I designed, performed,
analyzed and quantified the dextran uptake assays in shLuc, shR1 and shPrP cells
(see Figure 3.7 and Supplemental Figure S3.6), as well as the dextran uptake assays
in shR1 cells after treatment with DMSO, amiloride, LY294002 and the two Akt
inhibitors (see Supplemental Figure S3.6). Finally, I helped to write, prepare and to
finalize the manuscript.
Gonzalo P. Solis*, Nikola Hülsbusch*, Yvonne Radon*, Vladimir L. Katanaev, Helmut
Plattner and Claudia A. O. Stuermer: Reggies/flotillins interact with Rab11a and SNX4 at
the tubulo-vesicular recycling compartment and function in transferrin receptor and Ecadherin trafficking; Mol Biol Cell (2013).
I designed and performed the visualization of reggie-tubules by immunostaining (see
Figure 4.1). In addition, I designed, performed and quantified the complete
biochemical analyses of HeLa wt, shLuc and shR1 cells, including the TfR surface
expression and the chloroquine assay (see Figure 4.2) as well as the biochemical
analyses of A431 cells (see Supplemantal Figure S4.6). Moreover I designed and
performed the co-immunuprecipitations and western blots of HA-tagged reggie-1 with
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EGFP or ECFP tagged Rab11a, Rab4a, Rab8a, SNX4, SNX1, EHD1 and Arf6 (see
Figure 4.3). Furthermore, I designed, performed and quantified the experiments for
the localization of EGFP-Rab11a to tubules in HeLa shLuc and shR1 cells as well as
the experiments and quantifications of Tf-rhod and R1-EGFP in the pulse-chase
assay (see Figure 4.4). The complete Tf-rhod pulse chase assays in shLuc and shR1
cells after overexpression of EGFP, R1-EGFP rescue, EGFP-Rab11-CA, EGFPRab11-DN and EGFP-Rab8a-CA were designed, perfomed, analyzed and quntified
by me, as well as the biochemical analyses on Tf recycling with Tf-biotin in shLuc and
shR1 cells (see Figure 4.5). In addition, I designed, performed and quantified all
experiments in A431 shLuc and shR1 cells, including the analyses of E-cadherin after
Ca2+-switch experiments with and without cycloheximide with microscopical and
biochemical approaches (Figure 4.6) and the analyses of E-cadherin accumulations
after Ca2+-switches in shLuc and shR1 cells after overexpression of control, Rab11CA, Rab11-DN, SNX4, EHD1 and Rab8a-CA constructs (Figure 4.7), as well as the
Ca2+-switch experiment with MiTMAB (Supplemental Figure S4.6). Besides, I
performed the co-localization experiment in A431 cells of E-cadherin with mCherryRab11a and the recording of mRFP-R1 together with E-cadherin in vesicles and
tubular structures in A431 cells after a Ca2+-switch (Supplemenal Figure S4.6 and
Supplemental Movie S4.3). Finally, I helped to write, prepare and to finalize the
manuscript.
Nikola Hülsbusch, Gonzalo P. Solis and Claudia A. O Stuermer: Reggie-1/Flotillin-2
regulates integrin trafficking and focal adhesion turnover via Rab11a; unpublished
manuscript
I designed, performed, analyzed and quantified all experiments, except for the
generation of the shR1.1 cell line. In addition I helped to write, prepare and finalize
the manuscript.
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