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Dishevelled (Dvl) is a key component in the canonical Wnt signaling pathway and becomes hyperphosphorylated upon Wnt
stimulation. Dvl is required for LRP6 phosphorylation, which is essential for subsequent steps of signal transduction, such as
Axin recruitment and cytosolic �-catenin stabilization. Here, we identify the HECT-containing Nedd4-like ubiquitin E3 ligase
ITCH as a new Dvl-binding protein. ITCH ubiquitinates the phosphorylated form of Dvl and promotes its degradation via the
proteasome pathway, thereby inhibiting canonical Wnt signaling. Knockdown of ITCH by RNA interference increased the sta-
bility of phosphorylated Dvl and upregulated Wnt reporter gene activity as well as endogenous Wnt target gene expression in-
duced by Wnt stimulation. In addition, we found that both the PPXY motif and the DEP domain of Dvl are critical for its inter-
action with ITCH, as mutation in the PPXY motif (Dvl2-Y568F) or deletion of the DEP domain led to reduced affinity for ITCH.
Consistently, overexpression of ITCH inhibited wild-type Dvl2-induced, but not Dvl2-Y568F mutant-induced, Wnt reporter
activity. Moreover, the Y568F mutant, but not wild-type Dvl2, can reverse the ITCH-mediated inhibition of Wnt-induced re-
porter activity. Collectively, these results indicate that ITCH plays a negative regulatory role in modulating canonical Wnt sig-
naling by targeting the phosphorylated form of Dvl.

The Wnt signaling pathway plays pivotal roles during embryo-
genesis and is also linked to tumorigenesis (6, 22). Dvl is a

central mediator of Wnt signaling in both canonical and nonca-
nonical pathways. In the Wnt/�-catenin pathway, which is also
termed the canonical Wnt pathway, it is generally believed that
Dvl functions as a scaffold protein bridging the receptors and
downstream signaling components (6, 11). It has been shown that
LRP5/6 phosphorylation is an important event of Wnt signaling to
promote Axin recruitment to membrane and cytosolic �-catenin
stabilization, while Wnt-induced coclustering of receptors and
Dvl in LRP signalosomes is required for this process (3). More-
over, previous studies have revealed that Dvl acts through regulat-
ing the production of Ptdlns(4,5)P2 to mediate LRP6 phosphory-
lation (29, 31). Although the signal transduction process from
Frizzled/Dvl complex formation to stabilization of cytosolic
�-catenin is complicated and remains incompletely understood, it
is believed that Dvl-mediated LRP5/6 phosphorylation is clearly
involved. On the other hand, recent findings indicated that Dvl
also exists in the nucleus (9, 14, 41) and participates in �-catenin-
T-cell factor (TCF) transcriptional complex formation by inter-
acting with �-catenin and c-Jun, thus promoting canonical Wnt
signaling (9). In addition, Dvl was also reported to interact with
p65 in the nucleus to inhibit p65-mediated transcription (8).

As Dvl is a key component of the canonical Wnt pathway,
regulation of its stability and activity is very important for proper
signal transduction. During the last 10 years, several E3 ubiquitin
(Ub) ligases for Dvl have been identified, including KLHL12–Cul-
lin-3 ubiquitin ligase (1); pVHL, a component of an SCF (Skp1–
Cdc53–F-box)-like ubiquitin ligase complex (10); NEDL1, a neu-
ronal homologous to E6-AP carboxyl terminus (HECT)-type E3
ligase (26); and Malin, a RING finger domain containing E3 ubiq-
uitin ligase (37). These E3 ubiquitin ligases were reported to pro-
mote ubiquitination and degradation of Dvl under different phys-
iological conditions. As to the activation of Dvl, that Wnt
stimulation induces Dvl phosphorylation has been known for de-

cades; Wnt1, Wnt3a, and Wnt5a were reported to promote hyper-
phosphorylation of Dvl proteins (5, 12, 18). It has been shown that
the phosphorylation of Dvl plays a relevant role to canonical Wnt
signaling in the early embryogenesis of Xenopus; Dvl is phosphor-
ylated at the certain time and place when and where canonical
Wnt signaling is also activated (35). Some kinases, such as casein
kinase 1ε (CK1ε), casein kinase 2 (CK2), and PAR-1, which can
directly phosphorylate Dvl, were reported to play positive roles in
canonical Wnt signaling (7, 16, 38, 40). Furthermore, some nega-
tive regulators of the canonical Wnt signaling pathway were
shown to inhibit the phosphorylation of Dvl (15, 17, 42). All of
these results suggest that phosphorylation of Dvl is required for
Wnt signaling; however, the regulation of the activity and stability
of Dvl in Wnt signaling is still incompletely understood.

To further elucidate the molecular mechanisms regulating the
activity and stability of Dvl in canonical Wnt signaling, we per-
formed a yeast two-hybrid screening to search for novel Dvl-in-
teracting proteins. Here we report the identification of ITCH as a
new Dvl-binding protein. ITCH is a ubiquitin ligase (E3) belong-
ing to the HECT-type E3 subfamily. Like other HECT E3s, ITCH
contains an N-terminal Ca2�-dependent phospholipid-binding
C2 domain, four protein-protein interaction WW domains, and a
C-terminal HECT domain (36). ITCH was initially found to be
involved in immune responses (25). During the past 10 years, an
increasing number of ITCH’s targets have been implicated in tu-
morigenesis and chemosensitivity, such as p63, p73, Notch1, and
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others (23, 33, 34), indicating that ITCH may play a relevant role
in cancer biology. In this work, we show that ITCH is functionally
connected with the canonical Wnt pathway, which plays pivotal
roles in many kinds of cancers (6, 22). Our data show that ITCH
could promote the ubiquitination and degradation of phosphor-
ylated Dvl and therefore inhibit canonical Wnt signaling.

MATERIALS AND METHODS
Plasmids, siRNAs, and antibodies. Full-length human ITCH was ampli-
fied from total RNA of HEK293T cells by reverse transcription (RT)-PCR,
and the PCR product was cloned into vectors pCMV-HA and pGEX-4T2.
Site-directed mutagenesis was used to produce the ligase-dead mutant
(C830A in human ITCH) of hemagglutinin (HA)-tagged ITCH and the
PPXY motif mutants (mutations Y528F in human Dvl1, Y568F in human
Dvl2, and Y662F in human Dvl3) of FLAG-tagged Dvls. Other plasmids
have been used previously (9). Two small interfering RNAs (siRNAs)
targeting ITCH (ITCH siRNA-1 and ITCH siRNA-2) were synthesized
according to the sequences 5=-CGGGCGAGUUUACUAUGUATT-3=
and 5=-AGAUUACAGUGACAAGAAATT-3=, respectively. Dvl2 and
Dvl3 antibodies were purchased from Cell Signaling. ITCH and �-catenin
antibodies were from BD Biosciences. Antiactin, antiubiquitin, and anti-
glycogen synthase kinase 3�/ß (anti-GSK3�/�) antibodies were from
Santa Cruz, and anti-�-tubulin antibody was from Sigma-Aldrich.

Yeast two-hybrid screen. Yeast two-hybrid screen systems and a
pPC86-based mouse embryonic E10.5 cDNA library were purchased from
Invitrogen. Mouse Dvl1 C1 (residues 377 to 695) was subcloned into pDB
plasmid, which was used as bait. A yeast two-hybrid assay was performed
according to the manufacturer’s manual.

Cell culture, transfection, and reporter gene assay. Cells of
HEK293T, NIH 3T3, MDA-MB-231, and SW480 were maintained in
Dulbecco’s modified Eagle’s medium (Gibco) plus 10% fetal bovine se-
rum (Gibco). HEK293 cells stably transfected with Dvl2 (Dvl2-293 stable
cell line) were maintained in Essential medium (Gibco) plus 10% fetal
bovine serum (Gibco). Cells were seeded in plates 24 h before transfection,
and plasmids were transfected using Lipofectamine/Plus reagent (Invit-
rogen) according to the manufacturer’s instructions. For the siRNA assay,
Lipofectamine RNAiMAX (Invitrogen) was used. For the reporter gene
assay, HEK293T cells in a 24-well plate were transfected with 250 ng of
plasmids in total for each well, including 5 ng of reporter plasmid TOP-
flash and 10 ng of green fluorescent protein (GFP) plasmid that was
cotransfected as the transfection control. After 18 h of transfection, cells
were treated with Wnt3a conditioned medium (Wnt3a-CM) or control
medium (Ctrl-CM) for an additional 6 h. Cells were then lysed, and lu-
ciferase assays were performed. The luciferase activities presented were
normalized against the levels of GFP expression as described previously
(20). Wnt3a-CM and Ctrl-CM were described previously (24).

Coimmunoprecipitation (co-IP) and Western blotting assays. At 24
h posttransfection, cells were harvested and lysed in lysis buffer (20 mM
Tris-HCl [pH 8.0], 1% NP-40, 10% glycerol, 135 mM NaCl with protease
and phosphatase inhibitors). The lysates were centrifuged for 15 min at
13,000 rpm at 4°C. The supernatants were incubated with antibodies and
protein A/G Plus-Agarose (Santa Cruz Biotechnology, Inc.) for 3 h at 4°C.
Then, samples were washed three times with lysis buffer and denatured in
SDS sample buffer for 10 min at 95°C. Proteins were separated by SDS-
PAGE and blotted onto polyvinylidene difluoride (PVDF) membranes
(Millipore). Membranes were blocked with 5% nonfat dry milk for 1 h
and then incubated with primary antibodies for 1 h at room temperature
or overnight at 4°C. After being washed membranes were incubated for 1
h at room temperature by using the appropriate IRDye 800 (Rockland) or
horseradish peroxidase-conjugated secondary antibodies (Thermo Scien-
tific) for 0.5 to 1 h at room temperature. Results were visualized by the
Odyssey 9120 infrared imaging system (LI-COR) or FujiFilm Las 4000
(FujiFilm).

Cytosolic �-catenin assay. Free �-catenin assays were performed as
described previously (20).

RT-PCR and quantitative real-time PCR. Total RNAs were extracted
from cultured cells with TRIzol, and reverse transcription of purified RNA
was performed using the Superscript III reverse transcription kit accord-
ing to the manufacturer’s instructions (Invitrogen). The quantification of
gene transcripts was measured by quantitative real-time PCR using the
Quantitative SYBR green PCR kit (TaKaRa SYBR premix Ex Taq) and the
ABI 7500 Fast real-time PCR system (Applied Biosystems). The primer
pairs used for human AXIN2 were 5=-AGTGTGAGGTCCACGGAAA
C-3= and 5=-CTTCACACTGCGATGCATTT-3=; for human NKD1, 5=-G
TCAACCACTCCCCAACATC-3= and 5=-AATGGTGGTAGCAGCCAG
AC-3=; and for human GAPDH, 5=-GCACCACCAACTGCTTA-3= and
5=-AGTAGAGGCAGGGATGAT-3=.

Ubiquitination analysis. To detect exogenous Dvl2 ubiquitination,
cells were transiently transfected with Ub-HA, Dvl2-FLAG, and the indi-
cated combination of plasmids. At 24 h after transfection, cells were har-
vested and lysed in lysis buffer (20 mM Tris-HCl [pH 8.0], 1% NP-40,
10% glycerol, 135 mM NaCl with protease and phosphatase inhibitors),
the insoluble fraction was removed by a high-speed spin, and the super-
natants were subjected to immunoprecipitation using anti-FLAG anti-
body and protein A/G Plus-agarose. Ubiquitin conjugates were detected
by immunoblotting. To detect the ubiquitination of stably expressed Dvl2
in Dvl2-293 stable cells, we transiently transfected cells with Ub-His and
the indicated combination of plasmids. At 18 h after transfection, cells
were treated with 25 �M MG132 for 5 h. The following steps were per-
formed as described previously (10). In vitro ubiquitination assays were
performed using the ubiquitin conjugation reaction buffer kit according
to the manufacturer’s instructions (Boston Biochem). The preparation of
the substrate was performed as follows. HEK293T cells in 35-mm dishes
were transfected with 1 �g of Dvl2-FLAG. At 24 h after transfection, cells
were harvested in lysis buffer, the insoluble fraction was removed, and the
supernatant was subjected to immunoprecipitation as described above.
The beads, with the immunoprecipitated Dvl2-FLAG, were washed three
times and then incubated with 5 �g of Ub-HA, 100 nM E1, 200 nM E2
(UbcH7), and 500 ng of the purified GST-ITCH or GST-ITCH-C830A in
a reaction buffer with ATP-Mg2� at 30°C for 90 min. After adding the stop
buffer, the beads were washed three times with lysis buffer, followed by
immunoblotting with anti-HA antibody. To identify the type of isopeptide
linkage catalyzed by ITCH, Ub-WT-His and its mutants (Ub-K0-His, Ub-
K29R-His, Ub-K48R-His, and Ub-K63R-His) were used. To detect the ubiq-
uitination of unphosphorylated Dvl2, immunoprecipitated Dvl2-FLAG from
293T cell lysates were treated with alkaline phosphatase at 30°C for 5 or 30
min before being subjected to the in vitro ubiquitination reaction.

RESULTS AND DISCUSSION
ITCH is a Dvl-binding protein. To search for novel Dvl-interact-
ing proteins, we screened a mouse embryonic cDNA library using
the yeast two-hybrid system with a truncated form of mouse Dvl1,
mDvl1 C1 (residues 377 to 695), as the bait. We identified ITCH as
one of the positive clones. We used co-IP to confirm the interac-
tion. To avoid the influence of substrate degradation, we used a
ligase-dead mutant of ITCH, ITCH-C830A, in which an active-
site cysteine residue was mutated to alanine in the HECT domain
(32), in the co-IP experiment. As shown in Fig. 1A, in HEK293T
cells transiently cotransfected with HA-tagged ITCH-C830A and
FLAG-tagged Dvl1, Dvl2, or Dvl3, ITCH-C830A could be coim-
munoprecipitated by all three Dvl isoforms, with a preference for
Dvl2. On the other hand, Dvl2 could also be coimmunoprecipi-
tated with ITCH-C830A (Fig. 1B). Next, we examined the Dvl-
ITCH interaction at endogenous levels. We immunoprecipitated
endogenous ITCH from 293T cell lysates using anti-ITCH anti-
body and detected the endogenous Dvl2 in the immunoprecipi-
tates (Fig. 1C).

To understand how Dvl interacts with ITCH, we tried to iden-
tify the specific site in Dvl that is important for ITCH binding. As

Wei et al.

3904 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


previously reported, the WW domains of HECT E3s show a pref-
erence for the PPXY consensus sequence in target proteins (2).
Each of the three isoforms of human Dvl contains a PPXY motif in
the C terminus (Fig. 1D). As expected, the YF mutants, Dvl1-
Y528F, Dvl2-Y568F, and Dvl3-Y662F, showed markedly reduced
affinity for ITCH compared to the corresponding wild-type form
in the co-IP assay (Fig. 1E). We also examined the binding affinity
of various mouse Dvl1 truncation mutants for ITCH and found
that the C2 mutant, which lacks the DEP domain, almost lost the
ability to bind ITCH, while C1 showed a binding affinity for ITCH

similar to that of the full-length Dvl, suggesting that the DEP
domain is also required for Dvl-ITCH interaction (Fig. 1F and G).
These results together indicate that ITCH interacts with Dvl and
that both the PPXY motif and the DEP domain of Dvl are required
for the interaction.

Steady-state levels of phosphorylated Dvl are affected by
ITCH. As ITCH is an E3 ubiquitin ligase that often regulates the
stability of its substrates, we next examined whether ITCH could
reduce the stability of Dvl. In HEK293T cells, we used anti-Dvl2 or
anti-Dvl3 antibody to monitor endogenous Dvl2/3 levels and

FIG 1 Dvl interacts with ITCH. (A) ITCH was coimmunoprecipitated with all three Dvl isoforms. HEK293T cells were transiently transfected with
different combinations of expression vectors for HA-tagged ITCH-C830A and FLAG-tagged Dvls as indicated. Cell lysates were incubated with anti-FLAG
antibody and subsequently analyzed by Western blotting. (B) Dvl2 was coimmunoprecipitated with ITCH. HEK293T cells were transiently transfected
with HA-tagged ITCH-C830A and FLAG-tagged Dvl2. Cell lysates were incubated with anti-HA antibody and subsequently analyzed by Western blotting.
(C) Dvl2 could be immunoprecipitated by ITCH in vivo. Cell extracts of 293T cells were immunoprecipitated with monoclonal antibody against ITCH,
and endogenous Dvl2 was detected by anti-Dvl2 antibody. IgG was used as a negative control. (D) Schematic representation of the modular structures of
human Dvls. (E) The YF mutants with mutations within the PPXY motif of Dvls showed much lower affinity for ITCH. HEK293T cells were transiently
transfected with different combinations of expression vectors for HA-tagged ITCH-C830A, FLAG-tagged Dvls, and their YF mutants Dvl1-Y528F,
Dvl2-Y568F, and Dvl3-Y662F. Cell lysates were incubated with anti-FLAG antibody and subsequently analyzed by Western blotting. WT, wild type. (F,
G) Interactions of various mouse Dvl1 truncation mutants with ITCH are shown. A schematic map of various mDvl1 mutants shows amino acid numbers
and their interactions with ITCH (F).
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found that there were two bands for each Dvl isoform. Strikingly,
transient expression of ITCH reduced the intensity of the upper
band of Dvl2/3 (Fig. 2A), whereas the ligase-dead mutant ITCH-
C830A had no such effect. Given that Dvl could be phosphory-
lated by several kinases, such as CK1ε, CK2, and PAR-1 (7, 16, 38,
40), and that activation of Wnt signaling could induce the hyper-
phosphorylation of Dvl (5, 12, 18), we hypothesized that the upper
bands may represent the phosphorylated form of Dvl2/3. To test
this possibility, we treated cell extracts with alkaline phosphatase.
As shown in Fig. 2B, the upper bands shifted down to the same
location as the lower bands after the phosphatase treatment, sug-
gesting that the upper bands were phosphorylated Dvl2/3. These
results suggest that ITCH reduced the steady-state level of phos-
phorylated Dvl but not the unphosphorylated form.

It has been reported that Wnt ligands could induce the hyper-
phosphorylation of Dvl, which subsequently activates Wnt signal-
ing (6, 28). It is intriguing that in HEK293T cells, phosphorylated
Dvl existed at a high level even without Wnt stimulation; never-
theless, Wnt3a stimulation further slightly enhanced the phos-

phorylation of Dvl (Fig. 2A). To assess whether ITCH could affect
Wnt3a-induced phosphorylation of Dvl, we used MDA-MB-231
and NIH 3T3 cells in which there was little basal phosphorylation
of Dvl. As shown in Fig. 2C and D, Wnt3a stimulated the phos-
phorylation of Dvl in these two cell types and transient expression
of ITCH effectively reduced the level of the phosphorylated Dvl2/3
induced by Wnt3a, while it had little effect on the unphosphoryl-
ated Dvl regardless of the presence or absence of Wnt3a. Thus, we
conclude that ITCH could reduce the level of phosphorylated Dvl
induced by Wnt3a.

We also investigated the effect of ITCH knockdown on the
level of endogenous phosphorylated Dvl. As shown in Fig. 2E
and F, knockdown of ITCH increased the level of phosphory-
lated Dvl2 in both HEK293T cells and MDA-MB-231 cells. In
MDA-MB-231 cells, the level of phosphorylated Dvl induced
by Wnt3a was further enhanced by transfection of the ITCH
siRNAs. These observations further support that ITCH is in-
volved in the regulation of phosphorylated Dvl. We noticed
that knockdown of endogenous ITCH expression could also

FIG 2 ITCH reduces the level of phosphorylated Dvl. (A) Overexpression of ITCH, but not ITCH-C830A, decreased the upper bands of Dvl in HEK293T cells.
HEK293T cells were transfected with ITCH or ITCH-C830A, and 24 h later, cells were treated with control conditioned medium (Ctrl-CM) or Wnt3a
conditioned medium (Wnt3a-CM) for an additional 3 h. Dvl2 and Dvl3 were detected using anti-Dvl2 or anti-Dvl3 antibody, respectively, and actin was used as
a control. (B) With alkaline phosphatase treatment, the upper bands of Dvl shifted down. HEK293T cells lysates were treated with alkaline phosphatase for 30 min
at 30°C and denatured in SDS sample buffer, followed by immunoblotting with anti-Dvl2 and anti-Dvl3 antibodies. (C, D) Overexpression of ITCH reduced the
level of the phosphorylated Dvl caused by Wnt treatment in MDA-MB-231 cells (C) and NIH 3T3 cells (D). Cells were transfected with ITCH or ITCH-C830A.
Twenty-four hours later, cells were treated with Ctrl-CM or Wnt-CM for an additional 3 h and then lysed for Western blotting. (E, F) Knockdown of ITCH
enhanced the level of phosphorylated Dvl in HEK293T cells (E) and MDA-MB-231 cells (F). Cells were transfected with Ctrl siRNA or ITCH siRNA (ITCH
siRNA-1 or siRNA-2). Forty-eight hours later, cells were treated with Ctrl-CM or Wnt-CM for 3 h and then lysed for Western blotting. (G) ITCH acted differently
from pVHL and KLHL12 when targeting Dvl. 293T cells were transfected with VHL-FLAG, KLHL12-HA, or ITCH-HA separately and, 24 h later, treated with
Ctrl-CM or Wnt-CM for an additional 3 h.
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enhance the level of phosphorylated Dvl in MDA-MB-231 cells
without Wnt stimulation (Fig. 2F), which suggests that ITCH
may play a role in keeping phosphorylated Dvl at a low level in
the absence of Wnt signaling activation.

Next, we compared ITCH with pVHL and KLHL12, two
previously identified E3 ligases for Dvl (1, 10). As shown in Fig.
2G, overexpression of ITCH reduced the level of phosphory-
lated Dvl only, while pVHL and KLHL12 tend to reduce both
phosphorylated and unphosphorylated Dvl, although KLHL12
seemed to prefer targeting Dvl3 over Dvl2. This result showed
that ITCH acts differently from the other two previously iden-
tified E3s for Dvl.

ITCH ubiquitinates and degrades phosphorylated Dvl. Hav-
ing demonstrated that ITCH interacts with Dvl and reduces the
stability of phosphorylated Dvl, we next performed ubiquitina-
tion assays to examine if Dvl is a substrate of ITCH. First, we tested
whether ectopic expression of ITCH could enhance the polyubiq-
uitination of Dvl. We overexpressed FLAG-tagged Dvl2 together
with either HA-tagged ITCH or ITCH-C830A in HEK293T cells
and used antiubiquitin Western blotting to analyze the appear-
ance of ubiquitinated Dvl2 in the immunoprecipitates pulled
down by the anti-FLAG antibody. As shown in Fig. 3A, cotrans-
fection of ITCH, but not ITCH-C830A, enhanced Dvl2 ubiquiti-
nation. To exclude the possibility that the polyubiquitination sig-
nal from the above-described experiment originated from Dvl2-
associated proteins, we also detected the ubiquitination of Dvl2 in
the immunoprecipitates pulled down by ubiquitin. We cotrans-
fected cells with constructs expressing Flag-tagged Dvl2, HA-
tagged ITCH, or ITCH-C830A and His-tagged ubiquitin (Ub-
His) and then lysed cells in 6 M guanidinium-HCl-containing
buffer and purified His-ubiquitinated proteins with Ni2�-agarose
beads, after which we used anti-FLAG Western blotting to detect
ubiquitinated forms of Dvl. Denaturing conditions were used in
order to prevent deubiquitination of protein-ubiquitin conju-
gates as well as any noncovalent protein-protein interactions (10).
Figure 3B shows that a ladder of the ubiquitinated forms of Dvl2
appeared only when ITCH was cotransfected, which strongly sug-
gests that ITCH ubiquitinates Dvl2. As ubiquitination was much
reduced for the Dvl2-Y568F mutant (Fig. 3C), which has a lower
affinity for ITCH (Fig. 1E), the interaction between Dvl2 and
ITCH is likely important for ITCH-mediated polyubiquitination
of Dvl2.

We also examined the ubiquitination of Dvl2 in Dvl2-293 sta-
ble cell lines, in which the stably expressed HA-Dvl2 could be
coimmunoprecipitated by endogenous ITCH (Fig. 3D). We
cotransfected Dvl2-293 cells with constructs expressing HA-
tagged ITCH or ITCH-C830A and Ub-His, His-ubiquitinated
proteins were then purified with Ni2�-agarose beads, and the
samples were analyzed by Western blotting using anti-Dvl2 anti-
body. As shown in Fig. 3E, ectopic expression of ITCH enhanced
the ubiquitination of Dvl2. Moreover, we found that proteasome
inhibitors (MG132 and ALLN), but not lysosome inhibitors
(chloroquine and leupeptin), could further enhance ITCH-medi-
ated ubiquitination of Dvl2 (Fig. 3E), which suggests that the
ubiquitinated Dvl is subjected to degradation by proteasomes. Fi-
nally, knockdown of ITCH in Dvl2-293 cells resulted in a decrease
of Dvl2 ubiquitination, further confirming that endogenous
ITCH is involved in ubiquitination of Dvl (Fig. 3F).

Next, in vitro ubiquitination assays were performed. We used
FLAG-tagged Dvl2 proteins immunoprecipitated from trans-

fected HEK293T cells, which contained both the phosphorylated
and unphosphorylated forms of Dvl2, as the substrates for ITCH.
The data in Fig. 3G show that Dvl2-FLAG could be ubiquitinated
in the presence of the purified ITCH, but not ITCH-C830A, in
an in vitro ubiquitination system containing Ub-HA, E1, E2
(UbcH7), and ATP-Mg2�, indicating that Dvl2 could be ubiquiti-
nated by ITCH in vitro. Using this in vitro ubiquitination system,
we tried to determine which type of ubiquitin linkage is involved
in such ubiquitination. The K29R, K48R, and K63R ubiquitin mu-
tants containing a single lysine-to-arginine mutation at positions
29, 48, and 63, respectively, and the K0 mutant, containing no
lysine residues, with all lysines mutated to arginines, were used in
the assays. As shown in Fig. 3H, ITCH-mediated ubiquitination of
Dvl2 was largely abolished when the Ub-K48R-His mutant was
used, while the ubiquitination was largely normal with Ub-K29R-
His or Ub-K63R-His. Therefore, ITCH ubiquitinates Dvl by K48-
linked chains, which is consistent with our data that ITCH-medi-
ated Dvl ubiquitination led to its degradation by proteasomes
(Fig. 3E).

Our aforementioned data strongly suggest that ITCH prefer-
entially ubiquitinates phosphorylated Dvl. To further test this is-
sue, we first asked whether the phosphorylation of Dvl is required
for its interaction with ITCH. Given that the immunoprecipitated
Dvl2 from transfected HEK293T cells contained both phosphor-
ylated and unphosphorylated forms, we used alkaline phospha-
tase to decrease the level of phosphorylated Dvl2 and then exam-
ined whether the binding of ITCH was affected by the phosphatase
treatment. The result showed that the phosphatase treatment did
not affect the binding of ITCH to Dvl (Fig. 3I), suggesting that the
phosphorylation state of Dvl has little effect on the interaction
between Dvl and ITCH. Next, we applied the phosphatase treat-
ment in the in vitro ubiquitination experiment. As shown in Fig.
3J, when we increased the time of phosphatase treatment, the
phosphorylation of the immunoprecipitated Dvl2-FLAG was pro-
gressively decreased, and its ubiquitination by ITCH in vitro was
also decreased accordingly. Therefore, while both phosphorylated
and unphosphorylated Dvl can bind to ITCH, ITCH preferentially
ubiquitinates phosphorylated Dvl. The mechanism for this pref-
erential ubiquitination of phosphorylated Dvl by ITCH is not yet
clear. It is possible that the phosphorylation of Dvl may induce a
conformational change that exposes the cognate sites for subse-
quent ubiquitination by ITCH.

ITCH is a negative regulator of canonical Wnt signaling.
Given that ITCH can ubiquitinate phosphorylated Dvl to promote
its degradation and that phosphorylation of Dvl is required for
canonical Wnt signaling, we asked whether ITCH regulates the
canonical Wnt pathway. We overexpressed ITCH in HEK293T
cells and evaluated its effects using the TOPflash reporter system.
As shown in Fig. 4A, overexpression of ITCH inhibited Wnt-in-
duced TOPflash activity in a dose-dependent manner. In contrast,
ITCH-C830A failed to inhibit Wnt-induced TOPflash activity
(Fig. 4B, upper and middle panels). We also tested the free
�-catenin level and found that overexpression of ITCH, but not
ITCH-C830A, reduced the accumulation of free �-catenin in-
duced by Wnt3a (Fig. 4B, lower panel). Furthermore, to confirm
the function of ITCH in vivo, we performed knockdown experi-
ments using ITCH siRNAs. As shown in Fig. 4C, knockdown of
ITCH significantly increased Wnt-induced TOPflash activity (Fig.
4C, upper and middle panels), and meanwhile the accumulation
of free �-catenin induced by Wnt3a was also enhanced (Fig. 4C,
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FIG 3 ITCH ubiquitinates and promotes degradation of phosphorylated Dvl in a proteasome-dependent way. (A and B) ITCH was found to ubiquitinate
exogenous Dvl2. HEK293T cells were transfected with the indicated plasmids. Cell lysates were subjected to immunoprecipitation with anti-FLAG antibody, and
ubiquitin conjugates were then detected using antiubiquitin antibody (A) or subjected to Ni2�-agarose beads for pulling down His-ubiquitinated proteins;
Ub-His-conjugated Dvl2-FLAG was then detected using anti-FLAG antibody (B). (C) The Dvl2-Y568F mutant showed less ubiquitination induced by ITCH than
did wild-type Dvl2. The experiment was performed as described for panel A. (D) Stably expressed HA-Dvl2 could be coimmunoprecipitated by ITCH in
Dvl2-293 cells. Cell extracts were immunoprecipitated with ITCH antibody. Dvl2-HA was detected by anti-HA antibody. (E) Dvl2 was ubiquitinated by ITCH
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lower panel). We also investigated the effect of ITCH knockdown
on the expression of endogenous Wnt target genes. As shown in
Fig. 4D, in cells transfected with the ITCH siRNA, Wnt3a-medi-
ated induction of Wnt target genes Axin2 and NDK1 was further
potentiated. Collectively, these results suggest that ITCH nega-
tively regulates the canonical Wnt pathway and that its E3 ligase
activity is required for this regulation.

We have previously reported that, besides its cytoplasmic func-
tion upstream of �-catenin stability regulation, Dvl also plays an
important role in the nucleus by stabilizing the �-catenin/TCF4
transcriptional complex in the canonical Wnt pathway (9, 14, 41).
Therefore, we further examined whether ITCH could also regulate
nuclear Dvl. First, we treated cells with LiCl, which can inhibit the
kinase activity of GSK3� and stabilize �-catenin, thereby activat-
ing canonical Wnt signaling without Wnt ligands. We found
ITCH could not inhibit LiCl-induced TOPflash activity (Fig. 4E).
Second, we performed a reporter gene assay in SW480 cells, in
which adenomatous polyposis coli (APC) is mutated to a trun-
cated form and as a result, �-catenin is stabilized, leading to con-
stitutive activation of Wnt signaling (13). Using TOPflash as a
readout, we found that ITCH could not inhibit the constitutive
activity of Wnt signaling in these cells either (Fig. 4F). Third, over-
expression of ITCH did not inhibit TOPflash activity induced by
�N-�-catenin, a constitutively active form of �-catenin (Fig. 4G).
These results indicate that ITCH does not play a role downstream
of �-catenin in Wnt signaling. In other words, ITCH does not
appear to influence the function of nuclear Dvl in the Wnt signal-
ing pathway.

ITCH inhibits canonical Wnt signaling by directly targeting
Dvl. Our data so far indicate that ITCH could promote the ubiq-
uitination and degradation of phosphorylated Dvl and that ITCH
could inhibit the canonical Wnt signaling pathway. Finally, we
wanted to determine whether ITCH regulates Wnt signaling
through directly targeting phosphorylated Dvl. We used the Dvl2-
Y568F mutant, which showed a lower affinity than wild-type Dvl2
for ITCH (Fig. 1E). As shown in Fig. 5A, overexpression of ITCH
reduced the wild-type Dvl2-induced TOPflash activity and the
level of phosphorylated Dvl2 but affected neither Dvl2-Y568F-
induced TOPflash activity (Fig. 5A, upper panel) nor the level of
phosphorylated Dvl2-Y568F (Fig. 5A, lower panel). Moreover,
when the same amount of Dvl2 or Dvl2-Y568F was cotransfected
with ITCH (data not shown), only Dvl2-Y568F could reverse the
ITCH-mediated inhibition of Wnt3a-induced TOPflash activity
(Fig. 5B). These data strongly suggest that the interaction between
Dvl and ITCH is essential for ITCH’s function in canonical Wnt
signaling.

It has been reported that phosphorylation of LRP5/6 is an es-

sential event for the initiation of canonical Wnt signal transduc-
tion and that Dvl is required for this process (3, 29, 31). Therefore,
we also examined the phosphorylation of LRP6 as another readout
for the effect of ITCH on the function of Dvl in Wnt signaling. We
overexpressed ITCH in HEK293T cells and examined the level of
phosphorylated LRP6 using a phospho-LRP6 antibody that spe-
cifically detects Ser-1490 phosphorylation that could be induced
by Wnt ligand. Results showed that overexpression of ITCH de-
creased the level of phosphorylated LRP6 upon Wnt3a stimula-
tion (Fig. 5C). In addition, when ITCH was knocked down in
HEK293T cells, phosphorylation of LRP6 induced by Wnt3a was
further enhanced (Fig. 5D). Meanwhile, we noticed that knock-
down of ITCH had little influence on the basal level of phosphor-
ylated LRP6 upon Ctrl-CM treatment, similar to what is observed
for the effect on basal �-catenin stability and TOPflash activity
(Fig. 4C). Nevertheless, the level of phosphorylated Dvl was sig-
nificantly increased when ITCH was knocked down, even upon
Ctrl-CM treatment (Fig. 2E and F). These data are consistent
with previous reports showing that phosphorylation of Dvl is
required but not sufficient for canonical Wnt signaling activa-
tion (5, 16). Collectively, our above-described results indicate
that Dvl is the direct target of ITCH for regulation of the ca-
nonical Wnt pathway.

This study clearly shows that ITCH is a negative regulator of
the canonical Wnt signaling pathway. We show here that ITCH
interacts with Dvl and promotes the ubiquitination and degrada-
tion of phosphorylated Dvl. It is not uncommon that phosphory-
lation serves as a signal for subsequent ubiquitination. For in-
stance, phosphorylation-dependent ubiquitination has been
previously reported in the Wnt pathway: the E3 ubiquitin ligase
�-TrCP could recognize only the phosphorylated form of
�-catenin and target it for ubiquitination and degradation (21).
Similarly, ITCH ubiquitinates and promotes the degradation of
only phosphorylated Dvl, which is different from the already-
found E3 ubiquitin ligases for Dvl, such as the KLHL12-Cullin-3
complex, pVHL, NEDL1, and Malin (1, 10, 26, 37), whose ubiq-
uitination of Dvl does not relate to Dvl’s phosphorylation state. A
previous study reported that Dsh (the Dvl homolog in flies) phos-
phorylation does not seem to have a major effect on canonical
Wnt signaling in Drosophila (43). This may reflect intrinsic
differences in the fine regulation of the Wnt signaling pathways
between the vertebrate and invertebrate systems. Indeed, a
number of studies showed that the phosphorylated form of Dvl
is likely to be the active form of Dvl in canonical Wnt signaling
in mammalian and Xenopus systems (4, 16, 35). Thus, ITCH
seems to target only activated Dvl for degradation. Selective
ubiquitination and degradation of the active form of their tar-

and degraded in a proteasome-dependent pathway. Dvl2-293 stable cells were transfected with the indicated plasmids for 16 h and then treated with 25 �M
MG132, 100 �M chloroquine (Chlq), 100 �M ALLN, or 50 �M leupeptin (Leu) separately, for an additional 5 h. His-ubiquitinated proteins were pulled down
using Ni2�-agarose beads and subjected to Western blotting. DMSO, dimethyl sulfoxide. (F) Knockdown of ITCH reduced the ubiquitination of Dvl2. Dvl2-293
stable cells were transfected with Ctrl siRNA or ITCH siRNA (ITCH siRNA-1 or siRNA-2). Twenty-four hours later, Ub-His was transfected, and after another
24 h, cells were treated with 25 �M MG132 for an additional 5 h. His-ubiquitinated proteins were pulled down using Ni2�-agarose beads. (G) In vitro assay of
Dvl2 ubiquitination. Using the immunoprecipitated Dvl2-FLAG from the transfected HEK293T cells as the substrate, in vitro experiments were carried out as
described in Materials and Methods. (H) ITCH ubiquitinated Dvl by K48-linked chains. Ub-WT-His and several Ub mutants (Ub-K29R-His, Ub-K48R-His,
Ub-K63R-His, and Ub-K0-His) were used as indicated for an in vitro ubiquitination assay. (I) Phosphorylation of Dvl is not required for its interaction with
ITCH. Dvl2-FLAG and ITCH-C830A-HA were overexpressed separately in different pools of HEK293T cells, and then the Dvl2-FLAG-containing cell lysate was
treated with or without alkaline phosphatase and subsequently mixed with the ITCH-C830A-HA-containing cell lysate, followed by co-IP assay. (J) ITCH prefers
to ubiquitinate phosphorylated Dvl2. Immunoprecipitated Dvl2-FLAG from 293T cell lysates were treated with alkaline phosphatase for 5 or 30 min at 30°C
before the in vitro ubiquitination reaction.
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FIG 4 ITCH inhibits canonical Wnt signaling upstream of �-catenin. (A) ITCH inhibited Wnt-induced TOPflash activity in a dose-dependent manner.
TOPflash was cotransfected with ITCH into HEK293T cells. Eighteen hours later, cells were treated with Ctrl-CM or Wnt3a-CM for 6 h and then lysed for
reporter assay. Plasmids of ITCH were transfected in three different doses to evaluate its inhibitory effects. RLA, relative luciferase activity. FOPflash served as a
negative control. The expression level of ITCH is shown (lower panel); GSK3�/� (GSK3) was used as a control. (B) ITCH and its ligase-dead mutant,
ITCH-C830A, exhibited different abilities to inhibit Wnt-induced TOPflash activity (upper and middle panels) and accumulation of free �-catenin (lower
panel). TOPflash was cotransfected with ITCH or ITCH-C830A into HEK293T cells. Eighteen hours later, cells were treated with Ctrl-CM or Wnt3a-CM for 6
h and then lysed for reporter assay; the expression levels of ITCH and ITCH-C830A are shown in the middle panel. P values were calculated for differences
between overexpression of LacZ and ITCH in the Wnt3a-CM treatment. To detect the free �-catenin level in the cytosol, 18 h after transfection, cells were treated
with Wnt3a-CM for 3 h and examined by anti-�-catenin antibody. �-Tubulin was used as a cytoplasmic marker. (C) Knockdown of ITCH enhanced Wnt-
induced TOPflash activity (upper and middle panels) and accumulation of free �-catenin (lower panel). Ctrl siRNA or ITCH siRNA (ITCH siRNA-1 or siRNA-2)
was transfected into HEK293T cells, and TOPflash reporter plasmids were transfected 24 h later. After another 24 h, cells were treated with Ctrl-CM or
Wnt3a-CM for an additional 6 h and then lysed for reporter assay. The efficiency of ITCH knockdown is shown in the middle panel. To detect the free �-catenin
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gets by E3s have been reported previously. For example, Thr-
308 and Ser-473 phosphorylation could activate Akt, while the
E3 ubiquitin ligase CHIP promotes the ubiquitination and deg-
radation of such phosphorylated Akt only, therefore inhibiting
Akt signaling (39). Both E3 ubiquitin ligases Fbw7 and MuRF1
could target activated phospho-c-Jun for ubiquitination and
degradation, effectively inhibiting the Jun N-terminal protein
kinase (JNK) signaling pathway (19, 27). The regulation of
canonical Wnt signaling by ITCH provides another example
whereby an E3 ubiquitin ligase targets the active form of a key
component in a signaling pathway for degradation.

Although nuclear Dvl also plays an important role in canonical
Wnt signaling (9), our data showed that ITCH, as an E3 ubiquitin
ligase for Dvl, inhibits canonical Wnt signaling upstream of
�-catenin, while it has no effect downstream of �-catenin (Fig. 4).
The results suggest that ITCH inhibits the function of cytoplasmic
Dvl only and has no effect on nuclear Dvl. It is possible that ITCH
does not interact with nuclear Dvls due to their distinct cellular
compartmentalization. Another possibility is that nuclear Dvl is

not phosphorylated or the phosphorylation of Dvl is not impor-
tant enough for nuclear Dvl to perform its function.

There is compelling evidence indicating that aberrant activa-
tion of the canonical Wnt pathway is involved in the development
and progression of many cancers (6, 22). As for ITCH, it is a
member of the HECT-type E3 family, targeting different sub-
strates to regulate multiple signaling pathways and pathological
conditions. ITCH knockout mice exhibited dysregulated immune
responses (30), but phenotypes related to a potential abnormal
activation of canonical Wnt signaling have not been reported. The
dysregulation of immune responses in the ITCH-null mice is con-
sistent with its well-known role in immune regulations (25).
Given our new findings of this study, it would be of interest to
further examine the ITCH-null animals for potential Wnt signal-
ing-related phenotypes in the future. Although a direct correla-
tion of ITCH with cancer biology has not yet been explored, an
increasing number of ITCH targets have been implicated in tu-
morigenesis and chemosensitivity (23, 33, 34). Future studies are
warranted to further investigate the physiological significance of

level in the cytosol, 48 h after transfection with siRNA, cells were stimulated with Wnt3a-CM for 3 h and examined by anti-�-catenin antibody. The efficiency of
ITCH siRNAs was also examined using anti-ITCH antibody. (D) ITCH knockdown enhanced Wnt-induced activation of target genes AXIN2 and NKD1. Ctrl
siRNA or ITCH siRNA (ITCH siRNA-1 or siRNA-2) was transfected into HEK293T cells. After 48 h, cells were treated with Ctrl-CM or Wnt3a-CM for 8 h. Total
RNAs were then extracted from cultured cells with TRIzol. The expression of Wnt target genes was detected by quantitative real-time PCR and normalized by
GAPDH expression. (E) ITCH could not inhibit the TOPflash activity induced by LiCl. HEK293T cells were transfected with reporter gene and ITCH-HA or
ITCH-C830A-HA, treated with 20 mM LiCl for 6 h, and then lysed for reporter assay. (F) ITCH could not inhibit the constitutive TOPflash activity in SW480
cells. SW480 cells were transfected with TOPflash and ITCH-HA or ITCH-C830A-HA. (G) ITCH could not inhibit the TOPflash activity induced by �N-�-
catenin. Data are representative results from at least two independent experiments, and error bars were calculated from triplicate samples. Student’s t test was
used to determine statistical significance based on at least three independent experiments. **, P � 0.01.

FIG 5 Dvl is the direct target for ITCH to inhibit the canonical Wnt pathway. (A) The interaction of Dvl and ITCH is important for ITCH to inhibit
Dvl-induced TOPflash activity. HEK293T cells were transfected with the indicated plasmids for 24 h. One half of the cell lysates were used for reporter
assay (upper panel), and the other half were used for Western blotting (lower panel). P values were calculated for differences between overexpression of
LacZ and ITCH in Dvl2-induced TOPflash activity. **, P � 0.01. (B) Dvl2-Y568F, but not wild-type Dvl2, was able to reverse ITCH-mediated inhibition
of Wnt3a-induced TOPflash activity. P values were calculated for differences between overexpression of ITCH with and without Dvl2-Y568F. **, P � 0.01.
(C) Overexpression of ITCH, but not ITCH-C830A, downregulated Wnt-induced LRP6 phosphorylation. HEK293T cells were transfected with ITCH or
ITCH-C830A, and 24 h later, cells were treated with Ctrl-CM or Wnt3a-CM for an additional hour. Cell lysates were subsequently analyzed by Western
blotting. Phosphorylation of endogenous LRP6 was detected using an anti-phospho-LRP6 (p1490) antibody; the anti-LRP6 antibody was used as an
internal control. (D) Knockdown of ITCH upregulated Wnt3a-induced LRP6 phosphorylation. HEK293T cells were transfected with Ctrl siRNA or ITCH
siRNA (ITCH siRNA-1 or siRNA-2), and 48 h later, cells were treated with Ctrl-CM or Wnt3a-CM for an additional hour. Cells were lysed, and
phosphorylation of LRP6 was then detected by Western blotting.
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ITCH-mediated inhibition of canonical Wnt signaling and to test
whether the ITCH-Dvl interaction plays roles in events such as
tumorigenesis.
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