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Abstract
Wnt co-receptors have been shown to be endocytosed in response to Wnt proteins.
However, the role of Wnt receptor internalization for Wnt signaling is a topic of ongoing
research. Here we show that the Wnt co-receptor PTK7 (protein tyrosine kinase 7) is
internalized via a caveolin-mediated pathway upon stimulation with canonical Wnt ligands.
PTK7 is an evolutionary conserved transmembrane receptor that regulates a broad range
of processes including the determination of planar cell polarity and the regulation of cell
migration. Previous data from our lab revealed that PTK7 acts as Wnt co-receptor
activating non-canonical PCP/Wnt signaling through Dsh-recruitment to the plasma
membrane. Further, our findings indicate that PTK7 binds canonical but not non-canonical
Wnt proteins and inhibits canonical Wnt signaling. This study shows that the cellular PTK7
protein localization is affected by canonical Wnt ligands. PTK7 is translocated from the
plasma membrane to the cytoplasm upon Wnt3a stimulation. Interestingly, PTK7 and
canonical Wnt proteins are internalized together as a ligand/receptor complex. In contrast,
non-canonical Wnt ligands, which do not interact with PTK7, do not affect PTK7
membrane localization. PTK7 internalization is mediated by a caveolin-dependent
pathway and prevented by inhibitors of caveolin-mediated endocytosis. Furthermore, we
found evidence that canonical Wnt ligands trigger lysosomal PTK7 degradation. PTK7
protein levels decrease in response to canonical Wnt ligands, which does not happen
after inhibition of lysosomal degradation. These data suggest a model of PTK7 function,
whereby PTK7 likely inhibits canonical Wnt signaling by binding canonical Wnt ligands.
Thereby canonical Wnt ligands are trapped in a PTK7-complex in the cytoplasm and their
interaction with Wnt receptors supporting canonical Wnt signaling is prevented.
Conversely, canonical Wnt proteins trigger PTK7 lysosomal degradation, indicating a
mutual inhibition between canonical Wnt signaling and PTK7 signaling.
In the context of caveolin-mediated internalization of PTK7, caveolin-1 depletion in
Xenopus embryos was analyzed. Interestingly, caveolin-1 deficient embryos exhibit an
impaired swimming behavior. Caveolin-1 is the best characterized member of the caveolin
protein family, that includes three members in vertebrates, caveolin-1,-2 and -3. Here we
show that caveolin-1 is strongly expressed in the notochord of Xenopus embryos and its
depletion severely impairs swimming behavior. Co-injection of caveolin-1 mRNA rescues
this swimming defect. Morphological studies in caveolin-1 morphant embryos revealed
disrupted actin filaments in muscle cells of the somites. These findings indicate that
defects in muscle development upon caveolin-1 depletion might result in the observed
abnormal swimming behavior of Xenopus embryos.
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Introduction

1.1

Wnt signaling pathways

Wnt signaling pathways control diverse biological processes, such as cell proliferation, cell
polarity and cell fate specification during embryonic development and adult tissue
homeostasis in all metazoan organisms. Misregulated activation of Wnt signaling
pathways often results in birth defects, cancer and various other diseases (MacDonald et
al., 2009; Clevers and Nusse, 2012; Sokol, 2015). The first identified and best
characterized Wnt pathway is the canonical (β-catenin-dependent) Wnt signaling pathway.
Later, further β-catenin-independent pathways were detected and called non-canonical
Wnt signaling pathways, one of which is the planar-cell-polarity (PCP) pathway (Kikuchi et
al., 2009; Niehrs, 2012). Although intracellular signal transduction differs between the
distinct Wnt signaling pathways, some upstream core proteins are shared. These proteins
include the Wnt ligands, the Frizzled (Fz) family receptors and the cytoplasmic adaptor
protein Dishevelled (Dsh), which forms the branching point between the different Wnt
signaling pathways (Figure 1) (MacDonald et al., 2009; Niehrs, 2012; Sokol, 2015).
Canonical Wnt signaling is activated by the binding of a Wnt ligand to its Frizzled receptor.
Downstream signaling of the canonical Wnt pathway leads to the stabilization of β-catenin
in the cell and to a subsequent activation of β-catenin-dependent target gene expression,
thereby regulating cell proliferation and differentiation (Figure 1 A). Non-canonical
PCP/Wnt signaling acts through small GTPases of the Rac/Rho family, leading to
changes in the cytoskeleton and subsequent determination of cell polarity (Figure 1 B)
(MacDonald et al., 2009; Kikuchi et al., 2011; Clevers and Nusse, 2012).
Most Wnt proteins preferentially activate either canonical or non-canonical Wnt signaling
pathways. However, Wnt proteins cannot be strictly classified as canonical or noncanonical activators, because the signaling outcome additionally relies on the receptors
involved and the cellular context of a particular cell (Niehrs, 2012; Willert and Nusse,
2012). Beside the main Wnt receptor Frizzled, several other Wnt co-receptors have been
identified, which bind Wnt and Frizzled simultaneously and are important regulatory
determinants to direct downstream signaling to the different branches. Indeed, more than
15 receptors and co-receptors involved in Wnt signaling have been discovered until now,
including the main Wnt receptor Frizzled (Frizzled 1-10), LRP5/6, ROR1/2, PTK7, RYK
and MUSK (Verkaar and Zaman, 2010; Kikuchi et al., 2011; Niehrs, 2012). Interestingly, it
still remains elusive if Frizzled can act without co-receptors. Frizzled co-receptors involved
in the activation of canonical Wnt signaling are LRP5 or LRP6, whereas in PCP signaling
Ror1, Ror2 or PTK7 serves as co-receptor (Niehrs, 2012). Considering the presence of
1
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various Wnt ligands and receptors, it is of great interest to understand how signal
specificity is achieved.

A

B

Figure 1: Wnt signaling pathways.
Wnt signaling pathways are regulated through some common key proteins, which are Wnt ligands,
Fz receptors and Dsh (Dvl) proteins. (A) Activation of the canonical, β-catenin-dependent, Wnt
pathway by Wnt ligand binding to its receptors Frizzled and LRP5/6, results in the inhibition of
GSK3β, leading to the accumulation and nuclear localization of β-catenin. β-catenin interacts with
the transcription factors Tcf/Lef to induce target gene expression. (B) In PCP signaling Dsh
activates Rac and Rho which in turn activate Rho-kinase and c-Jun-N-terminal kinase (JNK).
Activation of PCP signaling leads to changes in the actin cytoskeleton and regulates cell polarity
and cell migration (modified after Kikuchi et al., 2007).
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1.2

Core components of Wnt signaling pathways

1.2.1

Wnt proteins

Wnt proteins are secreted hydrophobic cysteine-rich proteins that act as paracrine and
autocrine ligands and are conserved in all metazoan animals (MacDonald et al., 2009;
Feng and Gao, 2015). The first Wnt gene, int-1, now called Wnt-1, was isolated in the
mouse in 1982 (Nusse and Varmus, 1982). So far 19 Wnt genes have been identified in
most mammalian genomes, including humans (Clevers and Nusse, 2012; Willert and
Nusse, 2012). Wnt proteins are composed of approximately 350-400 amino acids, contain
up to 23 or 24 cysteine residues and at least one N-linked glycosylation site (Komekado et
al., 2007). Glycosylation and lipidation/acylation are the main modifications of Wnt
proteins. Moreover, the hydrophobicity of Wnt proteins is most likely established through
posttranslational lipid modifications by the attachment of a mono-unsaturated fatty acid,
palmitate and/or palmitoleic acid to one or more conserved serine or cysteine residues.
These posttranslational modifications occur in the endoplasmatic reticulum (ER) (Willert et
al., 2003; Takada et al., 2006; Willert and Nusse, 2012). Glycosylation seems to be a
crucial step for Wnt folding and secretion, as glycosylation mutants of Wnt3a and Wnt5a
are not secreted into the extracellular matrix (ECM) (Komekado et al., 2007; Kurayoshi et
al., 2007). Wnt modification by lipidation is essential for intracellular processing and Wnt
activity (Willert et al., 2003; Takada et al., 2006; Clevers and Nusse, 2012). It has been
shown that Wnt3a and Wnt5a palmitoylation mutants lose their ability to bind to their
receptors and to activate signaling (Komekado et al., 2007; Kurayoshi et al., 2007). The
multipass transmembrane O-acyltransferase Porcupine (Porcn), which resides in the ER,
is supposed to catalyze the acylation of Wnt proteins (van den Heuvel et al., 1989b,
1989a, 1989b; Kadowaki et al., 1996; Hofmann, 2000). Mutation of Porcn results in the
reduction of Wnt3a palmitoylation, its retention in the ER and thus the ablation of Wnt
signaling (Tanaka et al., 2002; Barrott et al., 2011; Biechele et al., 2011). After Wnt
proteins are processed, their secretion is regulated by the sorting receptor Wntless (Wls),
also known as Eveness interrupted (Evi) or Sprinter (Srt) in Drosophila, which transports
Wnt proteins to the plasma membrane (Banziger et al., 2006; Bartscherer et al., 2006;
Goodman et al., 2006). After Wnt secretion Wls is recycled from endosomes to the Golgi
mediated by the retromer complex which is composed of 5 subunits (Figure 2). Deficiency
of the retromer complex leads to the degradation of Wls in the lysosome resulting in
abolished Wnt secretion (Coudreuse et al., 2006; Belenkaya et al., 2008; Franch-Marro et
al., 2008; Port et al., 2008).
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Figure 2: Posttranslational modifications and secretion of Wnt proteins.
After translation Wnt proteins enter the ER, where glycosylation and acylation through Porcupine
(Porcn) occurs. Wnts are transported to the Golgi and interact with Wntless (Wls), which mediates
its transport from the Golgi to the plasma membrane with the help of specific cargo proteins
belonging to the p24 protein family. After release of the active Wnt protein, Wls is recycled back to
the Golgi through clathrin-mediated endocytosis and the retromer complex (modified after Willert
and Nusse, 2012).

Canonical and non-canonical Wnt proteins are proposed to activate the respective Wnt
signaling pathway. However, no specific sequence or structure within the proteins has
been found to categorize them as canonical or non-canonical. The cellular context defined
by the expression of certain receptors and signal transducers is most crucial for Wnt
proteins to act as canonical or non-canonical activators. This theory is supported by the
fact that non-canonical Wnt5a and Wnt11 can activate canonical Wnt signaling under
specific conditions (He et al., 1997; Tao et al., 2005; Cha et al., 2008; Willert and Nusse,
2012).

Nevertheless, Wnt1, Wnt3a and Wnt8 are classified as typical canonical Wnt

proteins, whereas Wnt5a and Wnt11 are mainly involved in non-canonical signaling. The
4
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categorization of Wnt proteins as canonical or non-canonical activators is mainly based on
their ability to induce a secondary axis in Xenopus embryos (Du et al., 1995) and/or to
induce morphological transformation of C57MG mammary epithelial cells (Wong et al.,
1994).
Interestingly, a high resolution structure achieved by crystallization of Xenopus Wnt8 in
complex with the cysteine-rich domain (CRD) of mouse Frizzled8 was recently published.
This crystallization revealed a structure which resembles a “hand” with a thumb extending
from the N-terminal domain and an index finger from the C-terminal domain (CTD) that
grasps Frizzled’s CRD at two binding sites. The thumb is modified with a palmitoleic acid
at a highly conserved serine residue (Figure 3) (Janda et al., 2012).

Figure 3: Structure of Xenopus Wnt8 in complex with Fz8.
Only the Wnt8 structure is shown. Xenopus Wnt8 protein structure resembles a “hand” with a
thumb, a palm region and an index finger. The palmitoleic acid, shown in pink, extends from the
thumb (Janda et al., 2012; Willert and Nusse, 2012).

1.2.2

Frizzled receptors

The frizzled gene was first identified in Drosophila in a screen for mutations that cause
PCP phenotypes (Vinson and Adler, 1987a). Later Frizzled was found in diverse
metazoan including humans, where ten family members have been identified. Frizzled
proteins are the main Wnt receptors and regulate canonical and non-canonical Wnt
signaling pathways (Huang and Klein, 2004; Clevers and Nusse, 2012). Frizzled is a
seven transmembrane protein with a large extracellular N-terminal cysteine-rich domain
(CRD). This CRD, containing ten cysteine residues, is conserved among the Frizzled
protein family and is necessary and sufficient for Wnt ligand binding (Bhanot et al., 1996;
Dann et al., 2001). Further, Frizzled has seven hydrophobic domains that form
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transmembrane alpha-helices (Figure 4) (Wang et al., 1996; Huang and Klein, 2004). Via
the intracellular domain (ICD) Frizzled binds cytoplasmic proteins, like the scaffold protein
Dsh. The ICD has little homology between the Frizzled family proteins, despite of a
conserved motif (KTXXXW) that is essential for Frizzled-Dsh protein interaction and thus,
activation of canonical Wnt signaling (Umbhauer et al., 2000; Wong et al., 2003). It has
been shown that a mutant Frizzled protein comprising a point mutation in one of the
conserved amino acids lost its ability to activate canonical Wnt signaling (Umbhauer et al.,
2000).

Figure 4: Structure of Frizzled proteins.
Frizzled proteins are about 500 to 700 amino acids in length containing an N-terminal signal
sequence (SS). The large extracellular cysteine-rich domain (CRD) binds Wnt proteins and other
ligands. Frizzled has seven hydrophobic transmembrane domains and a C-terminal intracellular
domain including the conserved KTXXXW motif (modified after Huang and Klein, 2004).

1.2.3

Dishevelled

Dishevelled was first identified in Drosophila mutants and was named after the observed
phenotype, as the mutation of the dishevelled gene leads to misoriented body and wing
hairs (Fahmy and Fahmy, 1959). Highly homologous Dsh proteins were identified in
mouse, Xenopus and humans (Sussman et al., 1994; Sokol et al., 1995; Pizzuti et al.,
1996; Semenov and Snyder, 1997). Dsh is located downstream of the Wnt/Fz ligandreceptor complex and plays a crucial role in Wnt signaling as it is the branching point
between canonical and non-canonical Wnt signaling (Axelrod et al., 1998; Boutros et al.,
1998; Wallingford and Habas, 2005). The Dsh protein is composed of three highly
conserved domains, the C-terminal DIX (Dishevelled/Axin), the central PDZ (Postsynaptic
density 95, Discs Large, Zonula occludence-1) and the N-terminal DEP (Dishevelled,
EGL-10, Pleckstrin) domain. These domains are important to direct Wnt signaling into the
distinct downstream pathways. The DIX domain is involved in canonical Wnt signaling,
whereas PCP signaling is transduced through the DEP domain. The central PDZ domain
is essential for both Wnt signaling pathways and is often found to interact with Dsh binding
partners (Figure 5) (Axelrod et al., 1998; Boutros et al., 1998; Rothbacher et al., 2000;
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Wallingford et al., 2000; Capelluto et al., 2002). Thus, it is proposed to function as a
switch between canonical and non-canonical PCP signaling.

Figure 5: The conserved domains of Dishevelled.
Dsh contains three highly conserved domains, the N-terminal DIX domain, the central PDZ domain
and the C-terminal DEP domain. The different domains are essential for the selective activation of
different Wnt signaling pathways. The DIX and the PDZ domain are important for canonical Wnt
signaling, while the DEP together with the PDZ domain function in PCP signaling (modified after
Wallingford and Habas, 2005).

1.3

Canonical Wnt signaling

1.3.1

Molecular mechanism of canonical Wnt signaling

Canonical Wnt signaling or β-catenin-dependent Wnt signaling controls processes like cell
proliferation and cell differentiation during embryogenesis and adult tissue homeostasis.
Misregulation of canonical Wnt signaling results in various diseases, ranging from birth
defects,

several

types

of

cancer

including

colon

cancer

and

melanoma

to

neurodegenerative diseases (Niehrs, 2012; Acebron et al., 2014; Sokol, 2015). Active
canonical Wnt signaling leads to the stabilization of β-catenin and to the transcription of βcatenin-dependent target genes in the cell. In the absence of Wnt ligands cytoplasmic βcatenin is constantly degraded. The degradation of β-catenin is regulated by the
destruction complex, which is composed of the scaffolding protein axis inhibitor (Axin), the
tumor suppressor adenomatosis polyposis coli (APC), casein kinase I (CKI) and glycogen
synthase kinase 3 (GSK3). β-catenin interacts with Axin and APC and is thereby bound to
the destruction complex (Aberle et al., 1997; Clevers and Nusse, 2012). The N-terminal
region of β-catenin is sequentially phosphorylated by the kinases CKI and GSK3 (Yost et
al., 1996; Amit et al., 2002; Liu et al., 2002; MacDonald et al., 2009). Phosphorylated βcatenin is recognized by the E3 ubiquitin ligase subunit β-TrCP resulting in β-catenin
ubiquitination and rapid degradation in the proteasome (Jiang and Struhl, 1998; Marikawa
and Elinson, 1998; Liu et al., 1999). In the absence of β-catenin, transcription of Wnt
target genes is continuously repressed by the DNA-bound transcription factors T cell
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factor/lymphoid enhancer (TCF/LEF). TCF/LEF interact with the transcriptional repressor
Groucho (Transducin-like enhancer protein, TLE1 in human), which recruits histone
deacetylases (HDAC) to mediate histone deacetylation and chromatin compaction (Figure
6 A) (Cavallo et al., 1998; Roose et al., 1998).
Canonical Wnt signaling is initiated by the binding of a canonical Wnt ligand to the
membrane receptors Fz and low-density-lipoprotein receptor related protein 6 (LRP6) or
LRP5. This ternary complex recruits Dsh to the membrane, which interacts with the
cytoplasmic part of Fz. Dsh further recruits Axin together with the other components of the
destruction complex to the membrane, including the kinases GSK3 and CKI (Mao et al.,
2001; Clevers and Nusse, 2012). This recruitment induces rapid phosphorylation events
at the intracellular domain of LRP6 by GSK3 and CKI. GSK3 phosphorylates LRP6 at
Ser1490 in a PPPSP motif followed by CKI phosphorylation which occurs adjacent to the
PPPSP motif at Thr1479 (Tamai et al., 2004; Davidson et al., 2005; Zeng et al., 2005).
These dual phosphorylation events result in the formation of an axin docking side at the
intracellular domain of LRP6, thereby strongly enhancing the recruitment of Axin and the
destruction complex (Mao et al., 2001; Tamai et al., 2004; Davidson et al., 2005).
Consequently, phosphorylated LRP6 inactivates the GSK3β kinase through direct binding
(Cselenyi et al., 2008; Piao et al., 2008; Wu et al., 2009). Signaling is further enhanced by
the oligomerization of Dsh and Axin, which promotes the clustering of LRP6 to form the
so-called LRP6 signalosome (Bilic et al., 2007). These processes stabilize β-catenin and
prevent its phosphorylation by GSK3β. Unphosphorylated β-catenin accumulates in the
nucleus, binds to TCF/LEF, displaces Groucho and activates the expression of β-catenin
dependent genes (Behrens et al., 1996; Molenaar et al., 1996), such as c-Myc (He et al.,
1998), cyclinD1 (Tetsu and McCormick, 1999) and Axin2 (Jho et al., 2002) (Figure 6 B).
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Figure 6: The canonical Wnt signaling pathway.
(A) In the absence of Wnt proteins, β-catenin is bound by the destruction complex composed of
Axin, GSK3, APC and CKI leading to its constitutive phosphorylation. Phosphorylated β-catenin is
recognized by the E3 ubiquitin ligase subunit β-TrCP, which mediates ubiquitination and
proteasomal degradation of β-catenin. Wnt target gene transcription remains inactive due to the
interaction of TCF with transcriptional co-repressors such as Groucho and histone deacetylases
(HDAC). (B) Upon binding of a Wnt ligand to LRP6 the destruction complex associates with
phosphorylated LRP6. This process leads to an inactivation of the destruction complex, so that βcatenin can accumulate and enter the nucleus, where it replaces Groucho and activates Wnt target
gene transcription (modified after de Lau et al., 2012).

1.3.2

Developmental processes regulated by canonical Wnt signaling

During embryonic development canonical Wnt signaling regulates diverse processes
including body axis specification and organogenesis (Niehrs, 2012; Acebron et al., 2014;
Sokol, 2015). In vertebrates the specification of the first body axis, the dorsal-ventral (DV)
axis, occurs directly after fertilization and subsequently also determines the orientation of
the anterior-posterior (AP) axis. Our knowledge of how axis specification is determined
mostly came from studies in Xenopus laevis (Weaver and Kimelman, 2004; Sokol, 2015).
Sperm entry into the oocyte leads to an event called cortical rotation, which is a
microtubule-dependent process. Through cortical rotation maternally deposited dorsalizing
factors are actively transported from the vegetal towards the future dorsal pole, opposite
to the point of sperm entry (Figure 7) (Gerhart et al., 1989; Houliston and Elinson, 1992;
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Weaver and Kimelman, 2004; Hikasa and Sokol, 2013). These dorsalizing factors include
maternally expressed Dsh, GSK3-binding protein (GBP) and Wnt11. At the future dorsal
pole Dsh and GBP inactivate GSK3β and Wnt11 further activates maternal canonical Wnt
signaling (Figure 7). Inactivation of GSK3β at the dorsal pole of the embryo leads to the
accumulation of β-catenin, while β-catenin is degraded at the ventral pole (Miller et al.,
1999; Weaver and Kimelman, 2004; Tao et al., 2005). Hence, cortical rotation leads to the
local stabilization of β-catenin by the action of Dsh, GBP and Wnt11 and thus to the
activation of canonical Wnt signaling in the nuclei of dorsal cells in early blastula Xenopus
embryos. Asymmetric β-catenin distribution can already be observed soon after
fertilization in 2- and 4-cell stage embryos (Larabell et al., 1997; Sokol, 1999).
Subsequently, β-catenin activates the expression of several zygotic genes at the dorsal
pole that are necessary for the formation of a signaling center known as the Spemann
organizer in amphibians, the shield in zebrafish and the node in the mouse (Harland and
Gerhart, 1997; Sokol, 1999; Schier and Talbot, 2005). In Xenopus these organizer
inducing genes include the Nodal family genes, Siamois and Twin (Lemaire et al., 1995;
Fan et al., 1998; Sokol, 1999). The importance of cortical rotation on dorsal-ventral axis
specification has been demonstrated by disruption of microtubule-polymerization via UV
irradiation or the microtubule-depolymerization agent nocodazole, which results in the
development of ventralized Xenopus and zebrafish embryos (Chung and Malacinski,
1980; Scharf and Gerhart, 1980; Jesuthasan and Stahle, 1997).
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Figure 7: Dorsal-ventral axis specification in Xenopus.
Sperm entry induces cortical rotation, whereby vegetally localized Dsh and GBP are transported
along microtubule arrays to the future dorsal pole of the embryo. Dsh and GBP inhibit GSK3
activity, thereby promoting the dorsal accumulation of β-catenin and the activation of the maternal
Wnt signaling pathway. β-catenin enters the nuclei and activates together with XTcf-3 the
transcription of dorsal-specific genes which in turn induce the formation of the Spemann organizer.
V: ventral, D: dorsal (Miller et al., 1999).

The local stabilization of β-catenin at the future dorsal pole is the key step in organizer
formation. Depletion of maternal β-catenin inhibits the development of dorsal and anterior
structures, while overexpression of β-catenin on the ventral side of the embryo results in
the formation of an ectopic dorsal axis (Heasman et al., 1994; Funayama et al., 1995;
Larabell et al., 1997). For example, the activation of the canonical Wnt signaling pathway
by ventral ectopic expression of Wnt1 or Wnt8 in Xenopus embryos leads to axis
duplication through β-catenin activation and Spemann’s organizer formation (Sokol et al.,
1991; Sokol, 2015). Thus, modulation of canonical Wnt signaling by activation on the
ventral or inhibition on the dorsal side of the embryo results in the generation of dorsalized
(second axis) or ventralized embryos, respectively. Targeted injection into the ventral or
dorsal blastomere of a Xenopus embryo has become a popular assay to study how a
particular gene influences canonical Wnt signaling (Kuhl and Pandur, 2008). Based mainly
on these assays, Wnt proteins have been categorized as canonical or non-canonical by
their ability to induce secondary axis development when overexpressed ventrally (Du et
al., 1995; Yamaguchi, 2001).
In addition to dorsal-ventral patterning, anterior-posterior patterning of neurectoderm has
been shown to rely as well on canonical Wnt signaling in Xenopus and zebrafish. The
neurectoderm gives rise to forebrain, midbrain, hindbrain and spinal cord precursor tissue
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during gastrula stages. At these stages Wnt proteins are expressed in the posterior and
Wnt inhibitors in the anterior regions, resulting in the establishment of a posterior to
anterior gradient of β-catenin and Tcf-reporter activity (Glinka et al., 1998; McGrew et al.,
1999; Kim et al., 2000; Kiecker and Niehrs, 2001; Schohl and Fagotto, 2002; Petersen
and Reddien, 2009). Thus, canonical Wnt signaling needs to be inhibited in the anterior
and activated in the posterior regions of the embryo to ensure correct anterior neural
patterning and posterior tissue development. The importance of anterior Wnt signaling
inhibition for head development was demonstrated in zebrafish headless (hdl) mutants.
These mutants lack eyes, forebrain and part of the midbrain because of a null mutation in
Tcf3, resulting in the loss of Tcf3 repressor activity (Kim et al., 2000). Hence, the
establishment of a Wnt gradient from head to tail tissue in the developing embryo is
crucial for appropriate anterior-posterior patterning.

1.4

Planar cell polarity signaling

1.4.1

Molecular mechanism of planar cell polarity signaling (PCP)

Planar cell polarity signaling regulates the coordinated polarization of cells and cellular
structures along an axis within the plane of an epithelium, orthogonal to the apical-basal
axis (Figure 8 A) (Vladar et al., 2009; Bayly and Axelrod, 2011; Sokol, 2015). However,
after many years of studying PCP, it is now known that PCP regulates many processes in
polarized cells and tissues and thus is not restricted to epithelial cells (Vladar et al., 2009).
PCP controls diverse developmental processes such as convergent extension movements
during gastrulation or neuronal and epithelial cell migration (Grumolato et al., 2010).
Moreover, in vertebrates PCP was identified to regulate collective cell migration during
epidermal wound repair, the orientation of cochlear sensory hair cells, multiciliated cells,
cells of the developing long bones and cultured fibroblasts (Montcouquiol and Kelley,
2003; Guo et al., 2004; Caddy et al., 2010; Bayly and Axelrod, 2011; Wang et al., 2011;
Wallingford, 2012). Since PCP controls such diverse developmental processes, the
disruption of this signaling pathway leads to various diseases for instance deafness,
neural tube, cardiac and renal developmental defects as well as polycystic kidney disease
and metastatic cancer (Simons and Mlodzik, 2008; Vladar et al., 2009; Bayly and Axelrod,
2011; Wallingford, 2012). PCP was initially studied in insects, especially in the Drosophila
wing, eye and abdomen. Thereby many evolutionary conserved PCP components have
been identified, which are referred to as “core” PCP proteins. These “core” PCP proteins
include the transmembrane proteins Van Gogh (Vang or Strabismus (Stbm) or Vang like
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(Vangl) in vertebrates) (Taylor et al., 1998; Wolff and Rubin, 1998), Flamingo (Fmi or
Starry Night or Celsr in vertebrates) (Chae et al., 1999; Usui et al., 1999), and Frizzled
(Fz) (Vinson et al., 1989). Cytoplasmic proteins involved in PCP are Dsh (Klingensmith et
al., 1989; Theisen et al., 1994), Prickle (Pk) (Gubb et al., 1999) and Diego (Dgo) (Feiguin
et al., 2001; Das et al., 2004).
Interestingly, in Drosophila these core PCP proteins accumulate asymmetrically within the
cell to distinct regions of the plasma membrane. Whereas Fmi is enriched at both,
proximal and distal sides (Usui et al., 1999), Vang and Pk localize anteriorly opposite of
Fz, Dsh and Dgo, which localize posteriorly (Figure 8 B). This polarized subcellular
distribution of the core PCP proteins is important for cell-cell communication between
adjacent cells and for the orientation of particular structures within the cell (Bayly and
Axelrod, 2011; Gray et al., 2011; Wallingford, 2012)

Figure 8: Planar cell polarity.
(A) Planar cell polarity regulates the planar, from proximal to distal, polarity, perpendicular to the
apical-basal polarity. Scheme of PCP in epithelial cells where it controls the positioning of polarized
hairs at the distal site of each cell (Marcinkevicius et al., 2009). (B) Polarity within the cell is
established through the asymmetric distribution of core PCP proteins in many cell types undergoing
PCP. Vang, and Pk are localized proximally, while Fz, Dsh and Dgo localize distally in each cell.
Fmi is localized to both proximal and distal cell membranes (Vladar et al., 2009).

The subcellular asymmetry is additionally regulated by the mutual inhibition of Fz/Dsh/Dgo
and Vang/Pk. Vang and Pk bind Dsh and inhibit its recruitment to the membrane, which is
necessary for PCP pathway activation. Conversely, Dgo as well binds Dsh, thereby
promoting its activity, thus antagonizing the inhibitory effect of Vang/Pk on Dsh (Feiguin et
al., 2001; Tree et al., 2002; Bastock et al., 2003; Jenny et al., 2003; Das et al., 2004).
Interestingly, Fmi is located on both sides, proximally and distally and forms homodimers
between neighboring cells. Thus, Fmi binds both, Fz at one cell and Vang at the
neighboring cell (Usui et al., 1999). Asymmetric distribution of core PCP proteins is not
restricted to the fly, but was also observed in vertebrate sensory hair cells and the mouse
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node (Vladar et al., 2009; Antic et al., 2010; Hashimoto et al., 2010) However, not every
vertebrate tissue, which undergoes PCP, shows this asymmetric distribution, as for
example Dsh and Vang localize together to basal bodies in vertebrate epithelial cells
(Park and Moon, 2002; Vladar et al., 2009).
Regulation of cell polarity and cytoskeletal changes are induced by Frizzled-mediated
membrane recruitment of Dsh. Dsh activates PCP effector proteins including the small
GTPases Rac and Rho through two parallel pathways. In the first pathway Rho is
activated by Dsh together with the cytoplasmic formin-related protein Daam1 and in turn
activates the ROCK kinase that mediates cytoskeletal re-organization. The second
pathway signals through Rac, which mediates the activation of the c-Jun-N-terminal
kinase (JNK) leading to the activation of JNK-dependent transcription factors, like the
activating transcription factor 2 (ATF2) and its target genes (Figure 9 A, B) (Habas et al.,
2001; Winter et al., 2001; Rosso et al., 2005).
As Fz is a known receptor for Wnt ligands it seems likely that Wnt proteins act upstream
of the PCP core proteins. However, in Drosophila the function of Wnt proteins in PCP
establishment is not completely clarified and inconsistent findings exist. Although several
studies implicated that Wnt proteins are not involved in Drosophila PCP, it has been
reported recently that Wingless (Wg) and Wnt4a are necessary for PCP in the Drosophila
wing (Wu et al., 2013; Lim et al., 2005; Chen et al., 2008). In vertebrates Wnt proteins
have indeed important functions in the activation of PCP, which was shown in Wnt7a,
Wnt11 and Wnt5a loss and gain of function experiments (Heisenberg et al., 2000; Tada
and Smith, 2000; Wallingford et al., 2001; Dabdoub, 2003; Kilian et al., 2003). Beside Fz
receptors, further Wnt co-receptors that function in PCP had been identified, including
Ror1/2 and PTK7. Mutations of both receptors lead to typical PCP phenotypes in mouse
and Xenopus (Oishi et al., 2003; Lu et al., 2004).
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Figure 9: Molecular mechanism of PCP signaling.
(A) PCP is activated by the binding of Wnt proteins to its receptor Frizzled. Activation of Fz results
in Dsh membrane recruitment and activation, which signals through the small GTPases Rho/Rac
and c-Jun-N-terminal kinase (JNK) leading to a rearrangement of the actin cytoskeleton. Vangl and
Pk inhibit Dsh membrane recruitment. Further receptors involved in PCP are Celsr (Fmi) and PTK7
(modified after Montcouquiol and Kelley, 2003). (B) PCP at the level of Dsh. The PDZ and the DEP
domain of Dsh are important for transducing downstream PCP signaling to Rho and Rac, which
further modulate the actin cytoskeleton via ROCK or JNK downstream signaling (modified after
Wallingford and Habas, 2005).

1.4.2

Developmental processes regulated by PCP

PCP regulates the organization of cells in the plane of an epithelial tissue. Thus,
mutations in PCP regulating genes result in disorganized surface appearance. Typical
PCP phenotypes are observed in the orientation of the sensory bristles and cellular hairs
(trichomes) on the wing, abdomen and thorax (notum) or photoreceptors in the Drosophila
eye (Figure 10 A-D) (Vinson and Adler, 1987b; McNeill, 2010; Gray et al., 2011). Similar
to the fly, mammalian epithelial tissue is polarized and a misorganization of the fur and the
inner ear hair cells are typically found if PCP proteins are mutated. Depletion of Fz6 in the
mouse results in disorganized hair on the back (swirls), strongly resembling the PCP
phenotypes observed in the fly wing (Figure 10 E, F) (Guo et al., 2004). In mammals the
inner ear sensory hair cells are the best studied example of PCP. These sensory hair cells
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are located in the organ of Corti, in the cochlea, and are composed of actin-based
stereocilia and a single tubulin-based kinocilium, which forms a V-shaped structure. These
stereociliary bundles are polarized in a way that all cells point towards the periphery of the
cochlea. Mutations of different components of the PCP pathway including Wnt5a, Fz, Dsh,
Vangl, Pk, Celsr and PTK7 results in misoriented inner ear hair cells in the mouse (Figure
10 G, H) (Klein and Mlodzik, 2004; Lu et al., 2004; Wang et al., 2006; Kelly and Chen,
2007; Grumolato et al., 2010).

Figure 10: Examples of PCP phenotypes in Drosophila and mammals.
Wild type tissues are shown in the upper panel; PCP mutants in the lower panel. (A) Ommatidia in
the Drosophila eye contain individual photoreceptor rhabdomers that are located in each
ommatidium in a specific arrangement. (B) In the PCP mutant eye the photoreceptor arrangement
is defective. (C) The WT Drosophila wing shows parallel alignment of wing hairs from proximal to
distal. (D) In the vang mutant wing hairs form swirls and are misorganized. (E) Mouse epidermal
hairs are regularly oriented along the body axis. (F) The frizzled6 mutant shows whorls and
irregular waves. (G) Inner ear sensory hair cells of the mouse are arranged in a parallel fashion
and show uniformly oriented stereocilia, but (H) this polarized arrangement gets lost in an Fz
mutant, displaying misorganized stereocilia. P: proximal, D: distal (modified after Klein and Mlodzik,
2004; Wang and Nathans, 2007).

Mutations in PCP proteins in Xenopus, zebrafish and mouse revealed an important role of
PCP signaling in the regulation of coordinated polarization of cells during convergent
extension (CE) movements. CE is a process whereby cells intercalate between each
other, leading to a narrowing and lengthening of the tissue along a particular axis (Figure
11 A). These movements are required for elongation of the body axis during gastrulation
and neurulation (Bayly and Axelrod, 2011; Wallingford, 2012). Mutations in Xenopus,
mouse and zebrafish PCP proteins results in the development of embryos having a short
and wide body axis and neural tube defects. In the mouse mutations in PCP genes such
as vangl2, dishevelled, celsr1, fz and ptk7 (Djiane et al., 2000; Hamblet et al., 2002; Curtin
16

Introduction
et al., 2003; Montcouquiol et al., 2003; Lu et al., 2004) lead to craniorachischisis a severe
form of neural tube defects (NTD), whereby the neural tube remains open from the
hindbrain to the tail (Figure 11 B) (Wallingford and Harland, 2002; Wang and Nathans,
2007). Interestingly, VANGL1 and VANGL2 mutations are also associated with neural
tube closure defects in humans (Kibar et al., 2007).

Figure 11: PCP/convergent extension phenotype in the mouse.
(A) Scheme of convergent extension movement. Cells intercalate leading to a mediolateral
narrowing of the tissue and similarly to an anteroposterior extension (modified after (Wallingford,
2012). (B, C) Lateral and dorsal view of a wild type mouse embryo with a closed neural tube, while
(D, E) PCP mutants (Fz mutants) exhibit a completely open neural tube (craniorachischisis) from
the head to the tail (modified after Wang et al., 2006).

Further processes regulated by PCP signaling are the directed migration of neurons and
neural crest cells. Neural crest cells arise from the neural plate border during neurulation
and migrate through the embryo in streams of high directionality to give rise to multiple
cell types including neurons, glial cells, pigment cells and fibroblasts (Mayor and
Theveneau, 2013). Interestingly, both canonical and non-canonical Wnt signaling
pathways are involved in neural crest development. Canonical Wnt signaling is necessary
for neural crest induction, whereas non-canonical Wnt signaling regulates the migration of
neural crest cells (De Calisto et al., 2005). A number of experiments performed in
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Xenopus, zebrafish and chick embryos demonstrate that distinct components of the PCP
signaling pathway are essential for the migration of neural crest cells (De Calisto et al.,
2005; Carmona-Fontaine et al., 2008; Matthews et al., 2008; Shnitsar and Borchers,
2008). For example, Dsh-DEP+, which is a dominant negative form of Dsh, blocks the
non-canonical Wnt pathway without affecting the canonical Wnt signaling pathway, leads
to a strong impairment in neural crest cell migration but not induction (Figure 12) (De
Calisto et al., 2005), while Dsh mutants that block both canonical and non-canonical Wnt
signaling inhibit neural crest cell induction (LaBonne and Bronner-Fraser, 1998; Bastidas
et al., 2004).

Figure 12: PCP signaling regulates neural crest cell migration.
(A) Neural crest cells from embryos injected with mRNA coding for Dsh-DEP+ (a dominant
negative form of Dsh, which blocks exclusively the non-canonical Wnt pathway), were transplanted
into a wild type embryo. FDX serves as lineage tracer (green). (B, D) In the control embryo neural
crest cells migrate normally in typical streams. (C, E) In the embryo transplanted with the neural
crest region taken from an embryo expressing Dsh-DEP+, neural crest cell migration is blocked (De
Calisto et al., 2005).
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1.5

Regulation of Wnt signaling by endocytosis

Wnt signaling pathways are selectively activated through specific combinations of Wnt
ligands that bind to their receptors, thereby triggering different signaling outcomes by
activating diverse intracellular cascades. However, the specificity of downstream signaling
is additionally regulated by further molecular mechanisms. One of these regulatory
mechanisms is the endocytosis of Wnt/receptor complexes and the sorting to different
membrane-bound compartments (Kikuchi et al., 2009; Kikuchi et al., 2011). Ligandinduced trafficking of cell-surface receptors is a crucial step in the regulation of numerous
signaling pathways. Traditionally endocytosis has been considered to be important for
signal termination through receptor clearance from the cell surface, resulting in
inaccessibility for ligands. However, today it is known that endocytosis is not only involved
in signal termination but is indeed also required for signal transduction, maintenance and
amplification, depending on the particular ligand-receptor complex (Yamamoto et al.,
2006; Kikuchi et al., 2009; Niehrs, 2012; Willert and Nusse, 2012; Feng and Gao, 2015).

1.5.1

Endocytosis

Endocytosis is mediated through either clathrin-dependent or independent pathways
(Figure 13). In the clathrin-dependent internalization pathway, membrane proteins are
recognized by clathrin adaptor proteins (APs). Amongst these adaptor proteins the AP-2
complex

is

the

major

adaptor

complex,

which

together

with

phospholipid

phosphatidylinositol 4,5-bisphophate (PtdIns(4,5)P2) recruits the cytosolic coat protein
clathrin to the membrane (Traub, 2009; Kikuchi et al., 2011). Clathrin deforms the plasma
membrane and concentrates the appropriate transmembrane proteins, generally called
“cargo”, into polygonal clathrin-coated pits (Traub, 2009; Kikuchi et al., 2011). The
multidomain GTPase dynamin assembles at the necks of the pits and mediates the fission
of the clathrin coated vesicles (CCVs) and their release into the cytoplasm. After vesicle
release clathrin disassembles from the vesicles, which subsequently fuse with the early
endosomes. Early endosomes regulate the membrane transport of the cargo between the
plasma membrane and different intracellular components including the transport to late
endosomes and lysosomes for degradation, the recycling back to the plasma membrane
or the connection to the trans-golgi-netwok (TGN) (Yamamoto et al., 2006; Kikuchi et al.,
2011; Feng and Gao, 2015). Vesicle trafficking is regulated by small GTP binding
proteins, including Rab4, Rab5, Rab7, Rab9 and Rab11 (Figure 13) (Zerial and McBride,
2001; Kikuchi et al., 2011). The clathrin-mediated internalization pathway has been
extensively analyzed and is well characterized. However, alternate endocytic pathways
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exist that are independent of clathrin-coated vesicles. The best studied clathrinindependent endocytosis pathway is mediated through lipid raft microdomains and the
caveolin family proteins (Figure 13). Lipid rafts are plasma membrane microdomains
enriched in glycosphingolipids and cholesterol (Lajoie and Nabi, 2010; Kikuchi et al.,
2011). In the lipid raft membranes caveolin proteins insert in a hairpin loop structure to
induce the formation of flask-shaped membrane invaginations, called caveolae. Caveolin
proteins form oligomers resulting in a striated caveolin form on the plasma membrane
microdomains (Lajoie and Nabi, 2010; Kikuchi et al., 2011; Feng and Gao, 2015). In
contrast to clathrin, which is dynamically associated with the plasma membrane, the
binding of caveolin to the plasma membrane is stable. Caveolin-mediated endocytosis
shares some features with clathrin-mediated endocytosis. Dynamin is also required for
membrane fission and vesicle release (Oh et al., 1998), as this processes are inhibited
after expression of a dominant-negative dynamin mutant (dynK44A) (Le and Nabi, 2003).
Further, similar to clathrin coated vesicles, caveolin-vesicles has been reported to fuse
with early endosomes, which is mediated by Rab-5, late endosomes or multivesicular
bodies (MVBs) and they can be recycled back to the plasma membrane via a Rab11dependent pathway (Kikuchi et al., 2011; Parton and del Pozo, 2013; Feng and Gao,
2015). Although several studies in the recent years contribute to a better understanding of
the caveolin-mediated endocytosis, the trafficking pathway still remains to be unveiled in
detail.
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Figure 13: Endocytosis of ligand/receptor complexes.
The best characterized endocytosis pathway is mediated by clathrin, which assembles at the
membrane to form a clathrin-coated pit. After internalization of the clathrin-coated vesicle (CCV),
clathrin disassembles and the vesicle fuses with early endosomes. Early endosomes regulate the
transport of the cargo, which can be recycled back to the plasma membrane, transported to late
endosomes and lysosomes for degradation or to the trans-Golgi-network. Small GTP binding
proteins belonging to the Rab family regulate vesicular trafficking. Rab5 mediates the fusion of
CCVs with the early endosomes. Rab11 and Rab4 are involved in recycling. Rab7 regulates the
transport to the lysosomes and Rab9 is involved in the trafficking of vesicles to the Golgi network.
Caveolin-mediated endocytosis is restricted to specific plasma membrane microdomains, the lipid
rafts. In the lipid rafts caveolae are formed with caveolin proteins as structural elements. Dynamin
is also necessary for fission of caveolae and Rab5 mediates its trafficking. However, the trafficking
pathway after internalization is yet not completely clear (Kikuchi et al., 2009).
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1.5.2

Regulation of canonical Wnt signaling by receptor-mediated
endocytosis

The internalization of Wnt proteins was first described in the wing imaginal disc of
Drosophila. Antibody staining of Wingless (Wg, Drosophila Wnt protein) revealed an
expression in cytoplasmic puncta in both Wg-expressing and Wg-responding cells.
Inhibition of endocytosis prevented the formation of Wg cytoplasmic puncta. Electron
microscopy analysis indicated that these cytoplasmic puncta are localized in small
membrane-bound vesicles and in multivesicular bodies (van den Heuvel et al., 1989;
Strigini and Cohen, 2000). MVB are endocytic compartments harboring many intralumenal
vesicles, that form when a portion of the endosome membrane invaginates and buds into
its own lumen (van den Heuvel et al., 1989b; Piper and Katzmann, 2007). Internalization
of Wg proteins seems to be responsible for signal attenuation by ligand clearance, as it
was shown that Wg is transported to the lysosome for degradation. Thus, it was
suggested that in the Drosophila wing disc Wg endocytosis followed by degradation
regulates the asymmetric Wnt signal along the anterior-posterior axis by the establishment
of a Wnt gradient (Strigini and Cohen, 2000; Dubois et al., 2001; Feng and Gao, 2015).
In contrast to internalization of Wnt proteins, receptor endocytosis of LRP6 results in
activation of canonical Wnt signaling in HEK293 and HeLaS3 cells. LRP6 binds to
caveolin and is internalized in response to Wnt3a. Internalized LRP6 co-localizes not only
with caveolin but also with EEA1, a marker for the early endosome. Caveolin depletion
inhibits Wnt3a induced Tcf transcriptional activation. Moreover, inhibition of endocytosis
by overexpression of dominant-negative forms of Rab5 or dynamin blocks LRP6
internalization and nuclear β-catenin accumulation. The interaction of LRP6 and caveolin
leads to Axin recruitment and to the dissociation of β-catenin from Axin, thus promoting
canonical Wnt signaling (Yamamoto et al., 2006; Bilic et al., 2007; Kikuchi et al., 2011;
Feng and Gao, 2015). These data support a model whereby upon binding of Wnt3a to Fz
and LRP6 in lipid rafts, the ligand-receptor complex is internalized via a caveolin-mediated
pathway. This internalization is regulated by dynamin and the vesicles fuse in a Rab5dependent manner with early endosomes (Figure 14 A). However, the mechanism by
which β-catenin is stabilized through this process is not completely clear. The complex on
the vesicle might be altered leading to an inhibition of Axin and GSK3β (Yamamoto et al.,
2006; Kikuchi et al., 2009; Kikuchi et al., 2011). Another model proposes that the receptor
complexes including GSK3β are further sequestered into intraluminal vesicles of MVBs.
Thus, GSK3β is captured in MVBs and β-catenin is protected from degradation leading to
its accumulation and activation of canonical Wnt signaling (Yamamoto et al., 2006; Bilic et
al., 2007; Taelman et al., 2010; Kikuchi et al., 2011; Niehrs, 2012). Interestingly, a role of
clathrin-mediated endocytosis in the inhibition of canonical Wnt signaling was described.
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The Wnt antagonist Dkk1 binds to LRP6 and Kremen2, thereby inducing a rapid clathrinmediated internalization of this ternary complex (Figure 14 B). The removal of LRP6 from
the membrane and possibly subsequent degradation inhibits canonical Wnt signaling
(Yamamoto et al., 2008; Sakane et al., 2010). Considering these findings, Wnt3a as an
activator of canonical Wnt signaling and Dkk1 as an inhibitor of canonical Wnt signaling
might direct LRP6 to distinct internalization routes in order to activate or inhibit canonical
Wnt signaling.

Figure 14: Regulation of Wnt signaling pathways by endocytosis.
(A) After a canonical Wnt ligand binds to LRP6 and Fz, the ligand-receptor complex, together with
the components of the destruction complex, is internalized via a caveolin-dependent pathway. This
internalization stabilizes β-catenin, possibly through the inactivation of Axin subsequently leading to
an activation of the canonical/β-catenin Wnt signaling pathway. (B) The binding of Dkk1 to LRP6
and Kremen induces a clathrin-dependent internalization of the ligand-receptor complex. LRP6 is
removed from the cell surface resulting in an inhibition of the canonical/β-catenin Wnt signaling
pathway (modified after Kikuchi et al., 2009).

Further studies confirmed the model of distinct internalization pathways of LRP6 to
activate or inhibit canonical Wnt signaling. In mouse F9 cells the endocytic adaptor protein
disabled-2 (Dab2) regulates whether LRP6 is internalized via a caveolin- or clathrin23
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mediated route. In the absence of Dab2 LRP6 is internalized via a caveolin-dependent
manner, thus promoting canonical Wnt signaling. However, in the presence of Dab2, Wnt
stimulation directs LRP6 to clathrin-dependent internalization, thereby inhibiting canonical
Wnt signaling (Figure 15) (Jiang et al., 2012).

Figure 15: Dab2 directs LRP6 to different endocytic pathways.
Upon Wnt3a stimulation LRP is internalized via a caveolin-mediated pathway, in the absence of
Dab2, triggering the activation of canonical Wnt signaling. In the presence of Dab2 LRP6 is
internalized through the clathrin-dependent pathway promoting β‐catenin degradation and inhibition
of canonical Wnt signaling (Jiang et al., 2012).

Contrary to these data some findings indicate a function of clathrin in the activation of
canonical Wnt signaling. In mouse fibroblast L-cells inhibition of clathrin-mediated
endocytosis by pharmacological reagents blocks Wnt3a-mediated β-catenin stabilization
(Chen et al., 2001; Blitzer and Nusse, 2006). Additionally β-arrestin, a clathrin adaptor
was detected to bind Dsh and thereby promote Tcf transcriptional activation in cultured
cells (HEK293, NIH 3T3 and L cells) (Chen et al., 2001). Knockdown of β-arrestin results
in the inhibition of both Dsh phosphorylation and stabilization of β-catenin in response to
Wnt3a (Bryja et al., 2007). These findings indicate a function of clathrin-mediated
endocytosis in the activation of canonical Wnt signaling. However, if LRP6 and Fz are
internalized via a clathrin-dependent pathway remains to be clarified (Kikuchi et al., 2009).
Hence, contradictory data exist about the activation of canonical Wnt signaling through
endocytosis. These inconsistent data might rely on different cell types, model organisms
or different experimental conditions. Furthermore, pharmacological and molecular tools
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that are used to study endocytic processes by blocking certain endocytic routes might
have pleiotropic effects, which makes the interpretation of the results difficult (Kikuchi et
al., 2009; MacDonald et al., 2009).

1.5.3

Regulation of non-canonical Wnt signaling by receptor-mediated
endocytosis

Although the findings about the regulation of canonical Wnt signaling by endocytosis are
controversial, non-canonical Wnt signaling has been clearly shown to be activated by
clathrin-mediated endocytosis. In HEK293 cells Fz4 was found to be endocytosed upon
Wnt5a stimulation. Fz4 endocytosis is mediated by the recruitment of Dsh2 and the
clathrin adaptor, β-arrestin-2, which binds clathrin and further adaptor proteins to promote
clathrin-mediated endocytosis. This endocytosis process results in enhanced noncanonical Wnt signaling (Chen et al., 2003; Feng and Gao, 2015). Further, the binding of
Dsh2 to another clathrin-binding protein, called µ2-adaptin, which is a subunit of adaptor
protein 2 (AP2), was found to be required for Fz4 internalization and activation of PCP
(Figure 16).
In addition the importance of clathrin-mediated endocytosis on PCP activation was shown
in Xenopus animal cap explants. These mesodermal explants elongate via convergent
extension movements activated by PCP signaling after treatment with activin protein. A
Dsh mutant, unable to bind µ2-adaptin, abolished animal cap explant elongation and was
deficient in inducing JNK activation in Xenopus embryos (Yu et al., 2007). These findings
show that upon binding of Wnt5a, Fz4 interacts with the Dsh2/β-arrestin complex, which
leads to the internalization of Fz4 via a clathrin-mediated route and thus activates PCP
signaling (Kikuchi et al., 2009). Not only Fz4 but also Fz2 was demonstrated to be
internalized by a clathrin–mediated route in response to Wnt5a in HeLaS3 cells. Inhibition
of endocytosis abolished Wnt5a function to activate PCP signaling through Rac (Sato et
al., 2010). Thus, Wnt5a stimulates the clathrin-mediated internalization of Fz4 and Fz5 to
promote non-canonical Wnt/PCP signaling.
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Figure 16: Regulation of non-canonical Wnt signaling by clathrin-mediated endocytosis.
Wnt5a stimulation induces the internalization of Fz via a clathrin-dependent pathway. The
internalization depends on the phosphorylation of Dsh by PKC and the interaction of Dsh with βarrestin and µ2-adaptin, a subunit of the AP2 complex (modified after Kikuchi et al., 2009).

1.6

Regulation of canonical Wnt signaling by caveolin-1,
independent of endocytosis

Several studies described a function of caveolin-mediated endocytosis in the activation of
canonical Wnt signaling (Bilic et al., 2007; Yamamoto et al., 2008; Sakane et al., 2010;
Jiang et al., 2012). Interestingly, canonical Wnt signaling was reported to be regulated by
caveolin-1 in an endocytosis-independent manner in NIH 3T3 cells and zebrafish embryos
(Galbiati et al., 2000; Mo et al., 2010). In NIH 3T3 cells caveolin-1 binds β-catenin and
recruits it to membrane-bound caveolae, thus preventing its nuclear localization. The
inhibitory effect of caveolin-1 on canonical Wnt signaling has been demonstrated by
luciferase reporter assays. In these assays the ectopic expression of caveolin-1 blocks
Wnt1- or β-catenin-mediated activation of canonical Wnt signaling (Galbiati et al., 2000).
Similar findings in zebrafish embryos indicate that caveolin-1 contributes to dorsoventral
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axis formation by inhibiting β-catenin nuclear localization. Ectopic expression of caveolin-1
results in the development of ventralized zebrafish embryos. Ventralized embryos are
typically observed when maternal canonical Wnt signaling is blocked. Consistently loss of
caveolin-1 led to the induction of ventral marker genes at the expense of dorsal marker
genes. Similar to the results obtained in NIH 3T3 cells overexpression of caveolin-1 in
zebrafish was found to inhibit β-catenin-mediated activation of canonical Wnt signaling in
luciferase reporter assays (Mo et al., 2010). These findings suggest that caveolin-1 might
additionally function without mediating endocytosis in the regulation of Wnt signaling.

1.7

PTK7

The evolutionary conserved transmembrane receptor protein tyrosine kinase 7 (PTK7) is
involved in the regulation of diverse processes including embryonic morphogenesis and
wound repair in adult organisms (Peradziryi et al., 2012). PTK7 was first identified in colon
carcinoma cells and was accordingly named colon carcinoma kinase-4 (CCK-4) in humans
(Mossie et al., 1995). In addition to colon carcinoma cells PTK7 expression is also
upregulated in acute myeloid leukemia (AML) and various other cancer cell types (Easty
et al., 1997; Muller-Tidow et al., 2004). Further orthologs of PTK7 were found in different
organisms, including Lemon in Hydra (Miller and Steele, 2000), Off-track (Otk) in
Drosophila (Pulido et al., 1992; Winberg et al., 2001), Kinase-like gene (KLG) in chicken
(Chou and Hayman, 1991) and PTK7 in mouse (Chou and Hayman, 1991; Mossie et al.,
1995; Park et al., 1996; Miller and Steele, 2000; Winberg et al., 2001; Jung et al., 2004).
The PTK7 protein contains an N-terminal signal peptide, seven

extracellular

immunoglobulin domains, a single transmembrane domain and an intracellular tyrosine
kinase homology domain (Figure 17) (Mossie et al., 1995; Park et al., 1996). However,
PTK7 is catalytically inactive, due to a mutation in the DFG triplet within the kinase
homology domain, which is necessary for kinase activity. Interestingly, the kinase
homology domain is conserved from hydra to human, indicating that this domain is indeed
important for PTK7 function (Mossie et al., 1995; Miller and Steele, 2000; Jung et al.,
2004).

N-

-C

Figure 17: Protein structure of PTK7.
IG: immunoglobulin domains, TM: transmembrane domain, KHD: Kinase homology domain.
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1.7.1

PTK7 functions in Wnt signaling

In vertebrates PTK7 loss-of-function leads to the development of animals showing
classical PCP phenotypes. PTK7 knockout mice exhibit severe neural tube closure
defects (craniorachischisis), with a completely open neural tube from the midbrainhindbrain boundary to the base of the spine (Figure 18 A) (Lu et al., 2004). Additionally,
PTK7 mutant mice have a shortened body axis and a broader floor plate. These
phenotypes are typical for disruption of convergent extension movements. Moreover,
PTK7 depletion affects the orientation of sensory hair cells of the ear, leading to the
disruption of the stereociliary bundle orientation (Figure 18 A) (Lu et al., 2004; Paudyal et
al., 2010). Typical PCP phenotypes were additionally observed in Xenopus and zebrafish
embryos, where the knockdown of PTK7 as well results in neural tube closure and
convergent extension defects (Figure 18 B) (Lu et al., 2004; Hayes et al., 2013). Another
PCP regulated process, migration of neural crest cells, was also demonstrated to be
controlled by PTK7. Loss-of-function of PTK7 in Xenopus leads to an inhibition of neural
crest cell migration (Figure 18 C, D) (Shnitsar and Borchers 2008). PTK7 is expressed in
the neuroectoderm in developing Xenopus embryos from late gastrula through all neurula
stages, thus seems to regulate neural morphogenesis, including neural tube closure and
migration of neural crest cells in these tissues (Lu et al., 2004).
Analyses in Xenopus embryos indicate a molecular mechanism by which PTK7 might
promote PCP signaling. PTK7 recruits Dsh to the plasma membrane, which is a
prerequisite for the activation of vertebrate PCP (Rothbacher et al., 2000; Wallingford et
al., 2000; Shnitsar and Borchers, 2008). In Xenopus PTK7-Dsh interaction is mediated by
the adaptor protein RACK1 (receptor of activated protein kinase C) which is recruited to
the membrane by binding to the kinase domain of PTK7. RACK1 further interacts with
PKCδ1 thereby supporting Dsh recruitment (Figure 18 E) (Wehner et al., 2011). PTK7
function in activating PCP was demonstrated by the finding that its overexpression in
Xenopus leads to nuclear localization of JNK (Shnitsar and Borchers, 2008) and
transcriptional activation of ATF2 in luciferase reporter assays (Peradziryi et al., 2011).
Surprisingly, although PTK7 was implicated to function in non-canonical Wnt/PCP
signaling, it selectively interacts with canonical Wnt proteins via its extracellular domain,
but not with non-canonical Wnt ligands. This interaction is mediated by Fz7, suggesting
that PTK7 is a Fz co-receptor (Peradziryi et al., 2011; Linnemannstöns et al., 2014).
These data suggest that PTK7 functions in non-canonical PCP/Wnt signaling and
canonical Wnt signaling simultaneously. Double axis and luciferase reporter assays
demonstrated an inhibitory effect of PTK7 on canonical Wnt signaling in Xenopus,
zebrafish, Drosophila and mammalian cells, whereas depletion of PTK7 results in
increased Wnt/β-catenin target gene expression (Peradziryi et al., 2011; Hayes et al.,
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2013). These data indicate a model of PTK7 function through receptor competition. PTK7
might compete with canonical Wnt co-receptors for Fz and Wnt binding. By displacing
LRP6 from the ternary complex, PTK7 might prevent the activation of canonical Wnt
signaling (Peradziryi et al., 2012).
For the Drosophila ortholog of PTK7, Otk, contradictory data have been reported. PTK7
depletion has been shown to result in defective epidermal patterning. As Otk was found to
interact with Wnt4, it was suggested that Otk is a Wnt4 receptor and necessary for
epidermal patterning (Peradziryi et al., 2012). However, in a later study, functions of Otk in
epidermal patterning could not be confirmed and no PCP defects were observed for Otk
knockout or knockout of its paralog Otk2 (Linnemannstöns et al., 2014), suggesting that
the previously reported phenotypes might result from off-target effects. Interestingly the
interaction with Fz and Wnt2 was confirmed (Linnemannstöns et al., 2014), further
supporting the role of Otk/PTK7 as a Wnt-co-receptor, but likely with different functions in
vertebrates and flies.
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Figure 18: PTK7 functions in Wnt signaling in vertebrates.
(A) PTK7 knockout mouse exhibits a completely open neural tube (craniorachischisis) and
misoriented stereociliary bundles of hair cells in the inner ear compared to the control mouse. In
the cochlea one row of inner hair cells (IHC) and three rows of outer hair cells (OHC) are found
separated by pillar cells (PC). The strongest bundle misorientation in the PTK7 mutant is found in
the third row of OHC. (B) Knockdown of PTK7 by morpholino (MO) injections leads to open neural
tubes in Xenopus embryos. Control morpholino injected embryos show closed neural tubes (Lu et
al., 2004). (C) At the PTK7 MO injected side of the embryos (indicated by arrows) neural crest cells
fail to migrate as they do at the non-injected side. (D) Neural crest migration defects are also
observed in transplanted neural crest cells. Control MO or PTK7 MO was injected together with
GFP as a lineage tracer and premigratory neural crest cells were transplanted into a wild type
embryo. Control MO injected neural crest cells migrate in typical streams, while PTK7 MO injected
neural crest cells fail to migrate (Shnitsar and Borchers, 2008). (E) Model of PTK7 function in Wnt
signaling: PTK7 activates non-canonical Wnt signaling through the recruitment of Dsh via its kinase
homology domain. The Dsh recruitment is supported by RACK1 and PKCδ1. PTK7 is a Fz coreceptor and binds canonical Wnt ligands, thereby inhibiting canonical Wnt signaling, possibly
through capturing Wnt ligands in a PCP signaling complex (modified after Peradziryi et al., 2012).
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In contrast to these findings, a different study described an activating function of PTK7 in
canonical Wnt signaling. PTK7 was shown to interact with β-catenin, thereby activating
the transcription of β-catenin-dependent genes in mammalian cells and Xenopus
embryos. Moreover, PTK7 was reported to be required for Spemann’s organizer formation
and Siamois promoter activation, both events depend on canonical Wnt signaling
(Lhoumeau et al., 2011; Puppo et al., 2011). However, in zebrafish PTK7 requirement for
Spemann’s organizer formation could not be verified. In contrast, mRNA levels of chordin
(chd) and bozozok (boz), which are both required for organizer formation in zebrafish,
were upregulated in PTK7 knockout embryos, indicating an inhibitory effect of PTK7 on
organizer formation (Hayes et al., 2013).
Moreover, PTK7 was reported to interact with the canonical key receptor LRP6. PTK7
depletion reduces LRP6 protein levels, thus PTK7 positively modulates canonical Wnt
signaling through regulating LRP6 in this study (Bin-Nun et al., 2014).

1.7.2

PTK7 is a target for proteolytic cleavage

PTK7 is a target for proteolytic processing by several distinct membrane proteases
(Figure 19). The first cleavage in the seventh immunoglobuline domain by membrane
type-1 matrix metalloproteinase (MT1-MMP) releases a secreted extracellular PTK7
fragment. A second cleavage in the extracellular domain of PTK7 is performed by ADAMs.
The proteolysis by MT1-MMP and ADAM is followed by a third cleavage by the γsecretase in the C-terminal membrane region of PTK7. This cleavage generates a soluble
cytoplasmic PTK7 fragment (Golubkov and Strongin, 2012). Interestingly, PTK7
proteolysis is necessary for its function on PCP signaling. Inhibition of MT1-MMP
phenocopies PTK7 loss-of-function defects in convergent extension in zebrafish (Coyle et
al., 2008; Golubkov et al., 2010). Moreover, a mouse PCP mutant, called chuhzoi (chz)
was identified that shows typical PCP phenotypes like an open neural tube, convergent
extension defects and misoriented inner ear hair cells. This mutant carries a splice site
mutation in the ptk7 gene, leading to the insertion of an additional MT1-MMP cleavage
site between the fifth and sixth extracellular domain of PTK7 (Paudyal et al., 2010;
Golubkov et al., 2011). Thus, proper PTK7 proteolysis by MT1-MMP seems to be
essential for PTK7 function in PCP signaling.
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Figure 19: Model of PTK7 with the MT1-MMP, ADAM and γ-secretase cleavage sites.
Cleavage in the seventh Ig-like domain by MT1-MMP (open arrow) generates a soluble N-terminal
PTK7 fragment and a C-terminal membrane-bound fragment. ADAM cleaves a peptide sequence
proximal to the plasma membrane (solid arrow). Intramembrane cleavage by γ-secretase (thin
arrow) leads to the generation of a cytoplasmic PTK7 fragment. Ig: immunoglobulin-like domains
1–7. TM: transmembrane domain. JM: juxtamembrane region. PTK: catalytically inactive
pseudokinase domain (modified after Golubkov and Strongin, 2012).

32

Introduction

1.8

The role of caveolin in early vertebrate development

1.8.1

Caveolae and the caveolin protein family

Caveolae (“little caves”) are flask-shaped invaginations of the plasma membrane with 6080 nm in diameter, that were first identified by electron microscopy (Palade, 1953;
Williams and Lisanti, 2004; Parton and Simons, 2007). Caveolae are located in lipid rafts,
which are plasma membrane microdomains enriched in sphingolipids and cholesterol.
Thus, caveolae are mainly localized in the plasma membrane but are also found in the
cytoplasm as single vesicles or exist as higher-ordered multi-caveolae structures, called
rosettes or caveolar clusters (Figure 20 A, B) (Parton and del Pozo, 2013). The structural
components of caveolae are caveolin proteins, which together with a second group of
proteins, namely cavins, are essential for caveolae formation (Figure 20 C) (Rothberg et
al., 1992; Vinten et al., 2005; Parton and Simons, 2007; Hill et al., 2008; Parton and del
Pozo, 2013).
The caveolin protein family includes two members (caveolin-1 and caveolin-2) in the
nematode C. elegans (Tang et al., 1997) and three members in vertebrates, caveolin-1,
caveolin-2 and caveolin-3 (Rothberg et al., 1992; Way and Parton, 1995; Scherer et al.,
1996; Tang et al., 1996; Williams and Lisanti, 2004), indicating that caveolins are
evolutionary conserved from worm to human. Two isoforms of caveolin-1 (caveolin-1α and
-1β) have been identified, that arise by alternate splicing and so that they differ in the
length of their N-terminus. Caveolin-1β has an internal translation start site and thus is
truncated by 31 residues (Scherer et al., 1995; Navarro et al., 2004).
The small caveolin proteins (18-24 kDa) are co-translationally inserted into the ER
membranes, processed in the Golgi and transported to the plasma membrane to form
caveolae (Liu et al., 2002b; Hayer et al., 2010). Thus, intracellularly caveolins are mostly
found at the plasma membrane, in the Golgi, the ER and additionally in vesicles
throughout the cytoplasm (Schlegel and Lisanti, 2000; Williams and Lisanti, 2004). The
expression of the caveolin proteins varies between different tissues. Caveolin-1 (also
called CAV-1 or VIP21) is broadly expressed in distinct cell types, with an abundant
expression in smooth muscles, endothelial cells, adipocytes, fibroblasts and type I
pneumocytes. Caveolin-2 (CAV-2) requires the formation of heterooligomers with
caveolin-1 for proper membrane targeting and thus is co-expressed with caveolin-1 in
same tissues (Scherer et al., 1997; Parolini et al., 1999; Parton and Simons, 2007; Parton
and del Pozo, 2013; Shvets et al., 2014). Caveolin-3 (CAV-3) is specifically expressed in
muscle cells, like smooth, skeletal and cardiac myocytes (Way and Parton, 1995; Tang et
al., 1996). Depletion of caveolin-1 or caveolin-3 leads to a loss of caveolae formation in
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the respective cell types (Drab et al., 2001; Galbiati et al., 2001), whereas caveolin-2
ablation has no effect on caveolae formation (Razani et al., 2002b). The levels of caveolin
expression strongly differ from tissue to tissue with differences of about thousand-fold for
example between adipocytes and hepatocytes. Nevertheless, also very low expression
levels of caveolin are still functionally important, which has been shown in lymphocytes,
neurons and hepatocytes (Parton and del Pozo, 2013).
The unusual structure of all three caveolin proteins is similar, with a short hydrophobic
intramembrane domain forming a hairpin loop and their N- and C- termini facing the
cytoplasm (Parton and Simons, 2007). The N-terminally localized scaffolding domain is
highly conserved and binds cholesterol, fatty acids and various proteins including
receptors, G-proteins and small GTPases to regulate their activity. The C-terminal domain
is modified by palmitoyl groups, which insert into the plasma membrane (Figure 20 D)
(Dietzen et al., 1995; Navarro et al., 2004; Williams and Lisanti, 2004; Parton and Simons,
2007). Caveolins form high molecular weight homo- or hetero-oligomeric complexes by
interacting via their N-terminal domains. These complexes consist of 14-16 caveolin
molecules (Monier et al., 1995; Pelkmans and Zerial, 2005; Parton and Simons, 2007).
Caveolin-oligomerization and the specific interaction with cholesterol are required for
caveolae formation as cholesterol depletion results in the disruption of caveolae (Smart
and Anderson, 2002; Fridolfsson et al., 2014).

Figure 20: Caveolae and caveolins.
(A, B) Electron micrographs of single caveolae in fibroblasts (A) and clustered caveolae in the
skeletal muscle (B) Scale bar: 100 nm. (C) Scheme of caveolae with membrane inserted caveolin
proteins, which are stabilized by cavin complexes. (D) The structure of caveolin proteins, with the
intermembrane domain forming a hairpin structure and the N- and C-termini facing the cytoplasm.
Caveolin is modified C-terminally by palmitoyl groups that insert into the plasma membrane. The Nterminal scaffolding domain interacts with cholesterol (modified after Parton and del Pozo, 2013).
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Caveolins play important roles during different cellular processes, including vesicular
transport (Pelkmans and Helenius, 2002), cholesterol homeostasis, signal transduction
and tumor suppression (Williams and Lisanti, 2004). Lipid raft concentrated caveolae were
found to serve as cellular signaling platforms by compartmentalization and concentration
of signaling molecules. The scaffolding domain of caveolin was identified to bind many
signaling proteins, thereby activating or inhibiting downstream signaling (Nabi and Le,
2003; Williams and Lisanti, 2004).
In humans, misregulation of caveolins has been associated with several diseases,
including lipodystrophy, cardiac diseases, muscular dystrophies and cancer (Parton and
del Pozo, 2013). A caveolin-1 dominant negative mutant form (P132L), which has an
impaired membrane localization, was found in up to 16% of human breast cancers
(Hayashi et al., 2001; Lee et al., 2002). Moreover, mutation of caveolin-3 leads to a
number of muscle disorders, for instance limb girdle muscular dystrophy (Woodman et al.,
2004).

1.8.2

Phenotypes of caveolin-deficient vertebrates

Studying the phenotypes of caveolin-deficient animals gave insights into the function of
caveolin in vivo (Le Lay and Kurzchalia, 2005). Interestingly, the single knockout of any
caveolin gene (caveolin-1, caveolin-2 or caveolin-3) and even the caveolin-1/caveolin-3
double knockout in the mouse results in the development of viable and fertile animals.
However, various defects such as muscle, pulmonary or lipid disorders have been
reported (Le Lay and Kurzchalia, 2005). The knockdown of caveolin-1 in mice leads to a
complete absence of caveolae in non-muscle tissues (Razani et al., 2001; Park et al.,
2003). Moreover, a variety of diseases was reported including lipid disorders leading
phenotypically to lean mice, cardiac diseases as hypertrophic cardiomyopathy (Le Lay
and Kurzchalia, 2005), pulmonary defects due to thickening of the alveolar wall (Drab et
al., 2001) and a higher tumorigenicity when exposed to carcinogens (Razani et al., 2001;
Capozza et al., 2003). Caveolin-1 is required for proper membrane targeting of caveolin-2.
Thus, after caveolin-1 depletion, caveolin-2 remains in the Golgi and is subsequently
degraded. Hence, the caveolin-1 knockout mice can be regarded as caveolin-1/caveolin-2
double-knockouts (Razani et al., 2001). However, the single knockout of caveolin-2 only
leads to pulmonary dysfunctions, indicating a specific role of caveolin-2 in lung function
(Razani et al., 2002b).
Ablation of the muscle specific caveolin-3 protein results in the loss of caveolae in skeletal
muscle fibers without affecting caveolae formation in non-muscle tissues. Interestingly,
muscle degeneration with defects similar to those described in patients suffering from
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limb-girdle muscular dystrophy, which is caused by a dominant-negative mutation of the
human caveolin-3 gene, were reported (Hagiwara et al., 2000). Furthermore, these mice
have a disorganized T-tubule system (Galbiati et al., 2001). Thus, caveolin-3 is important
for normal muscle function in the mouse.
Interestingly, even caveolin-1/caveolin-3 double knockout mice, which lack all caveolae in
muscle and non-muscle tissues, are still viable and fertile. These mice exhibit defects
similar to their single knockout counterparts, but show more severe cardiomyopathy,
indicating a crucial role of caveolae in the heart (Park et al., 2002; Le Lay and Kurzchalia,
2005). In contrast to the mouse model organism, depletion of either caveolin-1 isoform (α
or β) in zebrafish leads to morphological defects and embryonic lethality after
approximately 5 days post fertilization. These defects include curved tails, eye
development defects, heart defects, a deformed notochord, misorganized somites with
disrupted actin microfilaments and disrupted vascular endothelial tissue (Figure 21) (Fang
et al., 2006; Nixon et al., 2007). Interestingly, the two caveolin-1 isoforms seem to exhibit
distinct functions in zebrafish development. Although the phenotypes are quite similar,
caveolin-1α affects neural and tail tissue development, whereas caveolin-1β exclusively
affects neural tissue. Furthermore rescue experiments revealed that the isoforms exhibit
non-redundant roles during zebrafish development as caveolin-1α was not able to rescue
the phenotype caused by caveolin-1β depletion and vice versa (Fang et al., 2006). In the
chick, mouse and zebrafish a high caveolin-1 expression was detected in the notochord.
Further, in zebrafish caveolin-1 ablation leads to the disruption of the notochord, indicating
a conserved role of caveolin in notochord development and/or function (Nixon et al.,
2007).
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Figure 21: Phenotypes of caveolin-1 deficient zebrafish embryos.
(A, D) Mismatch control morpholino injected zebrafish embryos show normal morphological
development. (B, E) Caveolin-1α depleted zebrafish embryos exhibit curved or kinked tails, eye
developmental defects and impaired somite patterning. (C, E) Caveolin-1β depleted embryos show
the same but less severe phenotypes as caveolin-1α morphants and have additionally a flattened
head. (G) Normal organization of the actin cytoskeleton in control embryos. (H) Misorganized and
disrupted actin cytoskeleton of the somites in caveolin-1α morphant embryo and (I) slight disruption
in caveolin-1β morphant embryos (Fang et al., 2006).
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1.9

Aim of this study

PTK7 is a Wnt co-receptor that is involved in both canonical and non-canonical Wnt
signaling pathways. PTK7 activates non-canonical PCP/Wnt signaling but inhibits
canonical Wnt signaling. Wnt signaling pathways have been shown to be regulated by
endocytosis, which plays a role in both, signal termination or activation. This endocytosis
processes are often induced by the binding of different Wnt ligands to their respective
receptors. Interestingly, previous findings from our lab revealed that PTK7 binds
exclusively canonical Wnt ligands (Peradziryi et al., 2011). However, it remains unclear
how canonical Wnt ligands affect the function of PTK7. Preliminary data suggest that
PTK7 may be endocytosed in response to Wnt ligands. Thus, the aim of this study is to
characterize the effect of canonical Wnt ligands on the localization and stability of the
PTK7 protein and consequently on its function regarding Wnt signaling. Therefore, the
localization and stability of the PTK7 protein in response to Wnt proteins will be analyzed.
It will be studied if the binding of canonical and non-canonical Wnt ligands to PTK7
induces its endocytosis as reported for other Wnt co-receptors. If we confirm that PTK7 is
endocytosed in the presence of Wnt we will determine if this process is caveolin- or
clathrin-dependent and if the kinase domain of PTK7, which is catalytically non-active, but
relevant for its function in PCP signaling, is required. Moreover, using inhibitors of
endocytosis we will determine how endocytosis affects the function/s of PTK7 in Wnt
signaling.
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2

Materials and Methods

2.1

Model Organisms

During this study the African clawed frog Xenopus laevis (X. laevis) served as a model
organism. Adult frogs were obtained from Nasco (Ft. Atkinson, USA).

2.2

Bacteria

E. coli strain XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´
proABlacIqZΔM15 Tn10 (Tetr)] (Stratagene)) was used for cloning procedures.

2.3

Cell lines

MCF7 (Michigan Cancer Foundation-7), breast adenocarcinoma cells, ATCC No (HTB22).

2.4

Chemicals, Buffers and Media

2.4.1

Chemicals

Chemicals for the preparation of buffers, solutions and media were obtained from the
following companies: Carl Roth (Karlsruhe), Thermo Fisher Scientific (Waltham, MA,
USA), Roche (Mannheim), Sigma-Aldrich (Munich), Applichem (Darmstadt), Merck
(Darmstadt), Merck Millipore (Berlin).

2.4.2

Buffers and Media

Alkaline phosphatase buffer (APB)

100 mM Tris-HCl (pH 9.5)
50 mM MgCl2
100 mM NaCl
0.1% Tween20

Blocking buffer (Western blot)

5% (w/v) dry, non-fat milk powder in TBST

Blocking solution (immunostaining)

1% bovine serum albumin (BSA) in 1x PBS
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Cell culture Medium

RPMI 1640 (Merck Millipore)
10% (v/v) FCS
100 U/ml penicillin
100 μg/ml streptomycin
Opti-MEM Reduced Serum Medium
GlutaMAXTM

Supplement

(Thermo

Fisher

Scientific)
Co-IP buffer

50 mM Tris pH 7.5
150 mM NaCl
0.5% (v/v) NP-40

Co-IP lysis buffer

50 mM Tris-HCl, pH 7.5
150 mM NaCl
0.5% NP-40
Complete Protease inhibitor mix EDTA free
(1 tablet / 50 ml, Roche)

Cysteinhydrochloride-solution

2% L-Cysteinhydrochloride, pH 8.0, adjusted
with NaOH

Gelatin/albumin embedding medium

4,4% gelatin
27% bovine serum albumin (BSA)
18% saccharose
in 1x PBS

Hybridization mix (Hyb-mix)

50% (v/v) Formamid
5xSSC
1 mg/ml Torula RNA (Sigma)
100 μg/ml Heparin
1x Denhardts
0.1% (v/v) Tween20
0.1% (w/v) CHAPS (Sigma)

Injection buffer

1x MBS, 2% Ficoll 400 (Sigma)

Laemmli running buffer (10x)

250 mM Tris-base
2.5 M Glycine
0.1% SDS
40

Material and Methods
Laemmli loading buffer (6x)

350 mM Tris-HCl, pH 6.8
9.3% Dithiotreitol
30% (v/v) Glycerol
10% SDS
0.02% Bromphenolblue

Luria-Bertani (LB)-Medium

1% (w/v) Bacto-Trypton (Carl Roth)
0.5% (w/v) yeast extract (Carl Roth)
1% (w/v) NaCl, pH 7.5

LB-Agar

2% (w/v) agar (Carl Roth) in liquid LB-medium

MAB

100 mM Maleic acid
150 mM NaCl, pH 7.5

MBS Buffer

10 mM Hepes pH 7.4
88 mM NaCl
1 mM KCl
2.4 mM NaHCO3
0.2 mM MgSO4
0.41 mM CaCl2
0.66 mM KNO3

MEM

100 mM MOPS, 2 mM EGTA, 1 mM MgSO4

MEMFA

1x MEM with 4% (v/v) Formaldehyde

Moviol embedding solution

5 gr Moviol
10 ml Glycerol
20 ml 1x PBS

Nile blue

0.5 M Na2HPO4
1 M NaH2PO4

0.01% Nile Blue Chloride
PBS (10x)

8% (w/v) NaCl
2% (w/v) KCl
65 mM Na2HPO4
18 mM KH2PO4, pH 7.4
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PonceauS solution

0.2% PonceauS,
3% trichloro acetic acid

PTw buffer

1x PBS with 0.1% Tween20

SSC

150 mM NaCl
15 mM Sodiumcitrate, pH 7.4

TAE (Tris/Acetat/EDTA)

40 mM Tris-Acetate (pH 8.5)
2 mM EDTA

TE-Buffer

10 mM Tris pH 8.0
1 mM EDTA

TBS

50 mM Tris-HCl pH 7.5,
150 mM NaCl

TBST

TBS + 0.5% (v/v) Tween 20

Transfer buffer

25 mM Tris
192 mM Glycine
20% (v/v) Methanol

Tris HCl (pH 6.8, 7.5, 8.8)

1/1.5 M Tris-HCl,
pH adjusted with 32% HCl

X-gal staining solution

1 mg/ml X-gal
5 mM K3Fe(CN)6
5 mM K4Fe(CN)6
2 mM MgCl2
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2.5

Vectors and Constructs

2.5.1

Vectors

pCS2+ is a multipurpose expression vector, used for the expression of proteins in
Xenopus, zebrafish and mammalian cells. It contains a strong enhancer/promoter (simian
CMV IE94), a polylinker and a SV40 late polyadenlyation site. This vector includes an SP6
promoter, allowing in vitro transcription of sense polyadenylated mRNA and a T7 promoter
in reverse orientation for synthesis of antisense mRNA for in situ hybridization. The
ampicillin resistance gene is present for selection of transformants (Rupp et al., 1994).
pCS2+/MT contains six copies of the Myc-tag (MT) sequence inserted into BamHI/ClaI
sites of the pCS2+vector to allow for expression of Myc-tagged proteins (Klisch et al.,
2006).
pCS2+/HA contains the hemagglutinin (HA) epitope tag inserted into the pCS2+ vector at
the XbaI site to allow for expression of HA-tagged proteins (Damianitsch et al., 2009).

pCS2+/GFP contains the GFP sequence inserted into XbaI/XhoI sites for the expression
of GFP-tagged proteins.
pEGFP-N1 is used for the expression of EGFP fusion proteins in mammalian cells. The
neomycin resistance gene is present for selection of transformants (Clonetech).
pcDNA5 ™T/O contains a CMV IE promoter and a tetracycline operator for tetracycline
inducible gene expression in mammalian cells (Hillen et al., 1983; Hillen and Berens,
1994) (Thermo Fisher Scientific).

pcDNA6 ™T/R contains the tetracycline resistance gene. It is used for tetracycline
inducible gene expression in mammalian cells (Hillen et al., 1983; Hillen and Berens,
1994) (Thermo Fisher Scientific).
pGL3 is a luciferase reporter vector containing the firefly luciferase gene. This vector is
used for the quantitative analysis of factors that regulate mammalian gene expression
(Promega).
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pRL-TK is a control reporter vector that is used in combination with a firefly luciferase
vector to co-transfect eukaryotic cells. This vector contains the Renilla luciferase gene
under the control of the herpes simplex virus thymidine kinase (HSV-TK) promoter
(Promega).
pCMV-Sport6 is used for eukaryotic protein expression (Thermo Fisher Scientific).

pGEM-T is used as a cloning vector (Promega).

2.5.2

Expression constructs

Table 1: Expression constructs used in this study

Name
Caveolin-1αHA

Vector

pCS2+/HA

Reference/

Description

Cloning Stragety

Xenopus laevis caveolin- Hanna
1α with a HA-tag

Peradziryi,

PhD

thesis
The

Xenopus laevis caveolin- plasmid

caveolin-1α-HA
was

amplified

Caveolin-1α-

1α with a 5’ truncated using the primers Cav1a

HA

region of 24 base pairs to new ATG NheI for and

shifted pCS2+/HA

shift the ATG. Contains a Cav1a new ATG NheI rev

ATG

HA-tag.

to generate a 5’ truncated
caveolin-1α construct.

lacZ

pCS2+

MyoD

pSP73

Pax-2

pT7TS

PTK7

pCMVSport6

PTK7-EGFP

pcDNA5 T/O

Bacterial β-galactosidase
Xenopus laevis myogenic
differentiation (MyoD)
Xenopus

laevis

pcDNA5 T/O

(Hopwood et al., 1989b)

paired Kind gift from Pieler lab,

box 2 (Pax-2)

Göttingen

Xenopus laevis full length (Shnitsar and Borchers,
PTK7

2008)

EGFP-tagged human full Martina Podleschny, PhD
thesis

length PTK7
EGFP-tagged

∆kPTK7-EGFP

(Smith and Harland, 1991)

human

PTK7 with deleted kinase
homology domain

Martina Podleschny, PhD
thesis
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PTK7-RFP

pCS2+

PTK7-MT

pCS2+/MT

RFP-tagged

Xenopus Iryna

laevis full-length PTK7

unpublished

Xenopus laevis full length (Shnitsar and Borchers,
PTK7 with a Myc tag

2008)

Xenopus laevis PTK7 with
ΔkPTK7-MT

pCS2+/MT

Shnitsar,

deleted kinase homology
domain and a Myc tag
contains

the

(Shnitsar and Borchers,
2008)

Renilla

luciferase gene under the
Renilla
Reporter

pRL-TK

control

of

the

herpes

simplex virus thymidine
kinase

Promega

(HSV-TK)

promoter
Siamois
Reporter

Xenopus laevis Siamois
pGL3

promoter

upstream

of (Brannon et al., 1997)

Firefly luciferase

Wnt2b-EGFP

pCS2+

Wnt5a-EGFP

pCS2+

Wnt8

pCS2+

Xbra

pSP72

xTwist

pGEM-T

EGFP-tagged

Xenopus

laevis Wnt2b
EGFP-tagged

Xenopus

laevis Wnt5a
Xenopus laevis Wnt8
Xenopus laevis homolog
of Brachyury (T)
Xenopus laevis Twist

(Holzer et al., 2012)

(Wallkamm et al., 2014)
(Peradziryi et al., 2011)
(Smith et al., 1991)
(Hopwood et al., 1989a)
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2.5.3

Linearization of constructs for sense or antisense in vitro
transcription

Table 2: Restriction enzymes for linearization of constructs and polymerases used for in
vitro transcription

Sense RNA
Name

Restriction
enzyme

Caveolin-1α-HA
Caveolin-1α-HA
shifted ATG
lacZ

Polymerase

NotI

SP6

NotI

SP6

NotI

SP6

Antisense RNA
Restriction
enzyme

Polymerase

MyoD

BamHI

Sp6

Pax-2

EcoRI

T3

Xbra

HindIII

T7

xTwist

EcoRI

T7

PTK7

NotI

SP6

PTK7-MT

NotI

SP6

ΔkPTK7-MT

NotI

SP6

Wnt8

NotI

SP6

2.6

Oligonucleotides

2.6.1

Cloning primers

Oligonucleotides for cloning procedures were purchased from Sigma-Aldrich (Munich).
The primer sequence is given in 5‘→3‘ direction. The enzyme restriction sites are
indicated in bold letters.

Cav1a new ATG NheI for

ATGCTAGCATGGAAGAGGGTGTTCTCTACAC

Cav1a new ATG NheI rev

ATGCTAGCGAATCGATGGGATCCTGCAAA
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2.6.2

Sequencing primers

The following primers were used for sequencing of expression constructs in pCS2+
vectors. The primer sequence is given in 5‘→3‘ direction.
SP6

TTAGGTGACACTATAGAATAC

T3

AATTAACCCTCACTAAAGGG

T7

TCTACGTAATACGACTCACTATAG

2.6.3

Morpholino oligonucleotides

Morpholino oligonucleotides used in this study were purchased from GeneTools, LLC
(Philomath, Oregon, USA).
Table 3: Antisense Morpholino oligonucleotides

Morpholino
name

Target gene

Concentration/

Sequence in 5‘→3‘ direction

embryo

Xenopus
Cav1α-MO

laevis

CATCTATGTATTTGCCACCAGACAT

5 -20 ng

CGTCAGTCAGCATATCATCTGCCAT

5 -20 ng

CCTCTTACCTCAGTTACAATTTATA

5 -20 ng

caveolin-1α
Xenopus
Cav1β-MO

laevis
caveolin-1β

Control MO

2.7

No target

Antibodies

Table 4: Antibodies

Name

Actin

Company,
catalog
number

Description

Merck
Millipore,
MAB1501

Primary mouse monoclonal IgG,
recognizes F- and G-actin

Dilution
WB

IF

IP

1:2000

47

Material and Methods

Name

Company,
catalog
number

Dilution
Description

Primary mouse monoclonal IgG,
recognizes MT epitope
corresponding to residues 408439 of the human c-Myc protein

WB

IF

1:5000

1:500

MT
(9E10)

Sigma,

MT-Cy3
(9E10)

Sigma,

MT

Abcam
ab19234

Primary goat polyclonal IgG,
against MT epitope, recognizes
peptide sequence EQKLISEEDL

1:10000

GFP

Abcam,
ab290

Primary rabbit polyclonal IgG,
recognizes GFP

1:2000

GFP

Roche,
11814460001

Primary mouse monoclonal IgG,
recognizes GFP

1:1000

HA.11

Covance,
MMS-101P

Primary mouse monoclonal IgG,
recognizes hemagglutinin
epitope (YPYDVPDYA)

1:1000

1:100

Caveolin

Abcam,
ab2910

Primary rabbit polyclonal IgG
against caveolin-1 protein

1:1000

1:500

Clathrin

Abcam,
ab144409

Primary mouse monoclonal IgG
against clathrin light chain
protein

1:500

EEA1

Abcam,
ab2900

Primary rabbit polyclonal IgG
against EEA1 protein

1:500

R&D
systems,

1:1000

AF4499

Primary polyclonal goat IgG,
recognizes human, mouse, rat
PTK7 (CCK-4) protein

Cell
signaling,
2721

Primary monoclonal rabbit IgG,
recognizes human, mouse, rat
Wnt3a protein

1:1000

PTK7
(CCK-4)

Wnt3a

M4439

C6594

9E10 MT antibody directly
coupled to Cy3

IP

1:100

1:250

1:1000

1:150

1:200

Thermo
α-mouseFisher
Alexa
Scientific, A488
11029

Secondary goat polyclonal IgG,
conjugated with Alexa Fluor®
488

1:400

Thermo
α-mouseFisher
Alexa
Scientific, A594
11005

Secondary goat polyclonal IgG,
conjugated with Alexa Fluor®
596

1:400
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Company,
catalog
number

Description

α-rabbitAlexa
488

Thermo
Fisher
Scientific, A11008

Secondary goat polyclonal IgG,
conjugated with Alexa Fluor®
488

1:400

α-rabbitAlexa
594

Thermo
Fisher
Scientific, A11012

Secondary goat polyclonal IgG,
conjugated with Alexa Fluor®
596

1:400

α-rabbitHRP

CellSignaling,
7074

Secondary goat polyclonal IgG
coupled with HRP

1:2000

α-mouseSanta Cruz
HRP

Secondary goat polyclonal IgG
coupled with HRP

1:5000

α-goatHRP

Secondary donkey polyclonal
IgG coupled with HRP

1:10000

Name

Santa Cruz

Dilution
WB

2.8

DNA methods and cloning procedures

2.8.1

Isolation of plasmid DNA from E. coli

IF

IP

To isolate plasmid DNA from E. coli cultures in analytical amounts the GeneJET Plasmid
Miniprep Kit (Thermo Scientific) was used. Isolation of preparative amounts was carried
out using the NucleoBond Xtra Midi Kit (Macherey and Nagel). Plasmid DNA isolation was
performed after the manufacturer’s instructions. Isolated plasmid DNA concentration was
quantified using the NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific).

2.8.2

Polymerase chain reaction

For the in vitro amplification of DNA fragments the polymerase chain reaction (PCR) was
applied (Saiki et al., 1988). The amplification reaction was carried out by either the
DreamTaq™ DNA Polymerase (Thermo Scientific) for analytical PCR reactions or the
PhusionTM High-Fidelity DNA Polymerase (Thermo Scientific) for subsequent cloning
procedures. To perform a standard PCR reaction 10 - 100 ng of the DNA template and
oligonucleotides in a final concentration of 10 µM were used. Deoxynucleotide
triphosphates (dNTPs), the polymerase and the respective reaction buffer were added
after the instructions of the manufacturer. The PCR programs and the temperature profiles
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were chosen according to the used oligonucleotides and the expected DNA fragment size.
Optionally, PCR reactions were purified using the GeneJET PCR Purification kit (Thermo
Scientific).
Table 5: Temperature profile of the PCR reaction

PhusionTM-polymerase

DreamTaqTM-polymerase

1. Initial heat-denaturation

98 °C, 25 sec

95 °C, 25 sec

2. heat-denaturation

98 °C, 10 sec

95 °C, 10 sec

3. Annealing

specific annealing temperature, 25 sec

4. Elongation

72 °C, 20 sec/kb

72 °C, 1 minutes/kb

5. Final step of synthesis

72 °C, 5 minutes

72 °C, 5 minutes

2.8.3

Colony PCR

To test whether a cloning process was successful colony PCR was performed. Therefore,
single E. coli colonies from a transformation plate were picked using a sterile toothpick
and put into a 0.5 ml reaction tube. Each single colony was used as a template for the
following PCR reaction. Primers amplifying the inserted fragment were used. Amplification
was performed using the DreamTaq™ DNA Polymerase.

2.8.4

Agarose gel electrophoresis

To separate DNA fragments according to their size in an electrical field, agarose gel
electrophoresis was performed (Sharp et al., 1973). Samples mixed with DNA loading dye
(6x, Thermo Fisher Scientific) were loaded on 1% (w/v) agarose gels, prepared in 1x TAE
buffer containing 0.5 μg/ml ethidium bromide or 1x GelRedTM fluorescent nucleic acid dye
(GeneOn, Ludwigshafen). Electrophoresis was run in horizontal electrophoresis chambers
containing 1x TAE buffer at 90-120 V. The DNA bands were detected in a UV transilluminator at λ = 254 nm.

2.8.5

Purification of DNA fragments from agarose gels

The desired DNA bands, which were separated by gel electrophoresis, were cut out under
UV - light from the agarose gel using a scalpel. DNA purification was performed using the
GeneJET Gel Extraction Kit (Thermo Scientific) or to yield high concentrations in minimal
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volumes the Zymoclean™ Gel DNA Recovery Kit (Zymo Research, Irvine, CA, USA)
according to the manufacturer’s instructions. The DNA concentrations were measured
using the NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific).

2.8.6

Restriction digestion of DNA

Restriction enzymes were purchased from Thermo Fisher Scientific. The restriction
digestion was prepared according to the instructions of the manufacturer. Restriction
digestion reactions were either purified using the GeneJET PCR Purification kit (Thermo
Fisher Scientific) or purified from the gel after agarose gel electrophoresis.

2.8.7

Ligation of DNA-fragments

Linearized DNA fragments were incubated in a reaction volume of 10 µl containing 5 U T4
- DNA-ligase (Thermo Scientific) according to the manufacturer’s protocol. The reaction
was allowed to proceed overnight at 16 °C or 1 hour at room temperature. DNA
concentrations of 50 - 200 ng/µl were used in a molar concentration ratio of 1:3 between
vector and insert DNA. The T4 ligase was inactivated by incubation at 65 °C for 10
minutes and subsequently transformed using competent E. coli cells.

2.8.8

Chemical transformation of E. coli cells

For transformation of E.coli XL1blue cells, chemical competent cells were thawed on ice.
100 ng plasmid DNA or 5- 10 µl ligation mix were added to 200 µl of the bacterial cells
and incubated for 30 minutes on ice. After a heat-shock for 2 minutes at 42 °C, the cells
were cooled down on ice for 5 minutes prior to the addition of 800 µl warm LB Medium.
The samples were incubated for 30 minutes up to 1 hour at 37 °C on a shaker (Inoue et
al., 1990). The transformed cells were pelleted and plated with the aid of sterile glass
beats or a sterilized Drigalski spatula on LB plates containing ampicillin or kanamycin at a
final concentration of 100 μg/ml or 50 µg/ml, respectively. Transformation plates were
incubated overnight at 37 °C.

2.8.9

Sequencing of DNA

Sequencing of DNA was done using the Dye-termination method, modified from the
Sanger chain-termination sequencing method (Sanger et al., 1977) with the use of the Big
Dye™ Terminator Kit (Applied Biosystems) according to the manufacturer’s instructions.
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The sequencing analysis was performed with the ABI 3100 Automated Capillary DNA
Sequencer (Applied Biosystems). Alternatively, DNA samples were sent to GATC Biotech
(Konstanz) for sequencing analysis.

2.9

RNA methods

2.9.1

In vitro synthesis of capped sense RNA

Capped sense mRNAs for microinjection into Xenopus laevis embryos were synthesized
in vitro using the SP6 or T7 mMessage mMachine kit™ (Ambion/Thermo Fisher Scientific)
according to the manufacturer’s protocol. 1.2 µg linearized DNA was used in a total
reaction volume of 20 µl and the reaction was incubated for 2 hours at 37 °C. TURBO
DNase I (Ambion/Thermo Fisher Scientific) treatment was performed for 15 minutes at
37 °C to digest the DNA template. The Illustra™ RNAspin Mini RNA Isolation Kit (GE
Healthcare) was used for mRNA clean-up. Synthesized mRNA was quantified using the
NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific).

2.9.2

In vitro synthesis of labeled antisense RNA

Synthesis of digoxigenin labeled antisense RNA probes for whole mount in situ
hybridization of Xenopus embryos was carried out as follows:

Table 6: In vitro synthesis of antisense RNA

volume/concentration

reagents

1 µg

Template DNA

5 μl

5x transcription buffer (Invitrogen)

1 μl

10 mM each of rATP, rCTP, rGTP (Thermo
Scientific)

0.64 μl

10 mM rUTP (Thermo Scientific)

0.36 μl

10 mM digoxigenin-rUTP (Roche)

1 μl

0.75 M DTT

0.5 µl

RNAseOut (Invitrogen)

1 μl

T7 polymerase (20U/μl, Invitrogen)

RNAse-free water (Amresco) was added to a final volume of 25 μl.
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The reaction mix was incubated at 37 °C for 2 hours. Afterwards the DNA template was
digested using Turbo DNAseI (Ambion/Thermo Fisher Scientific). Synthesized antisense
RNA was purified using the RNeasy™ mini Kit (Qiagen) after the manufaturer’s protocol.

2.10

Cell culture techniques

2.10.1 Propagation of cell lines
Human cell lines were cultured in cell culture flasks (Greiner bio-one/Sarstedt) in a sterile
incubator at 37 °C, 5% (v/v) CO2 and 95% humidity. RPMI 1640 medium (Merck Millipore),
supplemented with 10% (v/v) fetal calf serum (FCS), 100 U/ml penicillin (Merck Millipore)
and 100 μg/ml streptomycin (Merck Millipore) was used for cultivating MCF7 cells. The
cells were split once per week with a subcultivaton ratio of 1:10. Therefore, trypsin-EDTA
(0.025% (w/v) Trypsin, 0.53 mM EDTA) was added to the cells for 5 - 10 minutes at 37 °C
to break the adhesion and detach the cells from the flask. Trypsin was inactivated by the
addition of 5 - 10 ml RPMI 1640 medium and the appropriate volume of the cell
suspension was transferred into a new cell culture flask containing medium. For long term
storage cells were frozen in FCS supplemented with 10% (v/v) DMSO in cryotubes
(NuncTM, Thermo Scientific) and kept in liquid nitrogen.

2.10.2 Transfection of plasmid DNA into eukaryotic cells
Lipofectamine®2000 Transfection Reagent (Life Technologies) was used for DNA
transfection of mammalian cells according to the manufacturer’s protocol. One day before
transfection cells were plated in medium without antibiotics, supplemented with 10% FCS
into the particular well plates to reach a confluence of 70 - 90% at the time of transfection.
Cells were cultivated in 6-well plates, for co-immunoprecipitation experiments or
preparation of cell lysates. Alternatively, cells were seeded on glass dishes in 24-well
plates for immunostaining. In dependence of the used culture vessel, DNA and
Lipofectamin reagent were diluted in Opti-MEM medium as indicated in the following table.
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Table 7: Amounts of nucleic acids, Lipofectamin and medium are given according to the
respective culture vessel

Culture
vessel

Volume
of plating
medium

Volume
of
dilution

DNA

Lipofectamin

RNA

Lipofectamin

medium

96-well

100 µl

2 x 25 µl

0.2 µg

0.5 µl

5 pmol

0.25 µl

24-well

500 µl

2 x 50 µl

0.8 µg

2.0 µl

20 pmol

1.0 µl

6-well

2 ml

2 x 250 µl

4.0 µg

10 µl

100

5 µl

10-cm

15 ml

2 x 1.5 ml

24 µg

60 µl

600

30 µl

2.10.3 Treatment of MCF7 cells with recombinant Wnt proteins and
chemical inhibitors

For treatment with Wnt proteins, cell were seeded on six-well plates prior to Western
blotting or 10 mm glass coverslips in 24-well plates prior to fluorescence analysis. Cells
were washed three times with PBS and rhWnt3a or rhWnt5a (R&D systems) diluted in
RPMI medium were added to the cells in concentrations ranging from 25 – 200 ng in a
final volume of 500 µl in six-well plates and 250 µl in 24-well plates, for 1 to 15 hours.
Afterwards, cells were washed again for three times with PBS before preparation of
protein extracts for Western blot analysis or fixation for immunofluorescence staining. For
inhibition of caveolin-mediated endocytosis or lysosomal degradation, cells were
incubated in 5 mM methyl-β-cyclodextrin (Sigma-Aldrich) or 100 µM chloroquine (SigmaAldrich), respectively, four hours before Wnt treatment.

2.11

Xenopus laevis techniques

2.11.1 Isolation of Xenopus laevis testis
Male frog was sacrificed by putting it in 0.05% benzocaine (Sigma-Aldrich) in water for 30
minutes at room temperature and subsequently cutting the cervical spine using scissors or
a scalpel. For isolation of the testis, the frog was put on its back and the skin at the belly
and the muscles were cut with scissors to get access to the abdominal cavity. The fat
body was pulled out and the attached testes were isolated. Testes were washed 3 times
in 1x MBS and stored in 1x MBS at 4 °C.
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2.11.2 Xenopus embryo microinjection and cultivation
To stimulate ovulation in female Xenopus laevis frogs, 500 – 1000 units human chorionic
gonadotropin (hCG) (Sigma-Aldrich, Prospec) were injected into the dorsal lymph sack.
hCG-stimulation was done approximately 12 hours before eggs were retrieved. Eggs were
in vitro fertilized with 50 – 150 µl macerated testis tissue in 0.1x MBS according to the size
of the batch. The jelly coat was removed by gentle shaking of the embryos in 2%
cysteinhydrochloride-solution. Subsequently, the embryos were washed six times in 0.1x
MBS and incubated at 12 °C until the appropriate stage for injection. Albino embryos were
stained with Nile blue vital dye to distinguish between the animal and vegetal pole and
later for classification of the developmental stages. Injections were performed using glass
needles prepared with a needle puller (Narishige, Japan). The injection procedure was
carried out in injection buffer at 12 °C using a microinjection system (PV820 Pneumatic
Pump, M3301 Micromanipulator, World Precision Instruments). Embryos were kept on a
cooling plate (12 °C) prior and directly after injection or injected directly on a cooling plate.
1 hour after injection embryos were washed three times in 0.1xMBS and cultured in 0.1x
MBS at 12 – 18 °C in an incubator. The developmental stages were classified according
to Nieuwkoop and Faber, normal table of Xenopus laevis (Nieuwkoop and Faber, 1956).

2.11.3 Fixation and X-gal staining
For lineage tracing using X-gal staining β-galactosidase (lacZ) mRNA was co-injected into
the embryos. This method is used to distinguish between injected versus non-injected
regions of the embryo. Embryos were fixed in MEMFA for 45 minutes and washed 3 times
for 10 minutes in 1x PBS. Embryos were incubated in X-gal solution in the dark until a
blue staining was visible. The solution was removed and embryos were washed for 3
times with 1x PBS for 10 minutes. Re-fixation of the embryos was performed using
MEMFA for at least 1 hour at room temperature or overnight at 4 °C. For long-term
storage, embryos were transferred in 100% ethanol and stored at -20 °C.

2.11.4 Xenopus second axis assay
For the generation of a secondary axis, 5 pg Wnt8 mRNA was injected marginally into one
ventral blastomere of a 4-cell stage Xenopus embryo together with 75 pg lacZ RNA as
lineage tracer. 250 pg PTK7 mRNA, 10 ng control morpholino or 10 ng caveolin-1α
morpholino were co-injected. Second axis induction phenotypes were counted at stage 18
– 23.
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2.11.5 Embedding of Xenopus embryos for vibratome sectioning
Embryos were embedded in gelatin/albumin prior to sectioning. 1.5 ml thawed
gelatin/albumin embedding solution was mixed with 150 µl 25% glutaraldehyde on ice and
filled in a plastic mold. After the solution got solid, embryos were placed on the solidified
block and covered with another 1.5 ml aliquot of gelatin/albumin + glutaraldehyde
medium. Embryos were stored in a humid chamber at 4 °C until sectioning. 30-50 µm
sections were made using the Leica VT1000 S vibratome and collected on an object slide.

2.11.6 Actin staining of Xenopus vibratome sections using phalloidin
The vibratome sections were washed 3 times with 1x PBS on the object slide.
Tetramethylrhodamine (TRITC)-conjugated phalloidin (Sigma-Aldrich) at a concentration
of 1 µg/ml was used to stain the actin cytoskeleton. The sections were incubated in
phalloidin-TRITC for 1 hour at room temperature. Afterwards, the section were washed 3
times with 1x PBS. The sections were embedded using Moviol embedding solution
supplemented with DAPI-fluorescent stain (Carl Roth) at a final concentration of 1 µg/ml.

2.12

Protein techniques

2.12.1 Preparation of protein extracts from MCF7 cells
Cells were washed with cold TBS and scraped in 0.5 ml TBS from the surface of the 6well culture plate. Cells were transferred into a 1.5 ml reaction tube and centrifuged for 10
minutes at 3000 rpm and 4 °C. The supernatant was discarded and the pellet was lysed in
lysis buffer (800 µl of lysis buffer for Co-IP analyses, 100 µl of lysis buffer for analytical
protein samples) by pushing it 5 times through a 30 G syringe. After centrifugation for 15
minutes at 13000 rpm at 4 °C, the supernatant was transferred into a new reaction tube
and used for Co-IP analyses or mixed 1:5 with 6x Laemmli buffer and denatured for 3
minutes at 95 °C. Protein extract was directly loaded on an SDS-PAGE gel or frozen at 20 °C.

2.12.2 Preparation of protein extracts from Xenopus embryos
Xenopus embryos were collected and lysed in lysis buffer. 10 µl of lysis buffer were
applied per embryo. Homogenization was done by pipetting the embryos 5 times through
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a 30 G syringe. The lysate was centrifuged at 130000 rpm at 4 °C and the supernatant
was transferred into a new reaction tube. The appropriate amount of 6x Laemmli buffer
was added to the protein extract to get 1x Laemmli buffer in the solution. The samples
were denatured for 3 minutes at 95 °C and frozen or loaded on a SDS-PAGE.

2.12.3 SDS - polyacrylamide gel electrophoresis
SDS - polyacrylamide gel electrophoresis (SDS-PAGE) was performed to separate
proteins according to their size in an electric field (LAEMMLI, 1970). Discontinuous 10%
or 12% polyacrylamide gels were prepared using standard protocols (Russel, 2001). The
BioRad Mini Protean Tetra Cell system (Bio-Rad) was used for SDS-PAGE according to
the manufacturer’s protocol. The protein extracts were loaded into the chambers of the
SDS polyacrylamide gels with a maximal volume of 25 µl. Further, 5 µl protein marker
were loaded in one of the chambers (PageRuler Plus Prestained Protein ladder, Thermo
Scientific). The proteins were separated for 1 - 2 hours at 70 - 120 V in a running chamber
filled with Laemmli buffer.

2.12.4 Western blot
The protein extracts, separated by a polyacrylamide gel electrophoresis, were transferred
by electro-blotting onto a nitrocellulose membrane. The blotting procedure was performed
using the BioRad wet blot cell (Bio-Rad), containing transfer buffer, at 100 V for 1 - 2 hour
on ice or overnight (15 h) at 30 V and room temperature. The membrane was stained for 2
minutes in PonceauS solution to visualize the protein bands. For blocking unspecific
binding sides the membrane was incubated in TBST buffer supplemented with 5% milk
powder (w/v) for 1 hour at room temperature on a shaker. The respective primary
antibodies were diluted (according to table 4) in TBST buffer + milk powder and incubated
on the membrane overnight at 4 °C. Afterwards the membrane was washed three times
for 10 minutes with TBST buffer + 5% milk powder. Horseradish peroxidase coupled
secondary antibodies were incubated on the membrane for 1 hour at room temperature.
The membrane was washed three times with TBST buffer in intervals of 10 minutes prior
to detection with the chemiluminescent substrate Pierce™ ECL Western Blotting
Substrate (Thermo Scientific) according to the protocol. The chemiluminescent signal was
detected by exposure of the membrane X-Ray film in time periods of several seconds and
minutes. Protein intensities were analysed using Image J and calculated in arbitrary units
[AU].
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2.12.5 Co-Immunoprecipitation (Co-IP)
MCF7 cells were transfected into six-well plates 48 hours prior to co-immunoprecipitation
analysis. To obtain a high concentration of protein extract, cells from two wells of a sixwell plate were collected for each condition. For preparation of cell extract Co-IP lysis
buffer was supplemented with SDS to a final concentration of 0.1% to disrupt membrane
and lipid raft fractions. This buffer was used throughout the whole Co-IP experiment. The
protein extracts were pre-cleared for 1 hour with 30 µl Protein A Sepharose CL-4B beads
(GE Healtcare) at 4 °C with end-over-end mixing on a rotator. After pre-clearing 50 µl of
the lysates were collected as input control. For antigen-antibody coupling, the pre-cleared
lysate was centrifuged for 2 minutes at 2000 rpm, the supernatant was transferred into a
new reaction tube and incubated with the respective antibodies for two hours at 4 °C with
gentle rotation. Afterwards, 30 µl Protein A Sepharose beads were added to precipitate
protein complexes and incubated further one hour at 4 °C on a rotator. Beads were
washed 5 times with Co-IP lysis buffer, boiled in 15 µl 6x Laemmli buffer for 5 minutes at
95 °C and frozen at -20 °C or directly analyzed by Western blot.

2.12.6 Cell surface biotinylation
MCF7 cells cultured in six‐well plates were cross-linked with 0.25 mg/ml EZ-Link-SulphoNHS-SS-biotin for 30 minutes (Thermo Scientific) and subsequently quenched using
Quenching solution (Thermo Scientific). Cells were washed in TBS, scraped and lysed in
800 µl Co-IP lysis buffer. 50 µl of each sample were collected as input control. Cell
surface proteins were affinity-purified using NeutrAvidin Agarose beads (Thermo
Scientific) for 2 hours with end-over-end mixing on a rotator. Beads were washed five
times for 5 minutes with Co-IP lysis buffer, boiled at 95 °C for 5 minutes in 6 x Laemmli
loading buffer and loaded on 10% or 12% SDS-PAGE gels.

2.12.7 In vitro coupled transcription/translation reactions
For the coupled transcription and translation of eukaryotic proteins from DNA plasmids the
TnT® Quick Coupled Transcription/Translation System (Promega) was used. According to
the manufacturer’s instructions.
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2.13

Whole-mount in situ hybridization (WISH)

Whole-mount in situ hybridization was carried out as described (Harland, 1991).

WISH - day 1
Rehydration
Embryos that were stored in 100% ethanol were rehydrated prior to WISH according to
table 7.

Table 8: Rehydration of embryos

Solution

Incubation time

100% ethanol

3 minutes

75% ethanol in water

3 minutes

50% ethanol in water

3 minutes

25% ethanol in PTw

3 minutes

PTw

3 minutes

Proteinase K treatment
Embryos were treated with proteinase K (0.15 U/ml, Merck) in PTw buffer to facilitate the
accessibility of the RNA probe to the tissue. The following table gives the proteinase K
incubation times according to the developmental stages of the embryos.
Table 9: Proteinase K treatment

Developmental stage
Xenopus embryos

of Incubation time (minutes)

Temperature

9 - 10.5

6-8

room temperature

14 - 16

8 - 10

room temperature

20 - 25

15 - 18

room temperature

36

22 - 25

room temperature

40

17 - 20

37 °C

42 - 43

27 - 30

37 °C

46

32 - 35

37 °C
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Acetylation and refixation
Table 10: Acetylation of embryos

Solution

Incubation time

1M Triethanolamine chlorid, pH 7.0 (TEA)

2 x 5 minutes

1M TEA with 0.3% acetic anhydride

5 minutes

1M TEA with 0.6% acetic anhydride

5 minutes

PTw

5 minutes

After acetylation, the embryos were re-fixed for 20 minutes in PTw buffer containing 4%
(v/v) formaldehyde and were subsequently washed 5 times in PTw buffer.
Hybridization
Approximately 1 ml of PTw was left in the tubes and mixed with 250 μl Hyb-Mix. The
solution was replaced immediately by 500 μl of fresh Hyb-Mix and incubated for 10
minutes at 60 °C. The Hyb-Mix was exchanged for a second time and embryos were
incubated 4 – 5 hours at 60 °C in a shaking waterbath. The Hyb-Mix was replaced with the
desired labeled RNA probe, diluted in Hyb-Mix solution. The hybridization was performed
overnight at 60 °C.

WISH - day 2
Washing and RNAse treatment
To remove unbound RNA probes, the samples were washed and digested with RNAse
A/RNAse T1 mix (0.2 μg/ml and 0.5 U/ml respectively, Thermo Scientific).
Table 11: Washing steps and RNAse treatment

Solution

Incubation temperature and time

Hyb Mix

60 °C, 10 minutes

2x SSC

60 °C, 3 x 15 minutes

RNAses in 2x SSC

37 °C, 60 minutes

2x SSC

room temperature, 5 minutes

0.2x SSC

60 °C, 2 x 30 minutes

MAB

room temperature, 2x 15 minutes
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Blocking and antibody reaction
To block unspecific binding sites embryos were incubated in MAB buffer containing the
Boehringer Mannheim Blocking Reagent (BMB) and horse serum prior to incubation with
Sheep Alkaline phosphatase-coupled anti-Dig antibody (Roche).
Table 12: Blocking and antibody reaction

Solution

Incubation temperature and time

MAB/2% BMB

10 minutes, room temperature

MAB/2% BMB/20% Horse serum

30 minutes, room temperature

MAB/2% BMB/20% Horse serum
1:5000 α-DIG antibodies

4 hours, room temperature

MAB

3 x 10 minutes, room temperature

MAB

overnight, 4 °C

WISH day 3
Staining reaction
Embryos were washed several times to remove unbound antibodies and subsequently
incubated with the NBT/BCIP staining solution for alkaline phosphatase mediated staining
reaction according to the following table.
Table 13: Washing and staining reaction

Solution

Incubation time

MAB

5 x 5 minutes, room temperature

APB

3 x 5minutes, room temperature

APB with 80 μg/ml NBT, 175 μg/ml BCIP

Up to three days, 4 °C

2.14

Immunofluorescence

Cells were seeded on 10 mm glass coverslips (Menzel-Gläser, Thermo Scientific) for
confocal laser-scanning fluorescence microscopy or 42 mm glass coverslips (H. Saur
Laborbedarf) for total internal reflection (TIRF) microscopy. The cells were washed with
PBS and fixed in 4% paraformaldehyde in PBS for 20 minutes at room temperature. For
permeabilization, cells were incubated in 0.2% Trition-X100 in PBS. Afterwards the cells
were washed for three times in PBS and blocked in blocking buffer for one hour.
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Incubation with the first antibodies was carried out overnight at 4 °C. Cells were washed
with blocking buffer and subsequently incubated with Alexa Fluor-conjugated secondary
antibodies (life technologies) for one hour at room temperature. For confocal microscopy
cells were mounted using fluorescence mounting medium (Dako, Agilent Technology)
supplemented with DAPI to a final concentration of 1 µg/ml. Stained cells were imaged by
confocal laser-scanning fluorescence microscopy (LSM 780, Carl-Zeiss or TCS SP5,
Leica Microsystems). For TIRF microscopy, cells on the glass coverslips were covered
with PBS and analyzed using a TIRF microscope (Leica DMI6000 B TIRF) with a HCX
Plan-Apochromat 100x, NA 1.47 oil objective.
For life cell imaging cells were seeded in 2- or 4-well Lab-Tek Chambers (Nunc™ LabTek™ Chambered Coverglass, Thermo Scientific). Life cell imaging was performed using
a spinning disc confocal microscope (AxioObserver Z1, Zeiss) with a Plan-Apochromat
63x, NA 1.40 oil objective. Protein co-localization was quantified using ImageJ software
(coloc 2 plugin).
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Results

3.1

PTK7 changes its cellular localization in response to
canonical Wnt proteins

3.1.1

Wnt3a stimulation mediates PTK7 translocation

PTK7 functions as a Wnt co-receptor in the regulation of both canonical and noncanonical Wnt signaling pathways. Interestingly, previous data revealed that PTK7 binds
canonical but not non-canonical Wnt proteins (Peradziryi et al., 2011). As PTK7 inhibits
canonical Wnt signaling, it remains unclear if conversely canonical Wnt ligands might
affect the localization or stability of the PTK7 protein. To analyze this PTK7-GFP was
stably expressed in MCF7 cells and its localization in the presence or absence of Wnt
proteins was analyzed by confocal microscopy. In the absence of Wnt ligands PTK7 is
mainly localized at the cell membrane (Figure 22 A). However, in the presence of
recombinant human Wnt3a (rhWn3a), a canonical Wnt ligand that interacts with PTK7
(Peradziryi et al., 2011), the PTK7 protein shifted from the membrane to the cytoplasm
(Figure 22 B). This translocation did not occur in the presence of rhWnt5a protein (Figure
22 C), a non-canonical Wnt ligand, which does not interact with PTK7 in coimmunoprecipitation assays (Peradziryi et al., 2011). As PTK7 strongly accumulates at
cell-cell contact sites, Wnt dependent PTK7 translocation was additionally analyzed in
single cells. Similar to cells having cell-cell contacts, PTK7 shifts from the membrane to
the cytoplasm in single cells after stimulation with rhWnt3a but not with rhWnt5a (Figure
22 D-F). For quantification of the PTK7 localization pattern, it was distinguished between
membrane localization, cytoplasmic localization and the combination of both. The graph
includes quantification of single cells as well as cells having cell-cell contacts (Figure 23).
Before Wnt treatment, PTK7 localized in 51% of the cells to the plasma membrane, in
44% to both membrane and cytoplasm, while cytoplasmic localization was observed in
only 5% of the cells analyzed. However, after rhWnt3a stimulation, membrane localization
of PTK7 significantly decreased to only 2%, membrane and cytoplasmic localization
decreased slightly to 36%, but cytoplasmic localization increased to over 62%. In contrary,
no significant differences to untreated conditions were observed in the presence of
rhWnt5a. These findings show that in the presence of canonical Wnt3a, PTK7 changes its
cellular localization from the plasma membrane to the cytoplasm.

63

Results

Figure 22: Canonical, but not non-canonical Wnt ligands, induce PTK7 internalization.
PTK7-GFP expression in stably transfected MCF7 cells was induced by the addition of doxycycline
in a final concentration of 1 µg/ml for 15 hours. Cells expressing PTK7-GFP were treated without
Wnt protein, with rhWnt3a or rhWnt5a protein (50 ng) for 1 hour. (A) In cells having cell-cell
contacts, PTK7 is localized at the plasma membrane before Wnt treatment and (C) after rhWnt5a
treatment. (B) In the presence of rhWnt3a PTK7 is mainly localized to the cytoplasm. (D-E) In
MCF7 single cells PTK7 translocates from the membrane to the cytoplasm only in the presence of
the canonical Wnt ligand Wnt3a. Scale bars, 10 µm.
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Figure 23: Quantification of PTK7 cellular localization in response to canonical or noncanonical Wnt proteins.
Quantification of the PTK7 localization pattern of three independent experiments. Single cells and
cells with cell-cell contacts were analyzed. +/- standard errors are given. Numbers of cells (n) are
indicated for each condition. * p<0.001, ** p<0.005 in a Student’s t-test.

3.1.2

Wnt3a-dependent PTK7 internalization is independent of its kinase
homology domain

As the kinase homology domain of PTK7 is required for membrane-recruitment of
Dishevelled and necessary for PTK7 function in activating non-canonical PCP/Wnt
signaling (Shnitsar and Borchers, 2008; Wehner et al., 2011), we analyzed if this domain
plays a role in the Wnt3a-mediated translocation of PTK7. Therefore, a PTK7 deletion
mutant lacking the kinase homology domain (∆kPTK7) was stably expressed in MCF7
cells. In the absence of recombinant Wnt protein ∆kPTK7 is predominantly localized at the
membrane (Figure 24 A). The same result can be seen after stimulation with rhWnt5a
(Figure 24 C). However, in presence of rhWnt3a, the ∆kPTK7 protein is translocated to
the cytoplasm (Figure 24 B). Similar results were observed in MCF7 single cells
expressing ∆kPTK7 protein (Figure 24 D-F). Thus, the Wnt-mediated translocation of the
PTK7 protein is independent of its kinase-homology domain. The quantification of the
∆kPTK7 localization pattern revealed that in the absence of recombinant Wnt ligands
∆kPTK7 was present at the membrane in 57% of the cells. A similar localization pattern
was detected in ∆kPTK7-expressing cells treated with rhWnt5a, where in 64% of the cells
∆kPTK7 is localized to the plasma membrane, while 3% show a cytoplasmic localization.
However, in the presence of rhWnt3a membrane localization of ∆kPTK7 significantly
decreased to only 10%, while the cytoplasmic ∆kPTK7 localization increased from 3%
under untreated conditions to 42% after rhWnt3a stimulation (Figure 25).
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Figure 24: Wnt3a-dependent ∆kPTK7 translocation is independent of its kinase domain.
In MCF7 cells ∆kPTK7-GFP expression was induced by the addition of doxycycline in a final
concentration of 1 µg/ml for 15 hours. The cells were treated without or with the indicated Wnt
proteins for 1 hour. (A) In untreated cells as well as in (C) rhWnt5a-treated cells ∆kPTK7 localizes
to the plasma membrane. (B) In the presence of the canonical Wnt ligand rhWnt3a ∆kPTK7 is
strongly localized to the cytoplasm. (D-F) Single cells expressing ∆kPTK7-GFP show similar
localization pattern of ∆kPTK7 as observed for cells having cell-cell contacts. Scale bars, 10 µm.
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Figure 25: Quantification of Wnt3a-dependent ∆kPTK7 translocation.
Quantification of ∆kPTK7 localization. The graph shows three independent experiments, +/standard errors are shown. Numbers of cells (n) are indicated for each condition. * p<0.005,
** p<0.01 in a Student’s t-test.

3.1.3

Cell surface levels of PTK7 decrease in the presence of canonical
Wnt ligands

To further confirm the Wnt3a-dependent clearance of the PTK7 receptor from the plasma
membrane in a biochemical assay, cell-surface biotinylation analyses were performed.
The concentration of biotinylated cell surface PTK7-GFP was determined before and after
Wnt stimulation. Therefore, cell surface proteins were labeled with sulfo-NHS-SS-Biotin
and affinity-purified using neutravidin agarose beads. Isolated cell surface PTK7-GFP and
total PTK7-GFP were detected using an anti-GFP antibody. Consistent with the previous
findings in fluorescently labeled cells, cell surface PTK7 protein levels significantly
decreased after rhWnt3a treatment, but remained unchanged after rhWnt5a stimulation
(Figure 26 A, C). Similar to full length PTK7-GFP, the cell-surface concentration of the
∆kPTK7-GFP protein also decreased after treatment with rhWnt3a (Fig 26 B, C). These
experiments show that the PTK7 receptor is removed from the plasma membrane in the
presence of canonical Wnt3a and that this process is independent of its kinase homology
domain.
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Figure 26: Cell surface PTK7 and ∆kPTK7 concentrations decrease after rhWnt3a treatment.
PTK7-GFP or ∆kPTK7-GFP expression was induced by doxycycline in MCF7 cells. The cells were
treated with rhWnt3a or rhWnt5a for 1 hour. The cell surface proteins were biotinylated and
precipitated using neutravidin beads. Cell surface and total PTK7-GFP or ∆kPTK7-GFP levels were
detected using anti-GFP antibodies. (A) Cell surface PTK7 protein levels decreased in the
presence of rhWnt3a but not in the presence of rhWnt5a or under untreated conditions in
comparison to total PTK7 levels. (B) The signal intensity of ∆kPTK7 at the cell membrane
decreased significantly in the presence of rhWnt3a, compared to the signal intensity in the
presence of rhWnt5a or absence of Wnt proteins. (C) The graph summarizes three independent
experiments with +/- standard errors. The intensities of the protein bands were analyzed using
ImageJ. The ratio of cell surface to total protein levels is given in arbitrary units [AU]. Values of the
control condition without Wnt treatment were set to 100%.

3.2

Proteolytic cleavage of PTK7 is not induced in response to
canonical Wnt proteins

PTK7 is a known target for proteolytic processing by several proteases including MT1MMP, ADAM and γ-secretase. Cleavage of PTK7 by γ-secretase leads to the generation
of a soluble cytoplasmic PTK7 fragments (Golubkov and Strongin, 2012). As PTK7
constructs with a C-terminal GFP-tag were used for Wnt-dependent PTK7 translocation
analyses, it is important to clarify if PTK7 shifts from the membrane to the cytoplasm or if
the cytoplasmic part of PTK7, including the GFP-tag, is cleaved and released into the
cytoplasm in response to rhWnt3a stimulation. To analyze this MCF7 cells expressing
PTK7-GFP were treated with rhWnt3a for one hour or overnight. PTK7 protein from
lysates of these cells was detected by either anti-PTK7 antibodies which recognize the
extracellular N-terminal part or by anti-GFP antibodies which recognize the GFP-tag at the
intracellular C-terminal domain of PTK7 (Figure 27 A). This double antibody staining can
distinguish between the full–length and the cleaved C-terminal PTK7 fragments. Only the
full-length PTK7 fragment was detected by the anti-PTK7 antibody, while the full-length
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and plus potentially cleaved C-terminal PTK7 fragments were detected by the anti-GFP
antibody. The number of detected PTK7 fragments remained unchanged in Wnt treated or
untreated cells. Thus, rhWnt3a treatment neither led to the generation of additional PTK7
fragments nor to an increase in their protein concentration (Figure 27 B), demonstrating
that rhWnt3a stimulation does not induce PTK7 cleavage. Interestingly, a general
decrease in protein levels of the full length as well as the cleaved PTK7 fragments was
detected in the presence of rhWnt3a, indicating a function of Wnt in PTK7 degradation.
This issue will be picked up later in this study.

Figure 27: rhWnt3a treatment does not induce PTK7 proteolysis.
(A) Model of PTK7 with MT1-MMP, ADAM and γ-secretase cleavage sites and recognition sites of
the anti-PTK7 and the anti-GFP antibody. (B) Full-length PTK7 is detected by both anti-PTK7 and
anti-GFP antibodies. Cleaved C-terminal fragments were detected only by the anti-GFP antibody.
No changes in the expression of cleaved PTK7 fragments due to rhWnt3a treatment were
detected.
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3.3

PTK7 translocates from the membrane to the cytoplasm
together with canonical Wnt2b

As PTK7 binds canonical Wnt ligands (Peradziryi et al., 2011) and is internalized by a
Wnt-dependent mechanism, one would expect the Wnt/PTK7 complex to be internalized
together. To analyze whether Wnt and PTK7 internalize as a complex, MCF7 cells
expressing PTK7-RFP were cultured together with cells expressing and secreting
canonical Wnt2b-GFP or non-canonical Wnt5a-GFP (Figure 28 A). These GFP-tagged
Wnt constructs had previously been shown to be functionally active in canonical and noncanonical Wnt signaling, respectively (Holzer et al., 2012; Wallkamm et al., 2014). After 4
hours of incubation secreted Wnt2b-GFP was found to co-localize with PTK7-RFP to the
same vesicle-like structures in the cytoplasm (Figure 28 B). 66% of the counted PTK7
puncta in the responding cells co-localize with Wnt2b (Figure 28 E). These results indicate
that Wnt2b and PTK7 form a ligand/receptor complex that is internalized together. Zstack imaging with an orthogonal cell view further demonstrates that these PTK7-Wnt2bpositive vesicles are located in the cytoplasm (Figure 28 D). In contrast, although secreted
Wnt5a-GFP was detected in the cytoplasm of the PTK7-RFP expressing cells no
significant co-localization with PTK7-RFP was observed (Figure 28 C). The internalization
of Wnt5a-GFP occurred possibly by a PTK7-independent mechanism.
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Figure 28: Wnt2b and PTK7 are translocated together to the cytoplasm.
(A) Scheme of experimental procedure. MCF7 cells were transfected with either PTK7-RFP or
Wnt-GFP, respectively. After 2 days the differently transfected cell populations were co-cultured
together 1:1 in one chamber slide. After 4 hours live-cell imaging was performed using spinning
disc confocal microscopy. (B) Secreted Wnt2b-GFP accumulates together with PTK7-RFP in the
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same vesicle-like structures. (C) Secreted Wnt5a-GFP localizes slightly to the cytoplasm of PTK7RFP expressing cells, but the majority of the PTK7-RFP protein remains at the membrane. No
PTK7-RFP and Wnt5a-GFP positive cytoplasmic puncta were detected. (D) Z-stack image with
orthogonal sectioning of a MCF7 cell with PTK7-RFP and Wnt2b-GFP positive vesicles in the
cytoplasm. 15 vertical sections per stack with a step size of 0.26 µm were taken. Scale bars, 10
µm. (E) The graph shows the percentage of cytoplasmic PTK7 puncta that co-localize with Wnt2b
or Wnt5a. Three independent experiments are summarized and standard errors are given.
Numbers of analyzed PTK7 puncta are indicated for each condition (n). 28 cells for PTK7-Wnt2b
and 29 cells for PTK7-Wnt5a co-localization were analyzed. * p<0.0001 in a Student’s t-test.

3.4

PTK7 is endocytosed via a caveolin-dependent pathway

The data obtained so far show that in the presence of the canonical Wnt proteins, Wnt3a
and Wnt2b, PTK7 localizes to vesicle-like structures in the cytoplasm. Moreover, upon
canonical Wnt binding, canonical Wnt and PTK7 seem to be internalized together as a
ligand/receptor complex. Receptor-mediated endocytosis via a clathrin- or caveolindependent pathway is a common process through which transmembrane proteins are
transported to the cytoplasm. Thus, it is likely that the PTK7 translocation from the
membrane into the cytoplasm is a result of receptor-mediated endocytosis.

3.4.1

PTK7 and caveolin-1 co-localize in vesicle-like structures in the
cytoplasm in response to Wnt3a

To analyze whether PTK7 is endocytosed through a clathrin- or caveolin-mediated route,
MCF7 cells expressing PTK7-GFP or ∆kPTK7-GFP were co-stained with antibodies
detecting endogenous caveolin-1 or clathrin. In the presence of rhWnt3a, PTK7-GFP colocalized with caveolin-1 in vesicle-like structures in the cytoplasm in 59% ± 6% of the
analyzed cells (Figure 29 B, D). In contrast, in untreated cells or rhWnt5a stimulated cells,
PTK7-GFP and caveolin-1 co-localized at the membrane, but cytoplasmic co-localization
was rarely observed (Figure 29 A, C). This was the case in only 9% ± 6% of the control
cells and 18% ± 10% of the rhWnt5a treated cells (Figure 29 D). To quantify the rate of
co-localization between the two fluorophores used in this experiment, the Pearson
correlation coefficient (PCC) was determined, which ranges between -1 and 1. A
coefficient of 1 represents a perfect correlation, 0 means random correlation and -1 stands
for perfect but negative correlation of all pixels of the 2 dyes analyzed (Adler and Parmryd,
2010). In untreated and rhWnt5a stimulated cells low PCC values were determined with
0.04 and -0.19, respectively. PCC is remarkably higher in the Wnt3a treated cell with a
value of 0.61. Thus, the calculation of the PCC provides further evidence that there is a
significant co-localization of caveolin-1 and PTK7-GFP upon rhWnt3a stimulation.
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Figure 29: PTK7 endocytosis is mediated by caveolin-1.
(A-C) MCF7 cells stably expressing PTK7-GFP after doxycycline-induction were treated with
rhWnt3a or rhWnt5a protein for 1 hour and co-stained with antibodies against endogenous
caveolin-1. Overlay of green (PTK7-GFP) and red (caveolin-1) pixels are visible in the merged
image in yellow. Cytoplasmic yellow puncta appear only in the presence of rhWnt3a (B). Pearson
correlation coefficient (PCC) was calculated for the respective cells shown. Measurements of PCC
were done with ImageJ (coloc2 plugin). Scale bar, 10 µm. (D) Quantification of PTK7 and caveolin1 co-localization based on the calculated PCCs. Each graph shows three independent
experiments, +/- standard errors are given. Numbers of analyzed cells (n) are indicated for each
condition. * p<0.001, ** p<0.005 in a Student’s t-test.

As Wnt-dependent translocation of PTK7 into the cytoplasm was as well observed for the
mutant PTK7 protein lacking the kinase homology domain, ∆kPTK7 was additionally
analyzed for cytoplasmic co-localization with endogenous caveolin-1. Similar to the full
length PTK7-GFP and caveolin-1 co-localization analyses, cytoplasmic co-localization of
∆kPTK7-GFP and caveolin-1 was detected rarely in only 10% of the untreated and 15% of
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the rhWn5a treated cells (Figure 30 A, C, D). rhWnt3a stimulation results in a significant
increase in co-localization, which was detected in 52% of the cells (Figure 30 B, D). These
results are further supported by the determined Pearson correlation coefficients of the
∆kPTK7-GFP and caveolin-1 co-localization. Low PCCs were calculated for untreated
(PCC= 0.03) or rhWnt5a-treated cells (PCC= -0.11), while a high PCC of 0.51 was
determined for the rhWnt3a-stimulated cell (Figure 30 A-C).

Figure 30: caveolin-1-mediated PTK7 endocytosis is independent of its kinase homology
domain.
(A-C) MCF7 cells stably expressing a mutant PTK7 protein, lacking its kinase homology domain,
∆kPTK7-GFP, were treated with rhWnt3a or rhWnt5a protein for 1 hour and stained with anti
caveolin-1 antibodies. Calculated PCC is given for each cell shown. ∆kPTK7-GFP and caveolin-1
co-localize in the cytoplasm after rhWnt3a treatment (B). In untreated cells (A) or rhWnt5a treated
cells (C) ∆kPTK7 and caveolin-1 co-localize at the membrane but not in cytoplasmic structures.
Scale bar, 10 µm. (D) Quantification of ∆kPTK7 and caveolin-1 co-localization. Each graph shows
three independent experiments with standard errors. Numbers of cells (n) are indicated for each
condition. * p<0.005 in a Student’s t-test.
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3.4.2

Inhibition of caveolin-mediated endocytosis prevents PTK7
endocytosis

Immunostaining experiments revealed that upon rhWnt3a stimulation the intracellular
PTK7 pool co-localizes with caveolin-1 in vesicle-like structures, suggesting that PTK7 is
endocytosed via a caveolin-mediated pathway. To further investigate the caveolin-1
dependent PTK7 internalization, caveolin-mediated endocytosis was inhibited in MCF7
cells using methyl-β-cyclodextrin (MβCD). MβCD is a cyclic oligosaccharide with a
hydrophobic core, through which it binds cholesterol leading to the formation of soluble
inclusion complexes. Thus, MβCD removes cholesterol from membranes resulting in a
disruption of lipid raft microdomains and consequently destroys caveolae (Rodal et al.,
1999). Inhibition of caveolin-mediated endocytosis by MβCD treatment prevented rhWnt3a
induced PTK7 internalization in MCF7 cells (Figure 31 A-D). Quantification of PTK7
localization revealed that only 4% of the untreated cells showed a cytoplasmic PTK7
localization, similar to cells treated with MβCD (4%). As expected, in 54% of the cells
PTK7 localizes to the cytoplasm after 1 hour of rhWnt3a treatment, but only in 10% of the
cells treated with both, rhWnt3a and MβCD (Figure 31 E).
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Figure 31: PTK7 internalization is prevented by MβCD treatment.
PTK7-GFP expressing MCF7 cells were cultured with methyl-β-cyclodextrin (MβCD) 4 hours prior
to Wnt treatment. Cells were treated with rhWnt3a for 1 hour and co-stained with antibodies against
endogenous caveolin-1. (A-E) PTK7 is localized to the membrane in untreated cells (A) and in cells
treated with MβCD only (B). In the presence of rhWnt3a PTK7 protein shifts to the cytoplasm and
co-localizes with caveolin-1 (C). MβCD prevents PTK7 translocation into the cytoplasm in cells
treated with rhWnt3a (D). Scale bars, 10 µm. (E) Quantification of the PTK7 localization pattern.
Each graph shows three independent experiments with +/- standard errors. Numbers of analyzed
cells (n) are shown. * p<0.0001 in a Student’s t-test.
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Similar results were obtained when caveolin-mediated endocytosis was inhibited by
MβCD in cells expressing ∆kPTK7-GFP. As expected, cells with exclusive cytoplasmic
localization of ∆kPTK7 were rarely, or not at all, found under untreated or MβCD treated
conditions with 2.5% and 0% showing cytoplasmic PTK7 protein, respectively (Figure 32
A, B, E). In the presence of rhWnt3a 48% of the cells show a cytoplasmic ∆kPTK7
staining, but only 6% do so in the presence of rhWnt3a and MßCD (Figure 32 C, D).
These data further proof that PTK7 is internalized by a caveolin-mediated pathway in a
way that is independent of its kinase homology domain.
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Figure 32: ∆kPTK7 internalization is prevented by MβCD treatment.
MCF7 cells expressing ∆kPTK7-GFP were cultured with methyl-β-cyclodextrin (MβCD), treated
with rhWnt3a for 1 hour and co-stained with antibodies against endogenous caveolin-1. (A)
∆kPTK7 is present at the plasma membrane in the control and (B) MβCD-treated cells. (C) ∆kPTK7
translocates to the cytoplasm and co-localizes with caveolin-1 in rhWnt3a treated cells. (D) ∆kPTK7
localizes at the plasma membrane in the presence of MβCD and rhWnt3a-treated cells. (E)
Quantification of the ∆kPTK7 localization pattern. Each graph shows three independent
experiments with +/- standard errors. Numbers of cells analyzed (n) are shown. Scale bars, 10 µm.
* p<0.001, ** p<0.0001 in a Student’s t-test.
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3.4.3

PTK7 interacts with caveolin-1

Co-localization analyses of fluorescent PTK7-GFP and caveolin-1 suggest an interaction
of the two proteins. To further verify these findings, biochemical interaction of PTK7 and
caveolin-1 was examined in co-immunoprecipitation (Co-IP) analyses. MCF7 cells were
co-transfected with an HA-tagged caveolin-1 construct and myc-tagged PTK7 constructs;
full-length PTK7-MT and ∆kPTK7-MT. In lysates of these cells, PTK7 and ∆kPTK7 were
immunoprecipitated using anti myc-antibodies. Both, the full-length PTK7-MT protein as
well as the ∆kPTK7-MT mutant form, co-precipitate caveolin-1-HA (Figure 33 A). Single
transfections of each construct served as a negative control. To verify this interaction CoIP experiments were additionally performed in the reverse direction. Precipitation of
caveolin-1 using anti-HA-antibodies, led to a co-precipitation of both PTK7 and ∆kPTK7
(Figure 33 B). In addition to the observed co-localization in fluorescently labeled cells,
these findings indicate a biochemical interaction of PTK7 and caveolin-1, which is
independent of the kinase homology domain.

Figure 33: PTK7 and ∆kPTK7 interact with caveolin-1.
MCF7 cell were transfected with myc-tagged PTK7 constructs (PTK7-MT and ∆kPTK7-MT) and a
HA-tagged caveolin-1 construct as displayed at the top. Co-precipitated proteins, probed with the
antibodies indicated at the right, are shown in the upper blot and the lysates used for coimmunoprecipitation experiments in the lower blot. (A) PTK7 proteins were precipitated using antimyc antibodies (IP α-MT). Myc-tagged PTK7 and myc-tagged ∆kPTK7 co-precipitate HA-tagged
caveolin-1. (B) Vice versa, caveolin-1 proteins were precipitated with anti-HA antibodies (IP α-HA)
and co-precipitated myc-tagged PTK7 and ∆kPTK7. * unspecific bands.
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3.4.4

PTK7 endocytosis is independent of clathrin

To determine the role of clathrin-mediated endocytosis on PTK7 trafficking, MCF7 cells
expressing PTK7-GFP or ∆kPTK7-GFP were co-stained with anti-clathrin antibodies to
visualize endogenous clathrin expression. Cytoplasmic co-localization of PTK7-GFP with
clathrin was rarely observed in untreated cells (9.2%) and in rhWnt5a treated cells (5.3%)
(Figure 34 A,C,D). rhWnt3a stimulated cells show a slight but insignificant increase in
PTK7-clathrin co-localization, which was detected in 17.6% of the analyzed cells (Figure
34 B,D). However, the magnified view of cells with fluorescently labeled PTK7 and clathrin
clearly shows that PTK7 and clathrin do not localize to the same vesicle like structures in
the cytoplasm (Figure 34 B). Similar to full length PTK7, ∆kPTK7-GFP showed an
insignificant co-localization with clathrin. Co-localization was observed in 7.3% of the
untreated, 9.5% of the rhWnt5a stimulated cells and 7.3% of the rhWnt3a treated cells colocalization of PTK7 and clathrin in the cytoplasm was observed (Figure 35). Further
evidence was provided by the calculation of the Pearson correlation coefficients, which
prove the low co-localization rates under all tested conditions (Figure 34, 35). These
experiments indicate that rhWnt3a-induced PTK7 internalization largely seems to be
independent of clathrin. However, as a slight increase in PTK7-clathrin co-localization in
response to rhWnt3a was observed, a function of clathrin-mediated endocytosis on PTK7
trafficking cannot be ruled out completely.
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Figure 34: PTK7 infrequently co-localizes with clathrin.
(A-C) MCF7 cells stably expressing PTK7-GFP were treated with rhWnt3a or rhWnt5a protein for 1
hour and stained with anti-clathrin antibodies. PCCs for the respective cells are given. (D)
Quantification of PTK7-GFP and clathrin co-localization based on calculated PCCs. The graph
summarizes three independent experiments with +/- standard errors. Numbers of analyzed cells (n)
are indicated for each condition. Scale bar, 10 µm.
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Figure 35: ∆kPTK7 hardly co-localizes with clathrin.
(A-C) MCF7 cells stably expressing ∆kPTK7-GFP were treated with rhWnt3a or rhWnt5a protein
for 1 hour and stained with anti-clathrin antibodies. PCCs for the respective cells shown were
calculated. (D) Quantification of ∆kPTK7-GFP and clathrin co-localization. Graph summarizes three
independent experiments, +/- standard errors are shown. Numbers of cells (n) are indicated for
each condition. Scale bar, 10 µm.
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3.4.5

PTK7 co-localizes with caveolin-1 but not with clathrin at the basal
plasma membrane upon Wnt3a treatment

The findings, obtained by PTK7 and caveolin-1 or PTK7 and clathrin co-localization
analyses, indicate that PTK7 endocytosis is mediated by caveolin-1 rather than by
clathrin. However, in contrast to caveolin-1, which stably binds to the membrane, clathrin
is dynamically associated with the plasma membrane and disassembles quickly after the
vesicle has been released into the cytoplasm (Mundy et al. 2012; Parton and del Pozo,
2013). Thus, even if PTK7 endocytosis would be additionally mediated by clathrin,
cytoplasmic co-localization of these two proteins might not have been observed due to
fast disassembly of clathrin from the vesicles carrying the Wnt/PTK7 complex. To further
analyze whether PTK7 co-localizes with clathrin or caveolin-1, the basal plasma
membrane of the cells and the cytoplasmic regions immediately beneath the plasma
membrane, where clathrin is most likely still attached to the vesicles were visualized using
TIRF (Total Internal Reflection Fluorescence) microscopy. In MCF7 wild type cells
endogenous PTK7, caveolin-1 and clathrin were stained using the respective antibodies.
PTK7 dots were counted and analyzed for co-localization with either caveolin-1 or clathrin.
As expected PTK7-caveolin-1 co-localization increased from 21.4% in untreated cells to
49.1% in rhWnt3a treated cells (Figure 36 A,B,E). In contrast, PTK7-clathrin colocalization remained largely unchanged in the presence or absence of rhWnt3a with 13%
and 17.1%, respectively (Figure 36 C,D,E). These results further proof that PTK7
internalization is independent of the clathrin-mediated endocytosis pathway.
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Figure 36: PTK7 and caveolin-1 co-localize at the basal plasma membrane after Wnt3a
stimulation.
Endogenous PTK7, caveolin-1 or clathrin proteins were stained in wild type MCF7 cells using the
respective antibodies and analyzed using TIRF microscopy. Resolution in Z-plane: ≤ 130 nm.
(A) PTK7 co-localizes slightly with caveolin-1 in untreated cells. (B) Co-localization of PTK7 and
caveolin-1 increased after rhWnt3a stimulation. (C) PTK7 hardly co-localizes with clathrin in the
presence or (D) absence of rhWnt3a. (E) The graph summarizes the percentage of PTK7 puncta
that co-localize with caveolin-1 or clathrin, based on the calculated PCCs. PCCs were determined
for individual cells (N ≤ 24), average values are summarized and standard errors are given.
Numbers of analyzed PTK7 puncta (n) are indicated for each condition above the respective bar. *
p<0.0001 in a Student’s t-test.
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3.5

PTK7 is degraded in the lysosome in response to Wnt3a

3.5.1

PTK7 protein levels decrease upon Wnt3a treatment

Receptor-mediated endocytosis has a profound influence on the regulation of signaling
pathways. Signal transduction can be terminated through internalization and subsequent
transport of the receptor to the lysosome for degradation. However, endocytosis is not
only important for signal termination but also for signal transduction, maintenance and
amplification (Yamamoto et al., 2006; Kikuchi et al., 2009; Niehrs, 2012; Willert and
Nusse, 2012; Feng and Gao, 2015). To examine if caveolin-1-mediated PTK7 endocytosis
leads to lysosomal degradation of PTK7, MCF7 wild type cells were incubated with
increasing concentrations of canonical rhWnt3a or non-canonical rhWnt5a. Subsequently,
endogenous PTK7 protein levels were detected using Western blotting. PTK7 signal
intensities were measured and normalized against actin signal intensities. Indeed, after 2
hours of Wnt-incubation, endogenous PTK7 protein intensity decreased with increasing
concentrations of rhWnt3a, which mediates PTK7 endocytosis. Treatment of the cells with
25 or 50 ng of rhWnt3a had no significant effect on the PTK7 concentration. However,
PTK7 protein intensity started to decrease at a concentration of 100 ng rhWnt3a and only
faint PTK7 expression was detectable when cells were treated with 200 ng rhWnt3a
(Figure 37 A). Compared to the untreated control with a signal intensity set to 100%,
treatment of the cells with 100 ng rhWnt3a led to a decrease in PTK7 protein intensity to
81%, 150 ng rhWn3a to 56% and 200 ng rhWnt3a decreased PTK7 intensity even to less
than 40% (Figure 37 C). Non-canonical rhWnt5a does not mediate PTK7 endocytosis.
Thus, as expected, PTK7 protein intensity did not change significantly after treating the
cells with increasing concentrations of rhWnt5a protein (Figure 37 B). The calculated
relative PTK7 signal intensities are in the range of 100% in the absence or presence
rhWnt5a protein (Figure 37 C).

85

Results

Figure 37: PTK7 protein concentrations decrease in response to canonical Wnt proteins.
(A, B) MCF7 wild type cells were incubated with increasing concentrations of rhWnt3a or rhWnt5a
protein as indicated at the top. Cell lysates were probed using anti-PTK7 antibodies and anti-actin
antibodies as loading control. PTK7 protein concentration decreases at increasing rhWnt3a
concentrations. Endogenous PTK7 protein levels remain stable in the presence of increasing
rhWnt5a concentrations. (C) PTK7 signal intensity was measured and normalized to signal
intensity of actin internal control for each condition. The control condition without Wnt treatment
was set to 1. The graph represents the relative signal intensities in arbitrary units [AU]. The graph
summarizes three independent experiments + standard errors. Measurements of signal intensities
were carried out using ImageJ.

3.5.2

Canonical Wnt proteins target PTK7 for proteasomal degradation
via a caveolin-mediated pathway

The decrease of PTK7 protein in response to rhWnt3a, suggest that upon caveolin-1dependent endocytosis, PTK7 is transported to the lysosome for degradation. To further
analyze this, lysosomal degradation in MCF7 cells was inhibited using chloroquine.
Chloroquine is a lysosomotropic agent that raises the lysosomal pH leading to an
inhibition of lysosomal enzymes that require an acidic pH for their activity (Steinman et al.,
1983). Endogenous PTK7 levels were determined upon rhWnt3a stimulation in the
presence or absence of chloroquine. Chloroquine prevents the decrease of PTK7 in the
presence of rhWnt3a (Figure 38 A). In comparison to the untreated control with the
relative PTK7 signal intensity set to 100%, the relative PTK7 signal intensity drops slightly
to 87% in the presence of 25 ng rhWnt3a and significantly to 54% in the presence of 200
ng rhWnt3a. However, no decrease of PTK7 protein was detected when lysosomal
degradation was inhibited by chloroquine (Figure 38 B). These results indicate that
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rhWnt3a leads to lysosomal degradation of PTK7 in a dose-dependent manner. To further
prove that PTK7 is transported into the lysosome via a caveolin-mediated pathway,
caveolin-dependent endocytosis was inhibited using methyl-β-cyclodextrin (MβCD) and
PTK7 protein levels in response to rhWnt3a were analyzed. Under control conditions
PTK7 protein concentration decreases significantly in the presence of 200 ng rhWnt3a as
shown before. Conversely, endogenous PTK7 levels remained stable after inhibition of
caveolin-mediated endocytosis (Figure 38 C,D). These findings show that Wnt3a triggers
PTK7 lysosomal degradation by a caveolin-mediated endocytosis pathway.

Figure 38: Inhibition of lysosomal degradation prevents Wnt3a-induced decrease of PTK7
protein.
MCF7 cells were incubated with 25 or 200 ng rhWnt3a in the presence or absence of the inhibitor
of lysosomal degradation, chloroquine, or the inhibitor of caveolin-mediated endocytosis, methyl-βcyclodextrin. Cell lysates were probed using anti-PTK7 antibodies. (A) In the absence of
chloroquine, PTK7 protein concentration decreased after rhWnt3a stimulation. After inhibition of
lysosomal degradation using chloroquine, PTK7 protein levels remained constant. (B) Relative
signal intensity was calculated for each condition and plotted in arbitrary units. The graph included
three independent experiments, +/- standard errors are given. (C) Under control conditions PTK7
protein levels decreased in response to rhWnt3a. In the presence of MβCD PTK7 protein remained
stable. (D) The graph summarizes relative signal intensities in arbitrary units of three independent
experiments, +/- standard errors are shown. Measurements of signal intensities were carried out
using ImageJ.
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3.6

Caveolin-1 loss-of-function decreases the inhibitory effect
of PTK7 on canonical Wnt signaling

The Wnt co-receptor PTK7 inhibits canonical Wnt signaling. However, the molecular
mechanism how PTK7 inhibits canonical Wnt signaling remains unclear. These data
indicate that the Wnt/PTK7 complex is endocytosed via a caveolin-1 mediated pathway.
Taking this in consideration, it is tempting to speculate that by this endocytic process
PTK7 removes canonical Wnt ligands from the extracellular matrix, thereby inhibiting their
function of activating canonical Wnt signaling. Thus, endocytosis mediated by caveolin-1
might be a key step in the PTK7-related inhibition of canonical Wnt signaling. The
functional relevance of caveolin-1 mediated PTK7 endocytosis on canonical Wnt signaling
was investigated in Xenopus second axis assays. Xenopus second axis analysis is a
powerful tool to study whether a protein acts positively or negatively on canonical Wnt
signaling. The ectopic activation of canonical Wnt signaling in the ventral part of the
embryo by injection of canonical Wnt8 mRNA, leads to the generation of embryos with an
ectopic second axis. As PTK7 inhibits canonical Wnt signaling, co-injection of PTK7
mRNA significantly inhibits second axis induction. Interestingly, after co-injection of Wnt8,
PTK7 and Cav1α MO PTK7-induced inhibition of second axis induction was significantly
reduced in comparison to second axis induction after co-injection of Wnt8 and PTK7
(Figure 39). Thus, co-injection of Cav1α MO seems to reduce the inhibitory effect of PTK7
on canonical Wnt signaling. However, Cav1α MO injection without PTK7 as well reduced
second axis induction. This is not surprising as a function of caveolin in activating
canonical Wnt signaling by receptor endocytosis of LRP6 was described (Yamamoto et
al., 2006). In the absence of PTK7, loss of caveolin might inhibit LRP6-related activation
of canonical Wnt signaling. However, in the PTK7 context, caveolin-1 depletion seems to
reduce PTK7-related inhibition of canonical Wnt signaling. These results indicate that
caveolin-1 mediated endocytosis of the Wnt/PTK7 complex seems to be important for
PTK7-related inhibition of canonical Wnt signaling.
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A

B

Figure 39: Caveolin-1α loss-of-function prevents PTK7-mediated inhibition of canonical Wnt
signaling in Xenopus second axis assay.
(A) 4-cell stage Xenopus embryos were injected with 5 pg Wnt8 mRNA into one ventral blastomere
to induce the generation of a second axis. (B) Wnt8-induced second axis development serves to
normalize the data and was set to 1. Wnt8-induced second axis generation is significantly inhibited
by co-injection of 250 pg PTK7 mRNA. Co-injection of PTK7 and 10 ng Caveolin-1α MO reduced
the inhibitory effect of PTK7 on canonical Wnt signaling. The graph summarizes 4 independent
experiments. Numbers of analyzed embryos (n) are shown for each condition above the respective
bar. * p<0.0001 in a Student’s t-test.
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3.7

The function of caveolin-1 in Xenopus development

3.7.1

Caveolin-1 knockdown leads to swimming defects, eye defects
and bended Xenopus embryos

As PTK7 is endocytosed by a caveolin-dependent pathway in response to canonical Wnt
proteins, we wondered how caveolin-1 itself affects embryonic development. To analyze
the phenotypes caused by caveolin-1 depletion in Xenopus, both isoforms, caveolin-1α
and caveolin-1β were knocked out by injection of the respective morpholinos in one
blastomere of two-cell stage embryos. The injection in one of two blastomeres results in a
knockdown of caveolin-1 in only one side of the embryo, while the uninjected side serves
as a control. Embryos injected with 20 ng Cav1α MO or Cav1β MO exhibited a severely
impaired swimming behavior. In contrast to control morpholino injected embryos, which
are mobile and showed directed movement, caveolin-1 knockdown embryos exhibited
tremors, spasms or even paralysis on the injected side resulting often in a circular
swimming behavior. Apparently these embryos were not able to move the injected side
properly (Movie S1). Swimming routes of control and caveolin-1α knockdown embryos
(embryos that were still able to move were selected) were tracked over a time of five
seconds. The tracks clearly showed directed routes of the control embryos (Figure 40 B),
while caveolin-1α depleted embryos swam in circular routes (Figure 40 A) and some
embryos did not move away from their spot (Figure 40 A, green track). In addition to the
swimming defect, caveolin-1α as well as caveolin-1β morphants exhibited eye
developmental defects on the injected side and also kinked tails (Figure 40 C, D).
Nevertheless, the swimming defect was the predominant defect, as it can be detected in
91% of the caveolin-1α and 87% in the caveolin-1β injected embryos (Figure 40 F).
Importantly, it should be pointed out that most of the embryos had a normal morphological
appearance but were nevertheless not able to move normally.
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Figure 40: Caveolin-1 depletion leads to swimming defects, eye defects and bended
embryos.
Two-cell stage Xenopus embryos were injected in one blastomere with 20 ng Cav-1α-MO or Co Mo
together with 75 pg lacZ as lineage tracer. (A, B) Tracking of control or Cav-1α MO injected
embryos (stage ~45) over five seconds. (A) Caveolin-1α knockdown embryos showed a circular
swimming behavior. (B) Control embryos show directed movements. (C) Knockdown of caveolin-1α
led to an underdeveloped eye on the injected side and kinked embryos. (D) Caveolin-1β
knockdown embryos showed similar defects with a smaller eye at the injected side and a kinked
tail. (E) Normal appearance of a control morpholino injected embryo. The injected sides are
marked by an arrowhead. (F) Quantification of caveolin-1α and -1β knockdown phenotypes. The
swimming defect is the predominant defect. The graph summarizes three independent experiments
with +/- standard errors. Numbers of embryos (n) analyzed are shown. * p<0.005 in a Student’s ttest.
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3.7.2

Co-injection of caveolin-1α mRNA rescues the caveolin-1α
knockdown swimming defect

To prove that the observed swimming defect is specific for caveolin-1 depletion, it was
analyzed whether co-injection of caveolin-1α mRNA together with Cav-1α MO can rescue
this phenotype. As the Cav-1α MO binds to the coding region of the gene, beginning at
the start codon, a specific caveolin-1α construct was generated containing a shifted ATG
start codon, to prevent the binding of the morpholino to this rescue construct (Figure 41
A). Injection of 7.5 ng Cav-1α MO results in a swimming defect observed in 71% of the
embryos. This defect was rescued by co-injection of the caveolin-1α rescue construct in a
dose-dependent manner (Figure 41 B).

Figure 41: Caveolin-1α mRNA rescues the Cav-1α MO induced swimming defect.
(A) Partial alignment of the caveolin-1α and -1β mRNA sequences with the respective morpholino
binding sites. Cav-1α MO binds 25 base pairs beginning at the start codon of caveolin-1α mRNA.
The caveolin-1α rescue construct has a shifted ATG, which replaces GAT at position 22-24, and is
truncated by 21 base pairs. (B) Cav-1α-induced swimming defect is rescued dose-dependently by
co-injection of the caveolin-1α rescue construct. Three independent experiments are summarized
in the graph. Numbers of analyzed embryos (n) are given above each bar. * p<0.05 in a Student’s
t-test.

92

Results

3.7.3

Caveolin-1α protein expression is inhibited by Cav-1α MO, but not
by Cav-1β MO

Interestingly, the depletion of both caveolin-1 isoforms led to similar phenotypes. These
two isoforms arise through alternate translation start sites, thus caveolin-1β is truncated
by 31 residues, while the remaining sequence is highly identical (Scherer et al., 1995).
Although Cav-1β MO contains 4 mismatch base pairs compared to the caveolin-1α mRNA
sequence (Figure 41 A), it cannot be ruled out that Cav-1β MO affects caveolin-1α protein
expression, which might lead to the same observed phenotypes. To test this caveolin-1α
protein expression was detected in vitro in the presence of Cav-1α MO, Cav-1β MO, Co
MO

and

the

caveolin-1α

rescue

construct

using

the

TnT®

Quick

Coupled

Transcription/Translation System (Promega). Control MO does not affect in vitro caveolin1α expression, but as expected the expression is inhibited in the presence of Cav-1α MO.
In the presence of Cav-1β MO the caveolin-1α protein is indeed expressed at similar
levels as under control conditions, proving that the Cav-1β MO does not bind to the
caveolin-1α mRNA sequence (Figure 42).

Figure 42: Cav-1β MO does not affect caveolin-1α protein expression.
HA-tagged caveolin-1α protein was expressed in vitro in the presence of control MO, Cav-1α MO,
®
Quick Coupled
Cav-1β MO or the Cav-1α rescue construct using the TnT
Transcription/Translation System (Promega). Caveolin-1α expression was detected by Western
blotting with anti-HA antibodies. Protein expression is inhibited only in the presence of Cav-1α MO,
but not in the presence of Co Mo, Cav-1β MO or the caveolin-1α rescue construct containing a
shifted translation start site.

3.7.4

Caveolin-1α is localized to the notochord of Xenopus embryos

The observed swimming defect might result from muscular or neuronal developmental
defects, thus it was tested by whole mount in situ hybridization if caveolin-1α might be
expressed in these tissues in developing Xenopus embryos.
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Prior studies in Xenopus embryos indicate that caveolin-1α is expressed with no discrete
localization until neural stages. At early tadpole stages, expression was detected in dorsal
tissues, including the notochord, somites, the cement gland, the eye vesicle and the
posterior tailbud (Razani et al., 2002a). However, here, caveolin-1α expression was found
to be restricted only to the notochord with a very strong staining during neural and tadpole
stages. Hybridization with a sense control probe as negative control did not lead to any
staining (Figure 43). Thus, no caveolin-1α expression was detected in the somites or
neuronal structures. However, the notochord is a known signaling center and the strong
expression of caveolin-1α in this tissue, suggests that caveolin-1 might have functions in
the regulation of developmental signaling in the notochord.

Figure 43: Caveolin-1α is localized in the notochord in Xenopus embryos.
Whole mount in situ hybridization analysis of caveolin-1α mRNA in wild type albino Xenopus
embryos. (A-D) caveolin-1α is expressed in the notochord in neurula (stage 20) and tadpole (stage
28) embryos. (B, D) Cross-sections through the respective neurula or tadpole embryos. (E, F)
Caveolin-1α sense controls were negative.

3.7.5

Caveolin-1α knockdown causes disruption of the actin filaments

Although no caveolin-1α expression was detected in muscular or neuronal structures, the
observed swimming defect might nevertheless be a result of aberrant muscles or neurons.
Moreover, in zebrafish embryos caveolin-1 depletion leads to a disrupted actin
cytoskeleton of the muscle cells in the somites (Fang et al., 2006). To analyze if the
swimming defect in Xenopus embryos might result from defective muscle development,
two cell stage embryos were injected with Cav-1α or Cav-1β MO and lacZ mRNA as a
tracer. At stage 45 these embryos were sectioned and the actin cytoskeleton of the
muscle cells was stained using phalloidin. Co Mo injected embryos exhibit properly
arranged actin bundles (Figure 44 A), while the actin cytoskeleton of the somites is
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strongly disrupted in caveolin-1α morphant embryos (Figure 44 B). Knockdown of
caveolin-1β leads to a slight disruption of the actin cytoskeleton (Figure 44 C).

Figure 44: Caveolin-1 depletion leads to a disruption of the actin cytoskeleton.
Xenopus embryos at the two-cell stage were injected in one blastomere with 20 ng Co Mo, Cav-1αMO or Cav-1β Mo together with 75 pg lacZ as lineage tracer and sectioned at stage ~ 45. 30 µm
sections were stained with DAPI and Tetramethylrhodamine (TRITC)-conjugated phalloidin. The
injected sides are shown by blue lacZ staining in the brightfield images (left panel) and marked by a
white arrow in the phalloidin stained image. (A) Co Mo injected embryos show a parallel
arrangement of actin microfilaments in the somites. (B) Cav-1α MO injected embryos exhibit
severely disrupted actin filaments in the muscle cells. (C) Slight impairment of the actin
cytoskeleton observed in Cav-1β MO injected embryos. Scale bars 100 µm.

3.7.6

Caveolin-1α depletion has no effect on Twist, Xbra or MyoD
patterning, but leads to aberrant Pax2 expression

In zebrafish a reduced expression of neural markers, including Pax2 and the muscle
differentiation marker MyoD was observed in caveolin-1α and caveolin-1β morphant
embryos (Fang et al., 2006). To study if caveolin-1α depletion might lead to an aberrant
expression of neural tissues in Xenopus, Pax2 and the neural crest marker Twist were
analyzed in Cav-1α MO injected embryos. No differences in Twist expression were
detected between control and caveolin-1α knockout embryos (Figure 45 A-D). Pax2 did
not show any difference in staining at the midbrain-hindbrain boundary, but reduced
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staining of the otic vesicle, the epibranchial placodes and the pronephric kidney (Figure 45
E-H). As the epibranchial placodes give rise to neurons and further structures of the
sensory nervous system (Baker and Bronner-Fraser, 2001), caveolin-1α might affect
neural tissues in Xenopus as shown in zebrafish.

Figure 45: Caveolin-1α depletion has no effect on Twist patterning, but leads to aberrant
Pax2 expression.
Two-cell stage Xenopus embryos were injected in one blastomere with 20 ng Cav-1α MO or Co Mo
together with 75 pg lacZ as lineage tracer and analyzed by whole-mount in situ hybridization using
Twist and Pax2 antisense probes. (A, B) Co Mo injected embryos show migrating neural crest cells
at the control and the injected sites. (C, D) Cav-1α MO injected embryos have normally migrating
neural crest cells. (E, F) Normal expression of Pax2 in the Co Mo injected embryos. (G) At the
uninjected site Pax2 expression is unchanged, while (H) at the Cav-1α MO injected site Pax2 is
weaker expressed in the otic vesicle (OV), the pronephric kidney (PK) and the epibranchial
placodes (EP), but not in the midbrain-hindbrain boundary (MHB) or the pronephric duct (PD).
Scale bar: 500 µm.
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In contrast to the findings in zebrafish MyoD staining did not show any differences in
expression between control and Cav-1α MO injected embryos (Figure 46 A,B). Caveolin1α was found to be expressed in the notochord in Xenopus embryos (Figure 43), thus the
notochord marker Xbra was analyzed. However, no difference in staining was detected
between control and caveolin-1α depleted embryos (Figure 43 C, D).

Figure 46: Caveolin-1α depletion has no effect on Xbra or MyoD patterning.
Two-cell stage Xenopus embryos were injected in one blastomere with 20 ng Cav-1α-MO or Co Mo
together with 75 pg lacZ as lineage tracer and analyzed by whole-mount in situ hybridization using
MyoD and Xbra antisense probes. (A, B) Normal expression of MyoD and (C, D) Xbra at injected
and uninjected sites of the embryo. Scale bar: 500 µm.
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Discussion

Endocytosis of ligand/receptor complexes is a mechanism that has been described to
control the specificity of downstream signaling (Chen et al., 2001; Blitzer and Nusse,
2006; Yamamoto et al., 2006; Bilic et al., 2007; Bryja et al., 2007; Yu et al., 2007; Sato et
al., 2010; Taelman et al., 2010; Jiang et al., 2012) and may also play an important role in
the regulation of Wnt signaling. Wnt signaling pathways, generally subdivided into
canonical and non-canonical Wnt signaling, are involved in various biological processes,
including cell proliferation, cell polarity and cell fate specification. Aberrant activation of
Wnt signaling pathways leads to diverse diseases including birth defects and cancer
(MacDonald et al., 2009; Niehrs, 2012; Feng and Gao, 2015; Sokol, 2015). To avoid poor
activation or overactivation, Wnt signaling pathways need to be tightly regulated and this
regulation is ensured by the formation of specific ligand/receptor complexes at the cell
surface, thereby triggering different signaling outcomes. Thus, the cellular context defined
by the availability of specific Wnt ligands and Wnt receptors determines downstream
signaling. However, after many years of studying Wnt signaling, the molecular mechanism
of how signal specificity is achieved is still not completely clear. Ligand-induced
endocytosis of cell-surface receptors has been reported for Wnt co-receptors, including
LRP6, Fz4 and Fz2 (Yamamoto et al., 2006; Chen et al., 2003; Blitzer and Nusse, 2006;
Sato et al., 2010), adding a higher level of complexity to the regulation of Wnt signaling.

4.1

PTK7 endocytosis and co-receptor context

Here we show that the Wnt co-receptor PTK7 is endocytosed in the presence of
canonical, but not non-canonical Wnt ligands. PTK7 is endocytosed via a caveolinmediated pathway and likely degraded in the lysosome in response to canonical Wnt
proteins. However, the receptor context and the outcome of PTK7 internalization and
degradation on Wnt signaling remain to be clarified. As the cellular context and receptor
complexes that form in the cells are crucial to direct Wnt signaling to specific branches, it
is important to analyze PTK7 signaling by studying PTK7 complex formation with further
proteins regulating Wnt signaling. PTK7 has been reported to interact with different Wnt
co-receptors, including Fz7 (Peradziryi et al., 2011; Linnemannstöns et al., 2014), LRP6
(Bin-Nun et al., 2014) and Ror2 (unpublished data), these interactions might direct
signaling to different branches. Further experiments are necessary to determine the role
of the receptor context. PTK7 interacts with Fz7 and Fz7 mediates PTK7 interaction with
canonical Wnt proteins (Peradziryi et al., 2011; Linnemannstöns et al., 2014). Thus, it is
very likely that Fz7 is a part of the Wnt/PTK7 complex. Fz7 loss-of-function should abolish
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the formation of the Wnt/PTK7 complex. Hence, Fz7 loss-of-function and Wnt-mediated
Fz7-PTK7 colocalization analyses are necessary to proof this hypothesis.
A recent study showed that PTK7 interacts with the canonical Wnt receptor LRP6,
resulting in positive regulation of canonical Wnt signaling (Bin-Nun et al., 2014). These
findings indicate that the receptor context might affect PTK7 function. Interestingly, LRP6
itself was found to be endocytosed via a caveolin-mediated pathway upon Wnt3a
treatment (Yamamoto et al., 2006), similar to the results obtained in this study for the
PTK7 receptor. Thus, it is tempting to suggest that PTK7 might be endocytosed together
with LRP6 via a caveolin-dependent pathway upon Wnt3a stimulation. Further
experiments are necessary for instance LRP6 loss-of-function studies to analyze
PTK7/LRP6 complex formation and endocytosis. It further remains elusive if Wntmediated PTK7 endocytosis is important for PTK7 function in promoting non-canonical
PCP signaling. As PTK7 interacts with the non-canonical Wnt receptor Ror2 (unpublished
data), it is interesting to study if Ror2 might be a part of the Wnt/PTK7 complex to promote
non-canonical Wnt signaling or if PTK7 and Ror2 function is independent of Wnt-mediated
PTK7 internalization. Hence, further experiments are necessary to determine the receptor
context and to study if PTK7 interacts with different Wnt co-receptors to direct Wnt
signaling into different branches.

4.2

PTK7 is endocytosed via a caveolin-mediated pathway in
response to canonical Wnt proteins

Caveolin-mediated endocytosis is a general mechanism to activate or inhibit downstream
signaling (Le Roy and Wrana, 2005; Yamamoto et al., 2006). In this study PTK7 was
identified to co-localize with caveolin-1 in fluorescently labeled cells and in coimmunoprecipitation analysis. Further PTK7 is internalized in response to canonical Wnt
ligands via a caveolin-mediated pathway. The chemical inhibition of caveolin-mediated
endocytosis by methyl-β-cyclodextrin (MβCD) treatment results in significantly reduced
PTK7 internalization. Although the kinase homology domain of PTK7 was reported to
have important functions in Dsh membrane recruitment and thus activation of PCP
signaling, it seems not to be relevant for PTK7 internalization, because a PTK7 mutant
protein lacking this domain (∆kPTK7) is as well interacting with caveolin-1 and
endocytosed in response to canonical Wnt proteins. Moreover, these findings indicate that
the binding between caveolin-1 and PTK7 does not rely on the kinase homology domain,
thus the transmembrane domain or the cytoplasmic region directly beneath the
transmembrane domain must be important for caveolin-1 and PTK7 interaction.
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Protein-protein interaction of caveolin-1 and PTK7 has been studied by ectopic protein
expression in fluorescently labeled cells as well as in co-immunoprecipitation assays.
However, ectopic protein levels do not necessarily reflect endogenous processes in the
cells. Therefore, PTK7 and caveolin-1 interaction was as well studied on the endogenous
level. For TIRF microscopy endogenous proteins were stained using the respective
antibodies and similar results as for ectopic PTK7 expression were observed. Coimmunoprecipitation assays were additionally performed using wild type cells. Thereby
endogenous PTK7 was precipitated using anti-PTK7 antibodies and endogenous
caveolin-1α was co-precipitated (data not shown). Thus, the PTK7-caveolin interaction
and the caveolin-mediated removal of PTK7 from the plasma membrane seem to be
endogenously relevant.

4.3

Mutual inhibition of PTK7 and canonical Wnt proteins

PTK7 interacts with a pool of different canonical Wnt proteins, including Wnt3a, Wnt8
(Peradziryi et al., 2011) and Wnt2b (data not shown). In this study it has been shown that
the canonical Wnt ligand Wnt2b is internalized together with PTK7 into the cytoplasm.
Thus, PTK7 seems to remove canonical Wnt ligands from the extracellular matrix and the
plasma membrane by entering the caveolin-mediated endocytic route. As a consequence
the ternary complex of Wnt, LRP6 and Frizzled cannot form to activate canonical Wnt
signaling, because canonical Wnts are captured in a PTK7-complex in the cytoplasm.
Thus, PTK7 likely inhibits canonical Wnt signaling through receptor competition with other
Wnt co-receptors, such as LRP6, for Wnt binding. In fact not only the binding of Wnt
ligands to PTK7 but the internalization of this Wnt/PTK7 ligand/receptor complex seems to
be important for effective inhibition of canonical Wnt signaling. As it was shown in
Xenopus double axis assays, PTK7 inhibits canonical Wnt signaling, but in the absence of
caveolin-1α the inhibitory effect of PTK7 decreased. Thus, it seems that binding of Wnt
ligands to PTK7 already inhibits canonical Wnt signaling to a certain degree, but this
inhibitory effect is even increased after endocytosis of the ligand-receptor complex into the
cytoplasm, thereby removing the Wnt ligand from the extracellular matrix and the plasma
membrane.
Moreover, canonical Wnt proteins were found to inhibit non-canonical PCP/Wnt signaling
through competing with non-canonical Wnt ligands for Fz receptor binding (Grumolato et
al., 2010). As Fz is involved in both, canonical and non-canonical Wnt signaling pathways,
the binding of a Wnt ligand triggers the coupling of Fz with either canonical co-receptors,
like LRP6, or non-canonical co-receptors, like Ror2, to activate the respective Wnt
signaling pathway. It has been shown in mammalian cells that canonical and non100
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canonical Wnts perform reciprocal pathway inhibition at the cell surface by ligand
competition for Fz binding. Wnt5a antagonizes Wnt3a interaction with Fz in in vitro binding
assays and inhibited the Wnt3a-induced activation of canonical Wnt signaling. Vice versa
Wnt3a inhibited the ability of Wnt5a to activate non-canonical Wnt/PCP signaling
(Grumolato et al., 2010). According to this, by binding of canonical Wnt proteins and
removing them from the plasma membrane, PTK7 can fulfill both of its functions on Wnt
signaling. First the removal of canonical Wnt proteins results in inhibition of canonical Wnt
signaling and second inhibition of PCP/Wnt signaling by canonical Wnt proteins is
prevented.
Interestingly, it has been shown here, that the PTK7 protein is degraded in the lysosome
upon Wnt3a treatment. Treatment with increasing concentrations of Wnt3a results in a
dose-dependent decrease in endogenous PTK7 protein levels. The Wnt-mediated PTK7
decrease is prevented by chloroquine, an inhibitor of lysosomal degradation. These data
suggest a mutual inhibition between canonical Wnt signaling and PTK7 signaling.
According to these findings, we propose a mechanism of PTK7-related inhibition of
canonical Wnt signaling by receptor competition and a reciprocal inhibition of PTK7 by
canonical Wnt ligands. In this model PTK7 suppresses canonical Wnt signaling by binding
canonical Wnt ligands and thereby preventing their interaction with Wnt co-receptors like
LRP6. Conversely, canonical Wnt proteins induce PTK7 lysosomal degradation (Figure
47).
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Figure 47: Molecular mechanism of PTK7 function.
PTK7 competes with other Wnt co-receptors, like LRP6 for Wnt binding, thus preventing activation
of canonical Wnt signaling through Wnt/LRP6/Fz complex formation. PTK7 binds canonical Wnt
ligands via its extracellular domain and this binding is mediated by Fz7. After interaction with Wnt,
the Wnt/PTK7 complex is internalized via a caveolin-mediated endocytosis pathway, thereby
removing Wnt proteins from the membrane and the extracellular matrix. Conversely, canonical Wnt
proteins target PTK7 to lysosomal degradation. If Wnt proteins are as well degraded is not clear
(indicated by ?).

Live cell imaging of MCF7 and neural crest cells expressing PTK7 indicated that PTK7
positive vesicles are not only internalized but also recycled back to the membrane (neural
crest cell data not shown), suggesting that at least a fraction of PTK7 might be recycled
and reused in response to canonical Wnt ligands. It is possible that canonical Wnt
proteins increase the turnover rates of PTK7, leading to permanent cycles of
ligand/receptor internalization and receptor recycling. These cycles would ensure a high
efficiency of PTK7 to remove Wnt ligands from the cell surface. Further experiments are
necessary to proof this hypothesis.

4.4

PTK7 modulates Wnt signaling

Contradictory data on how PTK7 functions in Wnt signaling had been described. On the
one hand PTK7 was shown to activate PCP signaling as loss-of-function of PTK7 in
vertebrates leads to phenotypes typical for a protein that activates PCP, including neural
tube defects in mice, Xenopus and zebrafish, misoriented sensory hair cells of the inner
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ear in the mouse and inhibition of neural crest cell migration in Xenopus (Lu et al., 2004;
Paudyal et al., 2010; Hayes et al., 2013; Shnitsar and Borchers 2008). Further evidence of
PTK7 function in activating PCP signaling was provided by the findings that its
overexpression in Xenopus leads to nuclear localization of JNK (Shnitsar and Borchers,
2008) and transcriptional activation of ATF2 in luciferase reporter assays (Peradziryi et al.,
2011). Furthermore, ectopic activation of PTK7 inhibits canonical Wnt signaling in double
axis and luciferase reporter assays in Xenopus, Drosophila and mammalian cells. Vice
versa loss of PTK7 increased Wnt/β-catenin target gene expression (Peradziryi et al.,
2011; Hayes et al., 2013).
On the other hand in further studies PTK7 was reported to activate canonical Wnt
signaling. PTK7 was shown to interact with β-catenin, thereby activating the transcription
of β-catenin-dependent genes in mammalian cells and Xenopus embryos. Additionally,
PTK7 was shown to be required for Spemann’s organizer formation and Siamois promoter
activation (Lhoumeau et al., 2011; Puppo et al., 2011). However, these findings could not
be confirmed in zebrafish or Xenopus embryos in later studies, where mRNA levels of
organizer inducing genes were upregulated in PTK7 knockout embryos, indicating an
inhibitory effect of PTK7 on organizer formation (Hayes et al., 2013; Bin-Nun et al., 2014).
A further study indicated that PTK7 interacts with LRP6 to modulate LRP6 protein levels
and thus positively regulates canonical Wnt signaling (Bin-Nun et al., 2014). In this study
mainly PTK7 loss-of-function phenotypes by the use of morpholino oligonucleotides in
Xenopus embryos have been analyzed. Unfortunately, no control morpholino has been
used to exclude morpholino toxicity. Further, expression of the neural crest marker Snail2
was found to be inhibited in PTK7 loss-of-function embryos, indicating that PTK7 blocks
neural crest cell induction, which depends on canonical Wnt signaling (Bin-Nun et al.,
2014). In contrast, our group observed correctly induced neural crest cells, but impaired
migration in PTK7 morphant embryos (Shnitsar and Borchers, 2008), which in turn rely on
non-canonical PCP/Wnt signaling.
How can these differences in regulation of Wnt signaling by PTK7 be explained? PTK7
might have cell-type specific functions, thus, possibly behave differently in distinct
systems. Wnt signaling pathways need to be tightly regulated to ensure correct signal
transduction. Little changes in the cellular context might lead to aberrant downstream
signaling. Thus, downstream Wnt signaling regulation depends on the cellular context and
the availability of specific Wnt modulators, like Wnt receptors, co-receptors, Wnt ligands or
Wnt antagonists in the cell and subsequently on the ligand/receptor complexes that are
formed.
Regarding PTK7 and LRP6, the presence of both receptors in a particular cell might lead
to Wnt/LRP6/PTK7 complex formation and possibly influence Wnt signaling in a different
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way than in the absence of one of these receptors. During embryonic development PTK7
and LRP6 have overlapping but also distinct expression pattern. PTK7 is expressed in the
neuroectoderm and in migrating cranial neural crest cells during gastrula and neurula
stages (Lu et al., 2004; Shnitsar and Borchers, 2008). LRP6 is as well expressed in the
neural plate and dorsal tissues but not in migrating neural crest cells (Houston and Wylie,
2002). Thus, PTK7 might function independently of LRP6 in neural crest cells.

4.5

Signaling function of PTK7

PTK7 is a Wnt co-receptor with functions in the regulation of both, canonical and noncanonical PCP/Wnt signaling (Peradziryi et al., 2012). In Xenopus PTK7 was indicated to
activate PCP/Wnt signaling by recruiting Dsh to the plasma membrane, which is a
prerequisite for the activation of vertebrate PCP (Shnitsar and Borchers, 2008; Wehner et
al., 2011). Interestingly, PTK7 binds exclusively canonical Wnt ligands through its
extracellular domain, but rather inhibits canonical Wnt signaling demonstrated by
luciferase reporter and Xenopus double axis assays (Peradziryi et al., 2011; Hayes et al.,
2013). Although the molecular mechanism how PTK7 functions in the activation of PCP
signaling still needs to be clarified, analyzes in Xenopus indicated an important role of its
kinase homology domain in Dsh membrane-recruitment, thereby promoting PCP
signaling.
Further studies indicate that PTK7 regulates PCP signaling through interaction with a Src
kinase (Andreeva et al., 2014). As the kinase homology domain of PTK7 is catalytically
inactive, it has been suggested that PTK7 might interact with active kinases to promote
signal transduction as it has been reported for other inactive receptor tyrosine kinases
including the Ryk/Derailed receptor. In Drosophila Derailed interacts with the Src kinase
SRC64B, leading to Derailed phosphorylation and promotion of Derailed function in axon
guidance in the central nervous system (Wouda et al., 2008). Indeed a recent study
indicates a similar mechanism for PTK7 as it was shown to regulate PCP through
interaction with the non-receptor tyrosine kinase Src in MDCK cells and the auditory
sensory epithelium of the mouse (Andreeva et al., 2014). PTK7 interact with Src via its
kinase homology domain, which in turn is phosphorylated by Src. PCP signals through the
small GTPase RhoA and its downstream effector ROCK to regulate changes in the actin
cytoskeleton. PTK7-Src signaling was identified to regulate PCP trough phosphorylation of
ROCK2. However, how ROCK2 phosphorylation regulates changes in the actin
cytoskeleton remains to be determined (Andreeva et al., 2014). Whether the interaction of
PTK7 with Src kinases might also influence PTK7 function in inhibiting canonical Wnt
signaling remains elusive. However, our proposed mechanism by which PTK7 inhibits
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canonical Wnt signaling through binding canonical Wnt proteins is independent of the
kinase homology domain of PTK7. As it has been shown that this domain is necessary for
Src-binding (Andreeva et al., 2014), it is likely that PTK7-Src interaction is not important
for PTK7 function in inhibiting canonical Wnt signaling.
Interestingly, in a further study it has been shown that cleavage of PTK7 by the protease
MT1-MMP is required for its function on PCP signaling. PTK7 is cleaved by MT1-MMP in
the seventh immunoglobulin domain, resulting in the generation of a secreted extracellular
PTK7 fragment. In zebrafish inhibition of MT1-MMP-mediated cleavage led to convergent
extension defects similar to those observed in PTK7 depleted embryos (Coyle et al., 2008;
Golubkov et al., 2010). Additionally, classical PCP phenotypes have been identified in the
mouse chuhzoi (chz) mutant, that carries a splice site mutation in the ptk7 gene (Paudyal
et al., 2010). This mutation leads to the insertion of an additional MT1-MMP cleavage site
between the fifth and sixth extracellular immunoglobulin domain of PTK7, resulting in
aberrant PTK7 proteolysis (Paudyal et al., 2010; Golubkov et al., 2011). Thus, inhibited
and aberrant MT1-MMP-mediated PTK7 proteolysis impairs PCP-regulated processes in
zebrafish and mice, indicating that correct PTK7 proteolysis seems to be crucial for PTK7
function in PCP signaling. In contrast, to PTK7 function in promoting PCP, it is not clear if
MT1-MMP-mediated PTK7 proteolysis might have an effect on PTK7 function in inhibiting
canonical Wnt signaling. In this study it has been shown that the binding of canonical Wnt
proteins to PTK7 does not induce PTK7 proteolysis as no differences in the quantity of
PTK7 proteolytic fragments were detected after Wnt-treatment. Further studies are
necessary to unravel if PTK7 proteolysis might be important for PTK7 function in inhibiting
canonical Wnt signaling.

4.6

PTK7 regulates diverse signaling pathways

Interestingly, PTK7 functions are not restricted to Wnt signaling, as PTK7 was additionally
shown to play an important role in VEGF and Semaphorin signaling. PTK7 was identified
to be expressed in vascular endothelial cells and to interact with Flt-1 (VEGFR1, vascular
endothelial growth factor receptor type 1), a receptor which regulates angiogenesis (Shin
et al., 2008; Lee et al., 2011). In the VEGF context, it has been shown that PTK7 is
required for angiogenesis and VEGF-induced migration, invasion, and tube-formation of
human umbilical vein endothelial cells (HUVEC) (Shin et al., 2008). Furthermore, PTK7
was implicated to form complexes with the Semaphorin transmembrane receptor Plexin.
Plexins regulate axon guidance, cell shape, cell–cell interactions and cell motility (Winberg
et al., 1998; Takahashi et al., 1999; Tamagnone et al., 1999). Interestingly, interaction of
PTK7 with Plexins had been reported in different organisms, including Drosophila, chick
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and Xenopus. In Drosophila Otk/Plexin A1 interaction mediates repulsive axon guidance
in response to Sema1A (Winberg et al., 2001). In chick PTK7/KLG interacts with PlexinA1
in the heart ventricle segment to affect cell migration in response to Sema6D (Toyofuku et
al., 2004). PTK7/PlexinA1 complex formation in Xenopus is involved in the regulation of
cranial neural crest cells migration (Wagner et al., 2010). Although it has been shown in
different organism that PTK7 interacts with Plexin and regulates Semaphorin signaling,
the signaling mechanism remains elusive. We showed here that PTK7 is internalized in
response to canonical Wnt proteins resulting most likely in inhibition of canonical Wnt
signaling. It would be interesting to study if PTK7 endocytosis is restricted to its function in
Wnt signaling or if PTK7-related regulation of VEGF and Semaphorin signaling also
depends on its internalization, possibly mediated by VEGF or Semaphorin ligands. Thus,
PTK7 seems to be broad regulator of different signaling pathways to regulate several
dynamic processes.

4.7

Function of caveolin-1 during Xenopus development

4.7.1

Caveolin-1 depletion leads to impaired swimming behavior in
Xenopus

The highly conserved caveolin protein family includes three members in vertebrates,
caveolin-1 (with its two isoforms caveolin-1α and -1β), caveolin-2 and caveolin-3
(Rothberg et al., 1992; Way and Parton, 1995; Scherer et al., 1996; Tang et al., 1996;
Williams and Lisanti, 2004; Parton and del Pozo, 2013). Mutations of caveolin genes in
humans were found in various diseases like for example lipodystrophy, cardiac diseases,
muscular dystrophies and cancer (Parton and del Pozo, 2013; Woodman et al., 2004).
Interestingly,

caveolin-deficient

mice

exhibit

phenotypes

similar

to

the

human

counterparts. Mice depleted in caveolin-1 have lipid disorders, cardiac diseases and
higher tumorigenicity when exposed to carcinogens. Caveolin-3 deficient mice comprise
muscular defects with symptoms similar to limb-girdle muscular dystrophy in humans (Le
Lay and Kurzchalia, 2005). Indeed in humans this syndrome is as well caused by a
mutation in the caveolin-3 gene (Hagiwara et al., 2000). These findings indicate a
conserved function of the caveolin proteins. Interestingly, all caveolin deficient mice are
viable and fertile (Le Lay and Kurzchalia, 2005), thus at least in mammals compensatory
pathways might exist that balance the loss of caveolin. In contrast to the mouse, caveolin1 depletion in zebrafish leads to lethality after approximately 5 days post fertilization and
further results in morphological defects including eye and heart developmental defects
and defects in muscular and neural tissues (Fang et al., 2006; Nixon et al., 2007).
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In Xenopus caveolin loss-of-function studies have not been performed yet, thus in this
study the function of caveolin-1 in early Xenopus development was analyzed. Knockdown
of caveolin-1α by Cav-1α MO injection results in viable animals and led rather to mild
morphological phenotypes, including eye developmental defects and kinked tails in up to
40% of the embryos. However, the predominant phenotype observed in caveolin-1
deficient

embryos

was

a

severely

impaired

swimming

behavior.

In

vitro

transcription/translation experiments evidenced the loss of caveolin-1α expression in the
presence of Cav-1α MO; further the swimming defect phenotype was rescued by coinjection of caveolin-1α mRNA, demonstrating the efficiency and specificity of the used
Cav-1α MO. As some of the embryos exhibited kinked tails, it is tempting to speculate that
this morphological defect might be the result for the swimming defect. However, aberrant
swimming behavior was as well observed in embryos with a normal morphological
appearance. Thus, it seems not to be an outcome of the kinked-tail phenotype.

4.7.2

The loss of caveolin-1 leads to disrupted actin filaments in the
somites

Interestingly, phalloidin-staining of the actin cytoskeleton in muscle cells of the somites
revealed disrupted actin filaments in caveolin-1 deficient Xenopus embryos. Hence, rather
these disrupted actin filaments appear to account for the swimming defect instead of the
kinked-tail phenotype. These findings indicate that defective muscle development upon
caveolin-1 depletion results in abnormal swimming behavior in Xenopus. Disrupted actin
cytoskeleton of the somites was also observed in caveolin-1 depleted zebrafish embryos
(Fang et al., 2006), this further proofs a function of caveolin-1 in muscle development.
However, no caveolin-1 expression was detected in the somites, but strong expression in
the notochord. Similarly, in the notochord of chick, mouse and zebrafish embryos a strong
caveolin-1 expression and extremely high abundance of caveolae was detected (Nixon et
al., 2007), indicating a role of caveolin-1 in notochord function. The notochord in fact is a
source of various signals important amongst others for somite patterning (Nixon et al.,
2007). Additionally, caveolae were also found to serve as cellular signaling platforms, in
which caveolin-1 was identified to bind many signaling proteins, thereby influences the
activity of downstream signaling (Williams and Lisanti, 2004). Hence, caveolin-1, as
strongly expressed in the notochord, might regulate developmental signaling pathways
important for somite patterning, which might lead to the disruption of actin cytoskeletal
arrangement if caveolin-1 is depleted.
Similar swimming defects as found in caveolin-1 knockdown embryos in this study where
reported for Xenopus embryos treated with insecticides or pesticides as carbaryl
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(Bacchetta et al., 2008) and chlorpyrifos (Colombo et al., 2005). Embryos treated with
these chemicals exhibited impaired motility, tremors, spasms and paralysis due to
disorganized muscle cells. Further development of an abnormal wavy or bent notochord
was reported. These chemicals are known to inhibit the enzyme Acetylcholinesterase
(AChE), which is important for the hydrolysis of the neurotransmitter acetylcholine in the
synaptic cleft. Inhibition of AChE causes the accumulation of acetylcholine in the
synapses and neuromuscular junctions and as a consequence leads to overstimulation of
cholinergic receptors leading to symptoms like hyperexcitability, tremor and paralysis.
Thus, the function of AChE is crucial for the development of neuromuscular junctions and
the maintenance of muscle cell integrity (Colombo et al., 2005; Bacchetta et al., 2008).
Furthermore, low AChE levels lead to skeletal muscle necrosis in rats, suggesting that
Ach overstimulation leads to muscle degeneration (Bleecker et al., 1994).

4.7.3

Caveolin-1 loss-of-function might lead to neuronal disorders

In this study it was shown that muscle differentiation seems not to be influenced by
caveolin-1 depletion as MyoD expression was unchanged between control and caveolin-1
depleted embryos. Therefore impaired innervation of motoneurons or defects in
neuromuscular junction formation might be the reason for the disrupted actin cytoskeleton
in muscle fibers upon caveolin-1 depletion. Indeed analysis of motoneurons and
acetylcholine receptor clustering in caveolin-1 depleted Xenopus embryos revealed
impaired axonal pathfinding of motoneurons and aberrant distribution acetylcholine
receptors (Marlen Breuer, Master thesis). This leads to the hypothesis that caveolin might
have a function in muscular innervation of motoneurons and impairment of this process
might result in muscle development defects or muscle damage possibly through
acetylcholine transmission. Further studies are necessary to clarify the influence of
caveolin-1 in neuromuscular junction development, acetylcholine transmission and
innervation of the muscles by motoneurons and most importantly to identify the underlying
molecular mechanism leading to the observed phenotypes in caveolin-1 deficient
Xenopus embryos.
Furthermore, expression of Pax2, a neural marker, was unchanged in the midbrainhindbrain boundary, but reduced in the otic vesicle, the epibranchial placodes and the
pronephric kidney of caveolin-1 knockdown embryos. The three epibranchial placodes
give rise to neurons that innervate internal organs such as the heart, to transmit
information about for example heart rate and blood pressure to the central nervous
system (Baker and Bronner-Fraser, 2001). These findings indicate a role of caveolin-1 in
affecting neural tissues as it was also shown in zebrafish. Interestingly, in humans and in
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the mouse caveolin depletion leads to cardiac defects, like cardiomyopathy. Although
depletion of caveolin-1 or caveolin-3 in the mouse results in the development of different
phenotypes, heart defects were observed in loss-of-function studies of every caveolin
gene (Le Lay and Kurzchalia, 2005). Further, caveolin-1/caveolin-3 double mutation in the
mouse leads to even more severe cardiomyopathy (Park et al., 2002), indicating a high
importance of caveolin in the heart. As the epibranchial placodes give rise to neurons that
innervate the heart (Baker and Bronner-Fraser, 2001) and caveolin-depletion results in
reduced or even loss of Pax2 expression in the epibranchial placodes, possibly caveolin-1
depletion leads to heart defects due to impaired neuronal innervation. In this study heart
defects were not analyzed in detail, but caveolin-1 depleted embryos often displayed
ventral heart edema that got worse during development (data not shown), which is a
typical phenotype of compromised heart function (Bartlett and Weeks, 2008). Thus, in
further studies heart development in caveolin-1 deficient Xenopus embryos should be
analyzed in more detail.
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Conclusion

Previous findings from our lab revealed that PTK7 binds canonical Wnt proteins and
inhibits canonical Wnt signaling (Peradziryi et al., 2011). However, it remains unclear how
canonical Wnt ligands affect PTK7 function. Thus, the aim of this study was to analyze the
effect of canonical Wnt ligands on the localization and stability of the PTK7 protein and
consequently on its function regarding Wnt signaling. This study demonstrates that the
localization of the Wnt co-receptor PTK7 is affected by canonical Wnt ligands. In the
presence of canonical Wnt ligands, PTK7 changes its cellular localization from the plasma
membrane to the cytoplasm in fluorescently labeled cells and cell surface biotinylation
assays. Moreover, PTK7 is translocated together with bound canonical Wnt ligands as a
ligand/receptor complex. The kinase homology domain of PTK7 is not involved in this
process as a mutant form of PTK7 lacking its kinase homology domain, ∆kPTK7, changes
its cellular localization after canonical Wnt stimulation similar to the full length PTK7
protein. Immunofluorescence and co-immunoprecipitation experiments revealed that
PTK7 co-localizes and interacts with caveolin-1 and is endocytosed via a caveolinmediated pathway in response to canonical Wnt stimulation. Chemical inhibition of
caveolin-dependent endocytosis prevents Wnt-induced PTK7 internalization. In contrast
clathrin-mediated endocytosis is not involved in the PTK7 translocation process.
It was further shown that canonical Wnt ligands induce a decrease in PTK7 protein
concentration. Inhibition of lysosomal degradation prevents the Wnt3a-mediated reduction
of PTK7 protein. Thus, canonical Wnt ligands trigger PTK7 degradation in the lysosome.

Additionally, this study demonstrates a function of caveolin-1 in early Xenopus
development. It was shown that caveolin-1 loss-of-function leads to severe swimming
defects in Xenopus embryos. These defects were rescued by co-injection of mRNA
coding for caveolin-1. Analyzing the actin cytoskeleton of the somites in caveolin-1
morphant embryos revealed disrupted actin filaments of the muscle cells.
As MyoD staining was unchanged between control and caveolin-1 depleted embryos,
muscle differentiation seems not to be affected.
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