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The ~-Protocadherin-C3 isoform
inhibits canonical Wnt signalling by
‘binding to and stabilizing Axin1 at
e the membrane
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" The22 ~-Protocadherin (-Pcdh) adhesion molecules encoded by the Pcdhg gene cluster play critical

. roles in nervous system development, including regulation of dendrite arborisation, neuronal survival,
and synaptogenesis. Recently, they have been implicated in suppression of tumour cell growth by
inhibition of canonical Wnt signalling, though the mechanisms through which this occurs remain
unknown. Here, we show differential regulation of Wnt signalling by individual ~-Pcdhs: The C3 isoform
uniquely inhibits the pathway, whilst 13 other isoforms upregulate signalling. Focusing on the C3
isoform, we show that its unique variable cytoplasmic domain (VCD) is the critical one for Wnt pathway
inhibition. ~-Pcdh-C3, but not other isoforms, physically interacts with Axinl, a key component of the

: canonical Wnt pathway. The C3 VCD competes with Dishevelled for binding to the DIX domain of Axin1,

. which stabilizes Axinl at the membrane and leads to reduced phosphorylation of Wnt co-receptor Lrp6.

: Finally, we present evidence that Wnt pathway activity can be modulated up (by ~-Pcdh-Al) or down
(by ~y-Pcdh-C3) in the cerebral cortex in vivo, using conditional transgenic alleles. Together, these data
delineate opposing roles for ~-Pcdh isoforms in regulating Wnt signalling and identify Axin1 as a novel
protein interactor of the widely-expressed ~-Pcdh-C3 isoform.

. Protocadherins (Pcdhs) belong to the cadherin superfamily, a group of cell adhesion molecules that are known to
. play critical roles in several biological processes, including embryonic morphogenesis, neural circuit formation,
© angiogenesis, and cancer'~>. The clustered Pcdhs, consisting of ~60 proteins encoded by three tandem gene clus-
. ters (Pcdha, Pcdhb, and Pcdhg) on human chromosome 5q31 (chromosome 18 in the mouse), represent the largest
: subgroup within the cadherin superfamily*®. Within the Pcdha and Pcdhg clusters, large “variable” exons encoding
6 extracellular cadherin (EC) repeats, a transmembrane domain, and a variable cytoplasmic domain (VCD) are
expressed from their own promoters and spliced to three short constant exons that encode a C-terminal domain
: shared by all o- or y-Pcdhs (3-Pcdhs do not have this shared domain and are thus each encoded by a single exon;
- Pcdhg cluster schematized in Fig. 1a)*%”. Clustered Pcdhs, as a group, are strongly expressed throughout the devel-
. oping and mature nervous system®!?, with lower levels detected in other organs such as lung and kidney'>!*. The
expression of individual clustered Pcdh genes is differentially regulated in each cell via promoter methylation and
interaction with distant regulatory elements'>-'%, Single-cell RT-PCR analysis suggests that each neuron expresses
a fraction of the 14 Pcdha, 22 Pcdhb, and 22 Pcdhg genes; most are stochastically and sparsely expressed, though 5
“C” subtype genes (Pcdhacl, Pcdhac2, Pcdhgce3, Pcdhge4, and Pedhgc5) appear to be expressed ubiquitously™-21. All
clustered Pcdhs form cis-multimers that interact in a strictly homophilic manner in trans*-4,

The clustered Pcdhs play critical roles in neurodevelopment. Using constitutive and conditional Pcdhg mouse
mutants, we demonstrated that the ~-Pcdhs regulate neuronal survival'l?, synaptogenesis?®?, astrocyte-neuron
interactions®, dendrite arborisation®?#%°, and axonal patterning®. In retinal starburst amacrine cells, the y-Pcdhs

© are also required for normal dendrite self-avoidance®"*?, underscoring the importance of this family for the
. proper formation of dendrite arbours. The relative importance of the ~-Pcdhs is underscored by the fact that
. mice lacking all 22 isoforms die shortly after birth’, in contrast to the viable and fertile Pcdha cluster nulls®.
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Figure 1. Differential regulation of canonical Wnt signalling by individual ~-Pcdh isoforms. (a) Schematic
of the mouse Pcdhg gene cluster (top), with examples of promoter activation, gene transcription, and splicing.
Example transcripts and resultant proteins are schematized below. Each of the 22 isoforms is encoded by 4
exons: 1 variable exon (shades of purple or blue; encodes 6 EC domains, a transmembrane domain, and a VCD)
and 3 constant exons (black; encode a shared C-terminal domain). EC: extracellular cadherin repeats; VCD:
variable cytoplasmic domain; CON: constant region. (b) TOPFlash assays were performed by co-transfecting
plasmids encoding individual ~-Pcdh isoforms with the SUPER-TOPFlash and Renilla luciferase plasmids into
HEK293 cells. Cell lysates were assayed for luciferase activity 24 hours after exposure to Wnt3a CM. Results

are presented as a “Wnt Response Index”, defined as the fold change in Relative Luciferase Units (RLU; ratio

of firefly luciferase to Renilla luciferase [control for transfection efficiency]) following Wnt treatment in cells
transfected with individual ~-Pcdh isoforms compared to that in cells expressing only a GFP negative control.
Thus, the control (GFP only) Wnt cellular response is the baseline (“0”), and manipulations that increase
further that response yield a positive index, while those that decrease that response yield a negative index.
Several ~-Pcdh isoforms significantly upregulated Wnt signalling activity, while only -Pcdh-C3 significantly
downregulated Wnt signalling. Data are presented on a log2 scale of means + SEM from 6 independent
experiments. A two-way ANOVA with Bonferroni post hoc test (to correct for multiple comparisons) was
performed to assess statistical significance. *p < 0.05, and **p < 0.01.

Nevertheless, the a-Pcdhs have been shown to regulate dendrite arborisation and dendritic spine formation, as
well as axonal targeting®**=%7, in a variety of neurons.

Intriguingly, the ~-Pcdhs also have been recently implicated as potential tumour suppressors, via inhibition of
canonical Wnt signalling®®. A genome-wide analysis of promoter hypermethylation in Wilms’ tumour, a paediat-
ric kidney cancer, identified the clustered Pcdh genes as consistently hypermethylated; many of them, especially
those encoding ~-Pcdhs, are indeed transcriptionally silenced in tumour cells. Knockdown of all Pcdhg genes
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(using an siRNA targeting the constant region) in kidney cell lines led to increased canonical Wnt signalling,
while overexpression of individual Pcdhg cDNAs inhibited the Wnt pathway and led to reduced tumour cell
growth in soft agar assays'®. The ubiquitously-expressed ~-Pcdh-C3 isoform (encoded by Pcdhgc3) was simi-
larly shown to be silenced in colorectal cancer cells, and to reduce growth of these cells when overexpressed via
inhibition of a Wnt-mTOR pathway?®. Together with other studies identifying aberrant methylation of Pcdhgall
in astrocytomas®, Pcdhb genes in neuroblastoma®, and Pcdhg genes in toxicant-induced malignant cells*,
these data suggest that understanding how clustered Pcdhs regulate tumour growth pathways will be of future
translational importance. Intriguingly, a non-clustered 8-Pcdh known as PAPC/Pcdh8/Arcadlin can also affect
canonical*? and non-canonical**** Wnt pathways, suggesting that Pcdhs in general may be of interest to our
understanding of Wnt biology.

Here, we have investigated the molecular mechanisms through which ~-Pcdh-C3 inhibits canonical Wnt
signalling, a well-known tumourigenic pathway that is also of paramount importance for many steps in neu-
rodevelopment*>*. Binding of Wnt ligands to Frizzled and the Lrp5/6, Ryk, or ROR co-receptors can activate
at least three distinct pathways: the canonical (3-catenin/TCF), PCP (planar cell polarity), and Wnt-Ca2 + path-
ways*~*_In the canonical pathway, 3-catenin is found in a complex including Axin1, Adenomatous Polyposis
Coli (APC) and GSK33 in the absence of Wnt ligand (the OFF state; reviewed in Clevers and Nusse, 2012)%.
Axinl acts as a scaffold for the “destruction complex”: GSK383 phosphorylates 3-catenin, which is then targeted
for ubiquitin-dependent degradation by the proteasome. In the presence of the Wnt ligand (the ON state),
Dishevelled (Dvl) binds at the C-terminus of Frizzled®! and recruits Axinl to the cytoplasmic tail of Lrp5/6,
facilitating the phosphorylation of Lrp5/6 by GSK33 and CK1°*-%’. Phospho-Lrp6 is thought to directly inhibit
GSK3 activity in the destruction complex, leading to reduced phosphorylation of 3-catenin as well as Axinl
itself. Dephosphorylated Axinl dissociates from the activated receptor complex and also from (3-catenin, thus
inactivating the destruction complex until Axin1 is again phosphorylated®>8. This inactivation of the destruction
complex is thought to allow 3-catenin to accumulate in the cytoplasm and to translocate to the nucleus. There, it
displaces Groucho/TLE corepressors bound to TCF (T-cell factor)/LEF (Lymphoid enhancer factor) transcription
factors, thereby activating Wnt target genes, including many that promote tumour proliferation or regulate brain
patterning, dendrite arborisation, and synaptogenesis*>*°.

Though the ~-Pcdhs have been implicated in the regulation of Wnt signalling!*%*, the underlying molecular
mechanisms are unknown. Here, we show that y-Pcdh-C3, but not other ~-Pcdhs, significantly inhibits exog-
enous activation of canonical Wnt signalling in cultured cells, and identify the C3-specific VCD as the critical
site of action. Though it has been reported that the intracellular domain of N-Pcdhs can be cleaved and trafficked
to the nucleus®*®!, we show that the C3 VCD acts at the membrane, not the nucleus, to inhibit Wnt signalling.
We further show that the C3 VCD physically, and directly, interacts with the DIX domain of Axinl, and present
evidence that it competes for this binding site with Dvl1. Binding of Axinl to the C3 VCD stabilizes Axinl at
the membrane and prevents Lrp6 phosphorylation, suggesting that in this context, membrane localization can
actually stabilize the 3-catenin destruction complex. Finally, we use a Wnt signalling reporter mouse line and an
inducible ~-Pcdh-C3 overexpression allele to show that that increasing C3 levels reduces endogenous Wnt sig-
nalling in the mouse cerebral cortex in vivo. Together, these data identify a novel molecular mechanism by which
~-Pcdhs can affect Wnt signalling, and identify Axinl as the first known intracellular signalling partner for the
widely-expressed y-Pcdh-C3 isoform.

Results

~-Pcdh isoforms differentially regulate canonical Wnt signalling.  We began by asking whether the
many ~-Pcdh isoforms (Fig. 1a) uniformly, or differentially, affect the Wnt signalling pathway. To assay Wnt
activity, we utilized the well-characterized TOPFlash assay, in which a TCF/LEF-responsive promoter drives
firefly luciferase, levels of which can be normalized to constitutively-expressed Renilla luciferase to control for
transfection efficiency in HEK293 cells®2. To activate canonical Wnt signalling, we applied media conditioned by
L cells stably expressing Wnt3a®. Dallosso et al.'** previously reported that human ~-Pcdh-A2, -A6, -A12 and
-C3 were all capable of inhibiting aberrantly high endogenous TOPFlash signal in Wilms’ tumour cell lines, or
the increase seen following Wnt treatment in HEK293 cells. We individually overexpressed 20 ~-Pcdh isoforms in
HEK293 cells and found differential activity among ~-Pcdhs. In agreement with Dallosso et al.?®, overexpression
of the C3 isoform reliably and significantly inhibited Wnt signalling (Fig. 1b), though in contrast to Dallosso
et al.’®* we found that A2, A6, or A12 overexpression had no significant effect (Fig. 1b). Surprisingly, we also found
that overexpression of several other isoforms, including A1, A3, A7-10, B1-7, and C5, all significantly increased
the TOPFlash response in HEK293 cells (Fig. 1b). Results are presented throughout as a “Wnt Response Index”,
defined as the fold change the Wnt response in cells overexpressing a y-Pcdh compared to that in cells expressing
only a GFP negative control. Example raw TOPFlash and FOPFlash (negative control plasmids in which TCF/LEF
sites are mutated) data are presented in Supplementary Figure S1; FOPFlash results were always essentially zero
and are not shown for subsequent experiments. In all subsequent analyses, we focus on the C3 isoform because:
1) our results in this case are fully in agreement with those of Dallosso et al.*® in other cell lines; 2) C3 is the only
isoform that significantly downregulated Wnt signalling; and 3) C3 is highly and ubiquitously expressed and thus
is likely to be of importance in the greatest number of contexts.

The variable cytoplasmic domain of 4-Pcdh-C3 mediates inhibition of Wnt signalling.  We next
asked which domain of the y-Pcdh-C3 protein was important for its inhibition of Wnt signalling. As noted above,
each ~-Pcdh isoform is encoded by four exons: the large variable exon, specific to each isoform, encodes 6 EC
repeats (EC2 and 3 determine homophilic binding specificity®;), a transmembrane domain, and the ~90 amino
acid VCD; the 3 small constant exons encode a C-terminal domain shared by all v-Pcdhs (Fig. 1a). We generated
and tested the following constructs: y-Pcdh-C3 AEC (lacking all 6 EC repeats); v-Pcdh-C3 ACyto (lacking the
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Figure 2. The variable cytoplasmic domain (VCD) is critical for ~-Pcdh-C3 inhibition of Wnt signalling.
(a) Schematic of constructs used in experiments to determine the domain involved in y-Pcdh-C3’s regulation
of Wnt signalling. All are HA-tagged at the N-terminus. (b) The aforementioned constructs were used in a
TOPFlash assay, as previously described. All constructs except HA-C3ACyto significantly inhibited Wnt
signalling response 24 hours after the addition of Wnt3a CM, implicating the VCD as the key domain. Data

are presented on a log2 scale of means & SEM from 6 independent experiments. A two-way ANOVA with
Bonferroni post hoc test (to correct for multiple comparisons) was performed to assess statistical significance.
*##p < 0.01 () Quantitative TagMan® PCR on AXIN2, a Wnt target gene, was performed 24 hours after exposure
to Wnt3a CM in HEK293 cells transfected with the constructs in (a). Data are presented as fold increase

in compared to DMEM media change control for cells transfected with each construct. AXIN2 expression
increases ~5-fold in the GFP transfected control, 24 hours after addition of Wnt3a CM. This increase is
significantly abrogated in cells expressing all n-Pcdh-C3 constructs except HA-C3ACyto, paralleling TOPFlash
results in (b). Means &= SEM of AXIN2 expression from 3 independent experiments were graphed. A two-way
ANOVA with Bonferroni post hoc test (to correct for multiple comparisons) was performed to assess statistical
significance. **p < 0.01.

entire intracellular domain, including both the VCD and the constant domain); and y-Pcdh-C3 ACon (lacking
only the shared constant domain) (Fig. 2a). When these constructs were used in the TOPFlash assay as described
above, we found that all except the C3 ACyto construct were still able to negatively regulate Wnt signalling
activity. Expression of C3 ACyto failed to inhibit Wnt activity, and in fact resulted in a small, but statistically
significant, increase (Fig. 2b). To confirm these results, we utilized another assay for canonical Wnt signalling,
performing quantitative RT-PCR for AXIN2, a Wnt target gene. In control (GFP-transfected) cells exposed to
Wnt3a, AXIN2 transcript levels increased more than five-fold (Fig. 2¢). Overexpression of C3 full length (FL;
either C-terminally GFP-tagged or N-terminally HA-tagged), C3 AEC, or C3 ACon significantly abrogated this
AXIN?Z response, while overexpression of C3 ACyto did not (Fig. 2c). Together, these data implicate the C3 VCD
as the protein domain responsible for inhibiting Wnt signalling.

The variable cytoplasmic domain of ~-Pcdh-C3 acts at the membrane to inhibit Wnt signal-
ling. It has been reported that ~-Pcdhs can undergo two cleavage events: ectodomain shedding mediated by
matrix metalloproteinases (MMPs) at the junction between the EC repeats and transmembrane domain, and
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cleavage at the junction between the intracellular and transmembrane domain by ~-secretase®®¢!. The cleaved
intracellular domain (containing both the VCD and the constant domain) can translocate to the nucleus®®!,
where we reasoned it might interfere directly with TCF/LEF-dependent Wnt target gene activation. We thus
asked whether inhibition of v-secretase cleavage would abrogate ~-Pcdh-C3’s ability to inhibit Wnt signalling.
We treated cells with a specific pharmacological inhibitor of N-secretase (L685,458), previously shown to block
~-Pcdh intracellular domain cleavage®!. In the TOPFlash assay, there was no effect of treatment with L685,458
vs. the DMSO vehicle control: C3 significantly inhibited Wnt signalling, A11 had no effect, and B1 significantly
potentiated Wnt signalling, as observed previously (Fig. 1b), regardless of inhibitor treatment (Fig. 3a). Western blots
for the relevant C-terminal fragment confirmed the efficacy of L685,458 in this assay (Supplementary Figure S2).
These observations indicate that y-Pcdh C-terminal cleavage is not important for effects on Wnt signalling, and
argue against a nuclear site of action for the C3 VCD.

To confirm this directly, we designed new constructs to investigate the cellular compartment at which
the C3 VCD acts to inhibit Wnt signalling. These constructs encoded the isolated C3 VCD fused to GFP,
either alone (C3VCD-GFP) or with the addition of a 3X nuclear localization signal (NLSC3VCD-GFP) or a
membrane-targeting palmitoylation signal (PalmC3VCD-GFP). Each construct exhibited the expected subcellu-
lar localization when expressed in HEK293 cells (Fig. 3b). Of the three constructs, only the membrane-targeted
palmitoylated version significantly inhibited Wnt signalling (assayed using TOPFlash) following addition of
Wnt3a CM (Fig. 3¢). These data indicate that the VCD of ~-Pcdh-C3 acts at the plasma membrane to regulate
Wnt signalling, consistent with the normal topology of the full-length protein and with our demonstration that
preventing cleavage of the C3 intracellular domain (Fig. 3a) did not disrupt Wnt inhibition. Given these results,
we asked whether ~-Pcdh isoforms that upregulate Wnt signalling (Fig. 1b) also do so via their VCDs. We con-
structed plasmids encoding PalmA1VCD-GFP and PalmB1VCD-GFP and tested them in the TOPFlash assay as
above. Indeed, we found that cells expressing either construct exhibited significantly enhanced response to Wnt3a
(Fig. 3d), just as cells expressing their full length counterparts did (Fig. 1b).

~-Pcdh-C3 physically interacts with the DIX domain of Axinl via its variable cytoplasmic
domain. Given that the C3 VCD inhibits Wnt signalling by acting at the plasma membrane, we hypothesized
that C3 may physically interact with one of the many components of the Wnt pathway that can localize there
during signalling. A previous large-scale proteomics study suggested that Ryk could be a potential target of some
~-Pcdhs, including C3%. We transfected HEK293 cells with plasmids encoding FL C3-GFP, or GFP only as a
negative control, immunoprecipitated using anti-GFP antibody, and blotted with antibodies to a variety of Wnt
pathway proteins including Ryk, Dvls, Frizzleds, Lrp6, Naked, GSK33, and Axinl. The only endogenous human
protein that co-immunoprecipitated with mouse FL C3-GFP was Axinl (Fig. 4a; we were unable to confirm an
interaction with Ryk® despite multiple attempts). We were unable to co-immunoprecipitate Axinl reliably with
two other y-Pcdhs tested (A3 or B1), suggesting that this interaction is specific to y-Pcdh-C3 (Fig. 4a). Using a
variety of tagged Axinl plasmids in a co-transfection immunoprecipitation assay, we found this interaction to
be evolutionarily conserved, as mouse FL C3-GFP could pull down FLAG-tagged zebrafish (drAxinl), Xenopus
(xAxinl), and mouse (mAxinl) proteins (Fig. 4b) as well as endogenous human Axinl expressed by HEK293
cells. Given that we found that the VCD of C3 is the critical domain for Wnt pathway inhibition, we next tested
whether Axinl interacted with this domain in particular. We found that the C3 VCD co-immunoprecipitated
endogenous Axinl; intriguingly, the PalmC3VCD construct consistently showed a more robust interaction with
Axinl than did the cytoplasmic or nuclear constructs (Fig. 4c). This result suggests that at least some of the
C3VCD-Axinl complex co-immunoprecipitated in this assay formed in the cell, at the membrane, rather than in
solution following lysis.

We next sought to identify the domain of Axinl to which the C3 VCD binds. The protein structure of Axinl
has been well studied, leading to the identification of multiple conserved domains and regions of protein-protein
interactions. These include binding regions for APC (the RGS domain), MEKK1, GSK3(3, 3-catenin, PP2A/
MEKK4, and Dvl (DIX domain; Fig. 5a). We utilized constructs® encoding HA-tagged mAxin1 with progressive
3’ deletions leading to loss of these domains in co-immunoprecipitation assays with FL C3-GFP (Fig. 5b). Full
length mAxin1 protein again exhibited robust interaction with ~-Pcdh-C3; this interaction was almost completely
abrogated following the loss of amino acids 757-832, and no interaction was observed with further mAxinl
truncation (Fig. 5b). This result indicates that the C3 VCD interacts with mAxin1 via the latter’s C-terminal
Dvl-binding DIX domain. However, since nearly all binding was lost with the very first 3’ truncation, we sought
to confirm this by utilizing two Myc-tagged xAxinl constructs with internal deletions of the GSK33 (AGID) or
APC (ARGS) domains (Fig. 5¢). As expected, both of these truncated constructs, as well as FL xAxin1, robustly
interacted with FL C3-GFP in transfected HEK293 cells (Fig. 5d). Co-immunoprecipitation can reflect either
direct binding between two proteins, or their mutual interaction with a complex of proteins. To ascertain whether
the interaction between Axinl and C3 VCD was direct, we generated new constructs for bacterial production
of His-tagged C3VCD-GFP and GST-tagged mouse Axin1(506-832; encompassing the PP2A/MEKK4 and DIX
domains), and assessed binding in a cell-free assay. Using glutathione-sepharose to pull down GST-fusion pro-
teins, we recovered His-C3VCD-GFP with GST-Axin1(506-832), but not with GST only (Fig. 5¢). Together, our
data indicate a direct physical interaction between the VCD of y-Pcdh-C3 and the DIX domain of Axinl.

~-Pcdh-C3 competes with Dvl1 for Axinl binding and stabilizes Axinl at the membrane. As
noted above, we observed that the Dvl-binding DIX domain of Axinl was important for its interaction with
~-Pcdh-C3 (Fig. 5b). Thus, we next asked whether Dvl and ~-Pcdh-C3 might compete for Axinl binding. To
test this, HEK293 cells were co-transfected with constructs encoding FL C3-GFP and HA-tagged mAxin1, with
or without the addition of a third plasmid encoding Myc-tagged Dvll. We then immunoprecipitated with anti-
bodies against GFP (for the y-Pcdh-C3) and blotted for the HA-Axin1, or immunoprecipitated with antibodies
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Figure 3. The ~-Pcdh-C3 VCD acts at the membrane to inhibit Wnt signalling. (a) Cells transfected with
FL-C3GFP, FL-A11GFP and FL-B1GFP were treated with 10 uM L685,458 (to inhibit ~-secretase), or DMSO
(vehicle control) and used in a TOPFlash assay, as previously described. Treatment with L685,458 did not
significantly alter individual N-Pcdh isoforms’ effect on Wnt signalling activity, indicating that C-terminal
cleavage is not required. (b) Constructs encoding the isolated VCD of y-Pcdh-C3 fused to GFP, either
unmodified (C3VCD-GEFP), tagged with a triplicate nuclear localization signal (NLSC3VCD-GFP) or with a
palmitoylation sequence (PalmC3VCD-GFP) were generated. HEK293 cells transfected with these constructs
were immunostained for GFP (green) and counterstained with DAPI (purple) to assess subcellular localization
and visualize nuclei, respectively. Localization was as predicted: C3VCD-GEFP localizes to both cytoplasm and
nucleus, NLSC3VCD-GFP is restricted to nuclei, and PalmC3VCD-GFP is concentrated at the cell surface and
at cell-cell junctions. Scale bar =20 pm. (c) These new constructs were used in a TOPFlash assay, as described
previously. PalmC3VCD-GFP was the only construct that significantly inhibited Wnt signalling activity;
C3VCD-GFP and NLSC3VCD-GFP did not differ significantly from control. (d) Palmitoylated A1VCD-

GFP and B1VCD-GFP were made and used in a TOPFlash assay. The VCD alone of these individual ~-Pcdh
isoforms are suficient to significantly upregulate Wnt signalling activity. Data are presented on a log2 scale of
means £ SEM from 6 independent experiments. A two-way ANOVA with Bonferroni post hoc test (to correct
for multiple comparisons) was performed to assess statistical significance. *p < 0.05 ** p < 0.01.
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Figure 4. The ~-Pcdh-C3 VCD interacts with Axinl. (a) Lysates of HEK293 cells transfected with either
GFP (control), FL-A3GFP, FL-B1GFP or FL-C3GFP were immunoprecipitated with anti-GFP and blotted for
endogenous (human) Axinl. Axinl co-immunoprecipitated with N-Pcdh-C3 but not —A3 or -B1. All proteins
encoded by the transfected constructs were present in the cell lysates used (right; input) and re-probing of
blots with anti-GFP antibody confirmed immunoprecipitation. (b) Lysates from HEK293 cells co-transfected
with GFP or FLC3-GFP and either FLAG-tagged zebrafish (Danio rerio) Axinl (FLAG-drAxinl), Myc-tagged
Xenopus Axinl (Myc-xAxinl) or HA-tagged mouse Axinl (HA-mAxinl) were immunoprecipitated with anti-
GFP and blotted for the tagged Axinl. FL-C3GFP co-immunoprecipitated all three Axin1 orthologues. (c) Co-
immunoprecipitation of endogenous HEK293 Axinl as in (a) was performed using GFP, FLC3-GFP, C3VCD-
GFP, NLSC3VCD-GFP and PalmC3VCD-GEFP. In all cases, the VCD is sufficient to pull down endogenous
Axinl; co-immunoprecipitation was more robust for PalmC3VCD-GFP. Blots shown are representative of at
least 3 experiments. MW, molecular weight; kDa, kilodaltons.

against HA (for the Axinl) and blotted for the C3-GFP. These reciprocal immunoprecipitations both show that
the interaction between ~-Pcdh-C3 and Axinl is lost when Dvl1 is overexpressed (Fig. 6a,b). Interestingly, Dvll
did not co-immunoprecipitate with Axinl in the presence of N-Pcdh-C3 (Fig. 6b), although it did, as expected,
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Figure 5. ~-Pcdh-C3 interacts with the DIX domain of Axinl. (a) Schematic of specific protein-protein
interacting domains previously identified in mouse Axinl. Numbers above the protein correspond with the
amino acid at which C-terminal truncations were made to sequentially remove individual domains. (b) Lysates
from HEK293 cells co-transfected with GFP or FL-C3GFP and the HA-tagged full-length mouse Axinl (1-832);
or FL-C3GFP with HA-tagged mouse Axinl with progressive 3’ deletions (containing amino acids 1-757, 1-506,
1-437, 1-353 or 1-216) were immunoprecipitated with anti-GFP and blotted for HA. Interaction of ~-Pcdh-C3
with Axinl was abrogated with the loss of amino acids 758-832, indicating the importance of the DIX domain.
(c) Schematic of Myc-tagged full length Xenopus Axinl (Myc-xAxin1FL) and Myc-tagged Xenopus Axinl with
the APC/RGS binding domain (Myc-xAxin ARGS) or the GSK38 binding domain deleted (Myc-xAxin1A
GID). (d) Lysates from HEK293 cells co-transfected GFP or FL-C3GFP and Myc-xAxin1FL, Myc-xAxin ARGS,
or Myc-xAxin1 AGID were immunoprecipitated with anti-GFP and blotted for Myc. Interaction between ~
-Pcdh-C3 and Axinl was observed with all three constructs used, confirming that these internal domains are
not critical. (e) Purified His-tagged C3VCD-GFP was mixed with either GST alone, or with GST-Axin(506-832)
in a direct binding assay. MW, molecular weight; kDa, kilodaltons.

in its absence (Fig. 6¢), indicating that C3 effectively competes with Dvl1 for Axinl binding. We next asked if
~-Pcdh-C3 interacts with other destruction complex components to regulate Wnt signalling. We overexpressed
PalmC3VCD-GFP and full length HA-tagged mAxin1 in HEK293 cells, immunoprecipitated with either anti-HA
or anti-GFP, and blotted for endogenous (3-catenin or GSK3f3. A previous proteomics study®® recovered 3-catenin
in material pulled down from brain with an antibody recognizing all ~-Pcdhs. We were able to confirm an inter-
action of the C3VCD with 3-catenin in these transfected HEK293 cells (Fig. 6d); note that this likely to be indirect
via Axinl, as y-Pcdhs (unlike classical cadherins) do not exhibit any known catenin binding sites. We also were
able to co-immunoprecipitate both 3-catenin and GSK3p with Axinl, as expected®”. However, we were unable to
observe an interaction between N-Pcdh C3 and GSK3( in this assay (Fig. 6d). This suggests that ~-Pcdh-C3 can
interact with Axinl and (3-catenin, but probably not in the context of a complete destruction complex.

In the