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The canonical Wnt signaling pathway plays a crucial role in embryonic development, tissue homeostasis
and cancer progression. The binding of Wnt ligands to their cognate receptors, the Frizzled (Fzd) family of
proteins, recruits Dishevelled segment polarity protein (Dvl) to the plasma membrane and induces its
phosphorylation via casein kinase 1 (CK1), which leads to the activation of b-catenin. Previous studies
showed that Dishevelled-associating protein with a high frequency of leucine residues (Daple) is an
important component of the Wnt signaling pathway and essential for Dvl phosphorylation. However, the
mechanism by which Daple promotes CK1-mediated phosphorylation of Dvl is not fully understood. In
this study, we found that Daple overexpression induced CK1ε-mediated Dvl2 phosphorylation at thre-
onine 224 (Thr224). A Daple mutant (Daple DGCV) that lacks a carboxyl-terminal motif to associate with
Dvl, retained the ability to interact with CK1ε, but did not induce Dvl phosphorylation, suggesting the
importance of the Daple/Dvl/CK1ε trimeric protein complex. We further found that Thr224 phosphor-
ylation of Dvl was required for full activation of b-catenin transcriptional activity. Consistent with this,
wild-type Daple promoted b-catenin transcriptional activity, following dissociation of b-catenin and axin.
Finally, Wnt3a stimulation increased the membrane localization of Daple and its association with Dvl,
and Daple knockdown attenuated Wnt3a-mediated b-catenin transcriptional activity. Collectively, these
data suggested a essential role of spatial Daple localization in CK1ε-mediated activation of Dvl in the
canonical Wnt signaling pathway.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

The canonical (b-catenin dependent) and non-canonical (b-
catenin independent) Wnt signaling pathways are crucial for an
array of cellular functions, intercellular communication, embryonic
development and tissue homeostasis [1,2]. Both pathways are
highly conserved among species. Many studies have shown that
dysfunction and deregulation of these pathways cause the initia-
tion and progression of cancer, suggesting the significance of tight
control of theWnt signaling pathways [3]. Wnt ligands are secreted
lipoprotein receptor-related
ycogen synthase kinase 3-b.
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lipoglycoproteins that bind to their receptor complex, which is
composed of the Frizzled (Fzd) and low-density lipoprotein
receptor-related protein 5/6 (LRP5/6) to initiate the canonical Wnt
signaling pathway [4]. Dishevelled segment polarity protein (Dvl in
mammals) is a major component of the canonical Wnt signaling
pathway. It becomes polymerized by interacting with Wnt-bound
Fzd and LRP5/6 receptors [5,6]. Dvl proteins undergo phosphory-
lation by different kinases, including casein kinase 1 (CK1) [7,8].
Phosphorylation of Dvl inhibits the b-catenin destruction complex
composed of Axin, glycogen synthase kinase 3-b (GSK-3b) and
adenomatous polyposis coli (APC). As a result, b-catenin is stabi-
lized and translocated to the nucleus. Nuclear b-catenin then in-
teracts with T cell factor (TCF)/lymphoid enhancer factor (LEF) and
initiates transcription of its target genes [9].

The Dvl proteins are multifunctional scaffold phosphoproteins.
Dvl phosphorylation is indispensable for signal transduction in
both the canonical and non-canonical Wnt signaling pathways
Dvl2 phosphorylation and canonical Wnt signaling, Biochemical and
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[5,6]. Previous studies identified many phosphorylation sites in
Dvl2, a Dvl isoform, that positively regulate the canonical Wnt
pathways. For example, the phosphorylation of serine residues at
298 and 480 of Dvl2 via receptor-interacting protein kinase 4
promotes b-catenin stability in the canonical Wnt signaling
pathway, which is crucial for the growth of cancer and pluripotent
human embryonal carcinoma cells [10]. In the non-canonical Wnt
signaling pathway, CK1d- and ε-dependent phosphorylation of
Ser143 and Thr224 in Dvl2 promotes primary cilia disassembly,
followed by cell cycle progression that depends on polo-like kinase
1 activity [11]. Although the role of Ser143 phosphorylation in the
canonical Wnt signaling pathway was revealed [12], the signifi-
cance of Thr224 phosphorylation has not been determined. Thus, a
complete picture of Dvl2’s role and the biological significance of its
intricate phosphorylation functions have not yet been established.

Dishevelled-associating proteinwith a high frequency of leucine
residues (Daple) was initially identified as a Dvl-interacting protein
[13]. Daple interacts with the PDZ (Postsynaptic density 95, Discs
Large, Zonula occludens-1) domain of Dvl through its carboxyl (C)-
terminal 3 amino acid residues, glycine-cysteine-valine (GCV) [14].
Recent studies have revealed that Daple is a scaffold protein
essential for diverse cellular processes, including the regulation of
the non-canonical Wnt signaling pathway that involves the small
guanosine triphosphatase (GTPase) Rac and signaling driven by
trimeric G proteins [14e16]. Moreover, Daple binds microtubules
and regulates their dynamics, which is essential for the orientation
of motile cilia to the anterior side in ependymal cells [16]. Thus, the
role of Daple in the non-canonical Wnt signaling pathway has been
well appreciated. An unresolved issue, however, is that it remains
unclear how Daple works in the context of the canonical Wnt
signaling pathway. A previous study showed that Daple over-
expression induced a mobility shift of Dvl in Western blot analysis
[13]. However, the detailed mechanisms by which Daple controls
the phosphorylation and function of Dvl in the canonical Wnt
signaling pathway are unknown.

In the present study, we further characterized the role of Daple
in Dvl phosphorylation and its downstream b-catenin activation in
the canonical Wnt signaling pathway. We identified a phosphory-
lation site in Dvl2 induced by CK1ε in cells overexpressing Daple.
We also found that Dvl2 interacts with CK1ε in a Daple-dependent
fashion, suggesting the importance of a Daple/Dvl/CK1ε protein
complex. Dvl2 phosphorylation and possibly its interaction with
Daple were crucial for downstream b-catenin activation. Finally,
Wnt3a stimulation increased Daple/Dvl2 interaction, which was
accompanied by the membrane localization of Daple. These data
collectively improve our understanding of the important roles of
Daple in the canonical Wnt signaling pathway.

2. Materials and methods

2.1. Cell culture

HEK293 and L cells stably expressing Wnt3a (L/Wnt3a) were
cultured in Dulbecco’s Modified Eagle Medium (DMEM, Nacalai
Tesque, Kyoto, Japan) supplemented with 10% fetal bovine serum
(FBS) in a humidified atmosphere containing 5% CO2 at 37 �C.

2.2. Construction and transfection of expression vectors

A cDNA carrying mouse Ccdc88c, the gene for Daple, encoded a
2009 amino acid protein that was isolated as described previously
and was inserted into a pCAG-myc plasmid and a pEF-myc plasmid
[13,14]. A Daple cDNA deficient for the C-terminal GCV domain
(Daple DGCV) was also generated [14]. Human Dvl2 cDNA was
previously subcloned into the pCGN-HA plasmid [14]. The pCGN-
Please cite this article as: N. Esaki et al., The Daple-CK1ε complex regulate
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HA-Dvl2 plasmid was used to introduce mutations (T224A) into
the Dvl2 cDNA. Human CSNK1E cDNA in a pCEP-4HA plasmid was
purchased from Addgene (Watertown, MA, USA). Daple fragments,
NT (1e259), CT (1380e2009), DGCV (1e2006), DNT (671e2009),
DCT (1e1750) and CT DGCV (1380e2006), were inserted into a pEF-
BOS-GST plasmid to generate fusion proteins. b-catenin-firefly
luciferase reporter plasmid TOP-FLASH was purchased from Milli-
pore (Bedford, MA, USA). A Renilla luciferase cDNA inserted into pRL
vector was purchased by Promega (Madison, WI, USA).

2.3. Antibodies and reagents

a-Daple antibody (ABS515) were purchased from Merck (Bill-
erica, MA, USA). a-Daple antibody (#28147) was purchased from
IBL (Gunma, Japan). a-Dvl2 monoclonal antibody (sc-8026), a-c-
myc monoclonal antibody (sc-40), a-GFP monoclonal antibody (sc-
390,394), a-HA monoclonal antibody (sc-7932) and a-a-tubulin
antibody (sc-5286) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). a-GST monoclonal antibody (#2624), a-Dvl2
monoclonal antibody (#3224), a-b-actin monoclonal antibody
(#4970) and a-Axin-1 monoclonal antibody (#2074) were pur-
chased from Cell Signaling Technology (Danvers, MA, USA). a-
Dishvelled2 (phospho Thr224) monoclonal antibody (ab124941)
was purchased fromAbcam (Cambridge, GB, United Kingdom). a-b-
catenin monoclonal antibody (AF1329), a-Casein kinase 1ε mono-
clonal antibody (AF4567) and recombinant human Wnt3a (5036-
WN-500) were purchased from R&D Systems (Minneapolis, MN,
USA). a-HA-tag antibody (561) was purchased from MBL (Nagoya,
Japan). a-Transferrin receptor antibody (136,800) was purchased
from Invitrogen (Waltham, MA, USA). Casein kinase 1d, ε inhibitor,
IC261, was purchased from Sigma Aldrich (Saint Louis, MO, USA).

2.4. Analysis of Wnt-stimulated cells

Wnt3a conditioned medium (CM), which was harvested from L/
Wnt3a cells cultured for 2 days, was concentrated 5-fold using
Amicon Ultra 15 (Millipore, Bedford, MA, USA) at 2000�g for
10 min. HEK293 cells were serum starved for 24 h, and the cells
treatedwith the concentrated CM for each analysis. Control CMwas
obtained from control L cells.

2.5. Isolation of cell surface proteins by biotin labeling

Biotin labeling and isolation of cell surface proteins were carried
out with a Cell Surface Protein Isolation Kit (Thermo Fisher Scien-
tific) following the manufacturer’s protocol. Briefly, cells (1.0 � 107)
were washed 3 times with ice-cold PBS, and surface proteins were
labeled with sulfoeNHSeSS-biotin for 30 min. Subsequently, cells
were treated with cell lysis buffer supplemented with complete
protease inhibitor cocktail and PhosSTOP phosphatase inhibitor
cocktail and centrifuged at 12,000�g at 4 �C to remove insoluble
materials. Biotin-labeled surface proteins were captured on Neu-
trAvidin agarose resin at room temperature for 1 h. After the resin
was washed, bound proteins were eluted with 1 � SDS-PAGE
sample buffer, and analyzed by Western blot analysis.

2.6. Knockdown of daple in cells

The target sequences for shRNA-mediated Daple knockdown
were as follows (only the sense sequence is shown): Daple
shRNA#1, 50-GGTGCAAGCTCGATGTGTA-3’; Daple sh
RNA#2, 50-GCACCAAAGGCTATAACTC-3’; and Daple shRNA#3, 50-
GCCTGGAGCGTGACAACAA-3’. The oligonucleotide pairs were
inserted into the pSIREN-RetroQ retroviral shRNA expression vector
(Clontech Laboratories Inc., Palo Alto, CA, USA) to generate
s Dvl2 phosphorylation and canonical Wnt signaling, Biochemical and
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recombinant retroviruses as previously described [14], followed by
infection of HEK293 cells and puromycin selection to generate
stable Daple knockdown cells.

2.7. b-catenin activity assay

To examine b-catenin activity, Firefly and Renilla luciferase ac-
tivities were determined using the Dual Luciferase Stop & Glo Re-
porter Assay System (Promega). HEK293 cells (1.0 � 105) were
transiently transfected with the TOP-FLASH Firefly luciferase re-
porter vector and Renilla luciferase vector by Lipofectamine 2000.
Following transfection (24 h), the cells was lysed with 1 � passive
lysis buffer (PLB), and light emission was measured by addition of
either Firefly or Renilla luciferase substrate. Firefly and Renilla
luciferase activities were determined by luminometer (Lumat3,
Berthold Technology, Bad Wildbad, Germany). Experiments were
performed in triplicate for at least 3 different samples. Results are
shown as the fold-induction of the Firefly/Renilla activity ratio
relative to the control.

2.8. Biochemical analysis

Methods for Western blot analysis, immunoprecipitation and
GST-pull down assay are described as Supplemental Material.

2.9. Data analysis

Data are presented as means ± standard deviations of the
means. P values of less than 0.05 were considered statistically
significant using unpaired t-tests. Statistical analyses were con-
ducted using GraphPad Prism 7.00 (GraphPad Software Inc.).

3. Results

3.1. Daple overexpression induces the phosphorylation of Dvl2 at
Thr224 via CK1ε

A previous study showed that Daple interacts with Dvl and that
Daple overexpression induces amobility shift of Dvl inWestern blot
analysis [13]. The same study showed that Daple overexpression
inhibited b-catenin transcriptional activity in canonical Wnt
signaling. The effect, however, wasmarginal, and the significance of
Daple in canonical Wnt signaling has not been conclusively deter-
mined. Therefore, we aimed to reveal whether Daple over-
expression induced the phosphorylation of Dvl, a mediator of b-
catenin transcriptional activity. We first confirmed that the Daple
C-terminal domain (CT, 1380e2009 aa), but not its mutant CTDGCV
(1380e2006 aa) which lacked the C-terminal 3 amino acids (GCV
motif), interacts with endogenous Dvl2 (Sup Fig. 1AeC). The data
reproduced the previous studies that found that the C-terminal
GCV motif is responsible for the binding with Dvl [13,14]. Another
study has showed the significance of Dvl2 phosphorylation at
Ser143 in canonicalWnt signaling [12], but the association between
phosphorylated Dvl2 at Thr224 and canonical Wnt signaling
pathway has been unknown. Therefore, we examined the effect of
Daple overexpression on phosphorylated Dvl2 at Thr224 (Fig. 1A).
The overexpression of Daple, but not its DGCV mutant, induced a
Dvl2 mobility shift as well as the phosphorylation site, suggesting
that Daple interaction with Dvl2 is essential for Dvl2 phosphory-
lation at Thr224 (Fig. 1A). The data showed that the mobility shift of
Dvl that was observed in Western blot analysis in a previous study
[13] reflected the phosphorylation of at least Thr224 in Dvl2.

It has been reported that CK1d and CK1ε are Serine/Threonine
kinases responsible for the phosphorylation of Dvl2 at Thr224 [11].
Treatment of HEK293 cells with IC261, which is a specific inhibitor
Please cite this article as: N. Esaki et al., The Daple-CK1ε complex regulates
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of CK1d and ε, suppressed the phosphorylation of Dvl2 at Thr224
induced by Daple-expressing cells (Fig. 1B). Next, we examined
whether exogenous Daple is co-immunoprecipitated with Dvl2,
CK1ε and CK1d in IP experiment. We found that Daple is more co-
immunoprecipitated with CK1ε than CK1d, which indicated that
Daple, Dvl2 and CK1ε form a tertiary protein complex (Fig. 1C).
Therefore, we focused on CK1ε for the functional analysis of Dvl2
phosphorylation induced by Daple. Consistent with previous study
[11], phosphorylation of Dvl2 at Thr224 was increased by exoge-
nous CK1ε (Fig. 1D). These data showed that CK1ε mediated the
phosphorylation of Dvl2 at Thr224 induced by overexpression of
Daple.

Interestingly, a Daple DGCV mutant that lacks the ability to bind
Dvl2 retained interaction with CK1ε, suggesting that Daple inter-
action with CK1ε was not mediated by Dvl2 (Fig. 1E). Next, we
generated Daple Knockdown (KD) HEK293 cells by pSIREN-RetroQ
retroviral shRNA expression vector using three types of the target
sequences, and we decided target sequence #1 because of the ef-
ficacy for Daple KD (Fig. 1F). We found that Daple KD resulted in a
decrease in Dvl2/CK1ε interaction, suggesting the possibility that
CK1ε/Dvl2 interaction was mediated by Daple (Fig. 1G).

3.2. Effects of Thr224 phosphorylation of Dvl2 and daple
overexpression on b�catenin transcriptional activity

Several phosphorylation sites of Dvl2 promote b-catenin tran-
scriptional activity [9,10]. A study indicated that Dvl2 phosphory-
lation at Ser143 was associated with b-catenin transcriptional
activation [12], but it remains unknown whether Dvl2 phosphor-
ylation at Thr224 promotes b-catenin transcriptional activation.
Therefore, we addressed the role of Dvl2 phosphorylation at Thr224
in b-catenin transcriptional activity. To that end, we generated a
Dvl2 mutant T224A, inwhich Thr224 residue was substituted by an
alanine, followed by its overexpression in HEK293 cells. Successful
generation of the mutant was confirmed by Western blot analysis
(Fig. 2A). To examine whether Thr224 phosphorylation of Dvl2
mediated b-catenin transcriptional activity, TOP-FLASH was co-
transfected with a wild-type (WT) Dvl2 or its T224A mutant into
HEK293 cells (Fig. 2B and C). Transduction of WT Dvl2 significantly
upregulated the TOP-FLASH reporter by almost 5-fold relative to
the negative control, a process that is transcriptionally activated by
nuclear b-catenin, (Fig. 2B). On the other hand, the non-
phosphorylated mutant (T224A) of Dvl2 activated the reporter to
a smaller extent than did WT Dvl2 (Fig. 2C). These data indicated
that CK1ε-mediated phosphorylation of Thr224 residue of Dvl2 is
required for full activation of b-catenin.

The next important question was whether the phosphorylation
of Dvl2 induced by Daple mediates b-catenin transcriptional ac-
tivity. Previous studies showed that phosphorylated Dvl enhanced
the dissociation of b-catenin from the destruction complex,
including Axin, GSK3-b, and APC, which resulted in the nuclear
translocation of b-catenin in the canonical Wnt signaling pathway
[9,17]. We found that the overexpression of Daple induced the
dissociation of b-catenin and Axin (Fig. 2D). A TOP-FLASH reporter
assay showed that WT Daple activated the reporter more than the
negative control (Fig. 2E). Consistent with this, the treatment of
cells with the CK1ε and d inhibitor IC261 reduced b-catenin tran-
scriptional activity induced by Daple overexpression (Fig. 2F).

3.3. The role of Daple in Wnt3a-dependent b-catenin
transcriptional activity

A previous study in which Daple was first identified did not
address its role in Wnt-dependent b-catenin transcriptional activ-
ity [13]. We therefore examined the effect of Daple KD on Dvl2
Dvl2 phosphorylation and canonical Wnt signaling, Biochemical and
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Fig. 1. Daple overexpression promotes the phosphorylation of Dvl2 via CK1ε
(A) HEK293 cells were transiently transfected with either pEF-myc empty, Daple or Daple DGCV plasmid, followed by the analysis of total cell lysate with the indicated antibodies.
An arrow denotes the mobility shift of endogenous Dvl2 that is found in cells overexpressing wild-type Daple. OE, overexpression.
(B) HEK293 cells were transiently transfected with the pCAG-myc-Daple plasmid, followed by treatment with IC261 (40 mM) and Western blot analysis using the indicated an-
tibodies.
(C) HEK293 cells were transiently transfected with the pCAG-myc-Daple plasmid, followed by immunoprecipitation with a-myc antibody and Western blot analysis. An asterisk
indicates Daple proteins bound to CK1ε.
(D) HEK293 cells was transfected with pCEP 4HA-CK1ε plasmid were examined by Western blot analysis using the indicated antibodies.
(E) pCEP 4HA-CK1ε plasmid was co-transfected with either a pEF-myc empty, Daple, or Daple DGCV plasmid into HEK293 cells, followed by immunoprecipitation with a-HA
antibody. Asterisks indicate Daple proteins bound to CK1ε.
(F) HEK293 cells were transfected with pSIREN-RetroQ retroviral shRNA expression vectors, followed by Western blot analysis
(G) Control and Daple KD (#1) HEK293 cells were immunoprecipitated with a-CK1ε antibody, followed by Western blot analysis. An asterisk indicates Dvl2 protein bound to CK1ε.
Quantification of the intensity of Dvl2 bands normalized with that of the CK1ε is shown in right panel. **P < 0.01.
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phosphorylation in cells stimulated by Wnt3a. Wnt3a specifically
promotes b-catenin transcriptional activity in the canonical Wnt
signaling pathway. We found that Wnt3a stimulation increased the
phosphorylation of Dvl2 at the Thr224 residue, a process that was
Please cite this article as: N. Esaki et al., The Daple-CK1ε complex regulate
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attenuated by Daple KD (Fig. 3A). After 6 h of Wnt3a stimulation,
TOP-FLASH reporter assays showed that b-catenin transcriptional
activity decreased by 70% less in Daple KD cells than in WT cells,
further supporting the role of Daple in the canonical Wnt signaling
s Dvl2 phosphorylation and canonical Wnt signaling, Biochemical and
0.08.066



Fig. 2. Effects of Thr224 phosphorylation of Dvl2 and Daple overexpression on b�catenin transcriptional activity
(A) HEK293 cells were transiently transfected with the indicated plasmids encoding wild-type (WT) and non-phosphorylated mutants of Dvl2 tagged with the HA epitope, followed
by Western blot analysis with the indicated antibodies.
(B, C) HEK293 cells were transiently co-transfected with the TOP-FLASH reporter plasmid and the indicated plasmids encoding wild-type or non-phosphorylated mutant of the Dvl2
plasmid, followed by the analysis of total cell lysates for luciferase activity. **P < 0.01.
(D) HEK293 cells were transiently transfected with either pEF-myc empty or Daple plasmid, followed by IP with a-b-catenin antibody.
(E) HEK293 cells were transiently co-transfected with the TOP-FLASH reporter plasmid and either pEF-myc empty, or Daple plasmid, followed by the analysis of total cell lysates for
luciferase activity. **P < 0.01.
(F) HEK293 cells transiently transfected with the TOP-FLASH reporter plasmid and pCAG-myc-Daple plasmid were treated with IC261 (40 mM) for 12 h, followed by an analysis of
total cell lysates for luciferase activity. ***P < 0.001.
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pathway (Fig. 3B).
Finally, we examined Wnt3a-dependent changes in the forma-

tion of the Daple/Dvl2/CK1ε protein complex. Wnt3a stimulation
increased exogenous Daple co-immunoprecipitation with Dvl2
(Fig. 3C). Another interesting finding was that the amount of Daple
found in the membrane fraction was increased in Wnt3a-
stimulated cells (Fig. 3D). Taken together, these data implied that
Wnt3a stimulation enhanced the recruitment of Daple to the
plasma membrane, where Daple formed a stable complex with
Dvl2 to stimulate its CK1ε-dependent phosphorylation, which led
to b-catenin transcriptional activity (Fig. 4).

4. Discussion

Daple was previously identified as a Dvl-binding protein with
multiple roles in both the canonical and non-canonical Wnt
signaling pathways [13e16]. In the present study, we further
characterized aspects of Daple in the context of the canonical Wnt
signaling pathway. We identified Daple-induced phosphorylation
sites of Dvl2 and interaction of Daple with CK1ε. We also investi-
gated roles of Daple in the regulation of Dvl2/CK1ε interaction and
b-catenin transcriptional activity. Our studies suggested that
Wnt3a stimulation increased the membrane localization of Daple
Please cite this article as: N. Esaki et al., The Daple-CK1ε complex regulates
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and its association with Dvl2, which may be vital for Dvl2 phos-
phorylation at Thr224 and its downstream b-catenin transcrip-
tional activity (Fig. 4).

Our findings contradict the conclusions of previous study with
regard to the role of Daple in b-catenin transcriptional activity. Our
data showed that Daple overexpression promoted b-catenin tran-
scriptional activity in HEK293 epithelial cells, whereas Oshita et al.
reported the opposite effect using L cells [13]. The reason for this
discrepancy is not understood at present. Considering that b-cat-
enin is an essential component of E-cadherin-mediated adherent
junctions at cell-cell contacts in epithelial cells and L cells lack E-
cadherin expression [18,19], the distribution and functions of b-
catenin may be different among cell types [20]. Further studies of
Daple using different types of cells will be needed to address this
issue.

A possible shortcoming of the present study is that we did not
address the involvement of Daple-mediated Dvl2 phosphorylation
and b-catenin transcriptional activity in the pathology of human
disease. Recent studies have revealed that mutations in the human
CCDC88C gene, which encodes Daple, are the cause of severe
congenital hydrocephalus. That finding is consistent with the
appearance of hydrocephalus in Daple-deficient mice [16]. Other
studies have shown that Daple is overexpressed in colorectal and
Dvl2 phosphorylation and canonical Wnt signaling, Biochemical and
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Fig. 3. The role of Daple in Wnt3a-dependent b-catenin transcriptional activity
(A) Control and Daple KD (#1) HEK293 cells were treated with conditioned medium (CM) from L cells stably expressing Wnt3a for the indicated time, followed by Western blot
analysis.
(B) Control and Daple KD (#1) HEK293 cells transiently transfected with the TOP-FLASH reporter plasmid were treated with recombinant Wnt3a (200 ng/mL) for 0, 0.5, 1, 3 or 6 h,
followed by the analysis of total cell lysates for luciferase activity. ***P < 0.001.
(C) HEK293 cells transiently transfected with pCAG-myc-Daple plasmid were treated CM from L cells stably expressing Wnt3a for 1 h, followed by IP with a-myc antibody and
Western blot analysis. The arrow indicates Dvl2 co-immunoprecipitated with Daple. Quantification of the intensity of Dvl2 bands normalized with that of the Daple is shown in right
panel. **P < 0.01.
(D) Control and Daple KD (#1) HEK293 cells treated with conditioned medium from L cells stably expressing Wnt3a for 1 h, followed by isolation of the membrane fraction and
Western blot analysis. Quantification of the intensity of Daple bands normalized with that of the Transferrin receptor (TfR), a plasma membrane marker, is shown in right panel.
**P < 0.01.
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Fig. 4. The role of Daple in Wnt3a-dependent b-catenin transcriptional activity that is accompanied by changes in Daple/Dvl2 interaction and localizationSchematic
illustration of the working hypothesis on the role of Daple in the canonical Wnt signaling pathway. In cells lacking the Wnt3a ligand, the interaction of CK1ε and Dvl2 is weak (Left
panel). In contrast, Daple is recruited to the membrane and robustly interacts with Dvl2 in cells stimulated with Wnt3a, where Dvl2 is highly phosphorylated by CK1ε (right panel).
Daple-mediated Dvl2 phosphorylation is required for suppressing the b-catenin destruction complex and its transcriptional activity in the nucleus.
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gastric cancer cells, and its expression levels correlated with the
prognosis of the cancer patients [15,21]. However, it remains un-
known how Daple-mediated Dvl2 phosphorylation is involved in
the etiology of these human diseases [15,21,22]. Our preliminary
experiments on a mouse pancreatic cancer cell line showed that
Daple is essential for the proliferation of the pancreatic cancer cells
and is indispensable for Dvl2 phosphorylation (data not shown).
Further work will be necessary to delineate context- and disease
type-dependent roles of Daple and its downstream signaling,
findings that may lead to the identification of novel therapeutic
targets for these human diseases.
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