








JCB • VOLUME 194 • NUMBER 5 • 2011� 746

MIB1 overexpression activates Wnt/CTNNB1 signaling in an 
RYK-dependent manner and that endogenous RYK and MIB1 
were required for the Wnt-dependent activation of Wnt/
CTNNB1 signaling. Finally, we discovered that lin-18/RYK and 
ceMIB show a genetic interaction in C. elegans vulva develop-
ment. These findings raise several interesting questions sur-
rounding the relationship of RYK and MIB1 to Wnt signaling.

Does MIB1 regulate RYK trafficking in response to Wnt? 
Recent studies demonstrate that RYK undergoes endocytosis in 
response to Wnt binding in vivo (Kim et al., 2008; Lin et al., 
2010). We found that MIB1 regulated surface expression of 
RYK. However, we were unable to detect changes in the sur-
face localization of RYK after treatment with Wnt-3A in our 
system (unpublished data). Thus, we could not test whether 
MIB1 was required for Wnt-induced changes in RYK surface 
expression. Nevertheless, it remains formally possible that MIB1 
regulates the endocytosis of RYK after ligand binding.

What is the significance of MIB1-associated RYK ubiqui
tination? The ubiquitination of transmembrane proteins can lead  
to endocytosis and trafficking to a variety of intracellular 

(Greenwald et al., 1983). Therefore, we performed experiments 
to assess the genetic interaction between ceMIB and lin-18/
RYK. Importantly, we found that ceMIB RNAi enhanced the 
penetrance of the bivulva phenotype in the lin-18/RYK(e620) 
mutant (Fig. 9, B and F). Collectively, although these results 
cannot rule out the possibility that MIB could regulate both Wnt 
and Notch signaling in vulva development, they do support a 
role for ceMIB in the regulation of C. elegans Wnt/RYK/TCF 
signaling and imply that the role of RYK and MIB1 in Wnt sig-
naling is conserved in vivo and across diverse animal phyla.

Discussion
Our goal was to investigate novel mechanisms involved in the 
regulation of Wnt/RYK signaling. We identified MIB1 as a 
novel protein interaction partner with RYK. We found that 
overexpressed RYK and MIB1 colocalized and that the over
expression of MIB1 leads to the loss of surface RYK expression.  
In addition, biochemical studies revealed that MIB1 promotes 
the ubiquitination and degradation of RYK. We found that 

Figure 7.  Endogenous RYK and MIB1 are required for Wnt/CTNNB1 signaling at the level of receptor activation. (A) RYK and MIB1 siRNA transfection 
inhibits cDNA overexpression-mediated activation of BAR by Wnt-3A and Disheveled (DVL3) but not CTNNB1 or nondegradable CTNNB1* (S33A, S37A, 
T41A, and S45A). Data are mean + SD (error bars). (B) Western blot of cell lysates after a time course of treatment with Wnt-3A–conditioned media in 
cells transfected with control or MIB1 siRNAs. (C) Western blot after 1 h of treatment with Wnt-3A–conditioned media in HEK293T cells transfected with the 
indicated siRNAs. In rows labeled conA, cell lysates were stripped of membrane-associated proteins by overnight incubation with conA Sepharose resin. 
(D) Western blot after 1-h treatment with Wnt-3A–conditioned media in U2OS cells transfected with the indicated siRNAs. Blots represent n = 3.
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MIB1 ubiquitination of RYK signals the endocytosis of a mul-
timeric complex composed of RYK and other Wnt receptors. 
The endocytosis of LRP6 and Frizzled has been shown to be  
required for efficient activation of Wnt/CTNNB1 signaling 
(Yamamoto et al., 2006; Yamamoto et al., 2008). Consistent 
with this model, we found that the knockdown of RYK or MIB1 
leads to reduced LRP6 phosphorylation and levels in response 
to Wnt. Whether MIB1 directly regulates the kinases neces-
sary for LRP6 phosphorylation is unknown.

A second possibility is that MIB1 acts downstream of 
RYK. In this model, the ubiquitination/degradation of RYK 
could reflect a negative feedback loop regulating RYK surface 
expression. The kinase MARK (microtubule affinity regulating 
kinase)/PAR1 can phosphorylate and modulate the function of 
MIB1 (Ossipova et al., 2009). PAR1 is also known to bind the 
membrane-associated Wnt pathway protein Disheveled (Sun  
et al., 2001). Thus, Wnt signaling through RYK could modulate 
PAR1 phosphorylation of MIB1 and its subsequent activity on 

organelles (Sorkin and von Zastrow, 2009). We observed that 
overexpressed MIB1 promotes the ubiquitination of RYK and 
loss of surface expression. MIB1 also promotes the ubiquitination 
and endocytosis of the Notch ligand, Delta (Itoh et al., 2003). 
Ubiquitination of Delta by MIB1 is thought to promote trafficking 
through the recycling endosome and further maturation by post-
translational modification (Itoh et al., 2003; Hamel et al., 2010). 
Our biochemical data suggest that MIB1 promotes RYK degra-
dation by the lysosome. However, our experiments do not rule 
out the possibility that physiological levels of MIB1 alter the sub-
cellular trafficking of RYK in the absence of RYK degradation.

How does MIB1 activate Wnt/CTNNB1 signaling? RYK 
is required for Wnt/CTNNB1 signaling both in vitro and in vivo 
(Lu et al., 2004; Inoue et al., 2004; Deshpande et al., 2005;  
Lyu et al., 2008; this paper). Likewise, we found that MIB1 loss 
of function inhibits Wnt/CTNNB1 signaling. Paradoxically, we 
also showed that MIB1 overexpression activates Wnt signal-
ing yet degrades RYK. One possible explanation is that 

Figure 8.  MIB1 requires endogenous RYK to activate Wnt/CTNNB1 signaling. (A) Graph demonstrating that MIB1 cDNA overexpression but not catalyti-
cally impaired MIB1-C997S can activate BAR in the presence or absence of Wnt-3A–conditioned media. Cells were transfected 6–8 h before treatment 
with conditioned media overnight. Data are mean + SD. n = 3. (B) Data generated from quantitative RT-PCR or HEK293T cells overexpressing MIB1 show-
ing activation of the Wnt target gene, AXIN2. Data are mean + SD (error bars). *, P < 0.05 using a Student’s t test. n = 3. (C) Western blot of HEK293T 
cells overexpressing MIB1 showing that MIB1 can activate LRP6 phosphorylation and stimulate CTNNB1 stabilization. In rows labeled conA, cell lysates 
were stripped of membrane-associated proteins by overnight incubation with conA Sepharose resin. Blot represents n = 3. (D) Data showing the enhance-
ment of Wnt-3A–induced BAR activity by the overexpression of MIB1 but not by mutants of MIB1 that lack the ability to bind RYK or lack enzymatic activity. 
The dotted line indicates the level of reporter activation by Wnt-3A–conditioned media alone. Data are mean + SD (error bars). n = 3. (E) Data demonstrat-
ing that MIB1-mediated activation of BAR is reversed by multiple independent siRNAs targeting either CTNNB1 or RYK. The dotted line indicates the level 
of reporter activation by MIB1 overexpression alone. Data are mean + SD (error bar). n = 3.
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the tools at the National Center for Biotechnology Information and UniProt 
databases. Phylogenetic analysis was performed with ClustalW2 using the 
neighbor joining method. Full-length Y47D3A.22/ceMIB was amplified 
from a pool of cDNA from mixed stage wild-type (N2) worms and cloned 
into the L4440 vector for RNAi feeding. To minimize the maternal contribu-
tion, worms were fed on RNAi plates for more than two generations before 
scoring. Live L4 stage larvae were mounted in PBS on glass slides. Differen-
tial interference contrast images were collected at room temperature using 
NIS Elements software and a Plan Fluor 40×/0.90 NA objective lens on 
an inverted wide-field microscope (TiE; Nikon). Scores represent the sum 
of three individual experiments.

Molecular cloning
RYK was amplified by PCR (GenBank/EMBL/DDBJ accession no. NM_
001005861, base pairs 229–1923) from human fetal cDNA and cloned 
into a modified pGLUE vector (Angers et al., 2006) using Asc1 and Not1. 
The signal sequence from CHRNA7 was added 5 to the streptavidin-binding 
peptide in the glue tag (5-ATGCGGTGCAGCCCCGGCGGCGTGTG-
GCTGGGCCTGGCCGCCTCTCTGCTTCATGTGAGCCTG-3). RYK lacking 
the ICD (base pairs 229–882) was amplified by PCR and cloned into signal 
sequence pGLUE using AscI and NotI. The ICD of RYK was amplified by PCR 
(base pairs 883–1923) and cloned into pGLUE using AscI and NotI. MYR-
GLUE-RYKICD was made by appending the myristoylation sequence of SRC 
(5-ATGGGTAGCAACAAGAGCAAGCCCAAGGAT-3) 5 to the strepta
vidin-binding peptide in pGLUE-RYKICD. mRYK clones were received from  
W. Lu (University of Southern California, Los Angeles, CA). All other cDNA 
clones were generated by standard PCR-based cloning. Whole-plasmid PCR 
was used for site-directed mutagenesis of MIB1. All clones were verified by 
complete sequencing of the open reading frames.

Quantitative RT-PCR
RNA was extracted using the RNAeasy RNA extraction kit as per the manu-
facturer’s recommendations (QIAGEN). First-strand cDNA was synthesized 
using oligodeoxythymidine and random hexamer primers with the Revert
aid kit (Fermentas). Quantitative RT-PCR was performed on a LightCycler 
480 using 10 µl reactions (Roche). Primers used are listed in Table S2.

Immunocytochemistry, immunoprecipitation, and Western blotting
For immunocytochemistry, cells were seeded onto poly-d-lysine (Sigma- 
Aldrich)-coated coverslips and fixed in 4% paraformaldehyde in PBS at 
22°C for 10 min. For overexpression studies, cells were transfected with 
100 ng/cm2 of plasmid 18–20 h before fixation. Secondary antibodies 

an unknown effector of Wnt signaling. Further studies are 
needed to assess the biochemical relationships of MIB1, RYK, 
and other members of the Wnt pathway, and the requirement of 
MIB1 and RYK for Wnt-mediated changes in protein com-
plexes, posttranslational modification, and localization should 
help clarify these issues.

In conclusion, we demonstrated the first evidence that the 
ubiquitin ligase MIB1 acts to regulate Wnt/CTNNB1 signaling 
in a complex with the Wnt receptor RYK. MIB1 is an important 
regulator of multiple developmental phenomena, many of which 
are known to require Wnt signaling. Moreover, because MIB1 
acts in other signal transduction pathways, such as Delta/Notch, 
it represents a novel node for mitigating pathway cross-talk. In 
the future, it will be important evaluate developmental and dis-
ease phenotypes resulting from MIB1 mutation or deletion in 
the context of both Notch and Wnt signaling.

Materials and methods
Cell culture, transfections, and drugs
Hela, HEK293T, and U2OS cells were obtained from the American Type 
Culture Collection and cultured in DME plus 10% FBS and 1% penicil-
lin/streptomycin (Invitrogen). siRNA transfections were performed with 
Lipofectamine RNAiMAX (Invitrogen). siRNAs were used singly or in equi-
molar pools at 20 nM total concentration. siRNA sequences are given in 
Table S1. cDNA transfections were performed with Lipofectamine 2000 
(HEK293T; Invitrogen) or Fugene HD (HeLa; Roche). For protein turnover 
studies, cells were treated overnight with 10 µM DAPT or 1 µM L-685,485 
(both from Tocris Bioscience) or for the indicated times with 10 µg/ml 
cycloheximide (Sigma-Aldrich), 100 µM chloroquine (Sigma-Aldrich), or 
10 µM MG132 (EMD).

C. elegans maintenance and RNAi
Wild-type(N2) and lin-18(e620) strains were gifts from the Priess labora-
tory (Fred Hutchinson Cancer Research Center, Seattle, WA). To identify 
the C. elegans homologue of MIB1, we performed BLASTp analyses using 

Figure 9.  C. elegans MIB1 RNAi genetically interacts with 
lin-18/RYK. (A) Phylogram representing the relationship of 
ceMIB to the top four hits from a BLASTp analysis of the  
human proteome. (B) Quantification of the bivulva phenotype 
from three independent RNAi feeding experiments. *, P < 
0.0001; #, P < 0.05, Fisher’s exact test. (C–F) Images of L4 
stage C. elegans larvae. ceMIB RNAi, mutation in lin-18/ 
RYK, or the combination of both results in the bivulva phe-
notype characteristic of abnormal vulva cell fate specifica-
tion. Anterior is to the left and dorsal is up. Arrowheads 
indicate vulval invaginations. Bar, 10 µm.
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Online supplemental material
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