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Wnt signalling is an evolutionarily conserved pathway that

directs cell-fate determination and morphogenesis during

metazoan development. Wnt ligands are secreted glycopro-

teins that act at a distance causing a wide range of cellular

responses from stem cell maintenance to cell death and cell

proliferation. How Wnt ligands cause such disparate re-

sponses is not known, but one possibility is that different

outcomes are due to different receptors. Here, we examine

PTK7/Otk, a transmembrane receptor that controls a vari-

ety of developmental and physiological processes including

the regulation of cell polarity, cell migration and invasion.

PTK7/Otk co-precipitates canonical Wnt3a and Wnt8,

indicating a role in Wnt signalling, but PTK7 inhibits

rather than activates canonical Wnt activity in Xenopus,

Drosophila and luciferase reporter assays. Loss of PTK7

function activates canonical Wnt signalling and epistasis

experiments place PTK7 at the level of the Frizzled receptor.

In Drosophila, Otk interacts with Wnt4 and opposes cano-

nical Wnt signalling in embryonic patterning. We propose a

model where PTK7/Otk functions in non-canonical Wnt

signalling by turning off the canonical signalling branch.
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Introduction

Protein tyrosine kinase-7 (PTK7, also known as colon carci-

noma kinase-4, CCK-4) is an evolutionarily conserved trans-

membrane protein that regulates diverse developmental and

disease-related processes that require coordinated cellular

movements. The expression of PTK7 is frequently deregu-

lated in cancers (Easty et al, 1997; Endoh et al, 2004; Muller-

Tidow et al, 2004), and PTK7 was recently shown to promote

cell migration and cell survival of leukaemia cells (Prebet

et al, 2010). Orthologues of PTK7 have been characterized in

mouse, Xenopus, chick (KLG), Drosophila (Off-track, Otk)

and in Hydra (Lemon) and have been implicated in the

control of a diverse range of morphogenetic cell movements,

including neural tube closure, neural crest migration and

endothelial cell migration (Miller and Steele, 2000; Winberg

et al, 2001; Lu et al, 2004; Toyofuku et al, 2004; Shnitsar and

Borchers, 2008).

PTK7 has a role in the regulation of non-canonical Wnt

(planar cell polarity, PCP) signalling, but the mechanism

remains largely unknown. In vertebrates, loss of PTK7

leads to characteristic PCP phenotypes such as defects in

convergent extension and inner ear hair cell polarity (Lu et al,

2004; Yen et al, 2009; Wehner et al, 2011). The Drosophila

orthologue of PTK7, Off-track, has not been reported to

participate in PCP with its role restricted to neural con-

nectivity and axon guidance (Pulido et al, 1992; Whitford

and Ghosh, 2001; Winberg et al, 2001; Cafferty et al,

2004). PTK7 is a transmembrane protein with extracellu-

lar immunoglobulin domains and an intracellular kinase

homology domain. Although PTK7 resembles a receptor

tyrosine kinase, neither interaction partners of the extra-

cellular domain nor possible PTK7 ligands have so far been

identified. The kinase homology domain of PTK7 is evolu-

tionarily conserved, but it lacks important amino-acid motifs

required for catalytic activity, and kinase function has not

been demonstrated (Miller and Steele, 2000; Kroiher et al,

2001). Recently, we showed that the tyrosine kinase homol-

ogy domain is required for membrane recruitment of

Dishevelled (Dsh) (Shnitsar and Borchers, 2008), which is a

prerequisite for PCP signalling (Park et al, 2005). Our data

show that PTK7 interacts with RACK1 (receptor of activated

protein kinase C1) and PKCd1 to recruit Dsh (Wehner et al,

2011). Interestingly, RACK1 antagonizes canonical Wnt

signalling (Li et al, 2011), suggesting that PTK7/RACK1

signalling could also affect canonical Wnt signalling.

In the canonical Wnt pathway, the reception of Wnt occurs

through the tripartite binding of Wingless (Wg) and the

receptors Frizzled (Fz) and Arrow (Arr, LRP 5/6) (Logan

and Nusse, 2004), but other non-canonical receptors such as

Derailed/Ryk and Ror have also been reported (van

Amerongen et al, 2008). PTK7 could join this list of non-

canonical receptors, since it is a part of a Fz/Dsh complex

(Shnitsar and Borchers, 2008). The current hypothesis put

forward to explain how different Wnts lead to different

cellular outcomes posits that different co-receptors provide

pathway specificity either by selecting between different Wnt

molecules or by recruiting different intracellular components.
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We put this hypothesis to the test by examining the role of

PTK7/Otk in the Wnt pathway in Drosophila and Xenopus

model systems.

Results

Wnt4/PTK7 regulates embryonic patterning in

Drosophila

The Drosophila embryonic epidermis develops in repeat-

ing segments where specialized cells secrete either denticle

covered or naked cuticle. Naked cuticle cells are specified

by Wg at the anterior of segments. Posterior cells express

engrailed and secrete denticles. The basic segment polarity is

established by these competing signals, but further signals

are used in elaborating the pattern during later stages (Hatini

and DiNardo, 2001; Sanson, 2001). A second Wnt (Wnt4)

molecule influences the pattern by opposing Wg and eliciting

denticle cell fates when overexpressed and loss of denticles

when eliminated (Gieseler et al, 1995, 1999). The mecha-

nism of this opposing function has not been described, but

Wnt4 may function through a different co-receptor than Wg

(van Amerongen et al, 2008).

To investigate the epithelial role of PTK7/Otk in

Drosophila, we assessed the loss-of-function phenotype in

Drosophila embryos. We found that otk3 mutants affect

patterning. Compared with a wild-type denticle band, several

rows of denticles disappeared from the ventral epidermis of

otk3 mutant embryos (compare Figure 1A with B). Similarly,

otkRNAi, led to a loss of denticles (Supplementary Figure S1B).

In contrast to these loss-of-function phenotypes, Otk over-

expression led to ectopic denticles (Figure 1C, arrow). These

two phenotypes are very similar to those previously reported

for wnt4 mutants (Gieseler et al, 1995, 1999), and led us to

investigate a potential link between the two genes. Both

Wnt4 and Otk are expressed in stripes localized to the poste-

rior of the segment, suggesting a mechanism that restricts

their activity to the denticle making cells (Pulido et al, 1992;

Gieseler et al, 1999; Winberg et al, 2001). If Otk is a receptor

for Wnt4, then the limited effect of uniform Wnt4 expression

may be due to the absence of its receptor in non-responding

cells. To test this possibility, we co-expressed Otk and Wnt4

uniformly in embryos. We observed embryos where all epi-

dermal cells secreted denticles (compare Figure 1D with G).

This patterning phenotype is very similar to the loss of

Wg or Dsh throughout the embryo (Figure 1E and F), or

the basic segment polarity phenotype (Nusslein-Volhard and

Wieschaus, 1980). Since uniform expression of ligand and

receptor led to synergistic cell-fate transformation throughout

the epidermis, we investigated whether loss of the receptor

could block the cell-fate transforming activity of Wnt4. To test

this, we expressed Wnt4 uniformly in otk3 mutant embryos.

Loss of Otk blocked the activity of Wnt4 as shown by the

narrow denticle bands in otk3 mutant embryos in contrast

to the ectopic denticles in embryos expressing only Wnt4

(compare Figure 1H with I). Loss of Otk had no effect on the

uniform expression of Wg (Figure 1J), suggesting that Otk is

necessary for Wnt4 reception but not for Wg reception.

Otk expression affects Arm and engrailed levels

During Drosophila embryogenesis, Wg has two roles. First,

early Wg signalling maintains engrailed and Hedgehog

expression in adjacent cells ensuring proper segment polarity

along the anterior–posterior body axis. Second, Wg signalling

assigns specific cell fates within segments (DiNardo et al,

1994; Sanson, 2001). This second role of Wnt signalling was

addressed above by observing the denticle versus naked cell

fates in cuticle preparations; however, to address Otk’s func-

tion in the first role necessitated the removal of maternal

mRNA from embryos. Unfortunately, we were unable to gen-

erate maternal effect mutants for otk as oogenesis appeared to

be affected, and no embryos were laid. This was not surpris-

ing as Wnt4 has been reported to have a role in oogenesis

(Cohen et al, 2002), but it prevented us from being able to

examine engrailed expression in otk3 mutants. Instead, we

looked at Otk and Wnt4 co-expression and observed a loss of

engrailed in these embryos as opposed to engrailed expan-

sion in Wg expressing embryos (compare Figure 2A–C).

A second approach was to look at the effect of Otk on

b-catenin protein levels in embryos. Canonical Wnt signalling

regulates b-catenin protein levels by blocking proteasome-

dependent degradation (Tolwinski and Wieschaus, 2004).

The levels of b-catenin were lowered by co-expression of Wnt4

and Otk, as compared with the higher levels of b-catenin in

wild-type embryos and those expressing Wg (Figure 2D).

Overall, Otk phenotypes appear to be indistinguishable from

Wnt4 and point to a role for Wnt4 and Otk in blocking

canonical Wnt signalling.

Drosophila Wnt4 interacts with Otk

Wnt ligands bind directly to receptors of the Frizzled family,

but for signalling to proceed co-receptors are also engaged

(Wu and Nusse, 2002; van Amerongen et al, 2008). In cano-

nical Wg signalling, binding to the co-receptor Arr brings Dsh

and Axin to the cell surface, thereby inactivating the destruc-

tion complex and allowing b-catenin signalling. Wnt4 binds

most tightly to Fz2, but its preference in co-receptors is

not known (Wu and Nusse, 2002). To test the possibility

that Wnt4 and Otk interact, we expressed HA-tagged Wnt4 in

embryos and showed that it could pull down endogenous

Otk protein in a co-immunoprecipitation assay (Figure 3A).

In contrast, Wnt5–HA failed to pull down endogenous Otk

(Supplementary Figure S1C). As Wnt4 binds to Fz2 strongly

(Wu and Nusse, 2002) and associates with Otk, we asked

whether a similar mechanism was at work here as in the

Wg–Fz2–Arr complex (Tolwinski et al, 2003). Previously, we

had shown this to be the case by fusing the intracellular

domain of Arr to the C-terminus of Fz2. This fusion activated

signalling (Tolwinski et al, 2003). Here, we fused the intra-

cellular domain of Otk to Fz2 and expressed it in embryos.

This appeared to block canonical signalling (Figure 2E)

more strongly than the intracellular domain of Otk alone

(Figure 2F) or Fz2 alone (Moline et al, 2000), suggesting that

the combination of Fz2 and Otk act in blocking signalling in

contrast to Fz2 and Arr.

Otk binds Dsh but not Axin

The Dsh protein takes the role of pathway activator directly

downstream of the Wnt receptors in all Wnt pathways (Logan

and Nusse, 2004). As Dsh functions downstream of PTK7 and

Fz7 in Xenopus neural crest cell migration (Shnitsar and

Borchers, 2008), we tested for an interaction between Otk

and Dsh. We generated HA-tagged Otk constructs comprising

the whole protein, the extracellular domain alone or the

intracellular domain. We then expressed these in embryos,
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A Wild type B otk C DaGal4>UAS–Otk

D Wild type E wg

F dsh G DaGal4>UAS–Otk, UAS–Wnt4

1 2 3 4 5 6 1 2 3 4 5 6

H otk; DaGal4>Wnt4 I DaGal4>Wnt4 J otk; DaGal4>Wg

1 2 3 4 5 6
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Figure 1 Otk opposes Wg-dependent cell-fate determination. (A) Close up of a wild-type segment showing naked cuticle and the six basic rows
of denticles. The bar marks the band of the denticle expressing cells. For comparison, the same area is indicated in the following images (B, C,
H–J). (B) Close up of an otk3 mutant segment showing 1–3 rows of denticles where fewer cells make denticles and more adopt a naked cell fate
(arrow). (C) Overexpression of Otk leads to ectopic denticles appearing in rows 7 and 8 (arrow). (D) Wild-type embryo showing three full
segments of repeating pattern. (E) Loss of wg (wgIG22) showing loss of patterning where all cells made denticles. (F) Similarly to wg, in maternal
and zygotic dsh mutant embryos, all cells secrete denticles. (G) Expression of both Otk and Wnt4 led to a phenotype indistinguishable from loss
of wg. (H) Close up of an otk3 mutant expressing Wnt4 uniformly showing a loss of denticle rows similar to (B) (arrow marks the cells that
should be making denticles). (I) Overexpression of Wnt4 in an otherwise wild-type embryo led to ectopic denticles in rows 7 and 8 (arrow).
(J) Overexpression of Wg in otk3 mutants showing no denticles rows. Scale bar, 10 mm.
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immunoprecipitated with aHA antibody and probed for the

endogenous Dsh protein. Full-length Otk and the intracellular

domain alone pulled down Dsh well, but the extracellular

domain alone did not (Figure 3B). When the same three Otk

isoforms were used in pull-down experiments for endogen-

ous Axin, we found that Axin did not co-precipitate with Otk

(Figure 3B), but could be pulled down by APC2 a known

pathway component (Supplementary Figure S1D). Therefore,

the cytoplasmic domain of Otk binds Dsh but not Axin.

Localization of Dsh to the membrane is important for its

activation (Cliffe et al, 2003), and a key function of PTK7

(Shnitsar and Borchers, 2008).

The interaction of Otk with Dsh, but not Axin, suggested a

role for Otk in non-canonical signalling rather than in cano-

nical Wnt signalling. To test this, we looked at the fly wing

where canonical Wg patterns the wing margin (Couso et al,

1994) and non-canonical PCP signalling regulates the align-

ment of wing hairs (Veeman et al, 2003). Expression of Otk

led to a loss of wing margin, the expected result for loss of Wg

signal (Figure 3C). Additionally, we observed PCP defects

where wing hairs were not properly aligned (Figure 3C).

Importantly, this effect was only observed when Otk was

overexpressed and not in RNAi knockdowns (Figure 3D) or

mutant clones (Figure 3E). These findings, however, corre-

spond with the reported function of Wnt4, which does not

cause PCP phenotypes when lost (Lawrence et al, 2002; Chen

et al, 2008), but can induce PCP defects when overexpressed

(Lim et al, 2005). In summary, Drosophila Otk interacts with

Wnt4 and antagonizes canonical Wnt signalling, but are

these functions conserved in vertebrates?

Xenopus PTK7 interacts with Wnt3a and Wnt8

We examined PTK7’s function by co-immunoprecipita-

tion and tested for the interaction of Xenopus PTK7 with

Wnt3a, Wnt5a, Wnt8 and Wnt11. HA-tagged PTK7 co-pre-

cipitated myc-tagged Wnt3a and Wnt8 (Figure 4A and B) in

Xenopus lysates. Confirming this finding, Wnt3a and Wnt8

co-precipitated a deletion construct consisting only of the

B DaGal4 C DaGal4>UAS–Otk, Wnt4A DaGal4>UAS–Wg

β-Catenin

α-Tubulin

D

E DaGal4>UAS–Fz2–Otk-Intra F DaGal4>UAS–Otk-Intra

1 2 3 4 5 61 2 3 4 5 6

Otk–
W

nt
4

W
g

W
ild

 ty
pe

Figure 2 Otk regulates b-catenin and engrailed levels. (A) Uniform expression of Wg leads to expansion of En stripes. (B) Comparable stage
wild-type embryo showing normal engrailed expression. (C) Uniform expression of Otk and Wnt4 leads to a loss of engrailed staining in
epithelial cells. (D) b-Catenin levels as assayed by western blot from embryos expressing Wg as opposed to Wnt4 and Otk. (E) Expression of
Fz2–Otk intracellular domain fusion protein leads to ectopic denticles, whereas expression of (F) Otk intracellular alone does not. Scale bar,
20 mm.
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extracellular domain of PTK7 (Supplementary Figure S2), but

myc-tagged Wnt5a and Wnt11, which are known effectors of

non-canonical Wnt signalling (Heisenberg et al, 2000; Tada

and Smith, 2000; Westfall et al, 2003) did not co-precipitate

with PTK7 (Figure 4C and D). Therefore, the co-immunopre-

cipitation data indicate that PTK7 selectively interacts with

Wnt3a and Wnt8, but not with Wnt5a and Wnt11.

As we have previously shown that PTK7 is part of a Fz7/

Dsh complex required for membrane recruitment of Dsh

(Shnitsar and Borchers, 2008), it is possible that the PTK7–

Wnt interaction is mediated by Frizzled receptors. To test this

hypothesis, we first characterized the interaction of PTK7

with Fz7 using co-immunoprecipitation in HEK293 cells.

Indeed, Fz7 co-precipitates full-length PTK7 and a PTK7-

deletion mutant lacking the kinase domain, which is required

for Dsh binding (Figure 4E). These data indicate that PTK7

and Fz7 form a receptor complex, independent of Dsh inter-

action. Thus, we asked if the PTK7–Wnt interaction requires

the presence of Fz7. Cell supernatants of HEK293 cells

secreting an HA-tagged construct consisting of the extracel-

lular domain of PTK7 (sPTK7), or a myc-tagged construct

comprising the extracellular Fz7 domain (sFz7) (Winklbauer

Dsh

HA120 kDa

Otk

HA50 kDa

120 kDa

Axin co-IP90 kDa

A B

100 kDa

C ptcGal4>Otk C′ ptcGal4>Otk C′′ ptcGal4>Otk

D ptcGal4>Otk-RNAi D′ ptcGal4>Otk-RNAi D′′ ptcGal4>Otk-RNAi

Axin input90 kDa

E otk3 E′′ otk3E′ otk3

Otk input120 kDa

W
ild

 ty
pe

W
nt

4–
HA

Otk–
HA

Otk-
In

tra
–H

A

Otk-
Extr

a–
HA

Figure 3 Otk binds Wnt4 and Dsh. (A) Co-IP experiment where HA antibody was used to pull down Wnt4 from wild-type and Wnt4 expressing
embryos and probed for endogenous Otk. (B) Three forms of Otk were expressed in embryos, full-length, intracellular domain, extracellular
domain and these pulled down with the HA antibody and probed for the presence of endogenous Dsh and Axin. Dsh was precipitated by the
full-length Otk or its intracellular domain. Axin was not co-precipitated with Otk, although it was present in extracts. (C) Overexpression, but
not loss of Otk, led to polarity and cell-fate phenotypes. Expression of Otk along the central portion of the wing leads to bristle arrangement
defects, arrow (C0), and loss of wing margin (C0 0), arrow. (D) Expression of Otk-RNAi does not show an effect on either bristle arrangement (D0)
or wing margin specification (D0 0). (E–E0 0) No phenotypes were observed in wing clones of otk3.
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et al, 2001), were incubated in combination with recom-

binant Wnt3a protein. The ability of HA-tagged PTK7 to

co-precipitate recombinant Wnt3a was tested in the presence

or absence of myc-tagged Fz7. Interestingly, sPTK7 could

only precipitate Wnt3a in the presence of sFz7 (Figure 4F).

In contrast, sFz7 co-precipitated Wnt3a in the absence of

PTK7. Thus, these data indicate that PTK7 forms a receptor

complex with Fz7 and that PTK7 requires the presence of Fz7

to interact with Wnt

PTK7 inhibits vertebrate canonical Wnt signalling

The interaction of PTK7 with Wnt3a and Wnt8 in immuno-

precipitation assays suggests that PTK7 may interfere with

canonical Wnt signalling. Wnt3a and Wnt8 are known activa-

tors of canonical Wnt signalling and can induce a second axis
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Figure 4 PTK7 co-precipitates members of the canonical Wnt family. (A–D) Immunoprecipitation experiments showing co-precipitated Wnt
proteins in the upper panel and Xenopus lysates used for immunoprecipitation in the lower panels. Injected constructs are indicated at the top,
antibodies used for western blotting on the right. HA-tagged PTK7 co-precipitates myc-tagged Wnt3a (A) or myc-tagged Wnt8 (B). HA-tagged
PTK7 does not co-precipitate myc-tagged Wnt5a (C) or myc-tagged Wnt11 (D). Protein bands for Wnt3a and Wnt8 were detected after short
exposure times, while longer exposure times did not reveal a signal for Wnt5 and Wnt11 (exposure times are also apparent in the intensity of
the IgG signal). (E) Fz7 co-precipitates full-length PTK7 or its kinase deletion mutant (DkPTK7) in HEK293 cell lysates. Upper panel shows co-
precipitated PTK7 protein and lower panel shows PTK7 and Fz7 expression in cell lysates used for immunoprecipitation. (F) Co-precipitation
experiments using cell supernatants of HEK293 cells secreting HA-tagged extracellular PTK7 (sPTK7) or myc-tagged extracellular Fz7 (sFz7) in
combination with recombinant Wnt3a (rWnt3a). Supernatants containing PTK7 were precipitated with anti-HA antibodies, the supernatant
containing sFz7 and rWnt3a was precipitated using anti-MT antibodies.
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in Xenopus (Smith and Harland, 1991; Sokol et al, 1991; Wolda

et al, 1993), which is a hallmark of activation of b-catenin-

dependent Wnt signalling (Kuhl and Pandur, 2008). Therefore,

we used Xenopus second axis assays to analyse if PTK7 affects

the ability of Wnt to activate b-catenin-dependent Wnt signal-

ling. Ectopic expression of Wnt8 on the ventral side of a

Xenopus embryo leads to the development of a second axis,

thereby generating in the most extreme cases two-headed

embryos. Co-expression of PTK7 inhibited the second axis-

inducing activity of Wnt8 (Figure 5A). Similar results were seen

for Wnt3a-induced second axes (data not shown). These

results were confirmed using luciferase reporter assays to

measure b-catenin-mediated transcriptional activation. Co-in-

jection of PTK7 inhibited the Wnt8- and Wnt3a-mediated

activation of a siamois luciferase reporter (Brannon et al,

1997) in Xenopus embryos (Figure 5B and C).

To determine which domains of the PTK7 protein are

required for the inhibition of canonical Wnt signalling, the

function of different deletion mutants (Figure 5D) was ana-

lysed using luciferase reporter assays. As the extracellular

domain of PTK7 (exPTK7) was precipitated by Wnt3a and

Wnt8 (immunoprecipitation; Supplementary Figure S2), it is

sufficient for interaction with Wnt and, therefore, likely

required for the PTK7-mediated inhibition of Wnt signalling.

Indeed, deletion of the extracellular domain of PTK7

(DexPTK7) abolished inhibition of canonical Wnt signalling;

DexPTK7 did not affect the Wnt8-mediated activation of

canonical Wnt signalling in siamois reporter assays

(Figure 5E). However, the extracellular domain of PTK7

was not sufficient for the inhibition of canonical Wnt signal-

ling. Co-expression of a deletion construct of PTK7 consisting

of only its extracellular domain (exPTK7) does not inhibit

canonical Wnt signalling (Figure 5F), indicating that other

domains or membrane anchorage of the PTK7 protein are

required for this function.

The kinase domain of PTK7 is critical for function and could

have a role in the inhibition of canonical Wnt signalling.

Although this domain seems to be catalytically inactive, it is

required for the recruitment of Dsh (Shnitsar and Borchers,

2008). A PTK7-deletion mutant that lacks the kinase domain

(DkPTK7) inhibits Wnt8 activity (Figure 5G), although not as

strongly as full-length PTK7 (Figure 5B). Thus, these data

indicate that the extracellular domain, but not the kinase

domain, is necessary for inhibition of canonical Wnt signalling.

The function of PTK7 in the inhibition of canonical Wnt

signalling is not limited to the Xenopus system, but is also

observed in TOPFLASH luciferase reporter assays (Korinek

et al, 1997) using HEK293 cells. Transfection of the full-length

human PTK7 or its kinase deletion mutant both inhibited the

activation of canonical Wnt signalling by Wnt3a (Figure 5H).

Furthermore, as recombinant Wnt3a protein was used to

activate Wnt signalling, these experiments demonstrate that

PTK7 inhibits canonical Wnt signalling in the responding cell.

Thus, PTK7 and its kinase deletion mutant inhibit Wnt

signalling in Xenopus as well as in human cells, suggesting

that PTK7’s ability to inhibit canonical Wnt signalling is

conserved in vertebrates.

Loss of function of PTK7 activates canonical Wnt

signalling

As overexpression of PTK7 inhibits canonical Wnt signalling,

we asked if loss of function of PTK7 could activate this

signalling pathway. In Xenopus PTK7 is maternally expressed

in the animal hemisphere and zygotic expression is detected

in the neural ectoderm and the cranial neural crest

(Supplementary Figure S3; Lu et al, 2004; Shnitsar and

Borchers, 2008). As PTK7 is strongly expressed in the ecto-

derm, we dissected ectodermal explants from the animal pole

of blastula stage embryos to analyse if loss of PTK7 can affect

canonical Wnt signalling in this tissue. Xenopus embryos

were injected with RNA coding for Wnt8 in combination

with PTK7 or control morpholino-oligonucleotides (MO)

(Wehner et al, 2011). Ectodermal explants were dissected

and cultured up to neurula stages to efficiently knockdown

PTK7 function. Wnt8-induced activation of canonical Wnt

signalling was significantly enhanced by co-injection of PTK7

MO (Figure 5I), while co-injection of a mismatch control MO

did not activate canonical Wnt signalling. Similar effects are

seen if PTK7 MO-injected ectodermal explants are compared

with ones injected with the mismatch control MO (Figure 5J),

indicating that PTK7 loss of function stimulates the endogen-

ous canonical Wnt activity. Furthermore, injection of wild-

type PTK7 RNA lacking the MO-binding site rescues the

induction of canonical Wnt signalling caused by the PTK7

MO, suggesting that PTK7 loss of function activates canonical

Wnt signalling. If this is the case, then loss of PTK7 should at

least partially be rescued by inhibition of canonical Wnt

signalling. Previously, we have shown that PTK7 is required

for neural tube closure (Lu et al, 2004; Wehner et al, 2011).

Here, we note that co-injection of RNA coding for a dominant

negative Wnt8, which blocks the activity of canonical Wnts

(Hoppler et al, 1996), improved the PTK7 loss-of-function

neural tube closure defects (Supplementary Figure S4). Taken

together, these data support an in vivo role of PTK7 in the

inhibition of canonical Wnt signalling.

PTK7 inhibits Wnt signalling upstream of b-catenin and

Dsh by interfering with Fz receptors

PTK7 inhibits canonical Wnt activity in second axis and

luciferase assays; however, it is unclear at which level PTK7

intersects with the canonical Wnt signalling cascade. Second

axis assays and luciferase reporter assays suggest that PTK7

inhibits canonical Wnt signalling upstream of b-catenin and

Dsh. Ectopic expression of Dsh generates second axes, and

the axis-inducing ability of Dsh is not affected by co-injection

of PTK7 (Figure 6A). Similar results are obtained if second

axes are induced by b-catenin injection (Figure 6B).

Luciferase reporter assays confirm these results (Figure 6C

and D), showing that neither Dsh nor b-catenin-induced

canonical Wnt activity are inhibited by PTK7.

PTK7 is part of a Fz/Dsh complex required for Dsh mem-

brane localization (Shnitsar and Borchers, 2008), suggesting

that PTK7 may affect canonical Wnt signalling at the Frizzled

receptor level. Co-precipitation experiments indicate that PTK7

is a Fz7 co-receptor and requires Fz7 to bind canonical Wnt

(Figure 4E and F). Here, we find that Fz7 can rescue the PTK7-

mediated inhibition of canonical Wnt signalling (Figure 6E),

suggesting that PTK7 functions as a Fz7 co-receptor that

favours non-canonical over canonical Wnt signalling.

PTK7 activates non-canonical Wnt signalling

If PTK7 is a non-canonical Fz co-receptor, then it should

activate PCP signalling. According to its mouse and Xenopus

phenotypes, PTK7 is required for vertebrate PCP (Lu et al, 2004;
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Shnitsar and Borchers, 2008). Further, PTK7 recruits Dsh to

the plasma membrane (Shnitsar and Borchers, 2008; Wehner

et al, 2011), a phenomenon that has been associated with

activation of non-canonical Wnt signalling (Park et al, 2005).

To confirm that PTK7 activates PCP signalling, we used

an ATF2-based luciferase reporter (Ohkawara and Niehrs,
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Figure 5 PTK7 regulates canonical Wnt signalling. (A) PTK7 significantly inhibits the second axis-inducing activity of Wnt8. Xenopus embryos were
injected with equal concentrations of PTK7 or lacZ RNA as a control. The graph summarizes five independent experiments normalized to the second
axis-inducing activity of Wnt8, which ranges between 50 and 60% in individual experiments. Numbers of injected embryos and s.e.m. are indicated
for each column. (B, C) PTK7 inhibits Wnt8- and Wnt3a-induced siamois reporter activity. Injected RNA concentrations were 100pg Wnt3a, 100pg
Wnt8 and 500pg PTK7. Graphs summarize three independent experiments, normalized by the Wnt activity. (D) PTK7 constructs used for luciferase
assays. (E–G) Xenopus luciferase reporter assays using a siamois reporter construct; PTK7 constructs were injected at a concentration of 500 pg RNA.
Graphs summarize three independent experiments normalized to the Wnt activity. (H) Human PTK7 (hPTK7) and its kinase deletion mutant
(hDkPTK7) inhibit Wnt3a-induced canonical Wnt activity in HEK293 cells. To activate canonical Wnt signalling, cells were treated with recombinant
Wnt3a protein (rhWnt3a). The graph summarizes the TOPFLASH reporter activity of three independent experiments. The luciferase activity of
Wnt3a-treated mock-transfected cells was set to 1; s.e.m. are shown. (I, J) PTK7 loss of function activates canonical Wnt signalling in Xenopus
ectodermal explants. (I) Injection of 20ng PTK7 MO significantly increased Wnt8-induced siamois reporter activity in ectodermal explants compared
with explants injected with 20 ng mismatch control MO (mmMO). The graph summarizes three independent experiments, normalized to the reporter
activation of Wnt8 in combination with the mismatch control MO, s.e.m. are shown. (J) Injection of 20ng PTK7 MO significantly increased the
endogenous canonical Wnt activity in ectodermal explants. The graph summarizes five independent experiments, s.e.m. are shown. Siamois reporter
activity was normalized to the endogenous Wnt activity of ectodermal explants injected with 20ng mismatch control MO. Co-injection of 700pg PTK7
RNA rescues the activation of canonical Wnt signalling induced by the PTK7 MO. ***P-values in a Student’s t-test o0.001, **Po0.01, *Po0.05.
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2011) to monitor activation of non-canonical Wnt signalling

in Xenopus lysates. PTK7 did activate the ATF2 reporter

(Figure 7). The kinase deletion mutant of PTK7 (DkPTK7)

also activated, although this activation was weaker compared

with full-length PTK7. In contrast, neither the extracellular

deletion mutant of PTK7 (DexPTK7) nor the extracellular

domain of PTK7 alone (exPTK7) activated non-canonical

Wnt signalling. Interestingly, activation of the ATF2 reporter

by these different PTK7 constructs correlates well with their

inhibitory effect on canonical Wnt signalling as monitored

using the siamois luciferase reporter (Figure 5B, E–G). Thus,

these data suggest that PTK7 activates non-canonical Wnt

signalling at the expense of canonical Wnt signalling.

Discussion

Extracellular signals control a variety of cellular behaviours.

Often, the same signal can elicit different behaviours depend-

ing on the cellular context. In one such example, the Wnt

ligands activate canonical and a variety of non-canonical Wnt

signalling pathways (Logan and Nusse, 2004; Schlessinger

et al, 2009), but the mechanisms that exist to control which

pathway is turned on remain poorly defined. One possible

model posits that specificity could be determined by receptor

context. For example, the non-canonical Wnt5a can activate

b-catenin signalling in the presence of Fz5 or Fz4 and the

co-receptor Lrp5 (He et al, 1997; Mikels and Nusse, 2006),

suggesting that the receptor cohort present on the membrane,

rather than ligand properties, define signalling outcome.

We propose that PTK7 and Otk are Frizzled co-receptors

that activate non-canonical signalling at the expense of

canonical signalling by forming a tripartite Wnt/Fz/PTK7 or

Wnt/Fz/Otk complex. Binding assays confirm a PTK7/Fz7

co-receptor complex and demonstrate that PTK7 and Otk

interact selectively with different Wnts. Functional assays

show that PTK7 and Otk co-receptors activate non-canonical

Wnt signalling as assayed by Dsh localization to the

membrane, and increased ATF2-mediated transcription.

Conversely, we find that PTK7/Otk inhibits canonical Wnt

signalling. PTK7 overexpression inhibits secondary axis for-

mation in Xenopus and loss of function activates b-catenin-

mediated transcription. Thus, PTK7 and Otk behave as Wnt

co-receptors that activate non-canonical Wnt signalling, but

at the same time turn off canonical Wnt signalling.

The opposing roles of PTK7/Otk in blocking canonical and

activating non-canonical Wnt signalling could be explained

by the observation that PTK7/Otk binds Dsh, but not Axin.

In the canonical pathway, Axin is brought to the membrane

by Arr/LRP5/6 and this step is required to inactivate the

destruction complex (Tolwinski et al, 2003; Tolwinski and

Wieschaus, 2001, 2004). Therefore, when PTK7/Otk rather

than Arr/LRP5/6 is present at the membrane, Axin is left in

the cytoplasm blocking canonical signalling, while Dsh is

brought to the plasma membrane where it can affect non-

canonical pathways. Another possible mechanism by which

PTK7 may inhibit canonical Wnt signalling is by binding and

sequestering canonical members of the Wnt protein family.
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Figure 6 PTK7 inhibits the activation of canonical Wnt signalling
at the level of the Frizzled receptor. (A–D) PTK7 does not inhibit the
activation of canonical Wnt signalling by Dsh or b-catenin in
Xenopus second axis (A, B) or siamois luciferase reporter assays
(C, D). (A, B) Each graph summarizes three independent experi-
ments, normalized to the second axis-inducing activity of Dsh
(60–90% axis induction in individual experiments) or b-catenin
(50–60% axis induction in individual experiments). The number of
injected embryos and s.e.m. are indicated for each column. (C, D)
Graphs summarize three independent experiments, normalized to
the activation of the siamois luciferase reporter by Dsh (C) or b-
catenin (D). (E) Fz7 rescues the inhibition of Wnt8 by PTK7 in
siamois luciferase reporter assays. Injected RNA concentration were
100 pg Wnt8, 250 pg PTK7 and 500 pg Fz7. ***P-values in a
Student’s t-test o0.001, **Po0.01.
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Figure 7 PTK7 activates non-canonical Wnt signalling. PTK7 acti-
vates an ATF2-based non-canonical Wnt reporter in a concentra-
tion-dependent manner. The kinase deletion mutant of PTK7
(DkPTK7) shows only mild activation, while an extracellular dele-
tion construct (DexPTK7) or the extracellular domain of PTK7
(exPTK7) do not activate the ATF2-based luciferase reporter.
Wnt5a serves as a positive control. RNA coding for the different
PTK7 constructs were injected at concentrations of 500 pg (þ ) or
1 ng (þ þ ); 500 pg Wnt5a RNA were injected. The graph sum-
marizes three independent experiments, s.e.m. are shown.
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Binding assays show that PTK7 interacts selectively with

Wnt3a and Wnt8, which activate canonical Wnt signalling

in Xenopus (Smith and Harland, 1991; Sokol et al, 1991;

Wolda et al, 1993). Binding of canonical Wnts to the Fz7/

PTK7 receptor complex may prevent their interaction with

receptor complexes that activate canonical Wnt signalling.

We find this interpretation less likely, as the intracellular

domain of PTK7/Otk showed some activity, whereas in the

sequestration model one would expect it to be dispensable.

Interestingly, the intracellular domain of PTK7 was shown to

interact with b-catenin (Puppo et al, 2011), which could

prevent b-catenin from entering the nucleus thereby inhibit-

ing canonical Wnt signalling. Contrary to our findings, the

authors suggest that PTK7 is required for activating canonical

Wnt signalling. Future experiments will thus be needed to

clarify the molecular mechanism(s) by which PTK7/Otk

modulates canonical Wnt signalling. Another caveat of the

interpretation of PTK7 function in Xenopus and Otk function

in Drosophila, is that Drosophila Wnts are not thought to be

involved in PCP signalling (Simons and Mlodzik, 2008);

therefore, the distinction of canonical Wnt versus Wnt-PCP

signalling does not apply directly in flies. As there are various

non-canonical Wnt pathways known, future experiments will

focus on what lies downstream of PTK7/Otk.

Materials and methods

Drosophila crosses and expression of UAS constructs
Oregon R was used as the wild-type strain. Please see Flybase
(flybase.bio.indiana.edu) for details on mutants used: wgIG22

(Nusslein-Volhard and Wieschaus, 1980), dshV26 (Klingensmith et al,
1994), otk3, otkEP2017(Winberg et al, 2001), wnt4C1, wnt4EMS23 (Cohen
et al, 2002). For overexpression experiments, the daughterless-GAL4
and patched-GAL4 drivers were used (Brand and Perrimon, 1993).
Expression constructs used were the UAS–Wnt4 (Gieseler et al,
1999), UAS–APC2–FLAG (Tolwinski, 2009), UAS–Otk (Winberg
et al, 2001), UAS–OtkRNAi-TRiP.JF01796, HA-tagged Otk, Wnt5 and
Wnt4 were made by Gateway recombination (pUASg–3XHA kindly
provided by Bischof et al, 2007). Otk-deletion constructs were made
by PCR of the intracellular domain for Otk-Intra (corresponding to
amino acids 607–1034 and adding a Src myristolation site to the
amino terminus (Zecca et al, 1996; Tolwinski, 2009)) and the extra-
cellular and transmembrane domains for Otk-Extra (corresponding
to amino acids 1–687) followed by Gateway recombination into
pUASg–3XHA. Fz2–Otk intracellular fusion was made by fusing full-
length Fz2 to amino acids 607–1034 of Otk and recombining into
pUASg–3XHA.

Crosses:

(1) otk3/CyO, twi-GFP X otk3/Cyo, twi-GFP
(2) otk3/CyO, twi-GFP; daGAL4 X otk3/Cyo, twi-GFP; UAS–Wg
(3) otk3/CyO, twi-GFP; daGAL4 X otk3/Cyo, twi-GFP; UAS–Wnt4
(4) dshV26 FRT18/ovoD2 FRT18
(5) daGal4 X UAS–Wg, Wnt4, Otk
(6) ptcGal4 X UAS–Otk RNAi, Otk

Immunofluorescence and western blotting using Drosophila
embryos
Embryos were fixed with heat-methanol treatment (Muller and
Wieschaus, 1996) or with heptane/4% formaldehyde in phosphate
buffer (0.1 M NaPO4 pH 7.4) (Tolwinski and Wieschaus, 2001).
The antibodies used were anti-Arm (mAb N2 7A1, Developmental
Studies Hybridoma Bank (DSHB) developed under the auspices of
the NICHD and maintained by The University of Iowa, Department
of Biological Sciences, Iowa City, IA), anti-En (mouse DSHB), rabbit
anti-Armadillo (Peifer et al, 1994b), rabbit and goat anti-Axin
(Willert et al, 1999) and anti-HA (12CA5, Roche). New affinity-
purified rabbit polyclonal antibodies were generated to Axin,
Dsh and Otk through genomic antibody production by Strategic
Diagnostic Systems (SDIX, Newark, DE).

Staining, detection and image processing were performed as
described (Colosimo and Tolwinski, 2006; Colosimo et al, 2010;
Kaplan and Tolwinski, 2010; Kaplan et al, 2009, 2011). Images were
acquired on a Zeiss Axioimager with Apotome microscope with a
Plan-Apochromat 63� /1.40 oil immersion objective. Z-stacks of
6 or 20 slices at 0.4mm distance were acquired.

For western blotting and immunoprecipitation experiments,
embryos were lysed in extract buffer (50 mM Tris pH 7.5, 150 mM
NaCl, 1% NP-40, 1 mM EDTA, 10% Glycerol, Complete Mini
Protease, Sigma) (Colosimo et al, 2010; Kaplan et al, 2011). The
extracts were separated by 7.5% SDS–PAGE, and blotted as
described in Peifer et al (1994a). Extracts were normalized using
the BCA assay (Novagen). Overnight embryo collections were used
to make extracts for western blots.

Xenopus injection, second axis assay and animal cap explants
Xenopus embryo microinjections were performed as described
(Borchers et al, 2001). Ectodermal explants (animal caps) were
prepared as described (Wallingford and Harland, 2001). Capped
sense RNA for microinjections was synthesized using the mMessage
mMachine kit (Ambion) according to the manufacturer’s instruc-
tions. The following published plasmids were used for sense
mRNA synthesis: PTK7–MT, DkPTK7–MT, PTK7–HA (Shnitsar and
Borchers, 2008), myc-tagged Xenopus Wnt constructs (Damianitsch
et al, 2009), Xwnt3a (Wolda et al, 1993), dnXwnt8 (Hoppler et al,
1996), Dsh–MT (Sokol, 1996), Fz7–MT (Winklbauer et al, 2001)
and lacZ (Smith and Harland, 1991). The extracellular domain of
Xenopus PTK7 (exPTK7–HA) was cloned into pCS2þ by amplifying
PTK7–MTusing the following primers: forward 50-AGTGAGAGGATC
CGGGGCAGGAAC-30, reverse 50-CGATCGATGACCGCAGCAACCACA
GAGAGAACAATG-30. The PCR product was cut with BamHI and
ClaI and ligated into the same restriction sites of pCS2þ /HA. The
myc-tagged extracellular deletion mutant of PTK7, DexPTK7–MT,
was introduced by PCR amplification of PTK7-MT using
50-TGCATTGCGGGAAATGCC-30 (forward) and 50-CTGGAAGGTTCC
ACCATCTT-30 (reverse) primers. HA-tagged Xenopus Fz7 was gene-
rated by amplifying, Fz–MT using the following primers: 50-TTGA
ATTCATGTCCTCTACAGTCTCGCTGC-30 (forward) and 50-TTCTCGA
GCACCGCAGTCTCCCCTTTGCTGCC-30 (reverse). The PCR product
was ligated into the EcoRI/XhoI restriction site of pCS2þ /HA.

For axis duplication assays, four-cell stage embryos were injected
marginally in one ventral blastomere and lacZ RNA was used to
equalize the amounts of injected RNA. Second axis induction was
scored at early tadpole stage. Axis duplication was induced by
injection of 3 pg Wnt3a, 10 pg Wnt8, 250 pg Dsh or 50 pg b-catenin
RNA. In all, 500 pg of PTK7 RNA or lacZ RNA were co-injected, as
indicated. Each experiment was performed at least three times,
averages and standard errors of the mean are presented.

Co-immunoprecipitation
Xenopus embryos were injected with 80 pg myc-tagged Wnt RNA
and 800 pg PTK7 RNA into both blastomeres at the two-cell stage
and cultured until stage 10.5–11, when 50 embryos were lysed
in co-IP lysis buffer (10 mM Tris–HCl, pH 7.5, 100 mM NaCl, 2 mM
EDTA, 1 mM EGTA, 0,5% (v/v) NP-40, 10 % (v/v) glycerol)
supplemented with Complete EDTA-free protease inhibitor cocktail
tablet (Roche). Lysates were centrifuged for 15 min at 16000 g and
the supernatants were incubated for 30 min with Protein A
Sepharose (Amersham) at 41C for pre-clearing. After centrifugation,
supernatants were incubated with anti-HA.11 (Covance) or anti-MT
9E10 (Sigma) for 2 h at 41C, followed by a 2-h incubation with
Protein A Sepharose (Amersham) at 41C. Sepharose beads were
washed five times for 5 min with co-IP lysis buffer, boiled for 3 min
in Laemmli loading buffer and analysed by western blotting.

For PTK7–Fz7 co-immunoprecipitation experiments, HEK293
cells were seeded in six-well plates at a density of 3.5�105 cells
per well and cultured for 24 h. Transfection was performed using
LipofectamineTM 2000 (Invitrogen Corporation). At 48 h after trans-
fection, cells were washed and lysed using co-IP lysis buffer (50 mM
Tris–HCl pH 7.5, 150 mM NaCl, 0.5 % (v/v) NP-40 supplemented
with Complete EDTA-free protease inhibitor cocktail tablet (Roche)
and 1 mM NaF, 1 mM b-Glycerolphosphat and 1 mM sodium-
orthovanadate). Immunoprecipitation was performed using anti-
HA.11 antibodies (Covance).

For immunoprecipitation using secreted proteins, HEK293 cells
were transfected with NFz7 (Winklbauer et al, 2001), referred to
as sFz7 in the text, or sPTK7. The secreted human PTK7 (sPTK7),
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consisting of the extracellular domains of PTK7, was amplified by
PCR using primers containing a 50 ClaI restriction site and 30 EcoRI
restriction site: forward primer 50-CACGTGATCGATGCCCTCAGCTC
CTTTTCCTGA-30, reverse primer 50-GACTGGAATTCAACCCAATGG
TCTGGATCATCTTG-30. The PCR product was cut with ClaI, EcoRI
and ligated into the respective sites of pCS2þ /HA. Mock-transfected
cells served as a control. Three days after transfection, cell
supernatants were collected and sterile filtered and mixed at a 1:1
ratio to a total volume of 1 ml. For immunoprecipitation experi-
ments with Wnt3a, 400 ng of human recombinant Wnt3a protein
(R&D Systems) was added. Immunoprecipitation was performed
using anti-MT 9E10 (Sigma) or anti-HA.11 (Covance) antibodies.

Luciferase assay
To analyse Wnt activity using reporter assays, two-cell stage
embryos were injected with 50 pg Siamois luciferase reporter (S0
1234; Brannon et al, 1997) or 100 pg ATF2 luciferase reporter
(Ohkawara and Niehrs, 2011) and 10 pg Renilla (Promega) luciferase
reporter DNA in combination with the respective Wnt and
PTK7 mRNAs at concentrations indicated in the Figures 5–7. For
luciferase assay, either six samples containing lysates from six
embryos, lysed at stage 11, or three samples containing lysates from
20 animal caps, lysed at stage 15, were used for each measurement
with the Dual Luciferase Assay Kit (Promega) according to the
manufacturer’s instructions.

For luciferase assays using HEK293 cells, the TOPFLASH reporter
(Korinek et al, 1997) was used and the cells were transfected with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. At 24 h after transfection, the cells were stimulated
with 200 ng/ml recombinant human Wnt3a protein (R&D Systems)
for 24 h. Cell lysates were prepared and luciferase activity was
measured using the Dual Luciferase Assay Kit (Promega). The
human full-length (hPTK7) and kinase deletion mutant (hDkPTK7)
were amplified by PCR using primers containing a 50 ClaI restriction
site and 30 EcoRI restriction site. Primer sequences were as follows:

forward primer for both constructs 50-CACGTGATCGATGCCCTCAG
CTCCTTTTCCTGA-30 reverse for full-length PTK7 50-GACGTGGAAT
TCCGGCTTGCTGTCCACGGT-30, reverse for DkPTK7 50-CCGTGAAT
TCTCGGGCTGCTTCTGCAGC-30. PCR products were ligated into the
ClaI/EcoRI site of pCS2þ /HA.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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