
R E S E A R C H A R T I C L E
D E V E L O P M E N T A L B I O L O G Y
Huwe1-Mediated Ubiquitylation of Dishevelled
Defines a Negative Feedback Loop in the
Wnt Signaling Pathway
Reinoud E. A. de Groot,1* Ranjani S. Ganji,2* Ondrej Bernatik,2,3 Bethan Lloyd-Lewis,4†

Katja Seipel,4‡ Kateřina Šedová,5,6 Zbyněk Zdráhal,5,6 Vishnu M. Dhople,7

Trevor C. Dale,4 Hendrik C. Korswagen,1§ Vitezslav Bryja2,3§
http://stke.sci
D

ow
nloaded from

 

Wnt signaling plays a central role in development, adult tissue homeostasis, and cancer. Several steps
in the canonical Wnt/b-catenin signaling cascade are regulated by ubiquitylation, a protein modification
that influences the stability, subcellular localization, or interactions of target proteins. To identify regulators
of the Wnt/b-catenin pathway, we performed an RNA interference screen in Caenorhabditis elegans and
identified the HECT domain–containing ubiquitin ligase EEL-1 as an inhibitor of Wnt signaling. In human
embryonic kidney 293T cells, knockdown of the EEL-1 homolog Huwe1 enhanced the activity of a Wnt
reporter in cells stimulated withWnt3a or in cells that overexpressed casein kinase 1 (CK1) or a constitutively
active mutant of the Wnt co-receptor low-density lipoprotein receptor–related protein 6 (LRP6). However,
knockdown of Huwe1 had no effect on reporter gene expression in cells expressing constitutively active
b-catenin, suggesting that Huwe1 inhibited Wnt signaling upstream of b-catenin and downstream of CK1
and LRP6. Huwe1 bound to and ubiquitylated the cytoplasmic Wnt pathway component Dishevelled (Dvl)
in a Wnt3a- and CK1e-dependent manner. Mass spectrometric analysis showed that Huwe1 promoted
K63-linked, but not K48-linked, polyubiquitination of Dvl. Instead of targeting Dvl for degradation, ubiquity-
lation of the DIX domain of Dvl by Huwe1 inhibited Dvl multimerization, which is necessary for its function.
Our findings indicate that Huwe1 is part of an evolutionarily conserved negative feedback loop in the Wnt/b-
catenin pathway.
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INTRODUCTION

In the canonical Wnt signaling pathway, the stability of the Wnt pathway
effector b-catenin is regulated by a destruction complex, composed of the
adenomatous polyposis coli protein (APC), Axin, casein kinase 1 (CK1),
and glycogen synthase kinase 3b (GSK3b), which phosphorylates b-catenin
and targets it for b-transducin repeat–containing protein (b-TrCP)–dependent
ubiquitylation and proteasomal degradation. Binding of Wnt to the receptors
Frizzled (Fz) and low-density lipoprotein receptor–related protein 6 (LRP6)
leads to inhibition of destruction complex function and accumulation of
b-catenin. b-Catenin can translocate to the nucleus and interact with mem-
bers of the T cell factor/lymphoid enhancer factor (TCF/LEF) family of tran-
scription factors to induce target gene expression (1).
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The binding of Wnt to Fz and LRP6 induces clustering of the two re-
ceptors with the cytoplasmic protein Dishevelled (Dvl) into signalosomes
at the plasma membrane (2). Dvl plays a key role during these upstream
events in Wnt pathway activation. Upon Wnt stimulation, Dvl is phos-
phorylated by CK1e (3, 4) and Axin is recruited into the Dvl complex.
Subsequent phosphorylation of LRP6 by CK1 and GSK3ß induces binding
of Axin to LRP6 and inhibition of destruction complex function. An im-
portant property of Dvl is that it can multimerize through an N-terminal
DIX domain (5, 6). The formation of such dynamic aggregates is thought
to increase the overall avidity of Dvl for its interaction partners, and muta-
tions in the DIX domain that interfere with multimerization show strongly
reduced signaling activity (5).

In addition to phosphorylation, Dvl is also regulated by ubiquitylation
(7–9). Ubiquitylation is a versatile posttranslational modification in which
specific E3 ubiquitin ligases mediate the addition of ubiquitin molecules—
either as single ubiquitin proteins or as ubiquitin polymers—to substrate pro-
teins. Moreover, ubiquitin chains can be linked through different lysines
within the ubiquitin sequence, which further increases the functional diver-
sity of this modification. Depending on the type of ubiquitylation, the mod-
ified protein is targeted for proteasomal degradation, endocytosed, and
routed into the lysosomal degradation pathway, or is affected in its ability
to interact with other proteins (10). In the case of Dvl, K48-linked polyubiq-
uitylation by kelch-like family member 12 (KLHL12) controls Dvl stability
(7), but additional ubiquitin modifications may control other aspects of Dvl
function (8, 11).

Here, we identified the E3 ubiquitin ligase Huwe1 as an evolutionarily
conserved inhibitor of the Wnt/b-catenin signaling pathway. We demon-
strate that Huwe1 binds and ubiquitylates Dvl as part of a negative feedback
loop in the Wnt signaling pathway.
w.SCIENCESIGNALING.org 18 March 2014 Vol 7 Issue 317 ra26 1

http://stke.sciencemag.org/


R E S E A R C H A R T I C L E

 on D
ecem

ber 3, 2017
http://stke.sciencem

ag.org/
D

ow
nloaded from

 

RESULTS

Huwe1/EEL-1 is a negative
regulator of Wnt/b-catenin
signaling in Caenorhabditis
elegans and mammalian cells
During larval development in Caenorhabditis
elegans, EGL-20 (a C. elegansWnt homo-
log) activates aBAR-1 (aC. elegansb-catenin
homolog)–dependent Wnt pathway in the
QL neuroblasts. Activation of thisWnt path-
way induces expression of the homeoboxgene
mab-5 in QL and migration of the QL de-
scendant (QL.d) cells toward the posterior
(12). In the absence of EGL-20 signaling,
mab-5 is not expressedand, as a consequence,
the QL.dmigrate in the opposite direction,
toward the anterior (Fig. 1A). Using the final
position of the QL.d as a sensitive measure of
b-catenin–dependent Wnt signaling, we per-
formed an RNA interference (RNAi) screen
inC.elegans that targeted22predictedE2ubiq-
uitin ligases, 173 RING domain E3 ubiquitin
ligases, 9 HECT domain E3 ubiquitin ligases,
and 34 deubiquitylating enzymes (DUBs)
(table S1 and fig. S1A). To screen for both pos-
itive and negative regulators of Wnt signaling,
we used a vps-29(tm1320)mutant background,
in which EGL-20 secretion is reduced, result-
ing in a partially penetrant defect in mab-5
expressionandQL.dmigration(13). Interfering
with positive regulators of EGL-20 signaling
enhances this phenotype, whereas knockdown
of negative regulators restores posterior QL.d
migration in this mutant background (14).

We found that knockdown of the HECT
domain–containingubiquitin ligaseeel-1 sup-
pressed the QL.d migration phenotype of
vps-29(tm1320)mutants (Fig. 1B). Further-
more, using a quantitative single-molecule
mRNA fluorescence in situ hybridization
(FISH) approach (15), we found that loss of
eel-1 significantly increased the expression
of the EGL-20 target genemab-5 in Q neuro-
blasts (Fig.1C), indicatingthatEEL-1functions
as a negative regulator of EGL-20 signaling.

To investigate the function of EEL-1 in
another Wnt-dependent process, we examined
vulva formation, in which Wnt/b-catenin sig-
naling plays a permissive role in preventing
fusion of the vulva precursor cells (VPCs) with
the surrounding hypodermal syncytium (16).
In hypomorphic mutants of the Wnt secretion
factormig-14 (the C. elegansWntless homo-
log), a decrease in Wnt signaling leads to a
partially penetrant defect in vulva induction
(17). RNAi against eel-1 significantly rescued
this defect (Fig. 1D), supporting the notion
that EEL-1 functions as a general regulator
of Wnt/b-catenin signaling in C. elegans.
Fig. 1. eel-1 is anegative regulatorofWnt
signaling that acts upstream of b-catenin
in the Wnt pathway in C. elegans. (A)
Dorsal view schematic of the migration
of Q neuroblast descendants in wild-
type L1 larvae and in animals with im-
paired or increased EGL-20 signaling.
Schematic of the Wnt pathway regulat-
ingmab-5 expression inQ neuroblasts.
Slashes denote mammalian homo-
logs. (B) Migration of QL.d cells in vps-
29(tm1320) with either systemic or Q
neuroblast lineage–specific eel-1 knock-
down. Data are means ± SD from three
independent experiments with more

than 30 worms each; *P = 0.0063, **P = 0.0037, Student’s t test. (C) Quantitative single-molecule mRNA
www.SCIENCESIGNALING.org 18 M
FISH showing the expression of the Wnt target genemab-5 in QL and QR neuroblasts from wild-type and
eel-1(ok1575) nullmutants.Data are amalgamated from two experiments; *P=4.9× 10−5, **P=9.6× 10−4,
Student’s t test. Representative QL and QR neuroblasts are from wild-type animals: nuclei (blue), mab-5
mRNA (red), and Q cells (outlined). Scale bar, 5 µm. (D) Effect of eel-1 RNAi on the vulva defect, indicated
by an arrow. Data are means ± SD from four independent experiments with more than 10 animals each; *P =
0.015. (E andF) Effect of eel-1RNAi on the response to overexpression of EGL-20 (E) orDN-BAR-1 (F). Data are
means±SDfromfourexperimentswithmore than30animalseach; *P=0.015,Student’s t test. n.s., not significant.
arch 2014 Vol 7 Issue 317 ra26 2

http://stke.sciencemag.org/


R E S E A R C H A R T I C L E
To address whether EEL-1 is required in Wnt-responsive cells, we used
a tissue-specific RNAi approach to knock down eel-1 in the Q neuroblast
lineage. Similar to systemic RNAi, knockdown of eel-1 in the Q neuroblasts
significantly rescued QL.d migration in the vps-29mutant background (Fig.
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1B). In contrast, knockdown of eel-1 in EGL-20–producing
cells had no effect (fig. S1B). These results are consistent with a
cell-autonomous function of EEL-1 in Wnt-responsive cells.

To determine the position of EEL-1 in the Wnt/b-catenin
pathway that regulates mab-5 expression in the Q neuro-
blasts, we performed epistasis analysis with loss-of-function
mutations in differentWnt pathway components. RNAi against
eel-1 suppressed the QL.d migration phenotype of vps-29
and mig-14 mutants, but had no effect in bar-1 or pop-1/TCF
mutants (table S2). Together with the cell-autonomous func-
tion of EEL-1 in the Q neuroblast lineage, these results place
EEL-1 between the Wnt pathway ligand EGL-20 and bar-1.
This conclusion is further supported by experiments in which
we overexpressed EGL-20 or constitutively active BAR-1
(DN-BAR-1) (17) to induce ectopic expression of mab-5 in
QR and posterior migration of the QR.d. Thus, eel-1 RNAi
strongly enhanced the EGL-20–induced posterior migration
of the QR.d (Fig. 1E), whereas no effect was observed when
DN-BAR-1 was overexpressed (Fig. 1F), consistent with a
function of EEL-1 downstream of EGL-20 but upstream of
BAR-1. eel-1 RNAi did not restore QL.d migration in egl-20
null mutants (table S2), indicating that loss of EEL-1 is not
sufficient to activate the EGL-20 pathway in the absence of
Wnt ligand.

In parallel to the screen in C. elegans, we knocked down
Huwe1, the mammalian ortholog of eel-1, in human em-
bryonic kidney (HEK) 293T cells stably transfected with a
Dvl–estrogen receptor fusion protein and a TOP-luciferase
TCF reporter (7DF3 cells) (18). We found that knockdown
of Huwe1 (Fig. 2B) enhanced the estradiol-dependent acti-
vation of the TCF reporter (fig. S2A). This effect was con-
firmed with nonoverlapping small interfering RNAs (siRNAs)
in 7DF3 and U2OS cells (fig. S2, B and C).

Next, we activated the Wnt pathway in HEK293T cells
with recombinant Wnt3a by expression of constitutively
active N-terminally truncated LRP6 (LRP6DN) (19), coex-
pression of Dvl3 and CK1e (3), or expression of constitu-
tively active b-catenin (20). Knockdown of Huwe1 (Fig. 2B)
increased Wnt reporter activity when the pathway was acti-
vated by Wnt3a, LRP6DN, or Dvl3 and CK1e, but not when
the pathway was activated by expression of constitutively ac-
tive b-catenin (Fig. 2, C to F). When we overexpressed a Huwe1
fragment containing the HECT domain [hemagglutinin (HA)–
tagged DN-Huwe1, encompassing the C-terminal half of the
protein from amino acids 2473 to 4374] (21), Wnt reporter
activity induced by Dvl1 or LRP6DN was significantly in-
hibited, whereas reporter activity induced by b-catenin was
not changed (Fig. 2, G to I). As an independent readout for
Wnt pathway activity, we assessed the mRNA expression
of the Wnt target gene Axin2 in cells that expressed consti-
tutively active mutants of b-catenin. Huwe1 overexpression
did not affectAxin2 expression in these cells (Fig. 2J). Together
with theC. elegans data discussed above, these results suggest
that Huwe1 functions as an evolutionarily conserved negative
regulator of Wnt signaling that acts upstream of b-catenin in
the Wnt pathway.
ww
Huwe1 binds Dvl
We obtained further mechanistic insight into the role of Huwe1 in Wnt sig-
naling when we immunoprecipitated endogenous Dvl2 and Dvl3 from
mouse embryonic fibroblasts (MEFs) and analyzed the associated proteins
Fig. 2. Huwe1 is a negative regulator of Wnt signaling that acts upstream of b-catenin in
the Wnt pathway in mammalian cells. (A) Schematic representation of EEL-1 and the

human ortholog Huwe1. (B) Representative Western blot of Huwe1 knockdown efficiency
in HEK293T cells. (C to E) TopFlash reporter activity in Huwe1 knockdown HEK293T cells
that (C) were treated with recombinant Wnt3a, (D) expressed LRP6DN, or (E) expressed
Dvl3 and CK1e. Data are means ± SD from three independent experiments; **P = 0.009,
*P = 0.04, ***P = 0.0062 against controls, Student’s t test. (F) TopFlash reporter activity in
Huwe1 knockdown cells that expressed constitutively active b-catenin mutants. Data are
means ± SEM from seven experiments. (G to I) Effect of HA-DN-Huwe1 overexpression
on TopFlash activity in HEK293T cells expressing (G) Dvl1 (*P = 0.0022), (H) LRP6DN
(*P = 0.015), or (I) b-catenin. Data are means ± SD from at least three independent
experiments. (J) Effect of Huwe1 overexpression on Axin2 mRNA abundance in cells
expressing constitutively active b-catenin mutants. Data are means ± SEM from at least
three independent experiments.
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by mass spectrometry (MS) (table S3). We
discovered that Huwe1 formed a complex
with endogenous Dvl2 and Dvl3. To con-
firm this result, we performed coimmuno-
precipitation experiments with antibodies
directed against endogenous Huwe1, Dvl2,
and Dvl3 and found that Huwe1 can interact
with Dvl2 as well as Dvl3 (Fig. 3A). Treat-
ment of cells with Wnt3a conditioned me-
dium (Wnt3a CM) promoted the interaction
of endogenous Huwe1 with endogenous
Dvl2 and Dvl3 (Fig. 3A). Similar results
were obtained with epitope-tagged versions
of Dvl1 and DN-Huwe1 (fig. S3D). This re-
sult indicates that Wnt signaling promotes
the interaction between Dvl and Huwe1,
but that this interaction does not require
the N terminus of Huwe1.

Dvl proteins form dynamic protein as-
semblies that are visible as distinct punctae
within the cytoplasm (6). Consistent with
the interaction between Huwe1 and Dvl,
immunofluorescence experiments using
epitope-tagged or fluorescently tagged ver-
sions of Huwe1 and Dvl2 or Dvl3 showed
that Huwe1, which was diffusely localized
throughout the cytoplasm when expressed
alone, was recruited to Dvl punctae and co-
localized with Dvl2 or Dvl3 when Dvl was
coexpressed (Fig. 3B and fig. S3E). An E3
ligase–deficient Huwe1(CA) mutant also
colocalized with Dvl in cytoplasmic punc-
tae (Fig. 3B), indicating that the interaction
between Huwe1 and Dvl is independent of
Huwe1 ligase activity.

To further characterize the interaction
between Dvl and Huwe1, we used truncated
forms of Dvl1 and Dvl3 to map the domain
of Dvl that is required for binding to HA-
tagged DN-Huwe1. In both cases, we found
that a proline-rich region between the PDZ
and DEP domains of Dvl appeared to be
necessary and sufficient for the interaction
between Huwe1 and Dvl1 and Dvl3 (Fig.
3, C and D, and fig. S3, A to C).

One of the earliest events in Wnt path-
way activation is the CK1e-mediated phos-
phorylation of Dvl (22). To address the role
of CK1e in the regulation of the Huwe1-
Dvl interaction, we performed coimmuno-
precipitation experiments with FLAG-tagged
Dvl3 and HA-tagged DN-Huwe1 in cells
overexpressing CK1e. CK1e promoted the
Huwe1-Dvl3 interaction, whereas expres-
sion of a dominant-negative CK1e or treat-
ment with the chemical CK1e inhibitor D4476
(CK1 inhibitor I) or PF-670462 (CK1 inhib-
itor II) appeared to reduce this interaction
(Fig. 3E). Together, these results indicate
that Wnt signaling and phosphorylation
Fig. 3. Huwe1 interacts with Dvl.
(A) Western blot detecting interac-
tion between endogenous Huwe1,
Dvl3,andDvl2 inMEFs treatedwith
control orWnt3aCM.TCL, total cell
lysate. (B) Localization of FLAG-
Huwe1 and FLAG-Huwe1(CA)
(top row) and colocalization of
FLAG-Huwe1 or FLAG-Huwe1
(CA) with Dvl3-eYFP in cytoplas-
mic Dvl punctae. Data are from
three experiments. Scale bars,
20 µm. (C and D) Schematic rep-
resentation of coimmunoprecipi-
tation (co-IP) of HA-DN-Huwe1
with truncated versions of Dvl1
and Dvl3 presented in fig. S2, A
to C. + and − indicate the bind-
ing efficiency of the proteins with
www.SCIENCESIGNALING.org 18 March 2
HA-DN-Huwe1. (E) Coimmunoprecipitation of HA-DN-Huwe1 with FLAG-Dvl3 in HEK293T cells expressing
wild-type (wt) or dominant-negative (DN) CK1e or treated with the chemical CK1e inhibitor D4476 (I) or
PF-670462 (II). The efficiency of CK1-mediated phosphorylation wasmonitored using a phospho-Ser643-
Dvl3 antibody. Blot is representative of three experiments.
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of Dvl by CK1e promote the interaction between Dvl
and Huwe1.

Huwe1 promotes the ubiquitylation of Dvl
Huwe1 is a HECT domain E3 ubiquitin ligase that ubiq-
uitylates various substrates and is involved in regulating pro-
cesses ranging from apoptosis and neuronal differentiation
to DNA repair (21, 23–27). To investigate whether Huwe1
ubiquitylates Dvl, we coexpressed FLAG-tagged Dvl1 and
His-tagged ubiquitin with DN-Huwe1 or a catalytically in-
active DN-Huwe1(CA) mutant (26). Western blotting for
FLAG-Dvl1 amongHis-ubiquitin–modified proteins showed
that DN-Huwe1 promoted the ubiquitylation of Dvl1, where-
asDN-Huwe1(CA) did not (Fig. 4A). Expression of full-length
Huwe1 (but not catalytically inactive full-length Huwe1) ap-
peared to induce the ubiquitylation of Dvl3 as well (fig. S4A).
Furthermore, deletion of the proline-rich region of Dvl1 ap-
peared to prevent its Huwe1-dependent ubiquitylation (fig.
S4B), indicating that binding of Huwe1 to Dvl is required
for its ubiquitylation.

To investigatewhetherWnt signaling regulates theHuwe1-
mediated ubiquitylation of Dvl, we treated cells withWnt3a
CM before the ubiquitylation assay. Wnt3a CM induced a
clear increase in Huwe1-mediated ubiquitylation of FLAG-
Dvl1 (Fig. 4B), indicating that the Huwe1-dependent ubiq-
uitylation of Dvl is stimulated by Wnt signaling. Because
CK1e activity promoted the interaction between Dvl and
Huwe1 (Fig. 3E), we investigated the effect of CK1e in the
Huwe1-mediated ubiquitylation of Dvl. We found that inhi-
bition of CK1e reduced FLAG-Dvl1 ubiquitylation in cells
expressing DN-Huwe1 (Fig. 4C), indicating that CK1e ac-
tivity promotes the Huwe1-dependent ubiquitylation of Dvl.

To gain further insight into the functional consequences
of Huwe1-mediated ubiquitylation of Dvl, we used an MS-
based approach to identify the lysines of Dvl1 that are ubiq-
uitylated by Huwe1. We expressed His-tagged ubiquitin
and FLAG-tagged Dvl1, or His-ubiquitin, FLAG-Dvl1,
and DN-Huwe1, in HEK293T cells. We lysed the cells under
denaturing conditions, isolated Dvl by immunoprecipitation,
and prepared the samples for MS analysis. The detection of
ubiquitylated residues in Dvl1 was based on the character-
istic ubiquitin-derived diglycine mass increment of ubiqui-
tylated peptides (114.1 daltons per modified lysine residue)
after tryptic digestion. In addition to five lysine residues
that were ubiquitylated in the control condition, we found
five additional lysine residues that were ubiquitylated when
DN-Huwe1 was coexpressed (Lys34, Lys46, Lys60, Lys69, and
Lys412) (table S4). Most of these lysines were located with-
in the DIX domain of Dvl (Fig. 4D), suggesting that this
region is preferentially ubiquitylated by Huwe1. In agree-
ment with this hypothesis, we found that a Dvl1 mutant
(DIX7KR, in which the seven lysines in the DIX domain
were mutated into arginines) was ubiquitylated with a much
lower efficiency by DN-Huwe1 than wild-type Dvl1 or a Dvl1
mutant in which the lysines in the PDZ domain (PDZ3KR)
were mutated (Fig. 4E). Mutation of the lysines within the
DEP domain (DEP6KR) also decreased the amount of
Huwe1-dependent ubiquitylation (Fig. 4E). However, given
that the DEP domain is dispensable for Wnt/b-catenin sig-
naling (28, 29), the ubiquitylation of the DIX domain is
Fig. 4. Huwe1 promotes Dvl ubiquitylation. (A) Western blotting for FLAG-Dvl1 after pull-
down of His-ubiquitin–modified proteins in HEK293T cells transfected with FLAG-Dvl1,
His-ubiquitin, and DN-Huwe1 or DN-Huwe1(CA). (B) Western blotting of lysates from
cells transfected as in (A), minus the CA Huwe1 mutant, and treated with control medium
or Wnt3a CM for 30 or 60 min before lysis. (C) Western blotting of lysates from the cells
described in (B) treated with vehicle or PF-670462 (CK1 inhibitor II). (D) Schematic rep-
resentation of ubiquitylated lysine (K) residues of Dvl1 isolated from controls or cells
expressing HA-DN-Huwe1. (E) Western blotting for FLAG-Dvl1 after pull-down of His-
ubiquitin–modified proteins in HEK293T cells transfected with HA-DN-Huwe1 and FLAG-
Dvl1 mutants containing lysine-to-arginine mutants in the PDZ (PDZ3KR), DEP (DEP6KR),
or DIX (DIX7KR) domains. (F) Schematic representation of ubiquitylated lysine residues of
Dvl conjugated to ubiquitin isolated from cells expressing HA-DN-Huwe1 or control cells.
(G) Abundance of ubiquitylation (by HA tag) in endogenous Dvl3 immunoprecipitates
from HEK293T cells transfected with wild-type HA-ubiquitin or a HA-ubiquitin mutant that
only enables the formation of K63-linked or K48-linked polyubiquitin chains (K63 only
and K48 only) and treated with Wnt3a or control CM. Western blotting data are from three
independent experiments.
www.SCIENCESIGNALING.org 18 March 2014 Vol 7 Issue 317 ra26 5
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likely to be most relevant for the function of Huwe1 in the Wnt/b-catenin
pathway.

The formation of high–molecular weight Dvl species after Huwe1
expression indicates that Huwe1 may promote polyubiquitylation of
Dvl. To characterize the ubiquitin chains that are ligated to Dvl, we
again used an MS-based approach. This time, we analyzed ubiquitin-
derived peptides and determined which lysine residues were ubiquitylated
(table S5). In His-ubiquitin– andFLAG-Dvl1–transfected samples,we only
detected peptideswith the diglycine signature corresponding to Lys48 (K48)
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linkages (Fig. 4F). However, when we expressed DN-
Huwe1, there were also peptides for K63 and K11 ubiquitin
linkages (Fig. 4F), indicating that Huwe1 promotes K63-
and K11-linked polyubiquitylation of Dvl. To investigate
whether Wnt3a induces the formation of K63-linked poly-
ubiquitin chains onDvl, we performed a ubiquitylation as-
say with ubiquitin mutants that only enable the formation
of K48- or K63-linked polyubiquitin chains, respectively
(30). Stimulation withWnt3a increased the amount of Dvl3
decorated with K63-linked polyubiquitin chains, whereas
there was no change in the amount of K48-modified
Dvl3 (Fig. 4G). Given the similarity in the ubiquitin mod-
ifications induced by Wnt3a and Huwe1, we propose that
Huwe1 mediates the Wnt3a-induced K63-linked polyubiq-
uitylation of Dvl.

Huwe1 does not target Dvl for degradation
but influences Dvl multimerization
We set out to elucidate the mechanism by which the Huwe1-
dependent ubiquitylation of Dvl inhibits Wnt signaling.
First, we investigated whether Huwe1 targets Dvl for deg-
radation. We expressed FLAG-Dvl1 in HEK293T cells to-
gether with HA-DN-Huwe1 or KLHL12, a protein that
recruits the Cullin-3 ubiquitin ligase toward Dvl and targets
Dvl for proteasomal degradation (7). We inhibited protein
translation by incubating the cells with cycloheximide and
determined FLAG-Dvl1 protein expression and stability by
Western blotting. We found no reduction in the amount and
stability of FLAG-Dvl1 when HA-DN-Huwe1 was expressed
(Fig. 5A), but we observed a clear reduction in the amount
and stability of FLAG-Dvl when KLHL12 was coexpressed.
Additionally, we did not observe increased abundance of en-
dogenous Dvl when we knocked down Huwe1 (Fig. 2B).
These observations agree with our finding that DN-Huwe1
promotes the formation of K63-linked polyubiquitin chains
on Dvl, a modification that in general does not target the
substrate protein for proteasomal degradation (10).

The formation of DIX domain–dependent multimeric
aggregates is essential for Dvl signaling activity (5, 31). Be-
cause Huwe1 promoted the ubiquitylation of the DIX do-
main (Fig. 4, D and E), we investigated whether Huwe1
influences the ability of Dvl to multimerize. To this end,
we examined the interaction between different Dvl isoforms
by coimmunoprecipitation. Knockdown of Huwe1 increased
the coimmunoprecipitation between endogenous Dvl2 and
Dvl3 (Fig. 5B), whereas overexpression of HA-tagged DN-
Huwe1 decreased the coimmunoprecipitation between FLAG-
tagged Dvl1 and HA-tagged Dvl2 (Fig. 5D, lanes 1 and 2).
Together, these results indicate that Huwe1 inhibited Dvl
multimerization. This was supported by the observation that
overexpression of HA-tagged DN-Huwe1 reduced the inter-
ww
action between cyan fluorescent protein (CFP)–conjugated Dvl3 and yellow
fluorescent protein (YFP)–conjugated Dvl3 in a fluorescence resonance
energy transfer (FRET)–based assay (Fig. 5C and fig. S5A).

To investigate whether Huwe1 inhibited Dvl multimerization through
ubiquitylation of the DIX domain, we tested the coimmunoprecipitation be-
tween HA-tagged Dvl2 and the FLAG-tagged Dvl1-DIX7KR mutant (8).
This mutant activated the Wnt pathway (assessed by a TopFlash reporter)
and localized to punctae in the cytoplasm (fig. S5, B and C), but was only
weakly ubiquitylated by Huwe1 (Fig. 4E). We found that overexpression of
Fig. 5. Huwe1 does not targetDvl for degradation
but inhibitsDvl polymerization. (A) HEK293Tcells
transfected with FLAG-Dvl1 and control vector,
KLHL12, or HA-DN-Huwe1 expression constructs
were treated with cycloheximide (CHX) for the
w.SCIENCESIGNALING.o
indicated time before lysis and FLAG-Dvl1 detection. (B) Knockdown of Huwe1 increases
coimmunoprecipitation between endogenous Dvl2 and Dvl3. OVCAR-5 cells were trans-
fected with control or Huwe1 siRNA, and endogenous Dvl2 was immunoprecipitated.
Dvl3present in thecomplexwasvisualizedbyWesternblotting. (C) FRETefficiencybetween
Dvl3-YFP andDvl3-CFP in HEK293T cells transfected with control or HA-DN-Huwe1 expres-
sion constructs. For typical FRET images, see fig. S4A. (D) Dvl1 was immunoprecipitated
with anti-FLAG antibody, and complex composition was determined by Western blotting.
(E) Structural model of two dimerized DIX domains of Dvl1. Ubiquitylated lysine (K) residues
are indicated in yellow.Mutations known toprevent DIXdomain polymerization (M1,M2, and
M4) are indicated in red; b sheets involved in the head (b2)–tail (b4) interaction are labeled.
(F) Model of Huwe1 function inWnt/b-catenin signaling, described in the text. Yellow circles,
phosphate; orange circles, ubiquitin; blue hexagons, Wnt.
rg 18 March 2014 Vol 7 Issue 317 ra26 6
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HA-DN-Huwe1 appeared not to decrease the coimmunoprecipitation be-
tween FLAG-tagged Dvl1-DIX7KR and HA-tagged Dvl2 (Fig. 5D, lanes
6 and 7), demonstrating that the inhibitory effect of Huwe1 on Dvl multi-
merization is mediated through ubiquitylation of the DIX domain. Template-
based homology modeling of the human Dvl3 DIX domain showed that
a number of lysines in the DIX domain that are ubiquitylated by Huwe1
are structurally close, or identical to, residues that have previously been
identified as being essential for DIX domain–dependent polymerization
(Fig. 5E). Specifically, Lys34 (corresponding to Lys44 in Dvl2) neighbors
a fully conserved phenylalanine, which is mutated in the M1 aggregation
mutant (Dvl2-F43S) (5). The M1 mutation directly disrupts the “head”
side of the polymerization interface. Second, Lys60 (corresponding to
Lys68 in Dvl2) is part of the b4 sheet forming the tail side of the DIX-
DIX polymerization interface. Moreover, mutation in a corresponding resi-
due in Dvl2 (K68A, corresponding to the aggregation mutant M2) (5)
leads to a clear multimerization defect of Dvl2. We therefore propose that
ubiquitylation of these residues inhibits DIX domain polymerization
through steric effects.

DISCUSSION

Here, we identified the HECT domain–containing E3 ubiquitin ligase
Huwe1 as an evolutionarily conserved inhibitor of the Wnt/b-catenin
pathway. Our results from epistasis experiments in C. elegans and bio-
chemical studies in mammalian cells suggest that Huwe1 acts by inhibit-
ing Dvl signaling activity.

The cytoplasmic protein Dvl functions at a key position in the Wnt/b-
catenin pathway, interacting with Fz and Axin to facilitate the formation of
signalosomes at the plasma membrane (2). The signaling activity of Dvl is
promoted by the kinase CK1e, which in response to Wnt signaling phos-
phorylates Dvl to induce binding of Dvl to Axin (3, 4, 21, 31). We have
previously shown that in addition to this activating function, CK1e also
triggers a negative feedback loop that inhibits Wnt signaling, but the
mechanism of this inhibition was not determined (3). Our results demon-
strate that CK1e induces the binding of Huwe1 to Dvl and provides a
molecular mechanism for this inhibition (Fig. 5F).

We found that Huwe1 polyubiquitylated lysine residues within the DIX
domain of Dvl. Consistent with our finding that Huwe1 mainly promoted
K63- and K11-linked polyubiquitylation of Dvl, Huwe1 did not target Dvl
for proteasomal degradation. Instead, we found that Huwe1 inhibited the
multimerization of Dvl. As the formation of multimeric complexes is es-
sential for Dvl activity (5, 31), our results are consistent with a model in
which Huwe1 inhibits Wnt/b-catenin signaling by preventing Dvl multi-
merization (Fig. 5F).

Two DUBs—Cyld and USP14—were recently identified that remove
K63-linked polyubiquitin chains from Dvl. Cyld removes polyubiquitin
(including K63-linked polyubiquitin) chains from the DIX domain of
Dvl (8). Inhibition of Cyld function and the resulting hyperubiquitylation
of Dvl activate Wnt/b-catenin signaling in mammalian cells (8). These
results support the notion that K63-linked polyubiquitylation is an impor-
tant regulatory mechanism of Dvl activity, but do not explain why Huwe1
and Cyld both act as inhibitors of Wnt/b-catenin signaling. Cyld and Huwe1
may control the ubiquitylation of different lysine residues within the DIX
domain to either promote signaling activity or inhibit signaling by prevent-
ing Dvl multimerization. Alternatively, a tight balance in the dynamic ad-
dition and removal of K63-linked polyubiquitin chains may be required
for the regulation of Dvl activity.

USP14, which also removes K63-linked polyubiquitin chains from Dvl
(32), was identified as a positive regulator of the Wnt pathway. This obser-
vation indicates that it could act as a counterpart to the Huwe1-dependent
ww
negative regulation of Wnt signaling. Whether USP14 removes the poly-
ubiquitin chains that are generated by Huwe1, however, remains to be
established.

Our study, as well as the work of others, illustrates the importance
of ubiquitin-mediated regulation of Dvl signaling in the Wnt pathway.
Several E3 ubiquitin ligase systems modify Dvl. Thus, Dvl is targeted for
proteasomal degradation by NEDL1, an E3 ligase associated with amy-
otrophic lateral sclerosis (33), by KLHL12, an adaptor protein linking
Dvl to the Cullin-3 E3 ubiquitin ligase (7), and by Itch, which is a HECT
domain E3 ligase (9). Thus far, eel-1 in worms or Huwe1 in mammals rep-
resents the only Dvl ubiquitin ligase or DUB with a role in Wnt signaling
that is evolutionarily conserved in both vertebrates and invertebrates. This in-
dicates that Huwe1may represent an ancestral mechanism of Dvl regulation.

Last but not least, Huwe1 was recently identified as an important
mediator of Wnt pathway–dependent intestinal tumorigenesis in a mouse
transposon insertional mutagenesis screen (34). Furthermore, sequence in-
formation in the COSMIC database (35) shows that Huwe1 is frequently
mutated in colon cancer. Our results on the function of Huwe1 as an in-
hibitor of Wnt/b-catenin signaling—the deregulation of which is the pri-
mary cause of intestinal tumorigenesis (20)—may provide an important
mechanistic explanation for a role of Huwe1 in intestinal cancer.
MATERIALS AND METHODS

C. elegans strains and culture
C. elegans strains were cultured at 20°C under standard conditions as de-
scribed (36). The mutants and transgenes used were vps-29(tm1320),
egl-20(hu105), mig-14(ga62), mig-14(mu71), mig-5(rh147), bar-1(ga80),
pop-1(hu9), eel-1(ok1575), muIs32[Pmec-7::gfp], muIs35[Pmec-
7::gfp], huIs7[Phs::DNbar-1], muIs53[Phs::egl-20], heIs63[Pwrt-2::H2b::gfp;
Pwrt2::PH::gfp], huEx273[Pegl-17::eel-1(RNAi)], and huEx274[Pegl-
20::eel-1(RNAi)].

C. elegans RNAi screen
A list of E2 ubiquitin–conjugating genes, DUBs, RING domain–containing
genes, and HECT domain–containing genes was obtained from Kipreos
(37) (table S1). We isolated RNAi clones targeting these genes from the
Vidal or Ahringer RNAi libraries (38, 39). RNAi clones were grown over-
night in LB supplemented with ampicillin (50 mg/ml). Bacterial cultures
were grown for 3 days on NGM plates supplemented with ampicillin,
tetracycline, fungizone, and isopropyl-b-D-thiogalactopyranoside. Two
vps-29(tm1320);muIs32 L4 larvae were placed on the bacterial lawn
and allowed to give rise to progeny. The position of the QL.d cells relative
to the vulva was scored when the progeny reached the young adult stage
(40). If RNAi clones modulated the vps-29 QL.d migration phenotype to
>80% or <11%, the RNAi experiment was repeated twice. RNAi clones
that consistently enhanced or suppressed the vps-29 phenotype were con-
sidered a hit. The RNAi clones were confirmed by sequencing.

C. elegans tissue-specific RNAi and heat
shock experiments
Tissue-specific RNAi was performed as described (41). egl-17 and egl-20
promoter sequences and a 1.1-kb fragment spanning exon 13 of eel-1were
amplified from C. elegans genomic DNA. The eel-1 fragment was fused
to the promoter fragments in sense and antisense orientations using a poly-
merase chain reaction (PCR) approach. The PCR products were injected
in vps-29(tm1320); muIs32 at 2.5 ng/µl with Pmyo2:mCherry injection
marker (7 ng/µl) and pBluescript DNA (200 ng/µl), resulting in transgenic
lines huEx273[Pegl-17::eel-1(RNAi)] and huEx274[Pegl-20::eel-1(RNAi)].
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Embryos isolated by bleaching from huIs7 or muIs53 animals grown
on eel-1 or control double-stranded RNA–expressing bacteria were al-
lowed to hatch overnight in M9 buffer. About 100 L1 larvae were heat-
shocked in 100 µl of M9 at 33°C for 5 min, and the position of the Q cell
descendants AVM and PVMwas determined when the animals reached the
young adult stage.

Single-molecule mRNA FISH
Single-molecule mRNA FISH was performed as described (15). Imaging
was performed with a Leica DM6000 microscope equipped with a Leica
DFC360FX camera, 100× objective, and Tx2 filter cube. Images were ac-
quired at 1024 × 1024 resolution and 2 × 2 binned before analysis using
ImageJ. mab-5 mRNA spots were manually counted in the Q neuroblasts
using heIs63 as a marker to outline the cells.

Cell culture, plasmids, and transfections
MEFs and HEK293T cells were propagated in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum (FBS), 5% L-glutamine, and 5%
penicillin/streptomycin. OVCAR-5 cells were grown in RPMI medium
with 10%FBS, 5%L-glutamine, and 5%penicillin/streptomycin.Cellswere
seeded in 24-well plates on coverslips for FRETand immunocytochemistry
and 10-cm dishes for immunoprecipitation. Cells were transfected with 2 µl
of polyethylenimine per microgram of DNA. Forty-eight hours after trans-
fection, cells were harvested and processed. The following previously de-
scribed expression constructswere used: Dvl2-Myc (42), FLAG-hDvl3 and
deletions (7), hCK1e (wild-type and P3 dominant-negative) (43), FLAG-
mDvl1 deletions and His-ubiquitin lysine mutants (8), HA-ubiquitin mutants
(30), HA-Dvl2 (31), HA-DN-Huwe1 (21), FLAG-Huwe1 andFLAG-Huwe1
(CA) (27),b-catenin, S33b-catenin,D43b-catenin (20), Lrp6DN(44), Super8X
TopFlash (45), and VSV-KLHL12 (7). Dvl3-EYFP, Dvl3-ECFP, and
FLAG-Dvl1/Dvl3 Pro-rich were generated by Gateway cloning. Cells were
stimulated with mouse rWnt3a (R&D Systems) for 3 hours if not stated
otherwise. Control stimulationswere donewith 0.1%bovine serumalbumin
(BSA) in phosphate-buffered saline (PBS). CK1e inhibitionwas performed
withD4476 (Calbiochem) and/or PF-670462 (Tocris) dissolved in dimethyl
sulfoxide or with 1 ml of Lipofectamine 2000 (Invitrogen) per well to in-
crease cell penetration.

RNA interference
HEK 293T cells were transfected with Huwe1 endoribonuclease-prepared
siRNA (esiRNA) using Lipofectamine 2000. Huwe1 esiRNA (300 ng per
well) wasmixedwithOpti-MEM (Gibco) and 0.5 µl of Lipofectamine 2000
and incubated at room temperature for 30 min, after which the mixture was
added to trypsinized cells in 24-well plates. The medium was changed after
12 hours.

Dual luciferase assay
HEK293T cells were seeded in 24-well plates. After 24 hours, cells were
transfected with 0.2 µg of Super8X TopFlash construct and 0.2 mg of Renilla
luciferase construct per well and the indicated expression plasmids. Cells
were lysed 24 hours later, and luciferase activity was measured with the
Dual-Luciferase Reporter Assay System (Promega) on an MLX luminometer
(Dynex Technologies) and normalized by Renilla luciferase measurements.
Data are shown as means ± SD of at least three independent experiments.

Quantitative reverse transcription PCR
RNAwas isolated using TRIzol (Ambion 15596-026) according to the
manufacturer’s instructions. Reverse transcription was performed with
M-MuLV Reverse Transcriptase (Thermo Fisher Scientific), oligo(dT)18
primers (Thermo Fisher Scientific), and 1 µg of RNA for first-strand comple-
ww
mentaryDNAsynthesis. Sampleswere run as triplicates on aLightCycler 480
II (Roche). b-Actin was used as an internal control. Primers used were hu-
manACTB (b-actin; forward: 5′-GATTCCTATGTGGTCGACGAG-3′, reverse:
AGGGCTGGGGTGTTGAAGGTCTC) and human AXIN2 (forward: 5′-
TCCATACCGGAGGATGCTGA-3′, reverse: 5′-TTCATACATCGG-
GAGCACCG-3′).

Antibodies, immunoprecipitation, and Western blotting
Cells were lysed 24 to 48 hours after transfection in NP-40 lysis buffer con-
taining 50 mM tris (pH 7.4), 150 mMNaCl, 1 mM EDTA, 0.5% NP-40, and
protease inhibitors (Roche) for 20 min at 4°C and centrifuged at 13,000 rpm
for 30 min at 4°C. Supernatant was incubated with the antibodies against
mouse monoclonal Dvl3 (Santa Cruz Biotechnology), mouse monoclonal
Dvl2 (Santa Cruz Biotechnology), mouse monoclonal FLAG M2 (Sigma),
rabbit polyclonal HA (Abcam), or rabbit polyclonal Huwe1 (Bethyl Labora-
tories) for 30 min on ice followed by incubation with protein G–Sepharose
beads (GE Healthcare) overnight at 4°C. Samples were washed five times in
NP-40 lysis buffer and analyzed by Western blot with antibodies against
mouse monoclonal Myc, goat polyclonal actin, or goat polyclonal Ck1e (all
from Santa Cruz Biotechnology), rabbit polyclonal phospho-Ser643-Dvl3 was
raised against peptide HHSLAS(pS)LRSHH (Moravian Biotechnology), or
mouse monoclonal a-tubulin (Sigma), followed by horseradish peroxidase–
conjugated antibodies against mouse (GE Healthcare) or rabbit (Sigma) im-
munoglobulin G (IgG).

Immunocytochemistry
HEK293 cells were seeded onto gelatin-coated coverslips in 24-well plates,
and transfection was carried out after 24 hours. Transfected cells were fixed
after 24 hours in 4% paraformaldehyde for 15 min and blocked with PBTA
(3%BSA, 0.25% Triton, 0.01%NaN3) for 1 hour at room temperature, fol-
lowed by incubation in primary antibodies overnight at 4°C. Then, cells were
washed in PBS; incubated with secondary antibodies conjugated to Alexa
488, Alexa 568, or Alexa 594 (Invitrogen) for 1 hour at room temperature;
washed twice with PBS; and mounted in 4′,6-diamidino-2-phenylindole.

Ubiquitylation assay
HEK293T cells were transfected with expression constructs for FLAG-
Dvl1, His-ubiquitin, and HA-DN-Huwe1; washed 48 hours later in PBS
supplemented with 10 mM N-ethylmaleimide (NEM); lysed in denaturing
guanidium buffer [10 mM tris (pH 8), 0.1 M Na2HPO4, 0.1 M NaH2PO4,
20 mM imidazole, 6 M guanidium-HCl, and 10 mM b-mercaptoethanol];
and sonicated. Ubiquitylation assays were performed as described using
His pull-down (8) or a denaturing immunoprecipitation protocol. Samples
for denaturing immunoprecipitation were lysed in 0.5% SDS, boiled for
8 min, and sonicated. Then, 1 ml of NP-40 lysis buffer supplemented with
protease inhibitors, phosphatase inhibitors, and NEM was added to each
sample. Samples were centrifuged at 16.1g for 30 min. Sixty microliters of
supernatant was reserved for total cell lysate assays, and the rest was used
for incubation with the corresponding antibody. Samples were processed
and analyzed as in standard immunoprecipitation assays. For His pull-
down, the lysate was centrifuged (10 min at 14,000 rpm), and His-tagged
proteins were isolated from the supernatant with Ni-NTA beads (Qiagen)
for 4 hours at room temperature. The beads were washed in guanidium
buffer and three times in ureum buffer before elution of His-tagged pro-
teins in 1× Laemmli sample buffer supplemented with 10 mM tris (pH 7),
0.1 M Na2HPO4, 0.1 M NaH2PO4, 8 M urea, and 200 mM imidazole.

MS analysis
Samples from the ubiquitylation assays were run on SDS–polyacrylamide
gel electrophoresis to separate the ubiquitylated complexes. Gels were
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stained with 0.25% Coomassie blue stain (R250). Corresponding one-
dimensional (1D) bands were excised and destained, followed by reduc-
tion and alkylation. Gel pieces were then subjected to digestion by trypsin
for 2 hours at 40°C. Immunoprecipitated Dvl was digested directly in
solution.

Liquid chromatography (LC)–MS/MS analyses of peptide mixtures
were done using the RSLCnano system connected to an Orbitrap Elite mass
spectrometer (Thermo Fisher Scientific). Before LC separation, tryptic di-
gests were concentrated and desalted using a trapping column (100 mm ×
30 mm) filled with 3.5-mm X-Bridge BEH 130 C18 sorbent (Waters). Af-
ter washing with 0.1% formic acid (FA), the peptides were eluted (flow
300 nl/min) from the trapping column onto a Acclaim Pepmap100 C18
analytical column (2-µm particles, 75 mm × 250 mm; Thermo Fisher Sci-
entific) by the following gradient program: mobile phase A—0.1% FA in
water; mobile phase B—ACN/methanol/2,2,2-trifluoroethanol (6:3:1, v/v/v)
containing 0.1% FA; the gradient elution started at 2% of mobile phase
B and increased from 2 to 45% during the first 90 min (11% in the 30th,
25% in the 60th, and 45% in the 90th min), then increased linearly to
95% of mobile phase B in the next 5 min and remained at this state for
the next 15 min.

MS data were acquired in a data-dependent strategy with dynamic pre-
cursor exclusion selecting up to the top 20 of precursors on the basis of
precursor abundance in the survey scan [350 to 1700 mass/charge ratio
(m/z), resolution 120,000]. Low-resolution collision-induced dissociation
(CID) MS/MS spectra were acquired in rapid CID scan mode.

FRET analysis
Cells were seeded on gelatin-coated coverslips in 24-well plates and
transfected after 24 hours with 0.1 µg of Dvl3-ECFP, 0.1 µg of Dvl3-
EYFP, and 0.3 µg of HA-DN-Huwe1 using polyethylenimine. Plasmids
containing fused EYFP and ECFP together were used as additional con-
trols. The next day, cells were fixed in 4% paraformaldehyde for 15 min
and blocked with PBTA (3% BSA, 0.25% Triton, 0.01% NaN3) for
1 hour at room temperature, followed by incubation in antibodies against
HA overnight at 4°C. Cells were then washed in 0.1 M Pipes (pH 6.9)
and incubated with Alexa 594–conjugated antibody against rabbit IgG
(Invitrogen) at room temperature for 1 hour. Cells were then washed twice
with Pipes solution, once with 2 mM MgCl2, and once with EGTA, fol-
lowed by mounting. FRET between Dvl3-ECFP (donor) and Dvl3-EYFP
(acceptor) was measured with a Leica confocal microscope. CFP, YFP,
and Alexa 594 were excited using 455-, 514-, and 590-nm lasers, respec-
tively. Region of interest was set on Dvl punctae. Dvl3-YFP punctae were
irreversibly bleached for 15 to 30 s. Ratios of donor intensities before and
after photobleaching were calculated to obtain FRETefficiencies. To avoid
heterogeneity in donor and acceptor expression amounts, we performed
experiments three times measuring FRET from 15 to 20 punctae per cell
from 4 to 5 cells.

Image quantification
Western blots from three independent experiments were scanned with
an Epson perfection 4990 photo scanner. Images were digitally inverted,
and band intensities were measured using ImageJ software. Intensities are
represented as arbitrary units in each experiment.

3D structure modeling
The 3D model of hDvl3 DIX domain was generated by template-based
homology modeling using the program PHYRE2 (46), and identified
ubiquitin-modified residues and residues corresponding to M1, M2, and
M4 DIX mutants (5) were mapped and visualized to this 3D model using
the CHIMERA program (47).
ww
SUPPLEMENTARY MATERIALS
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Fig. S1. eel-1 is a negative regulator of Wnt signaling in C. elegans.
Fig. S2. eel-1/Huwe1 is a negative regulator of Wnt signaling that acts upstream of b-catenin
in the Wnt pathway.
Fig. S3. Huwe1 interacts with Dvl and promotes Dvl ubiquitylation.
Fig. S4. Huwe1 promotes Dvl ubiquitylation.
Fig. S5. Huwe1 inhibits Dvl multimerization.
Table S1. List of DUBs, E2 enzymes, and E3 ubiquitin ligases that were screened for
enhancement or suppression of the vps-29(tm1320)–induced QL.d migration phenotype.
Table S2. Effect of eel-1(RNAi) on the EGL-20/Wnt–dependent migration of the QL.d in
various Wnt pathway mutants.
Table S3. MS analysis of binding partners of Dvl immunoprecipitated from MEFs.
Table S4. MS analysis of ubiquitylated lysine residues of Dvl1.
Table S5. MS analysis of ubiquitin chain linkage ligated to Dvl1.
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conserved feedback inhibitor of Wnt signaling.
ubiquitylation of the DIX domain in Dvl and inhibited Dvl multimerization. Thus, Huwe1 functions as an evolutionarily 

-catenin transcriptional pathway. Huwe1 interacted and colocalized with Dvl. Huwe1 promoted theβactivity of the Wnt/
Q neuroblast migration. Knockdown of the EEL-1 homolog Huwe1 in human embryonic kidney 293T cells enhanced the 

 identified the E3 ubiquitin ligase EEL-1 as a Wnt signaling inhibitor that affectedet al.deubiquitylating enzymes, de Groot 
regulated by phosphorylation and ubiquitylation. Using an RNA interference screen targeting ubiquitin ligases and 

-catenin is prevented. Dvl activity isβWnt pathway activation, Dishevelled (Dvl) is activated and the degradation of 
. In response toCaenorhabditis elegans-catenin pathway directs the migration of the Q neuroblasts in βThe Wnt/

UbiqWNTin Feedback
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