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CD44 functions in Wnt signaling by regulating LRP6
localization and activation

M Schmitt', M Metzger', D GradI>®, G Davidson' and V Orian-Rousseau*"

Wnt reception at the membrane is complex and not fully understood. CD44 is a major Wnt target gene in the intestine and is
essential for Wnt-induced tumor progression in colorectal cancer. Here we show that CD44 acts as a positive regulator of the Wnt
receptor complex. Downregulation of CD44 expression decreases, whereas CD44 overexpression increases Wnt activity in a
concentration-dependent manner. Epistasis experiments place CD44 function at the level of the Wnt receptor LRP6.
Mechanistically, CD44 physically associates with LRP6 upon Wnt treatment and modulates LRP6 membrane localization. Moreover,
CD44 regulates Wnt signaling in the developing brain of Xenopus laevis embryos as shown by a decreased expression of Wnt

targets fcf-4 and en-2 in CD44 morphants.

Cell Death and Differentiation (2015) 22, 677-689; doi:10.1038/cdd.2014.156; published online 10 October 2014

Whnt/B-catenin signaling is a key morphogenic pathway
regulating numerous developmental processes, including
body axis formation, somitogenesis, limb and brain develop-
ment in multiple organisms (reviewed in Logan and Nusse").
Whnt signaling is crucial during embryogenesis and remains
essential throughout life given its essential role in stem cell
self-renewal in adult stem and progenitor cells (reviewed in
Clevers?). Wnts are lipid-modified glycoproteins binding both
Frizzled (Fz) and low-density lipoprotein receptor-related
proteins (LRP5/6) (reviewed in Clevers and Nusse®). A
hallmark of the activated Wnt signaling is the accumulation
of the transcriptional co-activator §-catenin in the nucleus. In
the absence of Wnts, B-catenin is phosphorylated, ubiquiti-
nated and targeted for degradation by a cytoplasmic destruc-
tion complex containing APC (adenomatous polyposis coli),
Axin and the kinases glycogen synthase kinase 33 and casein
kinase 1a. In the presence of Wnts, inhibition of the destruction
complex results in stabilization of B-catenin, which then
translocates to the nucleus, binds to T-cell factor (TCF)/
lymphoid enhancer factor (LEF) transcription factors and
activates gene transcription (reviewed in Logan and Nusse').

Prominent Wnt/B-catenin target genes include the proto-
oncogene C-MYC,* the negative Wnt regulator AXIN2* and
cluster of differentiation 44 (CD44).” CD44 transmembrane
glycoproteins control growth, survival, differentiation and
motility (reviewed in Naor et al® and Ponta et al®). The
heterogeneity of the CD44 family is generated by alternative
splicing of 10 variant exons (vi—v10) in the extracellular
domain. These can either be excised completely as in CD44s

or be included in various combinations to encode CD44
variant proteins (CD44v).

CD44 controls signaling through interactions with other cell
surface receptors such as receptor tyrosine kinases (RTKSs),
including Met and vascular endothelial growth factor receptor-
2 (reviewed in Orian-Rousseau'®) and G-protein coupled
receptors, such as C-X-C chemokine receptor type 4.""

The key function of CD44 in growth control and in
transformation prompted us to test its potential role as a
regulator of the Wnt pathway. CD44 is a major Wnt target in the
intestine. Accordingly, Tcf4~’~ mice show a complete absence
of CD44 in the intestinal epithelium, indicating that -catenin/
TCF signaling controls CD44 expression.” Consistently, the
adenoviral expression of Dickkopf1 (Dkk1), a negative regulator
of Wnt signaling, represses intestinal CD44 expression in adult
mice.'2 CD44v6 expression is restricted to proliferating tissues,
including the intestinal crypts where the Wnt cascade controls
cell fate.” Recently, CD44v4-v10 isoforms were identified in
Leucine-rich repeat-containing G-protein coupled receptor 5
positive (Lgr5*) intestinal stem cells, whereas CD44s was
present in transit amplifying cells,’® suggesting a tight regula-
tion of alternative splicing in the intestine. The expression
pattern of some CD44 isoforms is shown in Figure 1.7:10:13-23

Overexpression of CD44v6 correlates with advanced
stages of colorectal cancer® characterized by mutations in
the Wnt pathway (e.g., APC mutations). In the Apc™* mouse
(mutation at codon 850), CD44 controls the onset of
tumorigenesis as deduced by a 50% reduction of intestinal
adenomas in Apc™*/Cd44~'~ mice.2% Moreover, inhibition of
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Figure 1

Expression pattern of CD44 isoforms. All CD44 isoforms are encoded by one single gene present on chromosome 11 in humans and on chromosome 2 in mice. The

CD44 gene is composed of 20 exons designated as constant and variable exons. Exons 1-5 and 16-20 are constant exons that encode the N-terminal and C-terminal regions of
CD44, respectively. Exon 19 is, however, spliced out in most CD44 isoforms. Ten variant exons (v1-v10) encoded by exons 6-15 can be alternatively spliced and included in
various combinations in the stem region, thereby giving rise to many CD44 variant isoforms. In human cells, exon v1 (exon 6) encodes a stop codon and is not expressed. The
smallest CD44 isoform, CD44s, does not contain any variant exon in the stem region and is virtually ubiquitously expressed. In contrast, the expression of CD44 variant isoforms is

restricted to specific tissues

CD44v6 by means of shRNA reduced the number of
adenomas in Apc™™* mice.?®

Besides the well-described function of CD44 as a Wnt/g-
catenin target gene, little is known about the role of CD44 as a
potential modulator of the pathway itself. CD44 downregula-
tion was recently shown to affect B-catenin phosphorylation
and nuclear accumulation in chronic myeloid leukemia cells.?”
Induction of the canonical Wnt pathway with specific activators
such as Wnt ligands was, however, not tested. As f-catenin
can be activated by several pathways,?®~*° the requirement of
CD44 for the Wnt-dependent B-catenin activation remains to
be addressed.

Here we show that CD44 acts as a regulator of the Wnt-
induced B-catenin signaling pathway. Downregulation of CD44
decreases, whereas overexpression of CD44 isoforms,
increases Wnt/B-catenin signaling. Epistasis experiments
place CD44 function at the receptor level, regulating
LRP6 phosphorylation and localization at the membrane.
To influence the Wnt pathway, CD44 requires the binding
of its intracellular cytoplasmic domain (ICD) to ERM (Ezrin-
Radixin-Moesin) and to the cytoskeleton. Most importantly, the
expression of the Wnt target genes fcf-4 and engrailed-2
(en-2) in Xenopus laevis is decreased upon injection of
CD44 morpholinos (MOs), indicating a role of CD44 in Wnt-
dependent patterning of the central nervous system
(CNS).31'32

Results

CD44 is a positive regulator of canonical Wnt signaling.
We first investigated whether repression of CD44 expression
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by RNAi would alter Wnt3a-regulated gene expression. For
Wnt pathway activation, we used the Wnt3a conditioned
medium (Wnt3a-CM, designated Wnt3a). We transfected
HEK293 cells expressing several CD44 isoforms®® with the
TCF/LEF responsive reporter gene construct TOPFlash and
siRNA targeting all CD44 isoforms. Treatment with Wnt3a
resulted in activation of Wnt signaling, and this was
significantly reduced by CD44 siRNA (Figure 2a). Conversely,
overexpression of human CD44s led to a dose-dependent
increase of Wnt signaling (Figure 2b). These results suggest
that CD44 can positively regulate Wnt/B-catenin signaling.

We next measured the levels of hypophosphorylated, active
B-catenin (ABC), as a read-out for pathway activity in HelLa
cells that express various CD44 isoforms.®* Wnt3a-induced -
catenin activation in these cells was clearly inhibited by CD44
siRNA (Figure 2c), confirming the requirement of CD44 for
Wnt3a-induced Wnt/B-catenin signaling. A similar effect was
also seen in HCT116 cells (Supplementary Figure S1A). In
agreement, cell-fractionation experiments in HelLa cells
showed a reduction of the Wnt-induced cytosolic accumula-
tion of B-catenin by CD44 siRNA (Supplementary Figure S1B).
Additional evidence was obtained using B-catenin transloca-
tion to the nucleus in Hela cells as a read out. Indeed,
immunofluorescence analysis demonstrated that nuclear
translocation was drastically blocked in cells transfected with
CD44 siRNA (Figure 2d).

CD44v isoform expression correlates with areas of high
Whnt activity. In colorectal cancer, for example, expression of
v6-containing isoforms strongly correlates with tumor
progression,2* which is largely controlled by the Wnt pathway
(reviewed in Radtke and Clevers®®). In addition, the intestinal
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Figure 2 CD44 is a positive regulator of Wnt/s-catenin signaling. (a) HEK293 cells transfected with control siRNA or siRNA against all CD44 isoforms were transfected with
TOPFlash and control TK-Renilla vectors. After stimulation with Wnt3a-CM or Co-CM (20 h), cells were lysed and subjected to luciferase measurements or, in parallel, to western
blotting (WB) analysis. Insert: siRNA-transfected HEK293 cells were transfected with FOPFlash and control TK-Renilla vectors and 48 h later subjected to luciferase
measurements. (b) HEK293 cells were transfected with TOPFlash and control TK-Renilla vectors together with increasing amounts of hCD44s cDNAs. After stimulation with
Wnt3a-CM or Co-CM (20 h), cells were lysed and subjected to luciferase measurements or, in parallel, to WB analysis. Insert: HEK293 cells were transfected with an empty vector
or hCD44s (75 ng) together with FOPFlash and control TK-Renilla vectors and 48 h later subjected to luciferase measurements. (c) HeLa cells were transfected with control
siRNA or siRNA against all CD44 isoforms and treated either with Co-CM or Wnt3a-CM for 3 h. Cells were subjected to WB analysis 72 h after siRNA transfection. The numbers
indicate the fold intensity values of the ABC bands normalized to the actin bands. (d) HeLa cells were transfected with control-siRNA or siRNA against all CD44 isoforms. Forty-
eight hours after siRNA transfection, cells were treated with Co-CM or Wnt3a-CM for 24 h. Subsequently, cells were subjected to immunofluorescence staining using antibodies
against f-catenin (red). The nucleus was stained with DAPI (4,6-diamidino-2-phenylindole; blue). Afterwards, cells were analyzed by confocal microscopy (left panel: -catenin
only; right panel: overlay; scale bar = 10 zm), and the percentage of cells with nuclear -catenin was evaluated (diagram). Data represent mean + S.D. of all confocal microscopy
experiments (four independent experiments; n>25 cells per experiment were evaluated). Statistical significance was analyzed using the Student’s ttest (*P<0.05). The
knockdown of CD44 was confirmed by WB analysis. (e) HEK293 cells were transfected with TOPFlash and control TK-Renilla vectors together with 75 ng of rCD44v4-v7,
rCD44v6 or rCD44s cDNAs. After stimulation with Wnt3a-CM or Co-CM (20 h), cells were lysed and subjected to luciferase measurements or, in parallel, to WB analysis. Reporter
gene assays and WB analysis are described in ‘Materials and Methods’. All TOPFlash data represent mean + S.D. from at least four independent experiments performed in
triplicates. Statistical significance was analyzed using the Student's ttest (*P<0.05, ***P<0.005)

Lgr5* stem cells are CD44v4-v10 positive, suggesting a role of
variant isoforms of CD44 in intestinal stem cell fate."® To
investigate whether CD44v isoforms have specific effects on
Wnt signaling, we compared the rat variant isoforms CD44v4-
v7,CD44v6 and CD44s in the TOPFlash assay (Figure 2e). All
CD44 isoforms augmented Wnt3a-activated transcription to

the same extent, suggesting that the inclusion of variant exons
is not necessary for CD44’s influence on canonical Wnt
signaling. These results suggest that all CD44 isoforms
function as positive regulators of Wnt signaling.

All CD44 proteins bind hyaluronan (HA) through their
extracellular domains and ERMs through their ICDs (reviewed

Cell Death and Differentiation
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in Ponta et al®). CD44-mediated amplification of Wnt/B-
catenin signaling is, however, independent of HA. Indeed,
hyaluronidase treatment or antibodies blocking the HA/CD44
binding had no effect on Wnt signaling (Supplementary
Figures S2A and B). Concordantly, overexpression of a
CD44 mutant lacking the HA binding ability®® was as efficient
as overexpression of wild-type CD44 in activating Wnt
signaling (Supplementary Figure S2C).

The CD44 ICD binds to several signaling molecules,
including ERMs.3” Therefore, we investigated the role of the
CD44 ICD in Wnt regulation. We expressed a rat CD44v4-v7
full-length protein or a rat CD44 mutant lacking the ICD
(rCD44v4-v7ACyt) and tested their ability to amplify Wnt
signaling in HEK293 cells (Figure 3a). The rat CD44 proteins
can be detected by western blotting using a rat-specific
antibody, and these constructs have already been used to
study signal transduction.®® In contrast to full-length rat
CD44v4-v7, rCD44v4-v7ACyt, a membrane-localized protein
(Supplementary Figure S3A), did not increase Wnt3a-induced
TOPFlash activation, demonstrating that the effect of CD44 on
Whnt/B-catenin signaling is mediated through the ICD.

CD44 requires the binding to Ezrin (Ez) to its ICD for its
function in Wnt/B-catenin signaling. Previous work
showed a dominant-negative (DN) effect of the CD44
ICD,%® so we tested whether its overexpression would block
Wnt signaling. Indeed, overexpression of the CD44 ICD
(CD44-Cyt) significantly inhibited Wnt3a-induced TOPFlash
activity (Figure 3b) as well as B-catenin activation (Figure 3c).
Taken together, these data show that the ICD of CD44
mediates its function in Wnt signaling.

We addressed the role of ERMs in CD44-dependent
regulation of Wnt signaling using a CD44 ICD construct
mutated in the ERM-binding site (CD44-CytAEz-BD). Unlike
the wild-type ICD, the CD44-CytAEz-BD protein showed no
significant effect on Wnt3a-induced TOPFlash activation
(Figure 3b) or B-catenin activation (Figure 3c). Therefore, the
CD44 ICD requires association with ERM proteins for its
function in Wnt signaling. Concordantly, a CD44 full-length
molecule mutated in the ERM binding domain was not as
efficient as wild-type CD44 in increasing Wnt signaling in a
TOPFlash assay (Supplementary Figure S3B).

The role of ERMs in Wnt signaling was directly addressed in
loss-of-function experiments in HEK293 cells using both
siRNA-mediated knockdown of Ezrin and overexpression of
an Ezrin DN mutant lacking the actin-binding site (Figures 3d
and e).%° Similar to RNAi-mediated CD44 knockdown, both
Ezrin RNAi and DN-Ezrin strongly suppressed Wnt3a-
mediated activation of the Wnt reporter. This confirms the
involvement of Ezrin in Wnt signaling and suggests that its link
to the cytoskeleton is required for CD44-mediated Wnt
signaling.

CD44v6 regulates RTK signaling (reviewed in Orian-
Rousseau'®). RTKs induce LRP6 phosphorylation and
B-catenin signaling via the mitogen-activated protein kinase
(MAPK)/Erk and phosphatidylinositol 3 kinase (PI3K)/Akt
pathways.2® However, inhibitors of both pathways did not
influence CD44-dependent augmentation of Wnt signaling
(Supplementary Figures S4A and B).

Cell Death and Differentiation

CD44 acts at the level of the Wnt receptors. Epistasis
experiments in the context of CD44 loss- and gain-of-function
were performed to identify CD44-specific targets in the Wnt
signaling cascade (Figure 4). In the loss-of-function experi-
ment, cells were treated either with control or CD44 siRNA.
Wnt/B-catenin signaling was activated using either Wnt3a or
overexpression of LRP6, dishevelled (Dsh) or constitutive
ABC (Figure 4a). In addition, gain-of-function epistasis
experiments using overexpression of CD44s rather than
siRNA treatment (Figure 4b) were performed. Strikingly, both
approaches showed a clear involvement of CD44 in Wnt
signaling when the pathway was activated by Wnt3a or LRP6
but not by the cytoplasmic Wnt transducers Dsh or §-catenin
(Figures 4a and b). The most dramatic effect of CD44
manipulation was seen on LRP6-induced Wnt signaling,
suggesting that CD44 regulates Wnt signaling at the level of
membrane receptors.

CD44 associates with LRP6 and is required for LRP6
activation and membrane localization. A possible asso-
ciation between CD44 and LRP6 was investigated in
co-immunoprecipitation (co-IP) studies (Figures 5a and b)
using Hela cells. We first overexpressed CD44v4-v7 and
FLAG-LRP6 in control or Wnt3a-treated cells. Lysates were
then immunoprecipitated with a CD44 antibody, and potential
co-immunoprecipitation of LRP6 was tested using an anti-
FLAG antibody. Strikingly, interaction between CD44v4-v7
and LRP6 was only detected in the presence of
Wnt3a (Figure 5a). A CD44v4-v7 mutant lacking the ICD
(CD44ACyt) did not associate with LRPS6, indicating that the
CD44 ICD is required for its Wnt-induced association with
LRP6 (Figure 5a). This finding might explain why the
CD44ACyt, in contrast to the full-length CD44, did not
increase Wnt3a-induced TCF/LEF-regulated transcription
(Figure 3a). We next tested for Wnt-induced association of
endogenous CD44 and LRP6. Hela cells were incubated
with Wnt3a for different time points, lysates treated with a
CD44 antibody and immunoprecipitates tested for the
presence of LRP6. As expected, no LRP6 was seen in
untreated cells; however, a clear band corresponding to
LRP6 was apparent in CD44 immunoprecipitates already
after 5min of Wnt3a treatment (Figure 5b). Thus CD44 and
LRP6 interact in a Wnt-dependent manner. The co-
immunoprecipitation between FLAG-LRP6 and endogenous
CD44 was confirmed in the other direction (Supplementary
Figure S5A). The association between CD44 and LRP6
depends most likely on the CD44-cytoskeleton linkage
through ERMs. Indeed, in contrast to a full-length wild-type
CD44, a mutant of CD44 in the ERM-binding domain was not
found in complex with LRP6 (Supplementary Figure S5B). In
addition, transfection of a DN form of Ezrin, lacking the actin-
binding domain, prevented the Wnt-dependent complex
formation between CD44 and LRP6 (Figure 5c). The
CD44-LRP6 interaction occurs through the respective
cytoplasmic domains. Indeed, a glutathione S-transferase
(GST)-CD44 cytoplasmic domain interacted with a FLAG-
LRP6 mutant lacking the extracellular domain (LRP6AE(1—
4)*) in HeLa cells (Supplementary Figure S5C).

We specifically tested the involvement of CD44 in LRP6
phosphorylation at Serine 1490 (Ser1490), an early event in
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Figure 3 CD44 requires the ICD and its binding to F-actin via Ezrin to regulate Wnt signaling. (a) HEK293 cells were transfected with TOPFlash and control TK-Renilla
vectors together with an empty vector or cDNAs for rCD44v4-v7 or rCD44v4-v7 ACyt (75 ng). After stimulation with Wnt3a-CM or Co-CM (20 h), cells were lysed and subjected to
luciferase measurements or, in parallel, to WB analysis. (b) HEK293 cells were transfected with TOPFlash and control TK-Renilla vectors together with empty vector or cDNAs for
GSTtagged CD44-Cyt (CD44 ICD, 75 ng) or GST-tagged CD44-CytAEzBD (CD44 ICD mutated in the Ezrin binding domain, 75 ng). After stimulation with Wnt3a-CM or Co-CM
(20 h), cells were lysed and subjected to luciferase measurements or, in parallel, to WB analysis. (¢) HeLa cells were transfected either with empty vector or cDNAs for CD44-Cyt
or CD44-CytAEzBD, treated with Wnt3a-CM for 3 h and subjected to WB analysis. (d) HEK293 cells transfected with control siRNA or siRNA against Ezrin were transfected with
TOPFlash and control TK-Renilla vectors. After stimulation with Wnt3a-CM or Co-CM (20 h), cells were lysed and subjected to luciferase measurements or, in parallel, to WB
analysis. (e) HEK293 cells were transfected with TOPFlash reporter and control Renilla luciferase vectors together with an empty vector or a cDNA corresponding to a DN V-SVG-
tagged mutant of Ezrin (DN-Ezrin, 20 ng) mutated in the F-actin binding domain. After stimulation with Wnt3a-CM or Co-CM (20 h), cells were lysed and subjected to luciferase
measurements or, in parallel, to WB analysis. Reporter gene assays and WB analysis are described in ‘Materials and Methods'. All data represent mean + S.D. from at least four
independent experiments performed in triplicates. Statistical significance was analyzed using the Student's ttest (*P<0.05; n.s. = not significant)

the activation of the Wnt signaling cascade*' (Figure 5d).
Indeed, siRNA-mediated knockdown of CD44 in Hela cells
strongly inhibited Wnt3a-induced phosphorylation of LRP6 as
measured with a phospho-Ser1490 antibody (Figure 5d).

LRP6 is usually detected as two bands with different
molecular weights in SDS-PAGE/WB. The immature form of
LRP6 (faster migrating band) is located in the endoplasmic
reticulum (ER), whereas the mature (upper band) more

Cell Death and Differentiation
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Student’s ttest (*P< 0.05; n.s. = not significant)

heavily glycosylated form is at the plasma membrane.*?
Upon Wnt activation, the upper band is further up-shifted due
to a higher phosphorylation status. Consistent with the loss
of PPSP phosphorylation, this Wnt3a-induced up-shift of
LRP6 is reduced upon CD44 knockdown (green asterisks in
Figure 5d). Moreover, loss of CD44 also lead to reduction of
the upper band of endogenous LRP6 in unstimulated cells
(red asterisks in Figure 5d) suggesting that CD44 drives the
maturation of LRP6 or its localization at the membrane
(Figure 5d, total LRP6 panel).

The localization of LRP6 at the membrane, where LRP6
phosphorylation takes place, was tested upon over-
expression of green fluorescent protein (GFP)-tagged
LRP6 in Hela cells transfected with either control or CD44
siRNA (Figure 6a). Whereas 80% of control siRNA-
transfected cells displayed LRP6-GFP at the membrane
(Figure 6a), in 75% of CD44 siRNA-transfected cells, most
LRP6 was perinuclear (Figure 6a). Correct membrane
localization of LRP6 could be restored in the CD44 siRNA-
transfected cells upon transfection of rat CD44s (Figure 6a).
Here LRP6 was found again at the membrane in 74% of
cells. This effect was specific for LRP6, because lack of
CD44 did not affect receptor tyrosine kinase-like orphan
receptor 2 (Ror2) membrane localization (Figure 6a).
Further analysis of LRP6 localization in the absence of
CD44 revealed that the majority of LRP6 is retained in the ER
as demonstrated by the colocalization of LRP6 with a
specific ER marker (Figure 6b). The staining of LRP6-GFP
at the plasma membrane was slightly enhanced upon
overexpression of the LRP5/6-specific chaperone meso-
derm development (Mesd) that promotes transit of LRP6
from the ER to the membrane®*? (Figure 6b). However, even
in the presence of co-expressed Mesd, LRP6 although
released from the ER still failed to reach the plasma
membrane in CD44 siRNA-transfected cells (Figure 6b).
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LRP6 membrane localization was also strongly suppressed
by transfection of the cytosolic CD44 ICD (Figure 6c¢) acting
in a DN manner. Indeed, in only 30% of ICD transfected cells
LRP6 was membrane localized. The inhibition of LRP6
membrane localization by the CD44 ICD was rescued by
mutation of the Ezrin-binding sites, suggesting a role of Ezrin
in this process. Moreover, the Ezrin—cytoskeleton linkage is
required, as a DN-Ezrin also blocked the correct LRP6
localization (Figure 6c¢). Therefore, the function of CD44 in
Whnt signaling strongly depends on its ICD and its binding to
the cytoskeleton via Ezrin.

CD44 is required for Wnt target gene expression in the
developing X. laevis CNS. The physiological relevance of
CD44 function in Wnt signaling was tested in X. laevis.
Overexpression of CD44s from human, rat or X. laevis in
HEK293 cells enhanced Wnt3a-induced signaling to a similar
extent (Figure 7a), demonstrating a conserved function of
CD44 as a Wnt regulator across species.

Expression of the Wnt target genes itcf-4 and en-2,
both expressed in the developing brain, along with
CD44*® was measured upon downregulation of CD44
using MO antisense oligonucleotides. Examination of
stage-32 embryos showed that the CD44-MO worked
(Supplementary Figure S6). Indeed, MO-injected embryos
failed to develop a ventral musculature as already shown in
Ori et al.,*"*® a phenotype rescued by injection of human
CD44s DNA (Supplementary Figure S6). We injected CD44-
MO in one blastomere of X. laevis two-cell stage embryos
and tested the consequence on the expression levels of tcf-4
and en-2transcripts using the whole-mount in situ hybridiza-
tion. Expression of both target genes was significantly
reduced on the injected side in >30% of injected embryos
(Figures 7b and c). Importantly, co-injection of hCD44s
DNA partially rescued this phenotype (Figures 7b and c),
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points with Wnt3a-CM, lysed and proteins were immunoprecipitated with antibodies against CD44. Immunoprecipitates were subjected to WB analysis with an antibody against
LRP6 and CD44. The numbers indicate the fold increase of co-immunoprecipitated LRP6 normalized to the immunoprecipitated CD44. (c) HeLa cells were transfected with
cDNAs for DN-Ezrin together with a FLAG-tagged LRP6 construct. Twenty-four hours after transfection, cells were treated either with Co-CM or Wnt3a-CM for 30 min, lysed and
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transfection (asterisks = mature LRP6 band of untreated (red) or Wnt3a treated (green) cells). The numbers indicate the fold intensity values of the p-LRP6 bands normalized to

the bands of total LRP6

confirming that the reduced expression of the Wnt target
genes is specific for the CD44 knockdown. Injection of
B-catenin DNA also rescued this phenotype, showing
that downregulated expression of fcf-4 and en-2 by
CD44-MO is indeed specific to Wnt/B-catenin signaling
(Figures 7b and c). These results provide compelling
evidence for the in vivo relevance of CD44 function in Wnt
signaling. Moreover, as tcf-4 is a marker for the midbrain**
and en-2 defines the midbrain/hindbrain boundary,*® this
result indicates an involvement of CD44 in CNS patterning
during early embryogenesis.

Taken together, our data suggest a novel and essential role
for CD44 in Wnt signaling by regulating the cell surface
expression and signaling activity of the Wnt/B-catenin co-
receptor, LRP6.

Discussion

We describe here a novel function of CD44 in Wnt signaling.
Our findings indicate that CD44 is not only a Wnt target gene
but also functions as a modulator of Wnt/B-catenin signaling at
the level of LRP6 activation and membrane localization.
Whereas downregulation of CD44 leads to decreased
B-catenin activation and TCF/LEF reporter gene activation,
overexpression of CD44 increases Wnt activity (Figure 2),
indicating a function as a positive regulator of Wnt signaling.
CD44 associates with LRP6 upon Wnt stimulation (Figure 5)
and is also required for correct LRP6 localization at the
membrane (Figure 6). Our findings indicate that CD44 is a
positive feedback regulator of the Wnt pathway, in line with the
idea that feedback control is a key feature of Wnt signaling
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regulation (reviewed in Logan and Nusse'). The in vivo
relevance of these findings is demonstrated in the developing
X. laevis embryo where the Wnt-dependent anterior—posterior
patterning of the X. laevis brain requires CD44 (Figure 7).

Epistasis experiments (Figure 4) demonstrate that CD44
acts at the level of LRP6 and upstream of Dsh and S-catenin.
The fact that CD44 is also required for Wnt-dependent LRP6
phosphorylation further supports this (Figure 5d). These data
are in agreement with the idea that LRP6 lies genetically
upstream of Dsh.*® In contrast to this assumption, however,
Dsh was shown to be required for LRP6 phosphorylation, a
function that would place it biochemically upstream of LRP6
activation.*’ Interestingly, CD44 has a role not only in Wnt-
dependent phosphorylation of LRP6 but also in LRP6
translocation to the membrane. Therefore, a possible expla-
nation for the lack of Wnt-dependent phosphorylation of LRP6
(Figure 5d) in the absence of CD44 might be the inhibition of
LRP6 translocation to the membrane. However, LRP6 activa-
tion is a Wnt-dependent process, whereas LRP6 transport is
Wnt independent. Furthermore, CD44 interacts with LRP6
only upon Wnt stimulation, whereas the function of CD44 in
LRP6 transport to the membrane seems to be more indirect.
Therefore we suggest that these are two independent
functions of CD44 in Wnt signaling.

The ERM-binding motifs are required for CD44-dependent
Wnt regulation (Figure 3b,Supplementary Figure S3B),

suggesting that the binding of the CD44 ICD to ERMs is
involved. Furthermore, we show here that Ezrin binding to the
cytoskeleton has a decisive role in this pathway (Figure 3e).
Ezrin function might be linked to the formation of LRP6
signalosomes via cytoskeleton rearrangements, a step crucial
for Wnt signaling. Indeed, actin—cytoskeletal rearrangements
have already been shown to control Wnt/3-catenin signaling in
mesenchymal cells.*® Moreover, the CD44 ICD and the Ezrin
actin-binding domain control LRP6 membrane localization,
suggesting that the transport of vesicles to the membrane
involves actin polymerization. This latter step is promoted by
the actin-related proteins 2/3 (Arp2/3) complex and neural
Wiskott—Aldrich syndrome protein (N-WASP). It was shown
that CD44 and Ezrin interact with N-WASP and promote the
actin assembly via the N-WASP-Arp2/3 machinery.3%:4

Altogether, the role of CD44 both in the Wnt-independent
LRP6 membrane targeting and in the Wnt-dependent LRP6
phosphorylation appear to be linked to the ability of CD44 to
bind ERMs. Functions of ERMs that might explain their role in
these two processes have been described. On the one hand,
ERMs regulate membrane delivery of proteins.>® On the other
hand, ERMs function as scaffold proteins that build molecular
networks facilitating activation of proteins.®"

Our results show that CD44 is a positive regulator of Wnt
signaling. This is in line with the fact that the Wnt pathway is
controlled by feedback mechanisms. Negative feedback loop
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mechanisms are understandably necessary to avoid uncon-
trolled activation of the Wnt pathway. In contrast, positive
regulatory mechanisms are less common. One possible target
organ for positive regulation is the intestine. Indeed, the
consequences of an abrogation of canonical Wnt signaling by
either removal of B-catenin or TCF4 or by overexpression of
the Wnt inhibitor Dkk1 are dramatic. Inactivation of canonical
Wnt signaling caused in all cases complete loss of proliferation
of intestinal progenitor cells at the bottom of the intestinal
crypts and had severe effects on stem cell maintenance and
tissue homeostasis.'?%2® |n this tissue in particular, an
isoform-specific expression of CD44 was shown. Indeed,
whereas CD44v4-v10 is expressed in intestinal stem cells,
proliferative progenitor cells express CD44s."™® A positive
feedback of CD44 might be crucial for the maintenance of a
constant level of Wnt activity required for the homeostasis and
renewal of the intestinal epithelium.

It has been extensively shown that CD44 is involved in Wnt-
induced tumorigenesis.” Till now, only the aspect of CD44 as
Wnt target gene has been investigated. The finding that CD44
is not only a Wnt target gene but also a Wnt pathway regulator
sheds new light on the role of CD44 in Wnt-induced
tumorigenesis.

Materials and Methods

Cell culture. All cell lines (HEK293 CRL-1573; HeLa CCL-2; Wnt3a-L cells
CRL-2647; L-cells CRL-2648; HCT116 CCL-247) were obtained from ATCC (Wesel,
Germany) and were maintained in Dulbecco’s modified Eagle medium containing
10% fetal bovine serum (FBS). Wnt induction was done using recombinant Wnt3a
(200 ng/ml; R&D Sytems, Wiesbaden, Germany) and mouse Wnt3a-CM, produced
from mouse L cells stably transfected with mouse Wnt3a.>* As Control conditioned
medium (Co-CM), we used medium from L-cells. The Wnt3a-CM was diluted in
DMEM+10% FBS to a concentration that induced the TOPFlash reporter
comparably to 200ng/ml recombinant Wnt3a in DMEM+FBS. U0126 and
LY294002 were purchased from Cell Signaling (Beverly, UK).

Antibodies and other reagents. The human pan-CD44 antibody Hermes 3
was a gift from S Jalkannen (Turku, Finland); the ratCD44 exon 15-specific antibody
5G8 and the rat exon v6-specific antibody 1.1ASML have been described.55%¢ The
human CD44 antibody BU52 was obtained from Pierce (Rockford, IL, USA) and is
described previously.>” The mouse IgG1 antibodies came from R&D Systems. The
anti-ABC antibody clone 8E7 was obtained from Millipore (Bedford, MA, USA), and
the antibody against total s-catenin used for western blotting analysis was from BD
Transduction Laboratories (Mat. no.: 610153; Heidelberg, Germany). The antibody
against total s-catenin (D10A8) used for immunofluorescence microscopy and the
Phospho-LRP6 (Ser1490) antibody were obtained from Cell Signaling. The total
LRP6 antibody T1479 was described previously.*® The anti-V-SVG antibody used
for detection of V-SVG tagged DN Ezrin was from Stressgen (Ann arbor, MI, USA).
Antibodies against Ezrin (3C12), actin (I-19), PCNA (PC10), ERK1/2 (K-23) and
GST (Z-5) were purchased from Santa Cruz (Heidelberg, Germany). The antibody
against the transferrin receptor (Ab84036) was obtained from Abcam (Cambridge,
UK). The anti-FLAG antibody (Clone M2), anti-FLAG beads (Clone M2) and GSH
gluthatione agarose (G4510) were from Sigma (Taufkirchen, Germany). Mouse IgG-
sepharose bead conjugates (Cell Signaling) were used as controls for the co-
immunoprecipitation experiments. Anti-mouse or anti-rabbit horseradish peroxidase-
coupled secondary antibodies were from Dako (Hamburg, Germany). Hyaluronan
(Healon) was from Abbott Medical Optics (Santa Ana, CA, USA). The MAPK kinase
(MEK) inhibitor UO126 was purchased from Promega (Mannheim, Germany). The
PI3K inhibitor Ly249002 was from Cell Signaling. The DMSO used as control for the
MEK- and PI3K-inhibition experiments was obtained from Fluka (Neu-Ulm,
Germany).

Plasmids and constructs. The human and rat CD44s were cloned in
pcDNAS.1 (+/—) (Invitrogen, Karlsruhe, Germany). Sequences are available upon
request. XCD44s (X. laevis hypothetical protein LOC443701) cloned into pCMV-
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Sport6 was a gift from M Ori (University of Pisa, Pisa, ltaly). The pGK-CD44v6 and
pGK vector controls have been described.®® The sequence of rCD44v4-v7 or
rCD44v4-v7ACyt cloned into pSV and the pSV empty vector control are
described.®® The constructs encoding the CD44 ICD (CD44-Cyt) and the mutant
ICD (CD44-CytAEz-BD) and empty vector control pEBG are described.*” hCD44s
mutated in the ERM binding site (CD44s-ERMmut: R292-R293-R293 — A292-
A293-A294) was generated as previously described.®” hCD44s mutated in the HA-
binding site was generated by a point mutation (R41A) in the HA-binding domain
and is described previously.*® The construct expressing an Ezrin mutant deleted in
the last 29 amino acids at the N-terminus, thus lacking the actin-binding domain
(Ezrin-DN) and corresponding empty vector pCB6, are described previously.* The
M50 Super 8x TOPFlash vector (plasmid 12456) with a luciferase gene under the
control of seven TCF/LEF-binding sites and the corresponding M51 Super 8x
FOPFlash vector (plasmid 12457) with mutated TCF/LEF-binding sites were
obtained from Addgene (Cambridge, MA, USA). The normalization vector pRL-TK
renilla with a HSV-TK promotor driving Renilla luciferase was purchased from
Promega. pCS-FLAG-hLRP6 and pCS-hLRP6-GFP constructs are described
previously.% The pCS2-LRP6 construct is described previously.®® The pCS-FLAG-
LRPBAE(1-4) construct is described previously.** hDsh-1 was cloned into pCS2+
and is described previously®' The myc tagged mp-Cat expression vector point
mutated at Serin 33 (S33A) is described previously.? The xRor2-mCherry construct
is described previously.®® The pCMV-mMesd construct is described previously.*°
The xCD44-MO (5'-TAACAATCCACAGCATTGAGGCCAT-3')** and standard
control-MO (5’-CCTCTTACCTCAGTTACAATTTATA-3') were obtained from Gene
Tools (Philomath, OR, USA). Capped mRNAs were transcribed from linearized DNA
templates using mMMESSAGE mMachine (Ambion, Warrington, UK). Digoxigenin-
labeled antisense probes for in situ hybridization were synthesized with the DIG
RNA labeling kit (Roche, Mannheim, Germany). Probes for in situ hybridization are
described elsewhere: en-2 in Landesman and Sokol(64), and tcf-4 in Konig et al.®®

Transfection procedures. siRNA transfection in HEK293 or Hela cells was
performed using the HiPerFect transfection reagent (Qiagen, Hilden, Germany)
according to the manufacturers protocol using 5nM of CD44 pan siRNA
(pool of three: (5'-CTGAAATTAGGGCCCAATT-3'; 5'-AATGGTGCATTTGGTGAAC-3';
5'-CAGAAACTCCAGACCAGTT-3’; Qiagen) or 5nM Ezrin siRNA (pool of
three: 5’-GGAACAUCUCUUUCAAUGA-3’, 5'- CCACGUCUGAGAAUCAACA-3’
and 5’-GACUCUGUUUGCUUGUGUU-3'; Santa Cruz) or control siRNA (pool of
three: 5’-UAAUGUAUUGGAACGCAUAUU-3'; 5'-AGGUAGUGUAAUCGCCUUGUU-3'
and 5-UGCGCUAGGCCUCGGUUGCUU-3’; Eurofins MWG, Ebersberg,
Germany). Cells were analyzed at least 48 h after siRNA transfection. DNA
transfection of HEK293 and Hela cells was performed using PromoFectin
(PromoKine, Heidelberg, Germany) according to the manufacturer’s protocol.
Cells were analyzed at least 24 h after DNA transfection.

Western blotting analysis. HEK293 or Hela cells were lysed in boiling SDS-
sample buffer (125 mMTrisHCI pH 6.8; 4% SDS; 20% Glycerol; 0.01% bromphenol
blue) containing 100 mM dithiothreitol (DTT) and subjected to the standard SDS-
PAGE and western blotting procedures. Where necessary, blots were stripped
(62.5mM Tris, pH 6.8; 2% SDS; 0.8% DTT; 1 h at 55 °C) and incubated with loading
control antibodies. Blots were stained using the enhanced chemiluminescence system
(ECL; Thermo Fisher Scientific, Schwerte, Germany). All antibodies used are
described above. Where indicated, protein bands were quantified using ImagedJ (U.S.
National Institutes of Health, Bethesda, MD, USA). Western blot pictures show one
representative out of at least three independent experiments.

Hyaluronan detection and hyaluronidase treatment. HEK293 cells
were treated for 24 h with 50 U/ml Bovine Testis Hyaluronidase (Sigma), fixed with
4% paraformaldehyde (PFA) and incubated with biotinylated HA-binding protein
(Merck, Darmstadt, Germany, 2.5mg/ml) overnight. Cells were stained with
Alexad88-streptavidin conjugates for 2 h (Life Technologies, Darmstadt, Germany)
and counterstained with DAPI (Life Technologies). The slides were mounted with
Fluorescence Mounting Medium (Dako) and analyzed with a SP5 laser scanning
confocal microscope (Leica, Wetzlar, Germany) with a x 63 objective.

Reporter assays. All reporter gene assays were performed in 96-well plates.
Briefly, HEK293 cells (1.5 x 10*/well) were transfected with SuperTOPFlash reporter
(20 ng) and TK-Renilla (5 ng) and the respective plasmid DNA as indicated using
PromoFectin (PromoKine) transfection reagent according to the manufacturer's
protocol. Where indicated, cells were transfected with a SuperFOPFlash reporter



instead of the SuperTOPFlash reporter. Each transfection was adjusted to 125 ng
DNA/transfection with pcDNA3.1 empty vector. Where indicated, cells were
transfected at 50-70% confluency with siRNA using the HiPerFect transfection
reagent in 6 cm petri dishes according to the manufacturer's protocol 24 h before
seeding the cells for the reporter assays. Co-CM or Wnt3a-CM was added to
HEK293 cells 24 h after DNA transfection. Where indicated, cells were treated with
HA (400 pg/ml), hyaluronidase (HAse, 50 U/ml), blocking antibodies (3 xg/ml) or the
chemical inhibitors (U0126, 15 xM; LY294002, 50 M) 1h prior to induction and
over the whole induction experiment. Cells were lysed 48 h after DNA transfection
with 1x Passive Lysis Buffer (Promega), and the luciferase activity was measured
using the Luminescence counter 1420 (PerkinElmer, Rodgau, Germany). TOPFlash
experiments were normalized to co-transfected Renilla gene expression. Statistical
analysis was performed using the Student's ttest. A value of P<0.05 was
considered statistically significant. In parallel to the reporter assay, transfected
HEK293 cells were subjected to western blotting analysis.

B-Catenin and LRP6-activation assays. Hela cells were seeded in six-
well plates (1.5x 10%well) and transfected as indicated with DNA (1 g pcDNA3.1
+500 ng CD44-Cyt or CD44-CytAEz-BD) using PromoFectin (PromoKine) or with
control- or CD44-siRNA as described above using HiPerFect (Qiagen). Cells were
incubated for 2 h (LRP8-assay) or 3 h (s-catenin assay) with Co-CM or Wnt3a-CM
and lysed 48 h after DNA transfection, respectively, 72 h after siRNA transfection
and subjected to western blotting analysis.

Subcellular fractionation. To examine the subcellular localization of
f-catenin, Hela cells were seeded in 10 cm plates (5x 10°) and transfected with
control- or CD44-siRNA. Seventy-two hours later, cells were treated for 6 h with
Wnt3a-CM or Co-CM and subjected to subcellular fractionation as described in
Huang et al%® The membrane and cytosolic fraction were subjected to western
blotting analysis using antibodies against CD44 (Hermes-3) and total /-catenin.
Antibodies against Erk were used as control for the cytosolic fraction. To examine
the membrane localization of rCD44v4-v7ACyt, HEK293 cells were transfected with
rCD44v4-v7ACyt and 48 h later subjected to subcellular fractionation as described
above. The membrane and the cytosolic fraction were subjected to western blotting
analysis using an antibody against rCD44 (1.1ASML). Antibodies against transferrin
receptor were used as control for the membrane fraction, and antibodies against
Erk as control for the cytosolic fraction.

Co-immunoprecipitation and pulldown. For co-immunoprecipitation of
endogenous proteins, Hela cells were seeded in 10cm plates (1x10%) and
incubated for the indicated time points with Wnt3a-CM. Cells were washed with ice
cold PBS and lysed in lysis buffer (25 mM HEPES, pH 7.5, 100 mM NaCl, 1 mM
EDTA, 10% glycerol, 1% NP-40, 0.5 mM MgCI2, 10 mM NaF, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 1mM Na orthovanadate, and 1mM aprotinine and
leupeptin) for 30 min. Immunopreciptitation was performed on cleared lysates
(12000 r.p.m. for 15min at 4 °C) with CD44 antibodies (Hermes-3) and protein G
agarose beads (Merck) or mouse-lgG sepharose bead conjugates (IgG-control)
(Cell Signaling) at 4 °C over night. The precipitates were washed in lysis buffer (3 x )
and boiled in SDS-sample buffer containing 100 mM DTT. Samples were subjected
to western blotting analysis using anti-CD44 (Hermes-3) anti-LRP6 antibodies and
stained using the ECL system. For co-immunoprecipitation of overexpressed
FLAG-LRP6 and overexpressed rCD44 and rCD44ACyt constructs, cells were
transfected in 10 cm plates with 2 g FLAG-LRP6 together with 2 .g rCD44v4-v7 or
2 ug rCD44v4-v7ACyt plasmids using PromoFectin. Twenty-four hours after
transfection, cells were treated for 30 min with Wnt3a-CM and subjected to
co-immunoprecipitation as described above using an rCD44 antibody (1.1ASML) for
the immunoprecipitation. Co-immunoprecipitated FLAG-LRP6 was detected using a
FLAG-antibody. The co-immunoprecipitation of CD44 together with FLAG-LRP6 was
performed similarly as described above using an antibody against FLAG-LRP6 for
the immunoprecipitation. Co-immunoprecipitated CD44 was detected using an
antibody against human CD44 (Hermes-3). For co-immunoprecipitation of
overexpressed FLAG-LRP6 and endogenous CD44 in the presence of DN-Ezrin,
cells were transfected in 10 cm plates with 2 g FLAG-LRP6 together with either
2 ug empty vector (pCB6) or 1ug DN-Ezrin and 1ug empty vector using the
PromoFectin transfection reagent. Twenty-four hours after transfection, cells were
treated for 30 min with Wnt3a-CM and subjected to co-immunoprecipitation as
described above using an hCD44 antibody (Hermes-3) for the immunoprecipitation.
Co-immunoprecipitated FLAG-LRP6 was detected using a FLAG-antibody.
For co-immunoprecipitation of overexpressed FLAG-LRP6 and overexpressed
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CD44s and CD44s-ERMmut, cells were transfected in 10cm plates with 2 ug
FLAG-LRP6 together with 2 ug CD44s or 2 g CD44s-ERMmut plasmids using the
PromoFectin transfection reagent. Twenty-four hours after transfection, cells were
treated for 30 min with Wnt3a-CM and subjected to co-immunoprecipitation as
described above using an CD44 antibody (Hermes-3) for the immunoprecipitation.
Co-immunoprecipitated FLAG-LRP6 was detected using a FLAG-antibody. For co-
immunoprecipitation of the cytoplasmic CD44-domain with a LRP6 mutant that lacks
the extracellular domain (LRP6AE(1-4)), HelLa cells were seeded in 10 cm plates
(1x10°%) and transfected with 2ug CD44-Cyt-GST (described in Legge and
Isacke™) together with 2 g pEBG or 2 ug FLAG-LRPAE(1-4). Forty-eight hours
later, cells were washed with ice-cold PBS and lysed in lysis buffer (see above) for
30min. The GST-pulldown was performed on cleared lysates (12 000 r.p.m. for
15min at 4 °C) with Glutathione agarose beads (Sigma) at 4 °C over night. The
precipitates were washed in lysis buffer (3x) boiled in SDS-sample buffer
containing 100 mM DTT. Samples were subjected to western blotting analysis using
anti-GST and anti-FLAG antibodies and stained using the ECL system.

Confocal microscopy. Hela cells were seeded in 10cm petri dishes and
transfected at 50-70% confluency with control- or CD44pan-siRNA using HiPerFect
(Qiagen) according to the manufacturers protocol. Twenty-four hours after siRNA
transfection, cells were seeded on 20 mm glass cover slips (Menzel, Braunschweig,
Germany) in 12-well plates. For s-catenin localization studies, cells were treated for
24 h either with Co-CM or Wnt3a-CM, washed once with PBS and fixed with
methanol for 10min at —20°C. Afterwards cells were washed 3x with PBS,
blocked with 5% FBS in PBS for 1h and incubated with a p-catenin antibody
(D10A8,1:100) for 24 h at 4 °C. Subsequently, cells were washed 3x with PBS,
incubated with an donkey anti-rabbit-Alexa 546 antibody (0.4 z.g/ml) for 2 h at room
temperature, counterstained with DAPI for 30 min, washed another 3 x, mounted
with Fluorescence Mounting Medium (Dako) and analyzed with an SP5 laser
scanning confocal microscope (Leica, Wetzlar, Germany) with a 63x objective. In
parallel, transfected cells were subjected to western blotting analysis to confirm
hCD44 knockdown. The percentage of cells with nuclear $-catenin was quantified
and statistically analyzed using the double-sided Students ttest. A value of
P<0.05 is considered statistically significant. For LRP6-GFP and Ror2-mCherry
localization studies, cells were transfected with pcDNA3.1 empty vector (250 ng) or
rCD44s (250 ng) or Mesd (50 ng) together with LRP6-GFP (250 ng), respectively,
with pcDNA3.1 empty vector (250 ng) together with Ror2-mCherry (250 ng) using
PromoFectin transfection reagent (PromoKine) according to the manufacturer’s
protocol. Where indicated, HeLa cells seeded on 20 mm glass cover slips in 12-well
plates were transfected with pcDNA3.1 empty vector, CD44-Cyt (250 ng), CD44-
CytAEzBD (250ng) or DN-Ezrin (100ng) together with LRP6-GFP (250 ng)
constructs with PromoFectin. The total amount of plasmid DNA was adjusted to
1 ug with pcDNABS.1. Twenty-four hours after DNA transfection, cells were fixed with
4% paraformaldehyde for 10 min at room temperature (RT). Cells were incubated
with DAPI (Life Technologies) and where indicated with an ER marker (ER-Tracker
Red, Invitrogen) for 30 min at RT. Samples were mounted with Fluorescence
Mounting Medium (Dako) and analyzed with an SP5 laser scanning confocal
microscope with a 63 x objective. In parallel, transfected cells were subjected to
western blotting analysis to confirm hCD44 knockdown and rCD44s overexpression.
The membrane staining of LRP6-GFP and Ror2-mCherry was assessed by
comparison of the GFP or mCherry channels with the corresponding brightfield
channel. The ratio between cells with membrane or ER localized LRP6 to LRP6-
GFP transfected cells was quantified and statistically analyzed using the Student's
ttest. A value of P<<0.05 was considered statistically significant.

X. laevis studies. X. laevis embryos were in vitro fertilized, dejellied, cultured
and injected as previously described.” MOs (16 ng) were co-injected into one
blastomere of X. laevis two-cell stage embryos with 4 pg dextrane-FITC as lineage
tracer to identify the injected site at neurula stages and to sort left side injected
embryos from right side injected embryos. Where indicated, xCD44-MO were
co-injected with hCD44s (50 pg) or constitutive ABC (30 pg) expression vectors.
Embryos were staged according to Nieuwkoop® and fixed at stages 28-32 in
MEMFA (0.1 M MOPS pH 7.2, 2 mM EGTA, 1 mM MgSO, and 3.7% formaldehyde).
In situ hybridization for tcf-4 and en-2 is described previously.>' Images were
captured on a Leica MZFLIII microscope using a digital camera (Qimaging, Surrey,
BC, Canada) and the Improvision software (PerkinElmer, Rodgau, Germany).
Statistical analysis was performed using the Student’s ttest. A value of P<0.05
was considered statistically significant.
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Statistical analysis. The Student's ttest was used for comparison of two
samples. Calculation of the average was performed using at least three biological
replicates. P-values <0.05 were considered significant. Error bars indicate S.D.
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