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Ubiquitin-assisted phase separation of dishevelled-2 promotes
Wnt signalling
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ABSTRACT
Dishvelled-2 (Dvl2) is an essential component of Wnt pathway,
which controls several cell fate decisions during development,
such as proliferation, survival and differentiation. Dvl2 forms higher-
order protein assemblies in the cell that are critical for relaying
the signal from upstream Wnt ligand–frizzled receptor binding
to downstream effector β-catenin activation. However, the precise
molecular nature and contribution of Dvl2 protein assemblies
during Wnt signalling is unknown. Here, we show that Dvl2 forms
protein condensates driven by liquid–liquid phase separation. An
intrinsically disordered region (IDR) at the N-terminus is essential
for Dvl2 phase separation. Importantly, we identified the HECT-E3
ligase WWP2 as an essential driver of Dvl2 phase separation in vitro
and in cells. We demonstrated that ubiquitylation of Dvl2 through
K63 linkage by WWP2 is required for formation of Dvl2 condensates.
Phase-separated Dvl2 activates Wnt signaling by sequestering
the components of destruction complex and thus relieving
β-catenin. Together, our results reveal a ubiquitylation-dependent
liquid–liquid phase separation as a new process through which Dvl2
forms condensates, which is necessary for transduction of Wnt
signalling.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
Wnt/β-catenin signalling is an evolutionarily conserved pathway that
is essential for embryonic and post embryonic development of all
metazoans (Clevers, 2006; Teo et al., 2006). In the absence of Wnt
ligand, levels of the transcriptional co-activator β-catenin are kept in
check by a multi-protein assembly termed the destruction complex
present in the cytoplasm. The destruction complex is constituted by
scaffold proteins like APC and axin (herein referring to axin 1 or axin
2 unless otherwise specified), and kinases like GSK3β and CK1
(Stamos and Weis, 2013). The destruction complex employs casein
kinase 1 (CK1) and GSK3β for the sequential serine/threonine
phosphorylation of the highly conserved phospho-degron sequence
at the N-terminus of the β-catenin, which is recognized by SCFβ-TRCP

[Skp-, cullin- and F-box-containing complex, with β-TRCP (BTRC)
as the F-box component] E3-ubiquitin ligase (Aberle et al., 1997).
As a result, β-catenin gets ubiquitylated and is targeted for
subsequent proteosomal degradation. The signaling pathway is
activated when the Wnt ligand binds to its transmembrane receptor,
members of the frizzled (Fz) family, and the coreceptor LRP5 and
LRP6 (LRP5/6), which leads to the formation of a Wnt–Fz–LRP5/6
complex (Cong et al., 2004; Tauriello et al., 2012). This complex
will further recruit the cytoplasmic scaffold protein from the
dishevelled (Dvl) family, which then mediates disassembly of
the destruction complex and thereby stabilizes β-catenin. This will
lead to the accumulation of β-catenin in the nucleus where it activates
the transcription of target genes by associating with TCF/LEF
transcription factors (Behrens et al., 1996; Molenaar et al., 1996).

Dvl is the critical player in the Wnt signalling pathway and
absence of Dvl in the cell can completely abolish the pathway
activation even in the presence of Wnt ligand (Gammons et al.,
2016b). Dvl exists in three isoforms in mammals Dvl1, Dvl2
and Dvl3 (Lee et al., 2008). All the isoforms have a conserved
domain architecture, which consists of DIX, PDZ and DEP domains
and a C-terminal region (Gao and Chen, 2010). The DIX domain
is considered essential for the functioning in Wnt/β-catenin
signalling as it is critical for multimerization and association with
axin, whereas the PDZ domain has been depicted to function
in both canonical and non-canonical pathways (Kishida et al., 1999).
On the other hand, the DEP domain has been implicated as essential
for the both β-catenin dependent and Wnt planar cell polarity (PCP)
pathway (Gammons et al., 2016b; Moriguchi et al., 1999).

The Dvl proteins have a distinct ability to form cytoplasmic
puncta in cells, which is essential for functional activation ofWnt/β-
catenin signalling (Schwarz-Romond et al., 2007b). Cytoplasmic
puncta of endogenous Dvl have been observed in a wide variety of
species with the activation of Wnt signalling (Hawkins et al., 2005;
Miller et al., 1999; Torres and Nelson, 2000; Yanagawa et al.,
1995). The ability of Dvl2 to form cytoplasmic puncta is often
associated with its DIX-dependent polymerization (Fiedler et al.,
2011; Schwarz-Romond et al., 2007a). Some recent studies using
HEK293T cells in which a C-terminal GFP fusion was knocked into
the endogenous Dvl2 locus claim that limited oligomerization in
response to theWnt ligand is sufficient enough to transduce theWnt
signal downstream, thus challenging the concept that higher-order
assemblies of Dvl2 are necessary in cells (Kan et al., 2020;Ma et al.,
2020). However, studies on the conformation of Dvl that highlight
the importance of C-terminus in keeping Dvl in an appropriate
autoinhibited state, calls into question the use of C-terminally
tagged Dvl fusion proteins to study its function and cellular
localization as they might not truly represent the wild-type Dvl
because those proteins cannot be autoinhibited (Lee et al., 2015; Qi
et al., 2017). Hence, the identity of Dvl puncta, their precise
contribution to Wnt pathway and the molecular machineries that
govern their formation remain enigmatic. Therefore, using a variety
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of cellular and biochemical techniques, we set out to investigate
the molecular identity of Dvl2 puncta. Our study demonstrates
that Dvl2 protein assemblies are phase-separated condensates
that play a crucial role in the disassembly of the destruction
complex to promote Wnt signalling. Additionally, we found that
K63-linked ubiquitylation byWWP2 facilitates the phase separation
of Dvl2.

RESULTS
Dvl2 forms liquid–liquid phase-separated protein
condensates
While attempting to identify the nature of Dvl protein assemblies,
and consistent with earlier studies, we observed that overexpressed
Dvl2 (Fig. S1A) forms discrete small puncta-like structures early
upon its expression. Interestingly, these protein assemblies grow in
size over time (Fig. 1A) suggesting their dynamic nature in cells,
which is reminiscent of phase-separated protein condensates. Dvl2
forms condensates in cells from different origin such as U2OS
(osteosarcoma epithelial cells), HepG2 (hepatocellular carcinoma
cells) and RPE1 (retinal pigment epithelial cells) cells (Fig. S1B),
suggesting that this is not a cell-type-specific phenomenon.
Remarkably, as time progresses these condensates change their
morphology from solid to hollow or shell-like structures, which is
possibly to sequester the proteins inside the condensates. Proteins
with intrinsically disordered regions have the propensity to form
liquid–liquid phase-separated condensates (Boeynaems et al.,
2018). Indeed, analysis of Dvl2 protein sequence suggested
the presence of two intrinsically disordered regions – IDR1 at the
N-terminus between the DIX and PDZ domains, and IDR2 at the
C-terminal region (Fig. S1C). Thus, we next tested whether Dvl2
displayed liquid-like phase-separated condensate behaviour.
The fluorescence recovery after photobleaching (FRAP) signal of
GFP-tagged Dvl2 (Fig. S1D) was determined (Fig. 1B,C), which
suggested that the droplets had a mobile nature. In addition, two
encountering Dvl2 protein droplets merged and blended into a
larger sphere (Fig. 1D), indicating that Dvl2 protein assemblies in
living cells are highly dynamic and possess liquid-like condensate
properties. Furthermore, treatment of cells with 1,6-hexanediol
(a chemical suppressor of phase separation; Elbaum-Garfinkle,
2019; Molliex et al., 2015; Ribbeck and Gorlich, 2002; Wegmann
et al., 2018) followed by time-lapse analysis shown rapid loss of
Dvl2 puncta in cells (Fig. 1E), thus clearly supporting our
observation that Dvl2 assemblies are not mere protein aggregates
but are liquid–liquid phase-separated condensates. Previously, Dvl2
has been shown to associate with endocytic machinery such as
clathrin–AP2 adaptor to assist in receptor internalization and the
formation of intracellular signal transducer complexes during Wnt
signalling (Yu et al., 2007). In addition, recent work has suggested
that liquid-like protein droplets catalyse the assembly of endocytic
vesicles. However, Dvl2 did not colocalize with the early (Rab5),
late (Rab7) or recycling (Rab11) endosomes (Fig. S1E), nor multi-
vesicular bodies (CD63) or lysosomes (LAMP2) (Fig. S1F),
possibly suggesting no involvement of endocytic pathways in the
formation of Dvl2 assemblies. To understand whether the Dvl2
condensate formation is a physiologically relevant event in cells and
not an overexpression-induced artefact, owing to non-availability of
immunofluorescence grade Dvl2 antibodies, we established a stable
cell line expressing Dvl2 at very low levels (Fig. S1G). Although
these stable cells did not display Dvl2 protein condensates under
normal conditions, treatment with Wnt3a readily promoted the
assembly of Dvl2 condensates (Fig. 1F,G), suggesting that phase-
separated condensate formation of Dvl2 is a physiologically

relevant event during Wnt signalling. Next, to understand the
regions of Dvl2 that are required for condensate formation, we
generated various deletion mutants of Dvl2, which lacked different
domains (Fig. 1H). To avoid interference from the endogenous
proteins, we expressed individual Dvl2 deletion constructs in Dvl2
knockout (KO) (Fig. S1H) HEK293T cells. Although full-length,
along with PDZ deleted and CT deleted, Dvl2 could readily form
liquid condensates, deletion of DIX domain, DEP domain or IDR1
regions significantly reduced the formation of condensates in cells
(Fig. 1I,J). DIX and DEP domains are very well known to assist
in oligomerization of Dvl2 (Gammons et al., 2016a; Kishida
et al., 1999); however, deletion of IDR1 has no effect on the
oligomerization of Dvl2 (Fig. S1I). Therefore, our data suggest that
oligomerization of Dvl2 along with the presence of an intrinsically
disorder region at the N-terminus is necessary for Dvl2 phase
separation in cells.

WWP2E3 ligaseactivity is required for Dvl2 phase separation
To identify the molecular machineries that control Dvl2 phase
separation, we performed a Dvl2 interactome analysis in cells. By
using a biochemical tandem affinity purification of a SFB-triple-
tagged (streptavidin-binding protein, Flag and S-peptide) Dvl2
followed by mass spectrometry, we identified protein complexes
associated with Dvl2 in cells (Fig. 2A; Table S1). Among the Dvl2-
associated proteins, deletion of the E3 ligase WWP2 in cells
(Fig. S2A) resulted in severe impairment of Dvl2 condensate
formation (Fig. 2B). WWP2, also known as atrophin-1 interacting
protein 2 (AIP2), is a HECT-type E3 ubiquitin ligase that plays an
important role in cellular processes, such as transcription, translation
and oncogenic signalling (Li et al., 2007; Lv et al., 2014; Maddika
et al., 2011; Xu et al., 2004). Previously, WWP2 was found to be
associated with Dvl2, and Dvl2 was shown to be necessary for full
activation of WWP2, but the effect of WWP2 E3 ligase activity on
Dvl2 was not clear (Mund et al., 2015). Importantly, we found that
expression of wild-type, but not a catalytically inactive (C/A) mutant
of WWP2 restored Dvl2 condensates that were lost in WWP2 KO
cells (Fig. 2B,C). shRNA-mediated depletion of WWP2 in various
cell lines, such as U2OS (Fig. S2B), HEPG2 (Fig. S2C) and RPE1
(Fig. S2D), also led to defective Dvl2 condensate formation
(Fig. S2E–J), suggesting a cell line-independent role of WWP2 in
controlling Dvl2 phase separation. Dvl2 condensate formation was
specifically dependent on WWP2, as depletion of other closely
related HECT E3 ligases, such as WWP1 (Fig. S3A) and NEDD4L
(Fig. S3B), did not affect Dvl2 condensate formation in cells
(Fig. S3C,D). Given that catalytically active WWP2 restored Dvl2
condensates in WWP2 KO cells, we next tested whether WWP2
ubiquitylated Dvl2. Firstly, we confirmed the endogenous association
of WWP2 and Dvl2 in cells (Fig. 2D,E). Next, we showed that
expression of wild-type but not the catalytically inactive C/A mutant
of WWP2 promoted Dvl2 ubiquitylation in cells (Fig. 2F). By
contrast, depletion of WWP2 led to reduced ubiquitylation of
Dvl2 (Fig. S3E). Endogenous steady-state levels of Dvl2 were
unaltered in WWP2-depleted cells (Fig. S3F) as well as WWP2
KO cells (Fig. S3G). No changes were observed in the half-life
of Dvl2 in the presence of catalytically active WWP2 (Fig. S3H),
thus suggesting that WWP2-mediated ubiquitylation on Dvl2 does
not lead to its degradation. Interestingly, a ubiquitylation assay
using various ubiquitin lysine to arginine mutants strongly indicated
that WWP2 mediates the K63 type of ubiquitin linkage on Dvl2,
as transfer of ubiquitin to the substrate failed in the presence of
the ubiquitin K63R mutant (Fig. 2G). To directly test whether
WWP2 mediated ubiquitylation is required for Dvl2 condensate
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Fig. 1. Dvl2 forms liquid–liquid phase-separated protein condensates. (A) HEK293T cells transfected with SFB-tagged Dvl2. Cells were fixed at different
time points after transfection and stained with anti-Flag antibody. Images were captured using a confocal microscope. DAPI is used to counterstain nucleus.
Scale bars: 5 µm. (B) GFP–Dvl2-expressing cells were selectively bleached at the indicated region and the recovery was monitored by capturing images at
every 10 s using a confocal microscope. Scale bar: 5 µm. (C) Graph showing the mean±s.e.m. fluorescence intensities of five independent condensates
derived from bleached and unbleached areas over the indicated time course. (D) HEK293T cells expressing GFP–Dvl2 were imaged by using live-cell
microscopy and the fusion of condensates was monitored over indicated times as highlighted by the boxed region. Scale bar: 1 µm. (E) Cells expressing
GFP–Dvl2 were either left untreated or treated with 3% 1,6-hexanediol, and images were acquired using a live-cell imaging microscope (Leica). Scale bars:
5 µm. (F) HEK293T cells stably expressing SFB–Dvl2 at near endogenous levels were left untreated or transfected with Wnt3a. At 24 h post transfection, cells
were fixed and probed with anti-Flag antibody and imaged using a confocal microscope. Scale bars: 10 µm. (G) Quantification of the percentage of cells
forming condensates. mean±s.e.m., n=30 cells. ***P<0.001 (unpaired two-tailed Student’s t-test). (H) Schematic representation of the full-length and various
deletion mutants of SFB-tagged Dvl2 used here. Numbers on the top indicate the precise amino acid number for each domain in the full-length Dvl2 protein. (I)
Dvl2 KO HEK293T cells expressing SFB-tagged full-length and different deletion mutants of Dvl2 were fixed after 24 h of transfection. Fixed cells were stained
with anti-Flag antibody and imaged under a confocal microscope. Scale bars: 5 µm. (J) Quantification as violin plots of the number of condensates formed per
cell expressing SFB-tagged full-length or various domain deletion mutants of Dvl2. The dashed lines represent the median and interquartile range, n=25 cells.
***P<0.0001 (one-way ANOVA with Tukey’s multiple comparisons test). Images shown in A, D and E are representative of three independent experiments.
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formation, we employed an in vitro reconstitution assay to assess
phase separation. The in vitro ubiquitylation assay using purified
recombinant proteins suggested that wild-type WWP2, but not the
C/A mutant, could readily ubiquitylate GST–Dvl2 (Fig. 2H). In
conditions where bacterially purified recombinant GST–Dvl2 do not
form condensates in vitro, WWP2-mediated ubiquitylation enabled
Dvl2 to form phase-separated droplets (Fig. 2I). Therefore, these data
support our hypothesis that WWP2-mediated ubiquitylation
promotes Dvl2 phase separation.

Ubiquitylation is necessary for Dvl2 condensate formation
To further understand whether ubiquitylation is necessary for phase
separation of Dvl2, we modulated the ubiquitylation machinery in
cells and tested for Dvl2 condensate formation. Depletion of the E1
enzyme (UBA1), which catalyses the first step of ubiquitin
conjugation, by two independent shRNAs (Fig. S4A) drastically
reduced the number of Dvl2 condensates in cells (Fig. 3A,B).
Subsequently, we generated recombinant fusion proteins with either
the wild-type active deubiquitylase domain (DUB) or an inactive

Fig. 2. See next page for legend.
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C/S mutant of DUB fused at the N-terminus of Dvl2 (Fig. 3C).
Whereas Myc–Dvl2 could readily form condensates, the presence
of an active deubiquitylase domain, which cleaves ubiquitin chains,
means Dvl2 condensates fail to form in cells (Fig. 3D,E). Fusion of
a catalytically inactive DUB domain did not affect Dvl2 condensate
formation, therefore clearly suggesting that Dvl2 ubiquitylation
is essential for phase separation. Specifically, the K63 type of
ubiquitin chain linkage was necessary for Dvl2 phase separation, as
Dvl2 condensate formation was lost upon expression of Ub K63R
mutant in cells (Fig. 3F,G). As we have established that
ubiquitylation is required for Dvl2 phase separation, we next
sought to identify the sites of ubiquitylation on Dvl2 mediated by
WWP2. There are multiple lysine residues in Dvl2 protein
sequence. We mutated each of the individual lysine residues that
could potentially be ubiquitylated by WWP2 and screened for the
ability of these proteins to form phase-separated condensates.
Mutation of any single lysine residues did not affect their ability to
form condensates (Fig. S4B). Even a combination of mutants in a
cluster did not alter their ability to phase separate in cells (Fig. S4C),
possibly suggesting that multiple lysine residues located in different
domains of Dvl2 might be ubiquitylated byWWP2. In fact, this is in
agreement with a previous study that has identified multiple
ubiquitylated lysine residues on Dvl2 by using mass spectrometry
analysis (Tauriello et al., 2010). After testing various combination
of lysine mutants, we found that a protein with mutation of eight
different lysine residues (K15, K30, K44, K54, K68, K274, K301
and K343) (Fig. S4D) that were located on DIX and PDZ domains
of Dvl2 to arginines (8KR mutant) showed reduced ubiquitylation
by WWP2 (Fig. 3H). Consequent with this, the 8KR mutant was
defective in forming Dvl2 condensates (Fig. 3I,J). The failure of

8KR mutant to form condensates was not due to defects in Dvl2
oligomerization as the mutant retained its full ability to oligomerize
and interact with other Dvl2 molecules (Fig. S4E). Taken together,
these data indicate that WWP2-dependent ubiquitylation of Dvl2
via the K63 type of linkage is required for formation of protein
condensates.

WWP2 promotes Dvl2 open configuration
Next, we sought to gain further insights of how WWP2-mediated
ubiquitylation promotes Dvl2 phase separation. Dvl is thought to
exist in open and closed conformations in cells (Lee et al., 2015;
Qi et al., 2017). The C-terminal region folds back on to the N-
terminus of Dvl and creates a closed conformation, and activation of
cells with Wnt ligands has been demonstrated to induce the open
Dvl conformation (Harnoš et al., 2019). By using bacterially
purified recombinant proteins, we confirmed that the N-terminal
PDZ domain is required for interaction with the C-terminal domain
(CT) of Dvl2 (Fig. 4A). Given that the IDR1 region, that was
necessary for Dvl2 phase separation, is located on the N-terminus
adjacent to the PDZ domain, we hypothesized that the IDRmight be
hidden when the protein was in closed conformation. In addition,
because the Dvl2 ubiquitylation sites were mapped to DIX and PDZ
domains that sandwich the IDR1 region, WWP2-mediated
ubiquitylation might expose the IDR1 region for condensate
formation by switching Dvl2 into an open configuration.
Therefore, we tested the requirement of WWP2 for switching
Dvl2 from the closed to open conformation in cells by testing the
interaction of a trans-CT domain fragment with -ength Dvl2. In
control cells, the CT fragment could readily interact with full length
Dvl2 owing to its dynamic switching from the closed to the open
state. However, in WWP2 KO cells, full-length Dvl2 remains in a
constitutively closed conformation and therefore exogenous
CT fragment with no access to free N-terminus, could not interact
with full length Dvl2 (Fig. 4B). To further test whether WWP2-
dependent switching of Dvl2 conformation is a Wnt-regulated event,
we tested the interaction of CT domain with endogenous Dvl2 under
Wnt ‘OFF’ and ‘ON’ conditions. Treatment of cells with Wnt3a
readily enhanced the interaction of CT fragment with endogenous
Dvl2 (Fig. 4C), thus suggesting that Dvl2 conformational switching
is a Wnt-regulated event. If, as hypothesized, WWP2 were switching
Dvl2 from a closed to open configuration to facilitate condensate
formation, we reasoned that a constitutive open Dvl2 state might
overcome the requirement for WWP2 in condensate formation.
Indeed, whereas the full-length and IDR1-deleted version of Dvl2
were defective in condensate formation in WWP2 KO cells, mutants
with deletion of the PDZ or CT domain (constitutive open Dvl2
forms) retained the capacity to form condensates in cells even
in the absence of WWP2 (Fig. 4D,E). Thus, the constitutively
open configuration of Dvl2 (ΔPDZ and ΔCT versions) overcame the
requirement for WWP2 to form condensates in cells, clearly
suggesting that WWP2 promotes the open Dvl2 conformation, thus
exposing the IDR and thereby enabling condensate formation.

Dvl2 phase separation promotes Wnt signalling
As Dvl2 is a central component of Wnt signalling, we next
investigated the functional significance of WWP2-driven Dvl2
condensate formation in the Wnt/β-catenin pathway. We noted that
loss of WWP2 has no effect on Dvl2 association with the upstream
components of Wnt signalling pathway; Dvl2 was able to interact
with Fz receptor (Fig. S5A), CK1ε (Fig. 5B) and axin 1 (Fig. 5C) in
WWP2 KO cells as efficiently as in wild-type cells. Among many
possibilities, one of the important reasons that proteins may form

Fig. 2. WWP2 E3 ligase activity is required for Dvl2 phase separation.
(A) Interaction network of Dvl2 with its associated proteins derived from
mass spectrometry analysis is shown. Green line indicates Dvl2 interaction
with WWP2. (B) Control and WWP2 KO cells were transfected with
SFB–Dvl2. For rescuing the phenotype, WWP2 KO cells were co-transfected
with either Myc–WWP2 wild-type (WT) or a catalytically dead mutant (C/A).
Cells were fixed and stained with anti-Flag and anti-Myc antibodies. Images
were taken using a confocal microscope. Scale bars: 5 µm.
(C) Quantification as violin plots of the number of condensates per cell for
the indicated conditions. Solid line represents the median, dashed line the
interquartile range, n=20. ***P<0.001 (one-way ANOVA with Tukey’s multiple
comparisons test). (D) HEK293T cell lysates were subjected to
immunoprecipitation with either IgG or Dvl2 antibody. The presence of
WWP2 in Dvl2 immunoprecipitates was detected by western blotting with
WWP2 antibody. The presence of the protein in the lysate was detected by
loading 5% of the input. (E) HEK293T cell lysates were subjected to
immunoprecipitation with either IgG or WWP2 antibody. Presence of Dvl2 in
WWP2 immunoprecipitates was detected by western blotting with Dvl2
antibody. (F) HEK293T cells were co-transfected with SFB–Dvl2 and
Myc–WWP2 WT or the catalytically inactive mutant. At 24 h post transfection,
cells were lysed in denaturing conditions and subjected to pulldown with
streptavidin–Sepharose beads. Ubiquitylation of Dvl2 was detected by
western blotting with ubiquitin antibody. (G) SFB–Dvl2 was co-transfected with
single lysine mutants of HA-tagged ubiquitin (Ub) in the presence of WWP2.
Cells were lysed under denaturing conditions. SFB–Dvl2 was pulled down
using streptavidin–Sepharose and immunoblotted with indicated antibodies.
(H) Bacterially purified GST–Dvl2 bound to glutathione–Sepharose beads was
used as substrate for in vitro ubiquitylation with MBP WWP2 WT or the
catalytically inactive mutant. Ubiquitylation of GST–Dvl2 was detected by
immunoblotting with anti-Ub antibody. 5% input was loaded in the gel to
detect the proteins. (I) GST–Dvl2 alone or in vitro ubiquitylated Dvl2 by
WWP2 was mixed with phase separation buffer. The proteins mounted on to
a glass slide and liquid droplets formed by Dvl2 were imaged using bright field
microscope. Scale bars: 2 μm. Blots shown in D–H and images in I are
representative of three independent experiments.
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Fig. 3. Ubiquitylation is necessary for Dvl2 phase separation. (A) HEK293T cells treated with control shRNA or UBA1 shRNA for 48 h were transfected
with SFB–Dvl2 for 24 h. Cells were fixed, stained with anti-Flag antibody and were imaged using a confocal microscope. Scale bars: 5 µm. (B) Quantification
as violin plots of condensates formed per cell in control or UBA1 shRNA-expressing cells. n=20. ***P<0.001 (one-way ANOVA with Tukey’s multiple
comparisons test). (C) Schematic representation of Dvl2 fusion proteins with DUB domains (WT, wild type; C/S, catalytically inactive version). (D) HEK293T
cells were transfected with a Myc-tagged full-length or WT DUB domain or catalytically inactive DUB domain fused to Dvl2 for 24 h. Cells were then fixed and
stained with anti-Myc antibody and imaged under a confocal microscope. Scale bars: 5 µm. (E) Quantification of condensates formed by Dvl2 per each cell in
the indicated condition was plotted. n=10. **P<0.01 (one-way ANOVA with Tukey’s multiple comparisons test). (F) SFB–Dvl2 was co-transfected with HA-
tagged ubiquitin (Ub) WT or K63R Ub for 24 h in HEK293T cells. Cells were fixed, stained with anti-HA and anti-Flag antibodies, and were imaged under a
confocal microscope. Scale bars: 5 µm. (G) Quantification of Dvl2 condensates formed in each cell in the presence of Ub wild-type and K63R mutant was
plotted. n=25. ***P<0.001 (unpaired two-tailed t-test). (H) HEK293T cells were transfected with SFB–Dvl2 WT or SFB–Dvl2 8KR mutant along with WWP2.
At 24 h post transfection cells were lysed under denaturing conditions and the lysate was subjected to streptavidin–Sepharose-based pull down. Dvl2
ubiquitylation was detected by immunoblotting with anti-Ub antibody. (I) Cells expressing either SFB–Dvl2 WT or the 8KR mutant were stained with anti-Flag
antibody and the condensates were imaged under a confocal microscope. Scale bars: 5 µm. (J) Quantification of condensates formed in each cell expressing
WT Dvl2 or the 8KR mutant. n=20. ***P<0.001 (unpaired two-tailed t-test). The dashed lines in violin plots represent the median and interquartile range. Blot
shown in H is representative of three independent experiments.
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higher-order phase separated condensates is to sequester specific
protein complexes in a context-dependent manner. Given that we
observed that Dvl2 forms hollow condensate in cells, we reasoned
that Dvl2 may be sequestering the components of destruction
complex, relieving β-catenin and thereby positively promoting
Wnt signalling. In accordance with our hypothesis, we found that
several components of the destruction complex such as GSK3β,
CK1 and axin 1, but not β-catenin, were efficiently partitioned into
Dvl2 condensates (Fig. 5A,B). Sequestration of GSK3β in Dvl2
condensates was observed in multiple cell lines (Fig. S5D). This
suggests that occupancy of destruction complex components gives
the hollow appearance to the condensates, and it is not caused by
the inaccessibility of antibody to penetrate the centre of the
condensate, as previously reported (Schwarz-Romond et al., 2005).
We also carried out luciferase reporter assays with the TOP FLASH
reporter plasmid, which hasWnt-responsive regions upstream of the
promoter that drive luciferase gene expression, to evaluate the
impact of phase separation in Wnt signalling. The luciferase

experiments suggest that phase separation of Dvl2 is necessary
for Wnt activation, as deletion of the IDR1 region (Fig. S5E)
severely compromised the ability of Dvl2 to enhance the activity
of Wnt-responsive promoters (Fig. 5C). Likewise, expression of
the ubiquitin K63R mutant, which leads to defective condensate
formation, caused a reduction in Dvl2-induced luciferase expression
(Fig. S5F). The reduced luciferase activity in the presence of the
ubiquitin K63R mutant was not due to reduction in Dvl2 protein
levels (Fig. S5G) but due to defective condensate formation.
Deletion of WWP2 in cells also reduced the Wnt-dependent
luciferase activity in cells (Fig. 5D). Furthermore, Wnt3a-induced
active β-catenin levels were reduced in WWP2 KO cells compared
to those in wild-type cells (Fig. 5E). A similar reduction in active
β-catenin was observed inWWP2-depleted cells treated withWnt3a
ligand (Fig. S5H). In addition, Wnt3a-dependent translocation of
active β-catenin to the nucleus was not observed inWWP2-depleted
cells (Fig. 5F,G). Defective nuclear translocation of β-catenin in
WWP2-depleted cells resulted in reduced Wnt-dependent target

Fig. 4. WWP2 promotes Dvl2 open
configuration. (A) Glutathione–
Sepharose beads bound to
bacterially expressed recombinant
GST Dvl2 full-length or the indicated
domain deletions were incubated
with 7 µg of bacterially expressed
recombinant His–Dvl2 C-terminal
fragment (CT). Interaction of
His–CT-Dvl2 with GST Dvl2 was
detected by immunoblotting with
anti-His antibody. (B) Control and
WWP2 KO cells were co-transfected
with SFB–Dvl2-CT and HA–Dvl2
full-length for 24 h. Cells were
then lysed and incubated with
streptavidin-Sepharose beads.
Interaction between SFB–Dvl2-CT
and HA–Dvl2 full-length was
detected by immunoblotting with
anti-HA antibody. (C) Cells
transfected with SFB–Dvl2-CT were
treated with either Wnt3a or left
untreated. The interaction between
SFB–Dvl2-CT and endogenous
Dvl2 was detected by
immunoblotting with Dvl2 specific
antibody after immunoprecipitation
with S-protein beads. Inputs in A–C
are 5%. Blots shown in A–C are
representative of two independent
experiments. (D) Control cells were
transfected with SFB–Dvl2 full-
length and WWP2 KO cells were
transfected with SFB–Dvl2 full-
length, or SFB–Dvl2 ΔIDR1, ΔPDZ,
ΔDEP or ΔCT constructs. After 24 h
of transfection, cells were fixed and
stained with anti-Flag antibody.
Images were taken using a confocal
microscope. Scale bars: 5 µm.
(E) Quantification as violin plots of
the number of Dvl2 condensates per
cell in the indicated conditions. The
dashed lines represents the median
and interquartile range. n=10.
***P<0.001 (one-way ANOVA with
Tukey’s multiple comparisons test).
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gene expression (Fig. 5H). To further substantiate the role of
Dvl2 condensates in activation of the Wnt pathway, we utilized the
8KR version, a condensate-deficient mutant of Dvl2, to test its effect
in Wnt signalling. Whereas wild-type Dvl2 could efficiently
sequester the component of destruction complex (GSK3β), 8KR
mutant was unable to do so (Fig. 5I). Consequently, expression
of Dvl2 8KR mutant significantly reduced Wnt-dependent
luciferase activity in cells (Fig. 5J). Together, these data suggest
that Dvl2 phase separation is important for enhancing Wnt
signalling in cells.

DISCUSSION
A remarkable feature of dishevelled family proteins is their ability
to form distinct cytoplasmic puncta termed signalosomes. The
physiological relevance of the puncta has been always debated, as
many studies suggested that they are important inWnt signalling via
regulating destruction complex, whereas others challenge the same
idea (Bilic ́ et al., 2007; Schwarz-Romond et al., 2007b; Smalley
et al., 2005). Our study here demonstrates that Dvl2 undergoes
liquid–liquid phase separation in cells, which is important for
relaying the Wnt signal in cells. The phase-separated Dvl2

Fig. 5. See next page for legend.
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condensates can accommodate the components of destruction
complex and thereby spatially separate the destruction complex and
β-catenin. Recently, axin along with APC was also shown to phase
separate to recruit destruction complex along with β-catenin and
enhance the local concentration of destruction components and
control Wnt activation by degrading β-catenin (Li et al., 2020; Nong
et al., 2021). Given the functionally opposing roles in regulating
β-catenin levels, we believe that Dvl2 condensates are distinct from
axin and APC condensates. In fact, in the presence of the Wnt
ligand, Dvl2 condensates might be acting one level above axin
condensates to recruit all the destruction components including axin
condensates to promote Wnt signalling.
Importantly, we identified a critical role for WWP2-mediated

ubiquitylation during phase separation of Dvl2. We demonstrated
that phase separation of Dvl2 is essential for full activation of
Wnt signalling. Multiple E3 ligases, such as ITCH, SMURF1,
KLHL12 and NEDD4L, have been identified as regulating Dvl2
ubiquitylation (Angers et al., 2006; Bernatik et al., 2020; Ding et al.,
2013; Wei et al., 2012). However, these E3 ligases were shown to
inhibit Wnt signalling by promoting Dvl2 degradation. In this study,
we identified a non-degradative ubiquitylation of Dvl2 by WWP2
that enhances Wnt signalling. WWP2 has been characterized as an
oncogenic E3 ligase in cells, and is known to promote cell survival
and proliferation signalling via regulating specific set of tumour

suppressor proteins (Bernassola et al., 2019; Soond and Chantry,
2011). Given that WWP2 has been implicated as a potential
oncogene in wide variety of cancers, its limited degradative
substrates such as PTEN and p73, might not fully explain the
functional repertoire of its oncogenic nature in multiple cancers
(Chaudhary and Maddika, 2014; Maddika et al., 2011). Thus, our
study identifying Dvl2, a crucial component of Wnt pathway that
promotes proliferation and tumour growth, as a new non-degrative
substrate might add a new dimension to the oncogenic function of
WWP2 in certain cancers. On the other hand, ubiquitylation, as a
post-translational modification, has been implicated in numerous
cellular functions, such as protein homeostasis, endocytosis and
DNA damage signalling, via forming distinct ubiquitin chain
linkages (Brinkmann et al., 2015; Haglund and Dikic, 2012;
Rape, 2018). Our findings show that there is an important role of a
non-canonical K63 linkage in liquid–liquid phase separation of Dvl2.

Ubiquitylation, although being one of the most critical post-
translational modifications, has not been studied extensively
pertaining to its effect on phase separation of proteins. Exceptions
to this are some recent findings showing the role of polyubiquitin
chains in eliminating the phase separation behaviour of UBQLN2
(Dao et al., 2018). In another study, ubiquitin-dependent phase
separation of proteosome in nucleus was reported (Yasuda et al.,
2020). Studies from different groups have shown that K63-linked
ubiquitin chains can promote phase separation by providing
additional multivalency to proteins like UBQLN2, NEMO (also
known as IKBKG) and p62 (Dao et al., 2022; Du et al., 2022;
Sun et al., 2018). Interestingly, all these studies depict the
regulation of protein phase behaviour by mere interaction with the
polyubiquitin chain rather than protein getting covalently modified
by ubiquitylation. Our findings clearly demonstrate that K63-linked
ubiquitylation on the substrate protein can affect its phase separation.
K63 linkage is the second most abundant ubiquitin linkage found in
cells. K63 linkage ubiquitylation is largely associated with
proteasome-independent functions, such as endocytosis and signal
transduction (Husnjak and Dikic, 2012; Komander and Rape, 2012).
Recent studies also report that K63 ubiquitylation can trigger
proteasomal degradation by seeding branched ubiquitin chains
(Ohtake et al., 2018). Our study adds a new regulatory role for
K63-linked ubiquitin chains in protein phase separation.

Liquid–liquid phase separation is emerging as a functionally
relevant event for many proteins in various cellular contexts. Having
different types of ubiquitin linkages available in the cell with only
limited functions assigned to them hitherto (Li and Ye, 2008), we
speculate that distinct ubiquitin linkages might have an important
regulatory role in phase separation of some of these proteins. It
would be interesting to test and understand whether different
ubiquitin chain topologies have a role in phase separation of other
proteins in future studies.

MATERIALS AND METHODS
Plasmids
cDNAs for WWP2 and Dvl2 were purchased from Dharmacon. Axin and
CKIɛ expression plasmids were kind gift from Dr Mariann Bienz (MRC
Laboratory of Molecular Biology, Cambridge Biomedical Campus, UK),
and V5–Frizzled 5 expression plasmid was a gift from Dr Madelon Maurice
(Utrecht University, The Netherlands). All cDNAs were PCR-amplified and
cloned into donor vector pDONOR201 (Invitrogen) using gateway cloning
and then moved to triple-tagged SFB, Myc, GFP glutathione S-transferase
(GST) or MBP-tagged destination vector (Invitrogen) for expression. SFB–
Rab5a, SFB–Rab7a and GFP–Rab11 were described in our previous study
(Shinde and Maddika, 2016, 2017). All clones were verified by sequencing.
All the genes used in the study are of human origin. All the point mutations

Fig. 5. Dvl2 phase separation promotes Wnt signalling. (A) Cells were
transfected with SFB–DVL2 alone or with HA-tagged CK1ɛ, Myc-tagged
axin 1 or GFP-tagged Rab7a for 24 h. Cells were then fixed and stained with
the indicated antibodies and imaged under a confocal microscope. Scale
bars: 5 µm. (B) The partitioning coefficient was measured by calculating the
ratio of intensity of each protein inside to the intensity outside the
condensate and plotted as a violin plot. n=10 cells (10 condensates per
each cell). The dashed lines represent the median and interquartile range.
***P<0.001 (one-way ANOVA with Tukey’s multiple comparisons test).
(C) HEK293T cells were co-transfected with the TCF/LEF reporter plasmid
(TOP FLASH) and SFB–Dvl2 WT or ΔIDR mutant. At 24 h post transfection,
cells were lysed and luciferase assay was undertaken with a dual luciferase
kit (Promega). Values were normalized to Renilla luciferase. Error bar
indicates s.d., n=2. **P<0.01 (one-way ANOVA with Tukey’s multiple
comparisons test). (D) Control and WWP2 KO cells were transfected with
TOP FLASH or FOP FLASH vectors along with Wnt3a for 24 h. The
luciferase assay was undertaken with a dual luciferase kit (Promega). Error
bar indicates s.d., n=2. ***P<0.001 (one-way ANOVA with Tukey’s multiple
comparisons test). (E) Control and WWP2 KO cells were treated with Wnt3a
ligand. Cells were lysed in NETN lysis buffer and immunoblotted with non-
phosphorylated β-catenin (active β-catenin) antibody and the other indicated
antibodies. Blot shown is representative of three independent experiments.
(F) Control shRNA- or WWP2 shRNA-treated cells were cultured in serum
free medium for 12 h and then treated with Wnt3a (200 ng/ml) for 2 h. Cells
were then fixed and stained with with non-phosphorylated β-catenin antibody
and imaged using a confocal microscope. Scale bars: 10 µm. (G)
Quantification of nuclear with non-phosphorylated β-catenin. Nuclear
β-catenin was quantified by measuring the colocalization of β-catenin with
DAPI. The line represents the median, n=20 cells. ***P<0.001 (one-way
ANOVA with Tukey’s multiple comparisons test). (H) Control and WWP2-
knockdown cells were cultured in serum free medium for 12 h and treated
with Wnt3a (200 ng/ml) for 2 h. AXIN2 mRNA levels were detected by qRT-
PCR. Error bar indicates s.d. *P<0.05 (one-way ANOVA with Tukey’s
multiple comparisons test). (I) SFB–Dvl2 WT or the 8KR mutant was
transfected in HEK293T cells for 24 h. Cells were stained with anti-Flag and
anti-GSK3β antibodies and imaged under a microscope. Scale bars: 5 µm.
Images in I are representative of three independent experiments. (J)
HEK293T cells transfected with either TOP FLASH or FOP FLASH along
with SFB–Dvl2 WT or the 8KR mutant for 24 h. Cells were then lysed and
luciferase assay was performed using the dual luciferase kit (Promega).
Values were normalized to Renilla luciferase. Error bar indicates s.d., n=2.
*P<0.05 (one-way ANOVA with Tukey’s multiple comparisons test).
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and domain deletions {ΔPDZ [deletion of amino acids (aa) 263–352],
ΔIDR1 (deletion of aa 94–252) and ΔDEP (deletion of aa 421–502)} were
generated by PCR-based site directed mutagenesis and cloned into SFB-,
Myc- and GST-tagged expression vectors. ΔDIX (deletion of aa 1–93), ΔCT
(deletion of aa 515–736) and CT Dvl2 (aa 515–736) were amplified from
full-length Dvl2 and cloned into pDONOR201). To generate DUB–DVL2
fusion proteins, a wild-type and catalytically inactive DUB domain of
USP7 was PCR amplified and fused with full-length Dvl2 using overlap
PCR. Lentiviral-based shRNAs for WWP2 (shRNA 1 sequence,
5′-ATAAAGCGAAAGTAGGTGAGG-3′; shRNA2 sequence, 5′-TTGAC-
GATTATGCACCTTGGG-3′) and UBA1 (shRNA 1 sequence: 5′-ATG-
GTGATCTCTAATTTGTGC-3′; shRNA 2 sequence, 5′-TTAACTTCGT-
GACATCCCAGG-3′) were purchased from Dharmacon. Lentiviral vectors
encoding WWP2 guide RNAs were purchased from transOMIC
technologies.

Antibodies
The following antibodies have been used in this study: WWP2 (1:1000;
A 302-935A, Bethyl Laboratories), Dvl2 [1:1000 western blotting (WB) and
1:200 immunoprecipitation (IP); 3216S, Cell Signaling Technology, and
1:1000; sc8026, Santa Cruz Biotechnology], non-phospho-β-catenin [1:1000
WB; 1:200 immunofluorescence (IF); 19807S, Cell Signaling Technology],
GSK3β (1:200 IF; 12456T, Cell Signaling Technology), Lamp2 (1:200;
GL2A7, DSHB), CD63 (1:100; H5C6, DSHB), Flag (1:10,000; F3165,
Sigma), actin (1:10,000; A5441, Sigma), Myc (1:1000; sc40, Santa Cruz
Biotechnology), ubiquitin (1:2000; 05944, Millipore), and HA (1:2000 WB;
1:200 IF; NB 600-363, Novus Biologicals). V5-tag antibody (1:5000WB; R
960-25, Thermo Fisher Scientific) was a kind gift from Dr Rashna Bhandari,
CDFD, India. HRP-conjugated anti-mouse and anti-rabbit-IgG secondary
antibodies were obtained from Jackson Immunologicals.

Cell lines and transfections
HEK293T, U2OS, HepG2, RPE1 and BOSC23 cell lines were used in this
study. HEK293T and BOSC23 cells were grown in RPMI (AL028A,
HIMEDIA) containing 10% donor bovine serum (DBS; SH30075.03,
Hyclone) and 1% penicillin and streptomycin (CC502-0100, GeneDireX).
U2OS, HepG2 and RPE1 cells were grown in DMEM (AL007, HIMEDIA)
containing 10% fetal bovine serum (FBS; 10270-106, Gibco) and 1%
penicillin and streptomycin (CC502-0100, GeneDireX). All cell lines were
purchased from American Type Culture Collection, which were tested and
authenticated by the cell bank using their standard short tandem repeat
(STR)-based techniques. Cells were also continuously monitored by
microscopy to ensure that they had maintained their original morphology
and also tested for mycoplasma contamination by using DAPI staining.
HEK293T and BOSC23 cells were transfected with various plasmids using
PEI (Polysciences) according to the manufacturer’s protocol. Briefly, the
plasmid was diluted in serum-free RPMI medium was mixed with PEI
(1 µg/µl) in 1:3 ratios. After incubating the DNA and PEI mixture at room
temperature (RT) for 15 min, the complexes were added to cells to allow the
transfection of plasmid. Transfections in U2OS, HepG2 and RPE1 cells
were done using Turbofect transfection reagent according to the
manufacturer’s protocol.

Generation of WWP2 and Dvl2 KO cell lines
WWP2 and Dvl2 KO HEK293T cell lines were established using the
CRISPR/Cas9 system. In brief, guide RNAs (TEVH-1147610 and TEVH-
1080468) targeting WWP2 and non-targeting control (TELA1011) were
purchased from transOMIC technologies (pCLIP-All-EFS-Puro vector).
gRNA sequence targeting Dvl2 (5′-CTACATTGGCTCCATCATGA-3′)
was cloned into Crispr-V2 plasmid for this study. Plasmids were transfected
into cells with Turbofect according to the manufacturer’s protocol. After
48 h, cells were treated with puromycin (2 µg/ml) and further subjected to
clonal selection. Positive clones were verified by western blotting with
either WWP2 or Dvl2 antibody for the loss of expression.

Lentiviral infection
Lentivirus-based WWP2 and UBA1 shRNA coding plasmids purchased
from Dharmacon were transfected transiently using PEI (Invitrogen) in

BOSC23 packaging cells along with packaging vectors (psPAX2 and
pMD2.G; Addgene #12259 and #12260). At 48 h post transfection, the viral
medium was collected, filtered through a 0.45 µM filter (9913-2504,
Whatman) and added to the target cells along with polybrene (8 µg/ml;
H9268, Sigma). At 72 h post infection, cells were collected and processed
for various assays and immunoblotting was performed with the specific
antibodies to check the efficiency of knockdown.

Tandem affinity purification
Dvl2-associated proteins were isolated by using tandem affinity purification
as described previously (Kumar et al., 2017). Briefly, HEK293T cells
transiently expressing SFB–Dvl2were lysed with NETN buffer (20 mMTris-
HCl pH 8.0, 100 mM NaCl, 1 mM EDTA and 0.5% Nonidet P-40)
containing 1 µg/ml of each of pepstatin A and aprotinin on ice for 20 min.
Lysate was then incubated with streptavidin–Sepharose (Amersham
Biosciences) for 2 h at 4°C. After removing the unbound proteins by
washing the beads three times with lysis buffer, the associated proteins were
eluted using 2 mg/ml biotin (Sigma) for 2 h at 4°C. The eluate was then
incubated with S-protein–agarose (Millipore) beads for 1 h at 4°C. After
clearing the unbound proteins by washing, the proteins associated with
S-protein–agarose beads were eluted by boiling in SDS-loading buffer for
10 min at 95°C. The proteins were identified by mass spectrometry analysis
carried out by the Taplin biological mass spectrometry facility at Harvard
University.

Immunoprecipitation
For immunoprecipitation assays, cells were lysed with NETN buffer
as described above. The whole-cell lysates obtained by centrifugation
(16,000 g for 10 min) were incubated with 2 μg of specified antibody bound
to either protein A or protein G–sepharose beads or with streptavidin–
sepharose beads (Amersham Biosciences) for 1 h at 4°C. The
immunocomplexes were then washed with NETN buffer three times and
subjected to SDS-PAGE. Immunoblotting was performed using standard
protocols.

Immunofluorescence
Cells grown on coverslips were fixed with 3% paraformaldehyde for 15 min
at room temperature and permeabilized with 0.2% Triton X-100 for 5 min at
room temperature. For staining with Dvl2 antibody, cells were fixed with
4% paraformaldehyde for 15 min at room temperature and permeabilized
with ice-cold methanol at −20°C for 10 min. Permeabilized cells were then
incubated with a 5% BSA for blocking at RT for 60 min followed by
incubation with primary antibodies for 60 min at room temperature. After
incubation, cells were washed three times with 1× PBS and then incubated
with FITC- or Rhodamine-conjugated secondary antibodies at RT for
60 min followed by three washes with 1× PBS. Nuclei were counterstained
with DAPI. Cells were washed with PBS, and coverslips were mounted with
glycerol containing paraphenylenediamine and imaged using a confocal
microscope (LSM, 700 Zeiss). We used maximum intensity projection for
all the quantifications but for representative images for the figures, we used
images from particular focal plane.

Recombinant protein purification
GST- and MBP-tagged full-length Dvl2 and WWP2 were transformed
into Escherichia coli BL21 (DE3) cells. Cultures were grown to an
optical density (OD) at 600 nm of ∼0.6 and induced with 0.5 mM isopropyl
β-D-1-thiogalactopyranoside (IPTG) at 37°C for 4 h. For MBP, WWP2
the cell pellet (18,000 g for 20 min) was lysed in lysis buffer [50 mM Tris-
HCl pH 7.5, 150 mM NaCl, and 0.01% NP–40 Igepal and protease
inhibitors (Aprotinin, A1153, Sigma; Pepstatin, 9000469, Cayman
Chemicals; PMSF, 78830, Sigma)] and sonicated. Cell lysates were
pulled down with dextran–Sepharose beads (28-9355-97, GE Heathcare)
for 2 h at 4°C. Then, beads were washed five times with wash buffer
(50 mM Tris-HCl pH 7.5, 300 mMNaCl, 0.01%NP–40 Igepal, 1 mMDTT
and protease inhibitors) and bound proteins were eluted with the elution
buffer containing 20 mM Tris-HCl pH 7.5, 200 mM NaCl, 1 mM EDTA
and 10 mM maltose. For GST, the Dvl2 cell pellet was lysed in lysis buffer
(50 mM Tris-HCl pH 8, 500 mM NaCl, 1 mM EDTA and 1.5% sarkosyl).
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GST–Dvl2 was eluted with elution buffer containing 50 mMTris-HCl pH 8,
500 mM NaCl, 100 mM reduced glutathione.

Ubiquitylation assay
In vitro ubiquitylation assays were carried out at 30°C for 15 min in 25 μl of
ubiquitylation reaction buffer [50 mMTris-HCl pH 7.6, 2 mM dithiothreitol
(DTT), 5 mM MgCl2, 0.1 M NaCl and 2 mM ATP] containing the
following components: 100 μM ubiquitin, 20 nM E1 (UBE1) and 100 nM
UbcH7 (all from Boston Biochem), 1 µg bacterially purified MBP–WWP2
WT or catalytically dead mutant (with a C838A mutation) was added to the
reaction mixture. Bacterially purified GST–Dvl2 bound to glutathione–
Sepharose beads (Amersham) were used as substrates in the reaction
mixture. After the reaction, beads were washed three times with wash buffer
(50 mM Tris-HCL pH 7.5, 300 mM NaCl, 0.05% NP-40 and 1 mM DTT)
and boiled with SDS-PAGE loading buffer; ubiquitylation of substrates was
detected by western blotting with anti-ubiquitin antibody. For in vivo
ubiquitylation assays, at 24 h post transfection with the indicated plasmids,
cells were harvested and lysed under denaturing condition (50 mMTris-HCl
pH 7.5, 100 mM β-mercaptoethanol, 1% SDS and 5 mM EDTA). Lysate
was subjected to streptavidin–Sepharose-mediated pulldown and
ubiquitylation was detected by immunoblotting with ubiquitin or Flag
antibody.

In vitro droplet assay
GST Dvl2 eluted in high salt-containing elution buffer (50 mM Tris-HCl
pH 8, 500 mM NaCl, 100 mM reduced glutathione) was mixed with
phase-separation buffer (25 mM Tris-HCl pH 7.4, 100 mM KCl, 2.5%
glycerol, 0.5 mMDTT) to get a final salt concentration of 150 mM. 10 µl of
GST–Dvl2 in phase separation buffer was mounted as a drop on slide and
the droplets formed were imaged under a bright field microscope.

Luciferase assay
HEK293T cells were transfected with either with TOP Flash or FOP Flash
reporter plasmids andRenilla luciferase plasmid and other indicated plasmids.
At 24 h post transfection, cells were lysed and the assay was performed with a
dual luciferase kit (Promega) according to the manufacturer’s protocol.
Values were normalized to those of Renilla luciferase.

FRAP assay
GFP–Dvl2 condensates were selectively bleached with 488 nm argon laser
(Zeiss LSM 700 confocal microscope). Recovery was monitored by
acquisition of images for the following 4 min at 10 s intervals at room
temperature. Fluorescence intensity of unbleached condensates from the
same cells were also monitored.

Cycloheximide-chase assay
Cells transfected with empty vector or Myc–WWP2 WT for 24 h were then
treated with cycloheximide (50 µg/ml; C7698, Sigma). Cells were harvested
at different time points and protein levels were detected by immunoblotting.

1,6-hexanediol treatment
Cells grown in glass bottom dishes were transfected with GFP–Dvl2. After
24 h of transfection, cells were treated with 3% hexanediol (7046, TOCRIS)
and were imaged for 4 min by acquiring images at every 3 s under the Leica
DMi8 live-cell imaging platform. Cells were maintained at 37°C and 90%
humidity throughout the imaging. Untreated cells were imaged as control.

Quantitative real-time PCR
Control and WWP2 knockdown cells were cultured in serum free medium
for 12 h followed by the addition of 200 ng/ml of recombinant Wnt3a for
2 h. Cells were then lysed and RNA was isolated using Nucleospin RNA
isolation kit (MACHERY-NAGEL) following the manufacturer’s protocol.
1 µg of total RNA was used to synthesize cDNA using Takara cDNA
synthesis kit. qRT-PCRwas performed using the TBGreen Premix Ex TaqII
(Tli RNaseH plus) kit (Takara Bio) in a Bio real-time PCR system as per
manufacturer’s protocol. The primer sequences used to amplify axin is were:
axin 2 forward primer-5′-GTGAGGTCCACGGAAACTGT-3′; axin 2
reverse primer, 5′-GTGGGTTCTCGGGAAATGA-3′.
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Fig. S1. (a) HEK 293T cells transfected with SFB Dvl2 were lysed and immunoblotted with Dvl2 

specific antibody. (b) Indicated cell lines transfected with SFB Dvl2 were then fixed and stained with 

anti-flag antibody. Fixed cells were imaged using a confocal microscope. Scale bar, 5 µM (c) The 

disorder prediction (PONDR) of human Dvl2 showing highly disordered stretches in the N-terminus 

(IDR1) and C-terminus of the protein (IDR2). (d) HEK 293T cells transfected with GFP Dvl2 were 

lysed and immunoblotted with Dvl2 specific antibody. (e) Myc Dvl2 was co transfected with either 

SFB Rab5a or SFB Rab7a or GFP rab11 in HEK 293T cells. After 24 hours of transfection cells were 

fixed and stained with indicated antibodies and imaged with a confocal microscope. Fluorescence 

intensities along the line drawn in a representative cell were obtained using Zen software and the co-

localization plots were made using GraphPad. Scale bar,5µM. (f) Cells transfected with SFB Dvl2 

were fixed and stained by flag antibody along with CD63 or Lamp2 antibodies. Fixed cells were 

imaged using a confocal microscope. Fluorescence intensities along the line drawn in a representative 

cell were obtained using Zen software and the co-localization plots were made using GraphPad. Scale 

bar,5µm. (g) HEK 293T cells stably expressing SFB-Dvl2 at near endogenous levels were lysed and 

immunoblotted with Dvl2 antibody. (h) HEK 293T cells transfected with control guide RNA or Dvl2 

guide RNA were cultured in puromycin selection media. Dvl2 deletion was confirmed by 

immunoblotting with Dvl2 antibody. (i) Cells were transfected with SFB DVL2 FL or ΔIDR mutant 

along with Myc ΔIDR Dvl2. Oligomerization of ΔIDR Dvl2 with full length as well as ΔIDR Dvl2 

was detected by immunoblotting with anti-myc antibody after incubating the cell lysates with 

streptavidin sepharose beads. 
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Fig. S1. (a) HEK 293T cells transfected with SFB Dvl2 were lysed and immunoblotted with Dvl2 

specific antibody. (b) Indicated cell lines transfected with SFB Dvl2 were then fixed and stained with 

anti-flag antibody. Fixed cells were imaged using a confocal microscope. Scale bar, 5 µM (c) The 

disorder prediction (PONDR) of human Dvl2 showing highly disordered stretches in the N-terminus 

(IDR1) and C-terminus of the protein (IDR2). (d) HEK 293T cells transfected with GFP Dvl2 were 

lysed and immunoblotted with Dvl2 specific antibody. (e) Myc Dvl2 was co transfected with either 

SFB Rab5a or SFB Rab7a or GFP rab11 in HEK 293T cells. After 24 hours of transfection cells were 

fixed and stained with indicated antibodies and imaged with a confocal microscope. Fluorescence 

intensities along the line drawn in a representative cell were obtained using Zen software and the co-

localization plots were made using GraphPad. Scale bar,5µM. (f) Cells transfected with SFB Dvl2 

were fixed and stained by flag antibody along with CD63 or Lamp2 antibodies. Fixed cells were 

imaged using a confocal microscope. Fluorescence intensities along the line drawn in a representative 

cell were obtained using Zen software and the co-localization plots were made using GraphPad. Scale 

bar,5µm. (g) HEK 293T cells stably expressing SFB-Dvl2 at near endogenous levels were lysed and 

immunoblotted with Dvl2 antibody. (h) HEK 293T cells transfected with control guide RNA or Dvl2 

guide RNA were cultured in puromycin selection media. Dvl2 deletion was confirmed by 

immunoblotting with Dvl2 antibody. (i) Cells were transfected with SFB DVL2 FL or ΔIDR mutant 

along with Myc ΔIDR Dvl2. Oligomerization of ΔIDR Dvl2 with full length as well as ΔIDR Dvl2 

was detected by immunoblotting with anti-myc antibody after incubating the cell lysates with 

streptavidin sepharose beads. 
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Fig. S2. (a) HEK 293T cells transfected with control guide RNA or WWP2 guide RNA were cultured 

in puromycin selection media. WWP2 deletion was confirmed by immunoblotting with specific 

antibody. (b) U2OS cells (c) HepG2 cells and (d) RPE1 cells transduced with either control or two 

independent WWP2 shRNAs were cultured in puromycin selection media. WWP2 depletion was 

confirmed by immunoblotting with specific antibody. (e) Control and WWP2 depleted U2OS cells 

were transfected with SFB Dvl2 for 24 h. Cells were fixed and stained with anti-flag antibody. Images 

were taken using a confocal microscopy. Scale bar 5µm. (f) Quantification of number of condensates 

per cell for the indicated conditions was plotted. Solid line represents the median, n=20 *** 

P<0.001(One-way Anova, Tukey’s multiple comparisons test. (g) Control and WWP2 depleted HepG2 

cells were transfected with SFB Dvl2 for 24 h. Cells were fixed and stained with anti-flag antibody. 

Images were taken using a confocal microscopy. Scale bar 5µm. (h) Quantification of number of 

condensates per cell for the indicated conditions was plotted. Solid line represents the median, n=20 

*** P<0.001(One-way Anova, Tukey’s multiple comparisons test. (i) Control and WWP2 Knock 

down RPE1 cells were transfected with SFB Dvl2 for 24 h. Fixed cells were stained with anti-flag 

antibody and imaged using a confocal microscope. Scale bar 5µm. (j) Quantification of number of 

condensates per cell for the indicated conditions was plotted. Solid line represents the median, n=20 

*** P<0.001(One-way Anova, Tukey’s multiple comparisons test. 
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Fig. S3. (a) Cells transduced with control or two independent WWP1 shRNAs were collected after 48h 

of transduction. Depletion of WWP1 was confirmed by immunoblotting with specific antibody. (b) 

293T cells were transduced with either control or Nedd4L shRNA and the Nedd4L depletion was 

detected using qRT- PCR. (c) Cells transduced with control or indicated shRNAs were transfected 

with SFB Dvl2. 24h of post transfection, cells were fixed and the condensates were imaged by probing 

with flag antibody. Images were taken with a confocal microscope, Scale bar 5µm. (d) Quantification 

of percentage of cells forming condensates, n=100 cells, *p< 0.03 (One-way Anova, Tukey’s multiple 

comparisons test). (e) Cells expressing control or two independent WWP2 shRNAs were co-

transfected with SFB Dvl2 and HA Ub for 24 hours. Cells were then lysed in denaturing conditions 

and the lysate was incubated with streptavidin sepharose beads. Dvl2 Ubiquitination was detected by 

immunoblotting with HA antibody. (f) Cells transduced with control or WWP2 shRNAs were 

collected after 48h of transduction. Lysates were tested for the total levels of Dvl2 by immunoblotting 

with Dvl2 antibody. (g) Wild type or WWP2 KO cells were lysed and tested for the total levels of 

Dvl2 by immunoblotting with Dvl2 antibody. (h) Empty vector or Myc Wwp2 was transfected in HEK 

293T cells. 24hours of post transfection cells were treated with cycloheximide (50µg/mL). Cells were 

harvested at different time points and Dvl2 levels were detected by immunoblotting. 
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Figure S4
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Fig. S4. (a) 293T cells were transduced with either control or two independent UBA1 shRNAs and the level of 
UBA1 depletion was detected by using qRT- PCR. (b) SFB tagged DVL2 with indicated single lysine mutants 
were transfected in HEK 293T cells. Dvl2 condensates were captured by imaging with confocal microscope 
after immunofluorescence staining with Flag antibody. (c) Cells were transfected with SFB tagged Dvl2 with 
various triple lysine mutants. Dvl2 condensates were captured by imaging with confocal microscope after 
immunofluorescence staining with Flag antibody. (d) Schematic representation of Dvl2 full length protein with 
various lysines that are potential sites of WWP2 mediated ubiquitination. (e) Cells were transfected with SFB 
DVL2 WT or 8KR mutant along with Myc Dvl2. Oligomerization of SFB Dvl2 with Myc Dvl2 was detected 
by immunoblotting with anti-myc antibody after incubating the cell lysates with streptavidin sepharose beads. 

J. Cell Sci.: doi:10.1242/jcs.260284: Supplementary information

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



 Figure S5
A.

B.

C.

E.

Flag( Dvl2)

WWP2

Actin

V5(Fz)

V5(Fz) Pull down :
SBP (Dvl2)

Wnt3a     -     -     +     +     +
WT W

W
P2

 K
O

-1

W
W

P2
 K

O
-2

In
pu

t

63

75 

63

75 

100
135

100

75
48

kDa 

Flag( Axin)

Flag( Axin)

Myc (Dvl2)

Myc Dvl2

IP: Flag

W
W

P2
 K

O
-1

W
W

P2
 K

O
-2

W
T

W
T

IP
: I

gG

In
pu

t
IP

100
135

75

135
100

100
75

100
135

kDa 

Pull down :SBP

Flag( Dvl2)

HA (CK1ε)

HA (CK1ε)

W
W

P2
 K

O
-1

W
W

P2
 K

O
-2

WT

In
pu

t

48

63

48

63 

135 
100

kDa 

Ve
cto

r
Ub W

T
Ub K

63
R

Flag( Dvl2)

Actin

100

135

48

kDa 

F.

0

100

200

300

400

Ve
cto

r
Ub W

T
Ub K

63
R

Dvl2

 *

R
el

at
iv

e 
lu

ci
fe

ra
se

 u
ni

ts
(x

10
 )3

G. + Wnt 3A

 Wwp2

Active 
beta catenin

Actin

Actin

C
on

tro
l s

hR
N

A

W
W

P2
 s

hR
N

A-
1

W
W

P2
 s

hR
N

A-
2

kDa 

100 
75

100
75

48

48

Flag

Actin

SF
B 

Dv
l2 

FL
SF

B 
Dv

l2 
ΔI

DR
1 

48

63

100
135
kDa

D.

U2OS

HepG2

RPE1

Flag GSK3B DAPI Merge

H.

J. Cell Sci.: doi:10.1242/jcs.260284: Supplementary information

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Fig. S5. (a) Wild type (WT) or WWP2 KO cells were co-transfected with SFB-Dvl2 and V5-Fz 

(Frizzled 5) in the presence and absence of Wnt3a. The association between SFB Dvl2 and V5-

Fz were detected by immunoblotting with anti-V5 antibody after incubating the cell lysates with 

streptavidin sepharose beads. (b) SFB Dvl2 and HA CK1ε were co-transfected in WT and 

WWP2 KO cells. Cells were then lysed and subjected to streptavidin sepharose pull down and 

immunoblotted with anti-HA antibody to detect Dvl2-CK1 interaction. (c) WT and WWP2 KO 

cells were transfected with Myc Dvl2 and Flag Axin. Cells were then lysed and incubated with 

either IgG or flag antibody bound protein G agarose beads. The interaction of Flag Axin and 

Myc Dvl2 was detected by immunoblotting with anti-myc antibody. (d) Indicated cells 

transfected with SFB DVL2 were then fixed and stained with anti-flag and anti -GSK3β 

antibodies. Fixed cells were imaged under a confocal microscope. Scale bar, 5µM. (e) HEK 

293T cells expressing SFB Dvl2 FL and ΔIDR were lysed and immunoblotted with anti-flag 

antibody (f) HEK 293T cells were co-transfected with SFB Dvl2 and HA Ub-WT or K63R 

mutant along with TOP FLASH reporter plasmid and Renilla luciferase reporter plasmid. 24h of 

post transfection, cells were lysed and luciferase assay was performed with Dual Luciferase Kit 

(Promega). The values were normalized to Renilla luciferase. Error bar indicates standard 

deviation, *P< 0.05 (One-way Anova, Tukey’s multiple comparisons test). (g) Expression levels 

of SFB Dvl2 in the lysate used for luciferase assay after expressing Ub WT or K63R mutant was 

detected by immuno blotting with anti-Flag antibody. (h) Cells transduced with control or 

WWP2 shRNAs for 48h were then treated with Wnt3a ligand for 2h. Cells were lysed in NETN 

lysis buffer and immunoblotted with non-phospho beta catenin (active beta catenin) antibody and 

other indicated antibodies. 
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Protein Unique peptides 

89 
AP1B1 64 
AP2A2 52 
AP2B1 46 
AP2A1 42 
USP7 36 
MCM5 35 
AP2M1 33 
MCM3 33 
ATAD3A 32 
FOXK1 31 
NEDD4L 29 
NXN 28 
ITCH 27 
FOXK2 25 
PLEKHA5 22 
MCM7 22 
PKP3 22 
DVL3 20 
DVL1P1 19 
CSNK1D 19 
TAF6L 19 
CSNK2A1 18 
TRIM28 18 
PLK1 18 
SLC25A13 18 
CSNK1A1 17 
VANGL1 17 
BAG3 17 

17 
CSNK2A2 16 
SNW1 16 
NDUFA9 15 
MCCC2 14 
AAK1 14 
SMC2 14 
RPL23 13 
PRDX1 13 
POLD1 13 
PLD1 13 
CSNK2B 12 
GID8 12 
CHEK2 12 

DVL2 

WWP2 

Table S1. List of Dvl2 associated proteins identified by mass spectrometric analysis after 

biochemical purification was shown. Proteins with cut off of 3 unique peptides were included in 

the list. 
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ATAD3B 12 
NUMB 11 
TUFM 11 
POMGNT2 11 
HADHB 11 
AIFM1 11 
NUMBL 11 
CSNK1A1L 10 
FKBP8 10 
VANGL2 10 
SNX8 10 
IRS2 10 
ARRB2 10 
ACAD11 10 
NECAP1 9 
GTF3C5 9 
RFC2 9 
PDK3 9 
CTNND1 9 
AP2S1 9 
MARK2 9 
PPP2R1A 9 
SNIP1 8 
ARMC8 8 
WWP1 8 
SNX9 8 
MCCC1 8 
KCTD12 8 
ABCD3 8 
MARK3 8 
AP1G1 8 
CDK1 8 
PFKP 8 
AXIN1 8 
EEF2 8 
PARD3 8 
MAEA 8 
PRDX2 8 
LEMD3 7 
SENP2 7 
IQGAP1 7 
STRN 7 
MKLN1 7 
RANBP10 7 
EPS15L1 7 
MARK1 7 

J. Cell Sci.: doi:10.1242/jcs.260284: Supplementary information

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



PHB2 7 
EPS15 7 
ARAF 7 
TCP1 7 
VIM 7 
UBA52 6 
CSNK1E 6 
PCBP1 6 
PRDX4 6 
YWHAQ 6 
ATP5A1 6 
TYK2 6 
KIF2C 6 
CCNB1 6 
PGAM5 6 
GSK3B 6 
RAB11FIP5 6 
SMC4 6 
PPP1CA 6 
IQGAP3 6 
CCT2 6 
PKM 6 
SH3BP4 6 
DVL1 5 
CNP 5 
NFKBIL1 5 
TCAF1 5 
RANBP9 5 
YWHAE 5 
TRIM33 5 
STX5 5 
PIP4K2C 5 
SLMAP 5 
AURKA 5 
BUB3 5 
KIF2A 5 
MTHFD1 5 
EGLN1 4 
NECAP2 4 
SH2D4A 4 
DHRS2 4 
CCAR2 4 
ANXA2 4 
WDR48 4 
GULP1 4 
RFC4 4 
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SGPL1 4 
DLG3 4 
PIK3R4 4 
PRPF19 4 
STON2 4 
ZNF598 4 
TK1 4 
PPP2R2A 4 
NAGK 4 
MAPK1 4 
FAM83B 4 
MRE11 4 
CDC7 4 
MTERF1 3 
PDZD11 3 
TANC1 3 
KANSL2 3 
METTL15 3 
YWHAB 3 
PELI2 3 
YWHAG 3 
POLDIP3 3 
ARF3 3 
CEP78 3 
TTK 3 
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