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Abstract
Many adaptor proteins involved in endocytic cargo transport exhibit additional functions in

other cellular processes which may be either related to or independent from their trafficking

roles. The endosomal adaptor protein Tollip is an example of such a multitasking regulator,

as it participates in trafficking and endosomal sorting of receptors, but also in interleukin/

Toll/NF-κB signaling, bacterial entry, autophagic clearance of protein aggregates and regu-

lation of sumoylation. Here we describe another role of Tollip in intracellular signaling. By

performing a targeted RNAi screen of soluble endocytic proteins for their additional func-

tions in canonical Wnt signaling, we identified Tollip as a potential negative regulator of this

pathway in human cells. Depletion of Tollip potentiates the activity of β-catenin/TCF-depen-

dent transcriptional reporter, while its overproduction inhibits the reporter activity and

expression of Wnt target genes. These effects are independent of dynamin-mediated

endocytosis, but require the ubiquitin-binding CUE domain of Tollip. In Wnt-stimulated cells,

Tollip counteracts the activation of β-catenin and its nuclear accumulation, without affecting

its total levels. Additionally, under conditions of ligand-independent signaling, Tollip inhibits

the pathway after the stage of β-catenin stabilization, as observed in human cancer cell

lines, characterized by constitutive β-catenin activity. Finally, the regulation of Wnt signaling

by Tollip occurs also during early embryonic development of zebrafish. In summary, our

data identify a novel function of Tollip in regulating the canonical Wnt pathway which is evo-

lutionarily conserved between fish and humans. Tollip-mediated inhibition of Wnt signaling

may contribute not only to embryonic development, but also to carcinogenesis. Mechanisti-

cally, Tollip can potentially coordinate multiple cellular pathways of trafficking and signaling,

possibly by exploiting its ability to interact with ubiquitin and the sumoylation machinery.

Introduction
Adaptor proteins act as molecular scaffolds in various intracellular processes [1]. Usually lack-
ing enzymatic activities, adaptors mediate protein-protein and protein-lipid interactions
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thanks to the presence of appropriate binding domains. As bridging molecules, adaptor pro-
teins can integrate information and ensure cross-talk between different cellular pathways. On
the other hand, they can also act independently in apparently unrelated processes. Such multi-
ple, alternative functions of one protein in distinct subcellular compartments has been named
“moonlighting” [2].

Endocytic adaptor proteins participate in all stages of endocytosis, including internalization
of cargo and its subsequent intracellular sorting between endosomal and lysosomal compart-
ments [3]. Some adaptor proteins can modulate the output of signal transduction cascades by
trafficking specific signaling cargo, e.g. ligand-receptor complexes. However, several endocytic
adaptors were described to exhibit alternative functions not linked to membrane transport, but
related to cytoskeleton dynamics, nuclear signaling, transcription or mitosis [4–6].

Tollip (Toll-interacting protein) is an example of an endocytic adaptor protein. This ubiqui-
tously expressed protein of 274 amino acids localizes to endosomes via interactions with
Tom1, ubiquitin and clathrin [7, 8]. It contains an N-terminal Tom1-binding domain, a C2
domain interacting with phosphoinositides [9–11] and a C-terminal ubiquitin-binding CUE
domain [12]. Tollip was originally identified as a negative regulator of the NF-κB pathway that
binds interleukin-1 (Il-1) receptor I (Il-1RI) [13] and Toll-like receptors TLR2 and TLR4 [14].
At least some activities of Tollip in NF-κB signaling result from its function in endocytic traf-
ficking of Il-1RI [15]. Similarly, Tollip modulates trafficking and degradation of transforming
growth factor-β (TGF-β) receptor I (TβRI), and acts as an inhibitor of this pathway [14].
Another function of Tollip, promoting Rac1-dependent entry of bacteria into cells, depends on
its trafficking function and endosomal interacting partners [16]. Recently, Tollip was reported
to act as a ubiquitin-LC3 adaptor in autophagic clearance of cytotoxic polyQ proteins [17],
thus potentially linking the autophagic and endocytic machineries.

In contrast, the proposed role of Tollip in control of sumoylation and nucleocytoplasmic
shuttling of proteins is likely unrelated to its endocytic function. Tollip was shown to bind the
components of the sumoylation machinery and to colocalize with SUMO-1 in the nuclear
PML bodies [18]. Such a nuclear role of Tollip could exemplify its moonlighting. In general, a
number of diverse interacting partners make Tollip a multifunctional adaptor acting in differ-
ent cellular processes related or unrelated to its endocytic function [19]. At the level of an
organism, a mouse knockout study demonstrated that Tollip is dispensable for embryonic
development but regulates the magnitude and kinetics of cytokine production in response to
Il-1β or lipopolysaccharide (LPS) [20], although a later discovery of multiple splicing isoforms
of Tollip has put into question the completeness of the reported knockout [12].

Adaptor proteins perform multiple roles in intracellular signal transduction. Among such
processes, Wnt signaling involves a complex network of pathways governing cell proliferation,
differentiation and migration, as well as stem cell maintenance [21, 22]. In the canonical Wnt
signaling, β-catenin is a key component which undergoes constant phosphorylation, ubiquiti-
nation and degradation in the absence of stimulation, while the pathway activation leads to its
stabilization. This is initiated by Wnt ligands which bind to the Frizzled/LRP receptor complex
and transmit signals via the Disheveled (Dvl) protein to destabilize the β-catenin degradation
complex containing APC, Axin and GSK3β. Accumulated β-catenin translocates to the cell
nucleus where it cooperates with TCF/LEF transcription factors to induce expression of target
genes [23]. A large number of regulatory proteins participate in canonical Wnt signaling in
addition to the generic core components. Wnt-dependent transcriptional programs are critical
for embryonic development and organogenesis but also for tissue homeostasis and repair in an
adult organism [24].

Here we report the results of a small-scale unbiased RNAi screen of endocytic adaptors
which identified Tollip as a potential regulator of Wnt signaling. We further demonstrate that
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Tollip can function as an inhibitor of canonical Wnt signaling in cultured mammalian cells,
both normal and cancerous, acting independently of dynamin-mediated endocytosis. We also
reveal a role of Tollip in Wnt signaling in embryonic development of zebrafish: interfering
with Tollip function in fish results in phenotypes reminiscent to those of canonical Wnt signal-
ing mutants. Cumulatively, our results point to a previously unknown function of Tollip in
intra- and intercellular signaling.

Materials and Methods

Ethics Statement
No specific ethics approval under Polish, Swiss and EU guidelines was required for this project,
as all zebrafish used in this study were between 0 and 5 days old. Fish embryos were obtained
in-house, as both the International Institute of Molecular and Cell Biology and the University
of Geneva have institutional licenses to house and breed fish.

Plasmids
Super8xTOPFlash and Super8xFOPFlash luciferase reporters and plasmids encoding Renilla
(pRL-SV40), β-catenin S33Y (β-catenin S33Y-pCI-neo) andWnt1 were a kind gift from Dr.
Vladimir Korinek (Institute of Molecular Genetics, Prague); pCMV-Dvl2 from Prof. Jacek
Otlewski (University of Wroclaw); plasmid encoding HA-tagged ubiquitin from Prof. Ivan
Dikic (Goethe University Frankfurt); ntl plasmid from Dr. Carl-Philipp Heisenberg (Institute
of Science and Technology, Austria). CCND1-Luc and AXIN2-Luc luciferase reporters were
provided by Dr. Frank McCormick (Addgene plasmid 32727) [25] and Dr. Frank Costantini
(Addgene plasmid 21275) [26], respectively. The following plasmids were previously described:
fgf8-pCR2 [27], goosecoid-pBS [28], cmlc2 [29] and dynamin2-K44A [30]. Full-length human
Tollip was amplified from human cDNA by PCR using oligonucleotides: 5’-TACTGAGAATT
CCCATGGCGACCACCGTCAG-3’ (forward, EcoRI site) and 5’-ATCTAGCGGCCGCC
TTGTTGGGACAGCATTCCT-3’ (reverse, NotI site) for cloning into pcDNA3myc. Mutations
in Tollip expression vector were introduced using the QuikChange Site-Directed Mutagenesis
Kit (Stratagene). Tollip was mutated at M240A/F241A, R78A, R123A, H135A, K150E, R157A,
K162A. Tollip deletion constructs were amplified from the plasmid expressing the full-length
Tollip using the following oligonucleotides: for TOLLIPdel.1 5’-TACTGAGAATTCCCATGG
CGACCACCGTCAG-3’ (forward), 5’-ATATAGCGGCCGCCTAACAGCGGGGCTGGG
CGTTC-3’ (reverse), for TOLLIPdel.2 5’-TACTGAGAATTCCCATGGCGACCACCGTCAG-
3’ (forward), 5’-ATATAGCGGCCGCCTACATGGCAGCTGGAAGCAGC-3’ (reverse), for
TOLLIPdel.3 5’-GCGCTGAGAATTCATCGACTGAACATCACGGTGGTA-3’ (forward),
5’-ATCTAGCGGCCGCCTTGTTGGGACAGCATTCCT-3’ (reverse), for TOLLIPdel.4 5’-
GCGCTGAGAATTCATCGACTGAACATCACGGTGGTA-3’ (forward), 5’-ATATAGC
GGCCGCCTACATGGCAGCTGGAAGCAGC-3’ (reverse), for TOLLIPdel.5 5’-GAACTGA
GAATTCATATGGTGATGCCACCCCAGC-3’ (forward), 5’-ATCTAGCGGCCGCCTT
GTTGGGACAGCATTCCT-3’ (reverse) and cloned into EcoRI and NotI sites of pcDNA3myc.
Full-length ztollip was amplified from zebrafish cDNA using the oligonucleotide pair: 5’-
TACTGAGAATTCCCATGGCGACAACAATAAGCAC-3’ (forward), 5’-ATATACTCGAGT
TTGTATAAAGTCTGATGTGGAG-3’ (reverse) and cloned into EcoRI/XhoI sites of pCS+.
All constructs were verified by sequencing. For mRNA synthesis, the plasmid carrying ztollip
was linearized by NotI digest and transcribed by SP6 polymerase, while the plasmid carrying
dynamin2-K44A was linearized by DraI and transcribed by T7 polymerase, using mMESSAGE
mMACHINE Kit (Ambion) as previously described [31].
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Production of endoribonuclease-prepared siRNA (esiRNA)
esiRNA oligonucleotides were designed and prepared as described previously [32]. In brief,
optimal esiRNA target regions with a length of 400–600 bp were selected using the DEQOR
web server (http://deqor.mpi-cbg.de). T7 promoter sequence was added to the selected gene
fragments by two PCR reactions. The first PCR reaction was carried out with the following
gene-specific primer pairs tagged at 5’ end with a part of the T7 promoter (underlined): for
Tollip 5’-TCACTATAGGGAGAGGACTGAACATCACGGTGGTAC-3’ (forward), 5’-TCAC
TATAGGGAGACGGCACCATGCCGGGGCTACAG-3 (reverse), for EGFP negative control
5’-GCTAATACGACTCACTATAGGGAGAGGTGAGCAAGGGCGAGGA-3’(forward), 5’-
GCTAATACGACTCACTATAGGGAGACTACAGCTCGTCCATGCCGA-3’(reverse), for β-
galactosidase #1 negative control 5’-TCACTATAGGGAGAGGCTGGCGTAATAGCGAA
GAG-3’ (forward), 5’-TCACTATAGGGAGACCATTAAAGCGAGTGGCAACA-3’ (reverse),
for β-galactosidase #2 negative control 5’-TCACTATAGGGAGAGGGTGAAGTGCCTCTG
GATGT-3’ (forward), 5’-TCACTATAGGGAGACCCGCATCAGCAAGTGTATCT-3’
(reverse), for β-galactosidase #3 negative control 5’-TCACTATAGGGAGAGCACCCGAGTG
TGATCATCTG-3’ (forward), 5’-TCACTATAGGGAGACCGGATAAACGGAACTGGAAA-
3’ (reverse). In the second PCR reaction primers specific to T7 promoter were used: 5’-
GCTAATACGACTCACTATAGGGAGAG-3’ (forward), 5’-GCTAATACGACTCACTAT
AGGGAGAC-3’ (reverse). Final PCR product served as a template in the in vitro transcription.
The long dsRNA obtained was enzymatically digested with RNase III and purified. The con-
centration of esiRNA was determined by measuring OD260 nm.

Small interfering RNA (siRNA)
Silencer Select siRNA oligonucleotides 5’-GCUGUUGAUUUAAGGCACAtt-3’ (S29037; des-
ignated #1) and 5’-GACUCUUUCUAUCUCGAGAtt-3’ (S29038; designated #2) against Tollip
were purchased from Ambion. Two non-specific Silencer Select siRNA oligonucleotides
(#4390843 and #4390846) served as negative controls.

Cell culture
The following cell lines obtained from ATCC: DLD1 (#CCL-221), HCT116 (#CCL-247), and
HEK293 (#CRL-1573) were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich) supplemented with 10% fetal bovine serum and 2 mM L-glutamine (Sigma-
Aldrich). Wnt3a-expressing L cells (ATCC, #CRL-2648), and untransfected L cells (ATTC;
#CRL-2647) were grown in DMEM supplemented additionally with 1 mM sodium pyruvate.
Wnt3a-conditioned medium and control-conditioned medium was prepared according to the
ATCC protocol.

Cell transfection
Transient DNA transfections were done using Lipofectamine2000 (Life Technologies) or
FuGene (Promega). SureFECT (SABiosciences) or Attractene Transfection Reagent (Qiagen)
were used for co-transfection of DNA and siRNA. HiPerFect Transfection Reagent (Qiagen)
was used for siRNA transfection. Transfections were performed according to manufacturers’
instructions and analyzed 24–48 h after DNA transfection or 72 h after siRNA transfection.

Luciferase reporter assays
In overexpression experiments HEK293 cells were transfected with 200 ng of firefly luciferase
reporter (Super8xTOPFlash, Super8xFOPFlash, CCND1-Luc or AXIN2-Luc), 50 ng of
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pRL-SV40 reporter vector and maximum 1 μg of the tested plasmid in a 24-well format (plas-
mids amounts were scaled down for experiments performed in a 96-well format). The amount
of transfected DNA in all tested samples was kept constant by addition of an empty vector. In
silencing experiments, RNAi at a final concentration of 33 nM were co-transfected with 50 ng
of Super8xTOPFlash and 10 ng of pRL-SV40 reporter vectors in a 96-well format. In case of
Wnt3a stimulation, cells were treated for the last 18 h before lysis, unless otherwise indicated.
24–72 hours post transfection cells were lysed in Passive Lysis Buffer (Promega) and either
luciferase assay or Western blot analysis was performed. Luciferase reporter activity was
measured in Firefly Buffer [50 mM Tris pH 7.8, 12 mMMgCl2, 10 mMDTT, 0.2 mM ATP
(Sigma-Aldrich), 0.5 mM D-luciferin (Lux Biotechnology), 0.25 mM coenzyme A (Sigma-
Aldrich)] or Renilla Buffer [50 mM Tris pH 7.8, 100 mMNaCl, 2.5 nM coelenterazine (Lux
Biotechnology)]. The amount of light emitted in the reaction was determined in a microplate
luminometer Centro XS3 LB960 (Berthold Technologies). The firefly luciferase activity derived
from Super8xTOPFlash or Super8xFOPFlash reporter was normalized to its respective Renilla
luciferase activity as a control for the transfection efficiency. Results are presented as the fold of
untreated control in cells without stimulation and transfected with an empty vector or non-tar-
geting RNAi, along with the luciferase reporter plasmids. If esiRNA was used, the pathway
activity was normalized to the average of the four non-targeting controls (esiRNAs targeting
EGFP and 3 different regions of β-galactosidase). All values are mean ± SEM from at least
three independent experiments, each with three or four independent transfections performed
in parallel.

Setup of the esiRNA screen
esiRNAs targeting 80 selected human genes encoding endocytic proteins, esiRNAs against β-
catenin, EGFP and 3 different regions of β-galactosidase were prepared as described above.
HEK293 cells were transfected in a 96-well format with 33 nM esiRNA and reporter plasmids
for 72 h, stimulated with Wnt3a-conditioned medium for the last 18 h prior to cell lysis and
the luciferase assays were performed and analyzed as described above.

Cell stimulation and inhibition of endocytosis
HEK293 cells were treated with Wnt3a-conditioned medium or control-conditioned medium
for 1.5–18 h (depending on the assay) prior to cell lysis. LiCl was used at the final concentration
of 50 mM for 5 h prior to cell lysis. Stimulation with Wnt1, Dvl2 and β-catenin S33Y was
obtained by 24 h co-transfection of 25 ng of the respective plasmids in a 96-well format. To
inhibit dynamin-dependent endocytosis cells were either transfected for 48 h with plasmid
encoding the dominant-negative dynamin2-K44A mutant or treated with 30 μM dynasore
(Merck) for 30 min and then for 5 h with Wnt3a-conditioned medium and dynasore.

Quantitative PCR (qPCR)
Total RNA was isolated from HEK293 cells at 48 h of Tollip overexpression with the last 18 h
of treatment with Wnt3a-conditioned medium, using GenElute Mammalian Total RNAMini-
prep (Sigma-Aldrich). For cDNA synthesis random nonamers, oligo(dT)23 and M-MLV
reverse transcriptase (Sigma-Aldrich) were used according to manufacturer’s instructions. To
measure expression of Wnt target genes, the following pairs of oligonucleotides were used:
FGF9 5’-ACCCGCAGTCACGGACTTGGA-3’ (forward), 5’-TGCTGACCAGGCCCAC
TGCTA-3’ (reverse), NRP1 5’-CCTGATGTTGGCCCTCACAT-3’ (forward), 5’-TGTCGG
TGTAAAAAACCATGGA-3’ (reverse), NKD1 5’-AGAGCCCGGAAGGTGACA-3’ (for-
ward), 5’- AGCGTGTCTCTCAACACGTC-3’ (reverse), DKK1 5’-CTCGGTTCTCAATTC
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CAACG-3’ (forward), 5’-GCACTCCTCGTCCTCTG-3’ (reverse) [33], ACTB 5’-CAGGTCAT
CACCATTGGCAAT-3’ (forward), 5’-TCTTTGCGGATGTCCACGT-3’ (reverse), B2M 5’-
GGAGGCTATCCAGCGTACTC -3’ (forward), 5’- GAAACCCAGACACATAGCAATTC -3’
(reverse). The PCR reaction was performed with KAPA SYBR FAST qPCR kit (Kapa Biosys-
tems) and 7900HT Fast Real-Time PCR thermocycler (Applied Biosystems) according to man-
ufacturer’s recommendations. qPCR data were analyzed by the ΔΔCt method implemented in
the Data Assist software (Applied Biosystems). The data were normalized according to the
level of ACTB and B2M. All values are relative expression levels (fold change) compared to
controls from cells incubated with control-conditioned medium and transfected with an empty
plasmid (normalized to 1 for each gene). Results are presented as the mean fold change ± SEM
from 3 independent experiments.

Immunoblotting
Samples of 10–50 μg total protein were subjected to SDS-PAGE. Resolved proteins were trans-
ferred to nitrocellulose membrane (Whatman), which was blocked in 5% skim milk, probed
with specific antibodies and detected by enhanced chemiluminescence on ImageQuant LAS
4000 (GE Healthcare Life Sciences) or Odyssey infrared imaging system (LI-COR Biosciences).

Antibodies
The following primary antibodies were used: anti-Tollip (R&D Systems, #MAB4678; Santa
Cruz, #sc-27315 and Sigma Aldrich, HPA038621), anti-ubiquitin (P4D1; Santa Cruz, #sc-
8017), anti-ubiquitin Lys48-specific (Millipore; #05–1307), anti-ubiquitin Lys63-specific
(Millipore; #05–1308), anti-myc (9E10, Millipore, #05–419), anti-HA (Santa Cruz, #sc-805),
anti-β-catenin (BD Transduction Laboratories, #610154 and Santa Cruz, #sc-7199), anti-active
β-catenin (Millipore, #05–665, clone 8E7), anti-dynamin (BD Transduction Laboratories,
#610245), anti-α-tubulin (Sigma-Aldrich, #T5168), anti-β-actin (Sigma-Aldrich, #A5441),
anti-GAPDH (Santa Cruz, #sc-25778) and anti-vinculin (Sigma-Aldrich, #V9131). All primary
antibodies were used at dilution of 1:1000 for immunoblotting. Secondary peroxidase-conju-
gated antibodies were purchased from Jackson ImmunoResearch (#115-035-062 and 111-035-
144) and fluorophore-conjugated from LI-COR Biosciences (#926-680-23 and #926–32212).
All secondary antibodies for immunoblotting were used at dilution of 1:10000. For immunoflu-
orescence, Alexa-conjugated secondary antibodies (Invitrogen; #A-21202, #A-31572) were
used at dilution of 1:500.

Immunoprecipitation
Cells were seeded on 100 mm culture plates and the next day transfected with plasmids encod-
ing Tollip and HA-tagged ubiquitin (2.5 μg and 0.5 μg DNA, respectively). For immunoprecip-
itation of β-catenin cells were grown for 24 h and treated for the last 4 h before lysis with 5 μM
MG132 (Enzo Life Sciences). For immunoprecipitation of Tollip, transfected cells were grown
for 48 h and incubated for the last 18 h prior to lysis with Wnt3a-conditioned medium in the
presence or absence of 5 μMMG132. After 24 or 48 h cells were washed once with PBS and
lysed using RIPA buffer (1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris
pH 8.0, 150 mMNaCl, 0.5 mM EDTA) containing 5 mMN-ethylmaleimide (Sigma-Aldrich)
at 4°C. Lysates were clarified from cell debris by centrifugation and DNA was sheared using
Qiashredder columns (Qiagen). After preclearance for 3 h with nonspecific immunoglobulins,
bound proteins were depleted using Protein A or G agarose (Roche) for 1 h. Precleared cell
lysates were then incubated overnight at 4°C with the indicated antibodies (anti-β-catenin
from Santa Cruz sc-7199, anti-Tollip from Santa Cruz sc-27315) coupled to Protein A or G
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agarose. The agarose beads were washed four times using IP buffer (50 mMHEPES, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 10% glycerol) before elution with 0.1 M
glycine of pH 2.5. Finally samples were analyzed by SDS-PAGE and immunoblotting.

Immunofluorescence and microscopy
HEK293 cells were seeded on 12-mm gelatin-coated coverslips in a 24-well plate (5x104 cells/
well for overexpression experiments; 104 cells/well for silencing experiments). The coverslips
were incubated in 0.2% gelatin (Sigma-Aldrich, G9391) for 30 min at 4°C prior to plating.
The next day cells were transfected with DNA using Lipofectamine2000 or with siRNA using
HiPerFect (Qiagen) according to the manufacturer’s instructions. After 24 h (overexpression)
or after 72 h (silencing) cells were stimulated with Wnt3a-conditioned medium or control-
conditioned medium for the indicated time, rinsed with PBS containing 1 mM CaCl2 and 0.5
mMMgCl2 and fixed with 3.6% paraformaldehyde (PFA) in PBS for 15 min at room tempera-
ture. Next, cells were permeabilized with 0.1% Triton X-100 and blocked using 10% fetal
bovine serum in PBS for 30 min. Cells were further incubated overnight with primary antibod-
ies against: β-catenin (BD Transduction Laboratories, #610154), Tollip (Sigma-Aldrich,
HPA038621) or myc tag (Cell Signaling, #2278). Next day, cells were incubated with appropri-
ate Alexa-conjugated secondary antibodies (30 min) and DAPI in 5% fetal bovine serum in
PBS. For quantitative analysis at least ten randomly selected regions were imaged for each
experimental condition. Single confocal plane images were acquired with Zeiss LSM710 micro-
scope using 40x/1.30 oil immersion objective and 1024x1024 pixel resolution in ZEN 2009 soft-
ware. Images were exported as TIFF and for visual presentation arranged in Adobe Photoshop
CS4 Extended software with only linear adjustments. For quantification of β-catenin in the
nucleus, 8-bit images were analyzed in ImageJ. Nuclei were identified as regions of interest
based on DAPI staining. Fluorescence of β-catenin in the nuclei was measured and normalized
to the nucleus area. Average β-catenin intensity in control cells plus standard deviation served
as a cut-off for identification of β-catenin-positive nuclei. On average, over 200 nuclei per con-
dition were analyzed in each experiment. The data are average percentage of β-catenin-positive
nuclei or mean fluorescent intensity of nuclear β-catenin from 3 independent
experiments ± SEM.

Developmental staging and maintenance of zebrafish embryos
General maintenance, collection, and staging of the zebrafish were carried out according to the
Zebrafish Book [34]. Wild-type (the AB strain) zebrafish embryos were maintained in Danieau
zebrafish medium and grown at 28°C. The developmental stages were estimated based on time
post-fertilization (hours or days; hpf or dpf) at 28°C as described [35].

Immunohistochemistry (IHC)
Zebrafish embryos collected at different stages post fertilization were manually dechorionated,
fixed with 4% paraformaldehyde and permeabilized in a graded series of methanol dilutions:
30%, 60%, 100% for 5 min each at RT and in 100% methanol for at least 1 h at -20°C. One dpf
embryos were additionally treated with proteinase K at the concentration of 10 μg/ml for 5
min. Activity of endogenous peroxidases was inhibited by treatment with 0.3% H2O2 for 30
min. Embryos were blocked in 5% fetal bovine serum for 1 h and incubated with anti-Tollip
antibody (R&D Systems, #MAB4678) diluted 1:250 overnight. Primary antibody was detected
using Peroxidase Vectastain ABC Kit (Vector), according to the manufacturer’s recommenda-
tions. Secondary antibodies were detected by incubation in DAB (3,3'-diaminobenzidine)
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solution for 15 min and next in DAB solution plus 0.01% H2O2. The embryos were washed to
stop the reaction and mounted in glycerol.

Morpholino injections
Translation-blocking morpholino (MO) oligonucleotides complementary to 5’UTR and ATG
regions of ztollipmRNA were obtained from Gene Tools: ATG1 5’-GTGCTTATTGTTG
TCGCCATTCTGC-3’, UTR1 5’-TTATGATATGACGGACAGCGCCTGT-3’ (ATG1 and
UTR1 target the first, longer transcript variant), ATG2 5’- CTGCTGCTGAGTCGGCAT
GATCCTC -3’ (targeting the second, shorter transcript variant). Dose-response experiments
were carried out for all MOs to determine the highest nontoxic dose for use in further experi-
ments. Up to 4 ng MO was microinjected into the yolk of 1-cell stage embryos (0.75 ng ztollip
ATG1 MO, 4 ng ztollip UTR1 MO, 2 ng ztollip ATG2 MO). In double knock-down ISH experi-
ments half of the MO amount was used. To determine the effects of gene silencing, a combina-
tion of the ATG2 and the UTR1 MO was used. MO-injected embryos were then manually
dechorionated and either their phenotype was analyzed or they were subjected to ISH. To
knock down Rab5 function, 1-cell stage embryos were injected with 4 ng of morpholino oligo-
nucleotide directed against the coding region of the zebrafish rab5a (5'-GACAGTTGTCAAT
CACCCCGTCTTC-3'). The β-catenin2 (ctnnb2) morpholino was previously described: 5’-
CCTTTAGCCTGAGCGACTTCCAAAC-3’ [36].

In situ hybridization (ISH)
In situ hybridization was carried out according to standard procedures [37]. For anti-sense
cmlc2, fgf8, goosecoid and ntl RNA synthesis the appropriate plasmids were linearized and in
vitro transcribed. Zebrafish embryos were fixed with 4% paraformaldehyde. One dpf embryos
were additionally treated with proteinase K at the concentration of 10 μg/ml for 20 min. Prehy-
bridization was performed at 65°C for 1 h. Embryos were incubated with digoxigenin-labeled
RNA probes at 65°C overnight and blocked in 2% Blocking Reagent (Roche) for 5 h. Incuba-
tion with anti-digoxigenin alkaline phosphatase-conjugated antibodies (Roche #11093274910)
diluted 1:5000 was performed at 4°C overnight. Antibodies were detected by incubation in the
alkaline phosphatase substrate BM Purple (Roche). Embryos were washed to stop the reaction
and mounted in glycerol.

Statistical analysis
Statistical analyses were carried out using the software STATISTICA 8.0 (StatSoft). Compari-
sons among groups were made by nonparametric Mann-Whitney U test or Wilcoxon signed-
rank test. Data are expressed as mean ± SEM from 3–4 independent experiments. Differences
were considered statistically significant for P�0.05.

Results

RNAi screen identifies Tollip as a negative regulator of canonical Wnt
signaling
We set out to screen a subset of soluble endocytic proteins for a role in the regulation of canon-
ical Wnt signaling, related to or independent of their function in endocytosis. The setup of a
small-scale RNAi screen involved targeting 80 genes encoding adaptor and accessory proteins
regulating endocytic internalization and cargo sorting. We employed a library of endoribonu-
clease-prepared short interfering RNAs (esiRNAs) to downregulate expression of the selected
genes in HEK293 cells stimulated with Wnt3a. As readout, we used the Super8xTOPFlash
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luciferase reporter measuring the activity of TCF/LEF transcription factors [38]. The screen
revealed a panel of genes whose knockdown decreased or increased the pathway activity (S1
Fig). Some of the hits, such as Tsg101 [39] and APPL1 previously reported by us [40], were
known to positively regulate canonical Wnt signaling, arguing for the correct setup of the
screen.

Among the potential inhibitors of the pathway (i.e. increasing the reporter activity upon
knockdown), Tollip knockdown consistently increased the reporter activity with three inde-
pendent RNAi reagents (an esiRNA pool and two single commercial siRNA oligonucleotides;
Fig 1A and 1B). This effect was specific since Tollip silencing did not affect the control FOP-
Flash reporter bearing mutated TCF/LEF binding sites (Fig 1A, right bars). Furthermore,
knockdown of Tollip did not increase basal Super8xTOPFlash reporter activity in HEK293
cells without Wnt3a stimulation (Fig 1A, middle bars). Conversely, overexpression of Tollip
inhibited the reporter activity up to 5-fold in Wnt3a-treated cells, thus resulting in an opposite
effect than silencing of Tollip expression (Fig 1C). Consistently, the observed inhibition was
specific for the ligand-induced, but not basal pathway activity and for the wild-type, but not
the mutated reporter (Fig 1C).

Overexpression of Tollip decreased the activity of promoters of two Wnt target genes:
AXIN2 [41] and CCND1 (encoding cyclin D1) [25, 42] (Fig 1D). Similarly, the levels of expres-
sion of two other Wnt target genes, FGF9 and NRP1 [43–45], were reduced upon Tollip over-
production, as measured by qPCR (Fig 1E). However, expression of some other Wnt target
genes, such as NKD1 or DKK1 [46], was not changed under these conditions, arguing that Tol-
lip affects a specific subset of transcriptional targets of the Wnt pathway. Overall, gene expres-
sion analysis validated the results obtained in the Super8xTOPFlash reporter screen and
allowed concluding that Tollip can exert an inhibitory activity on canonical Wnt signaling.

The function of Tollip in Wnt signaling is independent of dynamin-
mediated endocytosis
We then verified whether the function of Tollip in Wnt signaling is due to its activity in endo-
cytic processes. Endocytosis was shown to regulate the canonical Wnt signaling, although its
role seems to be either stimulatory or inhibitory depending on the cell type [22, 47–49]. In
Wnt3a-stimulated HEK293 cells, expression of dominant-negative K44A mutant of dynamin2
[50] reduced the reporter activity (Fig 2A), without affecting the levels of Tollip protein (S2A
Fig). This effect was independently confirmed by treating cells with a pharmacological inhibi-
tor of dynamin, dynasore [51], which also efficiently blocked the reporter stimulation (Fig 2C).
Inhibition of endocytosis occurred in both cases (overexpression of dynamin mutant and dyna-
sore treatment), as internalization of transferrin was strongly reduced (data not shown). How-
ever, when Tollip was overexpressed together with the dynamin-K44A mutant or along with
the dynasore application, its negative effects on the TCF/LEF reporter were still clearly visible
(Fig 2B and 2C). Conversely, Tollip depletion could potentiate the reporter activity in dyna-
sore-treated cells (Fig 2D). These data indicate that the inhibitory activity of Tollip in canonical
Wnt signaling is independent of dynamin-mediated endocytosis, thus likely representing a
moonlighting function of this protein.

Ubiquitin binding is important for the function of Tollip in Wnt signaling
To address possible mechanisms underlying the moonlighting action of Tollip, we first studied
which of its domains (engaged in well-known interactions with other molecules and pathways)
might be important for Wnt signaling. Of the three domains of Tollip, the N-terminus is
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responsible for association with TOM1 protein, the middle C2 domain binds phosphoinosi-
tides, while the C-terminal CUE domain interacts with ubiquitin [7, 11].

Deletion mutagenesis was performed and the resulting five mutants (Fig 3A) were tested for
their effects in the reporter assay (Fig 3B). The mutants devoid of the CUE domain (del.1 and
del.2) lost the ability to inhibit the Wnt pathway activity. Instead, inhibition was retained in a
mutant lacking the N-terminal TOM1-binding motif (del.3). Interestingly, the C2 domain

Fig 1. Tollip inhibits canonical Wnt signaling. (A) Depletion of Tollip potentiates the activity of Super8xTOPFlash luciferase reporter in HEK293 cells
stimulated with Wnt3a-conditioned medium (left bars). Three RNAi reagents were used for Tollip silencing (esiRNA#1, siRNA #1 and #2) with appropriate
non-targeting controls (Ctrl). No effects were observed in cells treated with control-conditioned medium (CM; middle bars and magnification above) or in
Wnt3a-stimulated cells expressing mutated Super8xFOPFlash reporter (right bars and magnification above). The luciferase activity was measured as
described in Materials and Methods. All values are expressed as fold of untreated control, i.e. cells incubated with control-conditioned medium and
transfected with non-targeting RNAi reagents and the Super8xTOPFlash reporter. Data are mean ± SEM from 3 independent experiments; *P�0.05,
**P<0.01 (Wilcoxon signed-rank test). (B) Efficiency of Tollip silencing with RNAi reagents used in A was verified byWestern blotting (WB), with α-tubulin
serving as a loading control. (C) Overexpression of Tollip in Wnt3a-stimulated HEK293 cells inhibits the activity of Super8xTOPFlash reporter. Cells treated
with control-conditioned medium (CM) or bearing mutated Super8xFOPFlash reporter served as controls, as in panel A. Ctrl, cells transfected with an empty
pcDNA plasmid instead of Tollip-encoding construct. All values are expressed as fold of untreated control, i.e. cells incubated with control-conditioned
medium and transfected with an empty plasmid and the Super8xTOPFlash reporter. (D) Overexpression of Tollip represses the activity of AXIN2 and CCND1
promoters (driving expression of luciferase) in HEK293 cells stimulated with Wnt3a. CM, cells treated with control medium. Ctrl, cells transfected with an
empty pcDNA plasmid instead of Tollip-encoding construct. All values are expressed as fold of untreated control, i.e. cells incubated with control-conditioned
medium and transfected with an empty plasmid and the respective luciferase reporter. (E) Overexpression of Tollip decreases mRNA levels of FGF9 and
NRP1 genes (but not of NKD1 or DKK1) in HEK293 cells stimulated with Wnt3a, measured by qPCR. Ctrl, cells transfected with an empty pcDNA plasmid
instead of Tollip-encoding construct. All values are relative expression levels, compared to controls from cells incubated with control-conditioned medium and
transfected with an empty plasmid (normalized to 1 for each gene; not shown). (C-E) Data are mean ± SEM from 3 independent experiments; *P�0.05
(Mann-Whitney U test).

doi:10.1371/journal.pone.0130818.g001
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Fig 2. Tollip functions inWnt signaling independently of dynamin-mediated endocytosis. (A) Expression
of dynamin2-K44Amutant (Dnm2 K44A) inhibits the activity of Super8xTOPFlash luciferase reporter in a dose-
dependent manner in HEK293 cells stimulated withWnt3a-conditioned medium. No effects were observed in
cells treated with control-conditioned medium (CM) or inWnt3a-stimulated cells expressingmutated
Super8xFOPFlash reporter. All values are expressed as fold of untreated control, i.e. cells incubated with
control-conditioned medium and transfected with an empty plasmid and the Super8xTOPFlash reporter. Protein
levels of overexpressed Dnm2-K44Awere verified byWestern blotting, with GAPDH as a loading control (lower
panel). (B) Overexpression of Tollip further represses the Super8xTOPFlash reporter activity inWnt3a-
stimulated cells HEK293 cells overproducing Dnm2-K44A. Ctrl, cells transfected with an empty pcDNA plasmid
instead of Tollip-encoding construct. All values are expressed as fold of untreated control, i.e. cells incubated
with control-conditioned medium (CM) and transfected with an empty plasmid and the Super8xTOPFlash
reporter. Protein levels of overexpressed Dnm2-K44A and Tollip (detected via its myc tag) were verified by
Western blotting, with GAPDH as a loading control (lower panel). (C) Overexpression of Tollip further represses
the Super8xTOPFlash reporter activity in HEK293 cells stimulated withWnt3a for 5 h and concomitantly treated
with dynasore or DMSO as vehicle control. Ctrl, cells transfected with an empty pcDNA plasmid instead of
Tollip-encoding construct. All values are expressed as fold of untreated control, i.e. cells incubated with control-
conditioned medium (CM) and DMSO, and transfected with the Super8xTOPFlash reporter. Protein levels of
overexpressed Tollip (detected via its myc tag) were verified byWestern blotting, with vinculin as a loading
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alone (del.4) also inhibited the reporter activity, in contrast to a minor effect of the C-terminal
fragment containing the CUE domain (del.5). We therefore concluded that the interaction
with TOM1 via the N-terminus of Tollip is not important for the regulation of Wnt signaling.
Instead, both the C2 and the CUE domains mediate this function of Tollip, suggesting that
binding of phosphoinositides and/or ubiquitin may be involved. Consistent with this idea, both
types of molecules are implicated in Wnt signaling. Phosphatidylinositol (4,5)-bisphosphate
(PI4,5P2) is produced at the plasma membrane uponWnt3a stimulation to drive formation of
LRP6 signalosomes [52–54], while ubiquitin plays a number of roles, either proteolytic or regu-
latory, at various stages of the canonical Wnt cascade [55].

We confirmed these results with a panel of previously characterized point mutations of Tol-
lip (Fig 3A). A double mutant M240A/F241A within the CUE domain perturbs an association
with ubiquitin [15]. Six individual point mutations within the C2 domain (R78A, R123A,
H135A, K150E, R157A, K162A) inhibit binding of Tollip to phosphatidylinositol 3-phosphate
(PI3P) and two of them (R78A, R123A) additionally destabilize an interaction with PI4,5P2 [9,
10]. When tested in the reporter assays, the ubiquitin binding-deficient M240A/F241A mutant
did not inhibit the pathway activity as efficiently as the wild-type protein (Fig 3C). This con-
firms the results of deletion mutagenesis and indicates that ubiquitin binding is important for
the repressive function of Tollip in Wnt signaling. Of note, we detected K48- and K63-linked
ubiquitin chains in immunoprecipitates of Tollip (S2B Fig) which indicates its association with
ubiquitinated proteins, as reported [17], and/or a direct modification of Tollip itself.

Of the six phosphoinositide-binding mutants, two (R78A, R123A) were unable to inhibit
the reporter activity, although the levels of R78A overexpression were the lowest (Fig 3D). The
other mutants (expressed at levels comparable to each other and to the wild-type form) exhib-
ited either the wild-type (H135A, K162A, K150E) or slightly lower (R157A) activity. These
results indicate that, if at all, association with PI4,5P2 may be of some importance for the func-
tion of Tollip in Wnt signaling, consistent with the role of this lipid in Wnt signaling [52–54].
However, binding of PI3P appears not to be required for the Tollip function in Wnt inhibition.
Considering that PI3P is predominantly enriched in endosomal membranes [56], this would
further support our conclusion that the endocytic and Wnt regulatory functions of Tollip are
independent of each other. Consistent with the reporter data, when expression of Tollip target
genes FGF9 and NRP1 was tested, the ubiquitin-binding M240A/F241A mutant failed to
inhibit expression of the two targets, in contrast to the wild-type and the K150E mutant (Fig
3E). Finally, increased K48-linked ubiquitination of β-catenin and/or its associated proteins
was detected in β-catenin immunoprecipitates upon overexpression of the wild-type Tollip but
not of its mutants deficient in ubiquitin binding (M240A/F241A and del.1 devoid of the CUE
domain; Fig 3F). These data are in agreement with an inhibitory activity of Tollip on Wnt sig-
naling because enhanced polyubiquitination of β-catenin favors its degradation, thus restrain-
ing the pathway. Cumulatively, these data show that the ability of Tollip to bind ubiquitin is
required for its function in Wnt signaling.

control (lower panel). (D) The activity of Super8xTOPFlash luciferase reporter in HEK293 cells depleted of
Tollip (by siRNA #1), stimulated withWnt3a and treated with dynasore for 5 h. Ctrl, cells transfected with non-
targeting siRNA. All values are expressed as fold of untreated control, i.e. cells incubated with control-
conditioned medium (CM) and DMSO, and transfected with the Super8xTOPFlash reporter. Knockdown
efficiency of Tollip was verified byWestern blotting, with actin as a loading control (lower panel). (A-D) Data are
mean ± SEM from 3 independent experiments; *P�0.05 (Mann-Whitney U test orWilcoxon signed-rank test in
B).

doi:10.1371/journal.pone.0130818.g002
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Fig 3. Tollip requires an intact ubiquitin-binding domain to function in canonical Wnt signaling. (A)
Schematic representation of deletion and point mutants of human Tollip. (B-D) myc-tagged Tollip wild-type
(wt) and mutants were tested in the Super8xTOPFlash reporter assay (upper panels; B, deletion mutants; C,
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Tollip regulates a pool of active β-catenin in Wnt-stimulated cells
We wished to identify components of the Wnt transduction pathway affected by Tollip. First,
we assessed the impact of Tollip on the level of β-catenin, both total and its active (non-phos-
phorylated on Ser37/Thr41) form. In Wnt3a-treated cells, overexpression of Tollip reduced the
pool of active β-catenin without altering its total levels (Fig 4A, left panel). Conversely, deple-
tion of Tollip increased amounts of active β-catenin but not its overall pool (Fig 4A, right
panel). These observations are consistent with the role of Tollip as a negative regulator of the
pathway.

As activation of β-catenin leads to its translocation to the nucleus, we verified whether Tol-
lip influenced this process, employing quantitative immunofluorescence microscopy. As
expected, silencing of Tollip expression potentiated accumulation of β-catenin in nuclei of
Wnt3a-treated cells (Fig 4C–4F). This was manifested by increased percentage of β-catenin-
positive nuclei (Fig 4D) and higher mean fluorescence intensity of nuclear β-catenin (Fig 4E).
No such changes were observed in cells without Wnt stimulation (Fig 4B, 4D and 4E), consis-
tent with the notion that Tollip affects the ligand-induced, but not basal pathway activity
(Fig 1A and 1C). We could not, however, measure unequivocal effects of Tollip overexpression
on β-catenin nuclear localization in Wnt3a-treated cells (S3 Fig), possibly due to variable levels
of protein overproduction between individual cells upon transient transfection. Cumulatively,
the biochemical and microscopical data suggest that in Wnt3a-treated cells Tollip can counter-
act the activation of β-catenin and its subsequent nuclear translocation, thus inhibiting the
pathway.

Tollip can also inhibit ligand-independent, constitutive Wnt signaling
TheWnt pathway can also be induced in the absence of extracellular ligands by alterations in
intracellular signaling components. We thus verified whether Tollip can also inhibit ligand-
independent Wnt signaling. First, we employed also two intracellular stimuli such as overex-
pression of a pathway activator Disheveled 2 (Dvl2) [57] and treatment of cells with LiCl
which inhibits GSK3β [58, 59], in comparison to another canonical ligand (Wnt1). In all three
cases, overexpression of Tollip was still able to inhibit the TCF/LEF reporter activity (Fig 5A),
as initially observed for cells stimulated with Wnt3a (Fig 1C). In case of Wnt1, this inhibition
was also accompanied by a visible decrease in the levels of active β-catenin without changes in
its total amounts (Fig 5A), similarly to effects exerted by Wnt3a (Fig 4A). These data argue that

ubiquitin-binding deficient M240A/F241Amutant; D, phosphoinositide-binding deficient point mutants).
Increasing amounts of mutant-encoding plasmids were transfected. Ctrl, cells transfected with an empty
pcDNA plasmid instead of a Tollip-encoding construct. All values are expressed as fold of untreated control,
i.e. cells incubated with control-conditioned medium (CM) and transfected with an empty plasmid and the
Super8xTOPFlash reporter. Data are mean ± SEM from 3 (C) or 4 (B, D) independent experiments; *P�0.05,
**P<0.01, ***P<0.001 (Mann-Whitney U test). Expression of mutated Tollip proteins was verified by
Western blotting (WB) using anti-myc antibodies, with α-tubulin as a loading control (lower panels). (E)
Expression of FGF9 andNRP1 genes upon overexpression of Tollip wt, K150E and M240A/F241A mutants in
Wnt3a-stimulated HEK293 cells (Ctrl), measured by qPCR. All values are relative expression levels,
compared to controls from cells incubated with control-conditioned medium and transfected with an empty
plasmid (normalized to 1 for each gene; not shown). Data are mean ± SEM from 3 independent experiments;
*P�0.05 (Mann-Whitney U test). (F) Immunoprecipitation of β-catenin from lysates of HEK293 cells
transfected with an empty plasmid (Ctrl) or with constructs expressing wild-type Tollip (wt), M240A/F241A
mutant or deletion 1 (del.1) mutant. Cells were either untreated or incubated with MG132 for 4 h before lysis.
Upper panel; immunoprecipitates were probed with antibodies against β-catenin, total ubiquitin (Ub), its
K48-linked (Ub-K48) or K63-linked (Ub-K63) chains. Lower panel; 10% of starting lysates taken for
immunoprecipitation (input) were blotted against total ubiquitin (Ub), β-catenin and Tollip, with actin as a
loading control.

doi:10.1371/journal.pone.0130818.g003
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Fig 4. Tollip affects a pool of active β-catenin. (A) Levels of active and total β-catenin were investigated in HEK293 cells treated with Wnt3a- or control
conditioned (CM) medium for 1.5 h upon overexpression of myc-Tollip (left panel) or siRNA-mediated depletion of Tollip (right panel). Immunoblotting was
performed with the indicated antibodies, with actin as a loading control. (B-C) HEK293 cells were transfected with siRNA silencing Tollip (siRNA #1 or #2) or
with appropriate non-targeting control (Ctrl). After 72 h they were stimulated with control medium (CM; B) or Wnt3a-conditioned medium (C) for 10 h. Cells
were immunostained for β-catenin and Tollip, with DAPI indicating cell nuclei. Residual nuclear staining visible in Tollip-depleted cells represents an
unspecific signal of the Tollip antibody (compare silencing efficiency visualized by immunoblotting in F). Scale bar 20 μm. (D-E) Acquired images were
analyzed with ImageJ to calculate the percentage of β-catenin-positive nuclei (D) or mean fluorescence intensity of nuclear β-catenin (expressed in arbitrary
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upon ligand stimulation, Tollip counteracts the activation of β-catenin without affecting its sta-
bilization. However, no changes in β-catenin status were apparent in lysates of cells overexpres-
sing Dvl2 or treated with LiCl (Fig 5A), suggesting that Tollip can exert its inhibitory action at
yet another step in the pathway, occurring after β-catenin stabilization.

Ligand-independent stabilization of β-catenin leads to permanent activation of the Wnt
pathway and is a common pathological mechanism of numerous diseases, including cancer
[23, 24]. To test whether Tollip could inhibit constitutive Wnt signaling, we first overproduced
a degradation-resistant β-catenin mutant S33Y [60] in HEK293 cells. Under these conditions,
overexpression of Tollip inhibited, while its silencing potentiated the TCF/LEF reporter activity
(Fig 5B). These effects argued that Tollip can interfere with ligand-independent Wnt signaling.

This conclusion was further supported by testing colorectal cancer cell lines in which canon-
ical Wnt signaling is constitutively active due to mutations either in β-catenin (HCT116 line)
or in APC (DLD1 line) [60, 61]. Indeed, the levels of total and active β-catenin were increased
in these lines, compared to Wnt3a-treated HEK293 cells (Fig 5C). In both lines, overexpression
of Tollip inhibited the TCF/LEF reporter activity, with the strongest effects observed in better
transfectable HCT116 cells (Fig 5D). However, overproduced Tollip did not change the levels
of total or active β-catenin (Fig 5E), arguing that it inhibits the pathway at a step downstream
of β-catenin stabilization.

Overall, our results suggest that an inhibitory action of Tollip in Wnt signaling can be
exerted at two steps of the pathway. In ligand-stimulated cells, Tollip lowers the pool of active
(non-phosphorylated) β-catenin without altering its total levels. Interestingly, in macrophages
Tollip was reported to participate in the activation of GSK3β [62]. GSK3β inhibits Wnt signal-
ing by promoting phosphorylation and degradation of β-catenin [23]. Therefore, Tollip could
potentially impair activation of β-catenin via increased GSK3β activity. In parallel, Tollip can
also inhibit the Wnt pathway acting downstream of β-catenin stabilization, as observed under
conditions of ligand-independent, constitutive Wnt signaling. This could possibly involve reg-
ulation of nuclear activities of β-catenin and its associated proteins by Tollip which can also
localize to the cell nucleus [18].

In general, our data support a widespread role of Tollip-mediated regulation of Wnt signal-
ing, both ligand-induced and ligand-independent, in different cell types, including cancer cells.
Consistently, decreased expression of Tollip was reported during oncogenic progression from
normal colon mucosa to adenomas and carcinomas [63]. Activation of canonical Wnt signal-
ing is a well-documented pathological mechanism in colon cancer [64] and lower levels of an
inhibitory protein such as Tollip could additionally contribute to this process.

The function of Tollip in embryonic development of zebrafish
In the adult, Wnt signaling drives gene expression to maintain stem cell homeostasis and when
aberrant leads to carcinogenesis. However, the Wnt pathway controls also body patterning
during early vertebrate development [65]. To address whether Tollip-dependent regulation of
Wnt signaling is evolutionarily conserved, we analyzed the developmental role of Tollip in zeb-
rafish embryos. In this organism, the canonical Wnt signaling pathway is essential for the spec-
ification of ventral and posterior fates (for review see [66]). Indeed, inhibition of the canonical
Wnt signaling by either Wnt3/Wnt8 downregulation or missexpression of the Wnt signaling
inhibitor Dickkopf1 (Dkk1) consistently reduces the formation of the posterior body [67–69].

units, AU; shown in E), as described in Materials and Methods. Data are mean ± SEM from 3 independent experiments; *P�0.05 (Mann-Whitney U test). (F)
Efficiency of Tollip silencing with RNAi reagents used in (A) was verified byWestern blotting (WB), with actin serving as a loading control.

doi:10.1371/journal.pone.0130818.g004
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Fig 5. Tollip inhibits ligand-independent Wnt signaling in HEK293 and cancer cell lines. (A) Overexpression of Tollip inhibits the activity of
Super8xTOPFlash luciferase reporter in HEK293 cells stimulated by overexpression of Wnt1 or Disheveled 2 (Dvl2), or LiCl treatment (left panel). Two
amounts of Tollip-encoding plasmids were tested. All values are expressed as fold of untreated control, i.e. the reporter activity in cells without any stimulant
which was normalized to 1 (Ctrl NS). Ctrl denotes the reporter activity in cells treated with a given stimulant but transfected with an empty plasmid instead of
Tollip. Data are mean ± SEM from 3 independent experiments; *P�0.05 (Wilcoxon signed-rank test). Right panel: Levels of active and total β-catenin were
investigated in lysates of cells tested in the reported assay. NS, non-stimulated cells. Immunoblotting was performed with the indicated antibodies, with
Ponceau staining shown as a loading control. (B) Tollip inhibits Wnt signaling in HEK293 cells stimulated by overexpression of β-catenin-S33Y mutant.
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The genome of Danio rerio harbors a Tollip ortholog (GenBank accession number
NM_207061.1) which encodes a well-conserved protein of 276 amino acids sharing the same
domain structure [13] and 82% overall amino acid identity with its human counterpart (Fig
6A). Indeed, antibody against human Tollip recognized a band of an appropriate size in west-
ern blots from fish embryo lysates (Fig 6B). Immunohistochemistry staining during early
development showed that zebrafish Tollip (zTollip) was maternally expressed and distributed
throughout the blastoderm during the blastula stage (Fig 7A–7D). zTollip expression was also

Overexpression of Tollip (left panel) or its siRNA-mediated silencing (right panel) alters the activity of Super8xTOPFlash luciferase reporter. All values are
expressed as fold of untreated control, i.e. the reporter activity in cells without β-catenin-S33Y overexpression which was normalized to 1 (Ctrl NS). Ctrl
denotes the reporter activity in cells treated with β-catenin-S33Y overexpression and transfected with an empty plasmid instead of Tollip (left panel) or non-
targeting siRNA control (right panel). Data are mean ± SEM from 3 independent experiments; *P�0.05 (Wilcoxon signed-rank test). (C) Levels of active and
total β-catenin, and of Tollip were investigated in HEK293 cells treated with Wnt3a- or control conditioned (CM) medium for 6 h, and in unstimulated DLD1
and HCT-116 cells. Immunoblotting was performed with the indicated antibodies, with actin as a loading control. (D) Overexpression of Tollip suppresses the
activity of Super8xTOPFlash luciferase reporter in cancer cell lines DLD1 and HCT116 without exogenous stimulation (upper panel). Increasing amounts of
Tollip-encoding plasmid were tested. The reporter activity in cells transfected with an empty plasmid was normalized to 1 for each line (Ctrl). Data are
mean ± SEM from 3 independent experiments; *P�0.05 (Mann-Whitney U test). Lower panel: the levels of Tollip overexpression were verified byWestern
blotting (WB), with α-tubulin serving as a loading control. (E) Levels of active and total β-catenin, and of Tollip were investigated in DLD1 and HCT-116 cells
overexpressing Tollip or transfected with an empty plasmid (Ctrl). Immunoblotting was performed with the indicated antibodies, with actin as a loading
control.

doi:10.1371/journal.pone.0130818.g005

Fig 6. Zebrafish Tollip (zTollip) shows conservation of both sequence and function with the human
ortholog. (A) Protein sequence alignment between human Tollip (NP_061882.2) and zebrafish Tollip
(NP_996944.1) was done using a T-Coffee web server [88]. Identical (asterisk), conserved (double dot), and
partially conserved (single dot) residues are indicated below amino acids symbols. The lines above mark the
highly conserved C2 and CUE domains. (B) Antibodies against human Tollip recognize zTollip protein in
Western blotting (WB) of lysates from fish embryos 5 days post-fertilization (dpf). β-catenin (detected with a
human antibody) is present in embryos of this developmental stage. Antibody against human α-tubulin was
used as a loading control. (C) Overproduction of zTollip inhibits the activity of Super8xTOPFlash luciferase
reporter in Wnt3a-stimulated HEK293 cells. Ctrl, cells transfected with an empty pcDNA plasmid instead of a
ztollip-encoding construct. Values are expressed as fold of untreated control, i.e. cells incubated with control-
conditioned medium (CM) and transfected with an empty plasmid and the Super8xTOPFlash reporter. Data
are mean ± SEM from 3 independent experiments; *P�0.05 (Mann-Whitney U test).

doi:10.1371/journal.pone.0130818.g006
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uniform until the end of gastrulation and beginning of somitogenesis (Fig 7E and 7F). During
somitogenesis, particularly high expression was observed in the developing brain, eyes, and in
the intersomitic regions containing blood vessels (Fig 7I). At 3 days post-fertilization (3 dpf),
zTollip was also present around the heart (Fig 7J).

To investigate the role of zTollip during development and its possible contribution to Wnt
signaling, we injected synthetic ztollipmRNA in wild-type embryos. Upon injection of 200 pg
of ztollipmRNA into 1-cell stage embryos (48 hours post-fertilization, hpf), embryos displayed
a reduction of the posterior body, a strong reduction (even lack) of somites, and partial fusion
of the eyes (Fig 8A and 8B).

Developmental defects caused by overexpression of ztollipmRNA were further analyzed by
whole-mount in situ hybridization with mesendodermal, dorsal and neural markers. In ztollip
mRNA-injected embryos, expression domains of mesendodermal markers such as goosecoid
(gsc) appeared slightly enhanced compared to control embryos (Fig 8F and 8G). Moreover, the

Fig 7. zTollip is broadly expressed during early zebrafish development. Immunocytochemistry analysis of zTollip protein localization in early embryonic
development of zebrafish. Embryos fixed at various stages (indicated below the images) were incubated with primary antibodies against human Tollip,
followed by secondary antibodies and chromogenic peroxidase-based detection. As controls for staining specificity, embryos at tail bud stage were
processed omitting the primary antibody (G) or secondary antibody (H). zTollip expression is uniform from 1-cell stage until tail bud (A-F), but its expression
increases in the head (arrowhead in I) and intersomitic regions (black arrows in I) at 24 hpf. At 3 dpf, zTollip is maintained in the intersomitic regions (arrows in
J), but it is also expressed in the tissue surrounding the heart (arrowhead in J). Lateral views (A-H). Anterior to the left (I, J).

doi:10.1371/journal.pone.0130818.g007
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notochord was also slightly wider as visualized by the expression of notail (ntl) (Fig 8H and 8I).
However, the expression of fgf8 in the tail was reduced or even absent (Fig 8L and 8M). These
phenotypes are reminiscent of those observed in zebrafish embryos where inhibitors of the
canonical Wnt signaling such as Dkk1 were overexpressed [70] or when the canonical Wnt sig-
naling was inhibited by wnt8/wnt3morpholino injection [71]. Indeed, downregulation of β-
catenin2 by morpholino injection resulted in a decrease in fgf8 expression (Fig 8N) and in
defects similar to those observed in ztollip-overexpressing embryos (S4 Fig), indicating that
zTollip could also function as an inhibitor of Wnt signaling during vertebrate development.
Supporting this idea, overexpression of ztollip in HEK293 cells resulted in a reduction in the
Super8xTOPFlash reporter activity (Fig 6C), as observed in the case of the human protein
(Fig 1C). These data point to the conservation of Tollip function during vertebrate evolution.

Next, we knocked down ztollip by using various non-overlapping, independent morpholi-
nos (MOs). We capitalized on the existence of two zebrafish mRNA variants, which differ
by their 5’ UTR and ATG regions (http://zfin.org/ZDB-GENE-030131-8820, ZFIN IDs:
ZDB-TSCRIPT-110325-2304 for a longer transcript and ZDB-TSCRIPT-110325-1396 for a
shorter transcript). To block both mRNA variants, a combination of two morpholinos target-
ing each of them was used. Activation of Wnt signaling leads to pericardial oedema, smaller
eyes, body curvature and failure of the heart to loop [72]. Similarly, morpholino-mediated
downregulation of ztollip resulted in twisted tail, pericardial oedema and smaller eyes (Fig 8A
and 8C). Moreover, cmlc2 expression in the heart revealed that ztollipmorpholino-injected
embryos also failed to loop the heart (Fig 8J and 8K). In addition, and consistent with a role of
Tollip in inhibiting Wnt signaling, ztollipmorpholino-injected embryos showed an increase in
fgf8 expression in both the tail and the brain (Fig 8L and 8O). Most importantly, the defects
displayed by embryos with ztollip knockdown (Fig 8C) could be rescued by downregulation of
β-catenin2 expression (Fig 8D and 8E).

Fig 8. zTollip contributes to the canonical Wnt pathway in embryonic development. (A-E) Embryos overexpressing ztollip (B) or injected with either
ztollipmorpholinos (MOs) (C), or β-catenin2MO (D), or both (E) were analyzed for their morphological phenotype at 48 hpf. Typical phenotypes are shown.
Lateral views with head to the left. Injection of ztollipmRNA led to reduction of posterior structures (arrow in B) compared with wild-type, control embryos (A).
Knockdown of ztollip resulted in tail curvature (arrow in C) and pericardial oedema (asterisk in representative embryo in inset of C). Injection of β-catenin2
MO caused morphological defects similar to those found in embryos overexpressing ztollip (compare B and D). Tail curvature and pericardial oedema in
embryos overexpressing ztollip could be rescued by injection of 2 ng of β-catenin2MO (compare B and E). (F-R) In situ hybridization using different mRNA
probes. Embryos injected with ztollipmRNA showed expanded expression of both the dorsal mesendodermal marker goosecoid (gsc) at 6 hpf (shield stage)
(brackets in G) and the dorsal marker notail (ntl) at tail bud stage (brackets in I) compared to uninjected embryos (F and H, respectively). Expression of the
cardiac marker cmlc2 (J, K) indicated the failure of the heart to form the loop in ztollipmorphants (asterisk in J) compared to wild-type embryos (asterisk in K)
at 48 hpf. Expression of fgf8 in the tail was reduced or absent in embryos overexpressing ztollip (arrow in M), while embryos injected with ztollipMOs showed
an increase in fgf8 expression in the brain and in the tail (arrows in O) compared to uninjected, control embryos (L) at 24 hpf. Embryos injected with 8 ng β-
catenin2MO exhibited reduced fgf8 expression (N). Blocking endocytosis by injecting embryos with 4 ng rab5aMO or by expressing the Dnm2-K44A
displayed no clear effect on fgf8 expression (arrows in P and Q). ztollip overexpression together with the Dnm2-K44A mutant showed a Tollip-like phenotype
on the expression of fgf8 (arrow in R).

doi:10.1371/journal.pone.0130818.g008
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To address whether the function of zTollip during zebrafish development is independent of
its role in endocytosis, we overexpressed ztollip, while we simultaneously blocked the endocytic
cycle in embryos by overexpressing the dominant-negative dynamin2 K44A mutant or down-
regulating the expression of rab5a, one of the key regulators of early endocytic steps [73, 74].
While fgf8 expression was decreased upon overexpression of ztollip (Fig 8M), it was unaffected
by injection of dynamin-K44A or rab5a-targeting morpholino (Fig 8P and 8Q), suggesting
that endocytosis does not play a significant role in regulating expression of fgf8. Moreover,
inhibiting the endocytic pathway by injection of dynamin-K44A did not rescue the negative
effect of ztollip overexpression on the expression of fgf8 (Fig 8R), further pointing to a role of
zTollip in Wnt signaling independent of its endocytic activity.

Discussion
In summary, our results identify a novel inhibitory activity of Tollip towards canonical Wnt
signaling in mammalian cells and in zebrafish embryonic development. In addition to the uni-
versal core components of Wnt signaling, an increasing number of its regulators are being
identified which may act in a more tissue-restricted or specialized manner [75]. Based on our
data, we propose such a modulatory role for Tollip. At the molecular level this function is unre-
lated to endocytosis, but it is possible that Tollip acts by linking Wnt signaling with other signal
transduction pathways.

The spectrum of pathways reported to be regulated by Tollip is broad, including innate
immunity and NF-κB signaling [13, 15], TGF-β signaling [14], Rac1-dependent bacterial entry
[16], sumoylation of nuclear and cytoplasmic proteins [18] and autophagic clearance of cyto-
toxic protein aggregates [17]. It is conceivable that the plethora of functions of Tollip could be
linked via its role in autophagy and ability to bind ubiquitin (the latter being important also for
the regulation of Wnt signaling, as we show here). On the one side, autophagy regulates various
aspects of innate immunity, inflammation and pathogen elimination [76]. On the other side,
selective autophagic degradation of cytoplasmic proteins affects a number of pathways [77],
including Wnt signaling where autophagy-mediated elimination of Disheveled 2 [78] or of β-
catenin [79, 80] were reported.

We propose that Tollip can inhibit the Wnt cascade at two stages. Upon ligand stimulation,
Tollip reduces the pool of active β-catenin, possibly due to its reported role in the activation of
GSK3β [62]. Additionally, under conditions of ligand-independent Wnt constitutive signaling
(e.g. as occurring in cancer cells), Tollip inhibits the pathway downstream of β-catenin stabili-
zation. Tollip was reported to interact with the components of sumoylation machinery and to
regulate nucleocytoplasmic shuttling of proteins [18]. This could suggest an involvement of
Tollip in sumoylation and/or regulation of nucleocytoplasmic distribution of β-catenin-associ-
ated proteins in the nucleus. Modification by sumoylation has been reported for TCF4 and
LEF1 transcription factors [81, 82], as well as for their nuclear co-regulators such as the
TBL1-TBLR1 co-repressor [83], Groucho [84], reptin [85], the CoCoA co-activator [86] or
duplin/Chd8 [87], which in all cases modulates the output of Wnt signaling. In general, the
involvement of Tollip at two steps of the Wnt cascade has already precedence in the NF-κB
pathway, where Tollip functions at multiple stages and intracellular locations (plasma mem-
brane, early and late endosomes) [8, 13, 15].

The Tollip ortholog in zebrafish has not been previously investigated. We show that zTollip
is broadly expressed in early embryonic stages, and interfering with its function induces devel-
opmental phenotypes consistent with its proposed role in modulation of Wnt signaling. Thus,
this function of Tollip is evolutionarily conserved between fish and mammals. Its physiological
importance is further underscored by the fact that reduced expression of Tollip was reported in
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colon cancers [63]. It is therefore possible that the inhibitory activity of Tollip on canonical
Wnt signaling could contribute to oncogenic processes in Wnt-dependent human
malignancies.

Supporting Information
S1 Fig. esiRNA screen of selected endocytic proteins for the regulation of Wnt3a-depen-
dent transcription. HEK293 cells were transfected for 72 h with 33 nM esiRNA targeting 80
indicated genes encoding soluble proteins regulating endocytosis. Cells were stimulated with
Wnt3a-conditioned medium for 18 h before lysis and Super8xTOPFlash luciferase reporter
assays were performed. Depletion of an established pathway activator β-catenin (CTNNB1)
served as a positive control. esiRNAs targeting EGFP or 3 different regions of β-galactosidase
served as negative controls. The pathway activity is presented relatively to the average of four
non-targeting controls, which is normalized to one arbitrary unit. Average of non-targeting
controls in cells without Wnt3a treatment (Ctrl NS) is shown to demonstrate the extent of
stimulation. Data represent average of 3 independent experiments, error bars are SEM. Arrow
indicates the results for Tollip knockdown.
(TIF)

S2 Fig. (A) The level of Tollip protein is not changed upon overexpression of a dominant-
negative K44A mutant of dynamin2 (Dnm2 K44A). Lysates from HEK293 cells transfected
either with an empty plasmid (pcDNA) or HA-tagged Dnm2 K44A-expressing construct were
blotted against Tollip and HA tag, with actin as a loading control. (B) Immunoprecipitation of
overexpressed Tollip from lysates of HEK293 cells upon stimulation with Wnt3a or with con-
trol medium (CM) and proteasome inhibition by MG132. Western blots were probed for total
ubiquitin and K48 or K63 ubiquitin subpopulations. Left panel; immunoprecipitates were
probed with antibodies against Tollip, total ubiquitin (Ub), its K48-linked (Ub-K48) or
K63-linked (Ub-K63) chains. Right panel; 10% of starting lysates taken for immunoprecipita-
tion (input) were blotted against total ubiquitin (Ub) and Tollip, with GAPDH as a loading
control.
(TIF)

S3 Fig. Intracellular distribution of β-catenin upon overexpression of Tollip.HEK293 cells
transfected for 24 h with myc-tagged Tollip: wild-type (wt), del.1 deletion mutant or M240A/
F241A point mutant were stimulated with control medium (CM; A) or Wnt3a-conditioned
medium (B) for 8 h. Cells were immunostained for β-catenin and myc tag (overexpressed Tol-
lip), with DAPI indicating cell nuclei. Scale bar 20 μm.
(TIF)

S4 Fig. Dose responses to the β-catenin2morpholino. Zebrafish embryos were injected at the
1-cell stage with β-catenin2morpholino (MO) at different concentrations (2 ng, 4 ng, 8 ng, 16
ng). Phenotypes of injected embryos at 48 hpf are shown, compared to an uninjected wild-type
embryo. Lateral views with head to the left.
(TIF)

Acknowledgments
We thank Dr. Volker Gerke for critical reading of the manuscript.

Tollip Inhibits Canonical Wnt Signaling

PLOS ONE | DOI:10.1371/journal.pone.0130818 June 25, 2015 22 / 27

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130818.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130818.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130818.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130818.s004


Author Contributions
Conceived and designed the experiments: AT ES IC M. Miaczynska. Performed the experi-
ments: AT ES IC LWN AB KJ M. Mietkowska. Analyzed the data: AT ES IC LWN KJ MGGM.
Miaczynska. Wrote the paper: M. Miaczynska AT IC.

References
1. Buday L, Tompa P. Functional classification of scaffold proteins and related molecules. The FEBS jour-

nal. 2010; 277(21):4348–55. Epub 2010/10/05. doi: 10.1111/j.1742-4658.2010.07864.x PMID:
20883491.

2. Jeffery CJ. Moonlighting proteins. Trends in biochemical sciences. 1999; 24(1):8–11. Epub 1999/03/
24. PMID: 10087914.

3. Doherty GJ, McMahon HT. Mechanisms of endocytosis. Annu Rev Biochem. 2009; 78:857–902. Epub
2009/03/26. doi: 10.1146/annurev.biochem.78.081307.110540 PMID: 19317650.

4. Pilecka I, Banach-Orlowska M, Miaczynska M. Nuclear functions of endocytic proteins. European jour-
nal of cell biology. 2007; 86(9):533–47. Epub 2007/06/23. doi: 10.1016/j.ejcb.2007.04.004 PMID:
17583371.

5. Pyrzynska B, Pilecka I, Miaczynska M. Endocytic proteins in the regulation of nuclear signaling, tran-
scription and tumorigenesis. Molecular oncology. 2009; 3(4):321–38. Epub 2009/07/07. doi: 10.1016/j.
molonc.2009.06.001 PMID: 19577966.

6. Royle SJ. Mitotic moonlighting functions for membrane trafficking proteins. Traffic. 2011; 12(7):791–8.
Epub 2011/05/14. doi: 10.1111/j.1600-0854.2011.01184.x PMID: 21564450; PubMed Central PMCID:
PMC3364406.

7. Yamakami M, Yoshimori T, Yokosawa H. Tom1, a VHS domain-containing protein, interacts with tollip,
ubiquitin, and clathrin. J Biol Chem. 2003; 278(52):52865–72. Epub 2003/10/18. doi: 10.1074/jbc.
M306740200 M306740200 [pii]. PMID: 14563850.

8. Katoh Y, Shiba Y, Mitsuhashi H, Yanagida Y, Takatsu H, Nakayama K. Tollip and Tom1 form a complex
and recruit ubiquitin-conjugated proteins onto early endosomes. J Biol Chem. 2004; 279(23):24435–
43. Epub 2004/03/30. doi: 10.1074/jbc.M400059200 M400059200 [pii]. PMID: 15047686.

9. AnkemG, Mitra S, Sun F, Moreno AC, Chutvirasakul B, Azurmendi HF, et al. The C2 domain of Tollip, a
Toll-like receptor signalling regulator, exhibits broad preference for phosphoinositides. Biochem J.
2011; 435(3):597–608. Epub 2011/02/08. doi: BJ20102160 [pii] doi: 10.1042/BJ20102160 PMID:
21294713.

10. Li T, Hu J, Li L. Characterization of Tollip protein upon Lipopolysaccharide challenge. Mol Immunol.
2004; 41(1):85–92. Epub 2004/05/14. doi: 10.1016/j.molimm.2004.03.009 S0161589004000641 [pii].
PMID: 15140579.

11. Mitra S, Traughber CA, Brannon MK, Gomez S, Capelluto DG. Ubiquitin interacts with the Tollip C2 and
CUE domains and inhibits binding of Tollip to phosphoinositides. J Biol Chem. 2013; 288(36):25780–
91. Epub 2013/07/25. doi: 10.1074/jbc.M113.484170 PMID: 23880770; PubMed Central PMCID:
PMC3764785.

12. Lo YL, Beckhouse AG, Boulus SL, Wells CA. Diversification of TOLLIP isoforms in mouse and man.
MammGenome. 2009; 20(5):305–14. Epub 2009/05/16. doi: 10.1007/s00335-009-9188-3 PMID:
19444506.

13. Burns K, Clatworthy J, Martin L, Martinon F, Plumpton C, Maschera B, et al. Tollip, a new component of
the IL-1RI pathway, links IRAK to the IL-1 receptor. Nat Cell Biol. 2000; 2(6):346–51. Epub 2000/06/15.
doi: 10.1038/35014038 PMID: 10854325.

14. Zhu L, Wang L, Luo X, Zhang Y, Ding Q, Jiang X, et al. Tollip, an intracellular trafficking protein, is a
novel modulator of the transforming growth factor-beta signaling pathway. J Biol Chem. 2012; 287
(47):39653–63. Epub 2012/10/03. doi: 10.1074/jbc.M112.388009 PMID: 23027871; PubMed Central
PMCID: PMC3501082.

15. Brissoni B, Agostini L, Kropf M, Martinon F, Swoboda V, Lippens S, et al. Intracellular trafficking of inter-
leukin-1 receptor I requires Tollip. Curr Biol. 2006; 16(22):2265–70. Epub 2006/11/23. doi: S0960-9822
(06)02297-4 [pii] doi: 10.1016/j.cub.2006.09.062 PMID: 17113392.

16. Visvikis O, Boyer L, Torrino S, Doye A, Lemonnier M, Lores P, et al. Escherichia coli producing CNF1
toxin hijacks Tollip to trigger Rac1-dependent cell invasion. Traffic. 2011; 12(5):579–90. Epub 2011/02/
05. doi: 10.1111/j.1600-0854.2011.01174.x PMID: 21291504.

17. Lu K, Psakhye I, Jentsch S. Autophagic Clearance of PolyQ Proteins Mediated by Ubiquitin-Atg8 Adap-
tors of the Conserved CUET Protein Family. Cell. 2014; 158(3):549–63. Epub 2014/07/22. doi: 10.
1016/j.cell.2014.05.048 PMID: 25042851.

Tollip Inhibits Canonical Wnt Signaling

PLOS ONE | DOI:10.1371/journal.pone.0130818 June 25, 2015 23 / 27

http://dx.doi.org/10.1111/j.1742-4658.2010.07864.x
http://www.ncbi.nlm.nih.gov/pubmed/20883491
http://www.ncbi.nlm.nih.gov/pubmed/10087914
http://dx.doi.org/10.1146/annurev.biochem.78.081307.110540
http://www.ncbi.nlm.nih.gov/pubmed/19317650
http://dx.doi.org/10.1016/j.ejcb.2007.04.004
http://www.ncbi.nlm.nih.gov/pubmed/17583371
http://dx.doi.org/10.1016/j.molonc.2009.06.001
http://dx.doi.org/10.1016/j.molonc.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19577966
http://dx.doi.org/10.1111/j.1600-0854.2011.01184.x
http://www.ncbi.nlm.nih.gov/pubmed/21564450
http://dx.doi.org/10.1074/jbc.M306740200
http://dx.doi.org/10.1074/jbc.M306740200
http://www.ncbi.nlm.nih.gov/pubmed/14563850
http://dx.doi.org/10.1074/jbc.M400059200
http://www.ncbi.nlm.nih.gov/pubmed/15047686
http://dx.doi.org/10.1042/BJ20102160
http://www.ncbi.nlm.nih.gov/pubmed/21294713
http://dx.doi.org/10.1016/j.molimm.2004.03.009
http://www.ncbi.nlm.nih.gov/pubmed/15140579
http://dx.doi.org/10.1074/jbc.M113.484170
http://www.ncbi.nlm.nih.gov/pubmed/23880770
http://dx.doi.org/10.1007/s00335-009-9188-3
http://www.ncbi.nlm.nih.gov/pubmed/19444506
http://dx.doi.org/10.1038/35014038
http://www.ncbi.nlm.nih.gov/pubmed/10854325
http://dx.doi.org/10.1074/jbc.M112.388009
http://www.ncbi.nlm.nih.gov/pubmed/23027871
http://dx.doi.org/10.1016/j.cub.2006.09.062
http://www.ncbi.nlm.nih.gov/pubmed/17113392
http://dx.doi.org/10.1111/j.1600-0854.2011.01174.x
http://www.ncbi.nlm.nih.gov/pubmed/21291504
http://dx.doi.org/10.1016/j.cell.2014.05.048
http://dx.doi.org/10.1016/j.cell.2014.05.048
http://www.ncbi.nlm.nih.gov/pubmed/25042851


18. Ciarrocchi A, D'Angelo R, Cordiglieri C, Rispoli A, Santi S, Riccio M, et al. Tollip is a mediator of protein
sumoylation. PLoS One. 2009; 4(2):e4404. Epub 2009/02/10. doi: 10.1371/journal.pone.0004404
PMID: 19198660; PubMed Central PMCID: PMC2635935.

19. Capelluto DG. Tollip: a multitasking protein in innate immunity and protein trafficking. Microbes Infect.
2012; 14(2):140–7. Epub 2011/09/21. doi: 10.1016/j.micinf.2011.08.018 PMID: 21930231.

20. Didierlaurent A, Brissoni B, Velin D, Aebi N, Tardivel A, Kaslin E, et al. Tollip regulates proinflammatory
responses to interleukin-1 and lipopolysaccharide. Mol Cell Biol. 2006; 26(3):735–42. Epub 2006/01/
24. doi: 26/3/735 [pii] doi: 10.1128/MCB.26.3.735–742.2006 PMID: 16428431; PubMed Central
PMCID: PMC1347014.

21. Angers S, Moon RT. Proximal events in Wnt signal transduction. Nature reviews Molecular cell biology.
2009; 10(7):468–77. Epub 2009/06/19. doi: 10.1038/nrm2717 PMID: 19536106.

22. Niehrs C. The complex world of WNT receptor signalling. Nature reviews Molecular cell biology. 2012;
13(12):767–79. Epub 2012/11/16. doi: 10.1038/nrm3470 PMID: 23151663.

23. MacDonald BT, Tamai K, He X. Wnt/beta-catenin signaling: components, mechanisms, and diseases.
Dev Cell. 2009; 17(1):9–26. Epub 2009/07/22. doi: 10.1016/j.devcel.2009.06.016 PMID: 19619488;
PubMed Central PMCID: PMC2861485.

24. Clevers H, Nusse R. Wnt/beta-catenin signaling and disease. Cell. 2012; 149(6):1192–205. Epub
2012/06/12. doi: 10.1016/j.cell.2012.05.012 PMID: 22682243.

25. Tetsu O, McCormick F. Beta-catenin regulates expression of cyclin D1 in colon carcinoma cells.
Nature. 1999; 398(6726):422–6. Epub 1999/04/14. doi: 10.1038/18884 PMID: 10201372.

26. Jho EH, Zhang T, Domon C, Joo CK, Freund JN, Costantini F. Wnt/beta-catenin/Tcf signaling induces
the transcription of Axin2, a negative regulator of the signaling pathway. Mol Cell Biol. 2002; 22
(4):1172–83. Epub 2002/01/26. PMID: 11809808; PubMed Central PMCID: PMC134648.

27. Furthauer M, Thisse C, Thisse B. A role for FGF-8 in the dorsoventral patterning of the zebrafish gas-
trula. Development. 1997; 124(21):4253–64. Epub 1997/10/23. PMID: 9334274.

28. Schulte-Merker S, Hammerschmidt M, Beuchle D, Cho KW, De Robertis EM, Nusslein-Volhard C.
Expression of zebrafish goosecoid and no tail gene products in wild-type and mutant no tail embryos.
Development. 1994; 120(4):843–52. Epub 1994/04/01. PMID: 7600961.

29. Yelon D, Horne SA, Stainier DY. Restricted expression of cardiac myosin genes reveals regulated
aspects of heart tube assembly in zebrafish. Developmental biology. 1999; 214(1):23–37. Epub 1999/
09/24. doi: 10.1006/dbio.1999.9406 PMID: 10491254.

30. Cao H, Thompson HM, Krueger EW, McNiven MA. Disruption of Golgi structure and function in mam-
malian cells expressing a mutant dynamin. Journal of cell science. 2000; 113 (Pt 11):1993–2002. Epub
2000/05/12. PMID: 10806110.

31. Montero JA, Kilian B, Chan J, Bayliss PE, Heisenberg CP. Phosphoinositide 3-kinase is required for
process outgrowth and cell polarization of gastrulating mesendodermal cells. Curr Biol. 2003; 13
(15):1279–89. Epub 2003/08/09. PMID: 12906787.

32. Kittler R, Heninger AK, Franke K, Habermann B, Buchholz F. Production of endoribonuclease-prepared
short interfering RNAs for gene silencing in mammalian cells. Nat Methods. 2005; 2(10):779–84. Epub
2005/09/24. doi: nmeth1005-779 [pii] doi: 10.1038/nmeth1005-779 PMID: 16179925.

33. Forget MA, Turcotte S, Beauseigle D, Godin-Ethier J, Pelletier S, Martin J, et al. TheWnt pathway regu-
lator DKK1 is preferentially expressed in hormone-resistant breast tumours and in some common can-
cer types. British journal of cancer. 2007; 96(4):646–53. Epub 2007/01/25. doi: 10.1038/sj.bjc.6603579
PMID: 17245340; PubMed Central PMCID: PMC2360041.

34. Westerfield M. The Zebrafish Book: A Guide for the Laboratory Use of Zebrafish (Danio Rerio).
Eugene, OR: University of Oregon Press 2007.

35. Kimmel CB, BallardWW, Kimmel SR, Ullmann B, Schilling TF. Stages of embryonic development of
the zebrafish. Developmental dynamics: an official publication of the American Association of Anato-
mists. 1995; 203(3):253–310. Epub 1995/07/01. doi: 10.1002/aja.1002030302 PMID: 8589427.

36. Bellipanni G, Varga M, Maegawa S, Imai Y, Kelly C, Myers AP, et al. Essential and opposing roles of
zebrafish beta-catenins in the formation of dorsal axial structures and neurectoderm. Development.
2006; 133(7):1299–309. Epub 2006/03/03. doi: 10.1242/dev.02295 PMID: 16510506.

37. Thisse C, Thisse B. High-resolution in situ hybridization to whole-mount zebrafish embryos. Nature pro-
tocols. 2008; 3(1):59–69. Epub 2008/01/15. doi: 10.1038/nprot.2007.514 PMID: 18193022.

38. VeemanMT, Slusarski DC, Kaykas A, Louie SH, Moon RT. Zebrafish prickle, a modulator of noncanon-
ical Wnt/Fz signaling, regulates gastrulation movements. Curr Biol. 2003; 13(8):680–5. PMID:
12699626.

39. Taelman VF, Dobrowolski R, Plouhinec JL, Fuentealba LC, Vorwald PP, Gumper I, et al. Wnt signaling
requires sequestration of glycogen synthase kinase 3 inside multivesicular endosomes. Cell. 2010; 143

Tollip Inhibits Canonical Wnt Signaling

PLOS ONE | DOI:10.1371/journal.pone.0130818 June 25, 2015 24 / 27

http://dx.doi.org/10.1371/journal.pone.0004404
http://www.ncbi.nlm.nih.gov/pubmed/19198660
http://dx.doi.org/10.1016/j.micinf.2011.08.018
http://www.ncbi.nlm.nih.gov/pubmed/21930231
http://dx.doi.org/10.1128/MCB.26.3.735742.2006
http://www.ncbi.nlm.nih.gov/pubmed/16428431
http://dx.doi.org/10.1038/nrm2717
http://www.ncbi.nlm.nih.gov/pubmed/19536106
http://dx.doi.org/10.1038/nrm3470
http://www.ncbi.nlm.nih.gov/pubmed/23151663
http://dx.doi.org/10.1016/j.devcel.2009.06.016
http://www.ncbi.nlm.nih.gov/pubmed/19619488
http://dx.doi.org/10.1016/j.cell.2012.05.012
http://www.ncbi.nlm.nih.gov/pubmed/22682243
http://dx.doi.org/10.1038/18884
http://www.ncbi.nlm.nih.gov/pubmed/10201372
http://www.ncbi.nlm.nih.gov/pubmed/11809808
http://www.ncbi.nlm.nih.gov/pubmed/9334274
http://www.ncbi.nlm.nih.gov/pubmed/7600961
http://dx.doi.org/10.1006/dbio.1999.9406
http://www.ncbi.nlm.nih.gov/pubmed/10491254
http://www.ncbi.nlm.nih.gov/pubmed/10806110
http://www.ncbi.nlm.nih.gov/pubmed/12906787
http://dx.doi.org/10.1038/nmeth1005-779
http://www.ncbi.nlm.nih.gov/pubmed/16179925
http://dx.doi.org/10.1038/sj.bjc.6603579
http://www.ncbi.nlm.nih.gov/pubmed/17245340
http://dx.doi.org/10.1002/aja.1002030302
http://www.ncbi.nlm.nih.gov/pubmed/8589427
http://dx.doi.org/10.1242/dev.02295
http://www.ncbi.nlm.nih.gov/pubmed/16510506
http://dx.doi.org/10.1038/nprot.2007.514
http://www.ncbi.nlm.nih.gov/pubmed/18193022
http://www.ncbi.nlm.nih.gov/pubmed/12699626


(7):1136–48. Epub 2010/12/25. doi: 10.1016/j.cell.2010.11.034 PMID: 21183076; PubMed Central
PMCID: PMC3022472.

40. Rashid S, Pilecka I, Torun A, Olchowik M, Bielinska B, Miaczynska M. Endosomal adaptor proteins
APPL1 and APPL2 are novel activators of beta-catenin/TCF-mediated transcription. J Biol Chem.
2009; 284(27):18115–28. Epub 2009/05/13. doi: 10.1074/jbc.M109.007237 PMID: 19433865; PubMed
Central PMCID: PMC2709337.

41. Yan D, Wiesmann M, Rohan M, Chan V, Jefferson AB, Guo L, et al. Elevated expression of axin2 and
hnkd mRNA provides evidence that Wnt/beta-catenin signaling is activated in human colon tumors.
Proceedings of the National Academy of Sciences of the United States of America. 2001; 98
(26):14973–8. Epub 2001/12/26. doi: 10.1073/pnas.261574498 PMID: 11752446; PubMed Central
PMCID: PMC64968.

42. Shtutman M, Zhurinsky J, Simcha I, Albanese C, D'Amico M, Pestell R, et al. The cyclin D1 gene is a
target of the beta-catenin/LEF-1 pathway. Proceedings of the National Academy of Sciences of the
United States of America. 1999; 96(10):5522–7. Epub 1999/05/13. PMID: 10318916; PubMed Central
PMCID: PMC21892.

43. Hayashi M, Nakashima T, Taniguchi M, Kodama T, Kumanogoh A, Takayanagi H. Osteoprotection by
semaphorin 3A. Nature. 2012; 485(7396):69–74. Epub 2012/04/24. doi: 10.1038/nature11000 PMID:
22522930.

44. Hendrix ND, Wu R, Kuick R, Schwartz DR, Fearon ER, Cho KR. Fibroblast growth factor 9 has onco-
genic activity and is a downstream target of Wnt signaling in ovarian endometrioid adenocarcinomas.
Cancer Res. 2006; 66(3):1354–62. Epub 2006/02/03. doi: 10.1158/0008-5472.CAN-05-3694 PMID:
16452189.

45. WuMY, Xie X, Xu ZK, Xie L, Chen Z, Shou LM, et al. PP2A inhibitors suppress migration and growth of
PANC-1 pancreatic cancer cells through inhibition on theWnt/beta-catenin pathway by phosphorylation
and degradation of beta-catenin. Oncology reports. 2014; 32(2):513–22. Epub 2014/06/14. doi: 10.
3892/or.2014.3266 PMID: 24926961; PubMed Central PMCID: PMC4091883.

46. Katoh M. WNT signaling pathway and stem cell signaling network. Clinical cancer research: an official
journal of the American Association for Cancer Research. 2007; 13(14):4042–5. Epub 2007/07/20. doi:
10.1158/1078-0432.CCR-06-2316 PMID: 17634527.

47. Andersson ER. The role of endocytosis in activating and regulating signal transduction. Cellular and
molecular life sciences: CMLS. 2012; 69(11):1755–71. Epub 2011/11/25. doi: 10.1007/s00018-011-
0877-1 PMID: 22113372.

48. Gagliardi M, Piddini E, Vincent JP. Endocytosis: a positive or a negative influence onWnt signalling?
Traffic. 2008; 9(1):1–9. Epub 2007/10/03. doi: 10.1111/j.1600-0854.2007.00662.x PMID: 17908284.

49. Yamamoto H, Sakane H, Michiue T, Kikuchi A. Wnt3a and Dkk1 regulate distinct internalization path-
ways of LRP6 to tune the activation of beta-catenin signaling. Dev Cell. 2008; 15(1):37–48. Epub 2008/
07/09. doi: 10.1016/j.devcel.2008.04.015 PMID: 18606139.

50. Damke H, Baba T, Warnock DE, Schmid SL. Induction of mutant dynamin specifically blocks endocytic
coated vesicle formation. J Cell Biol. 1994; 127(4):915–34. Epub 1994/11/01. PMID: 7962076; PubMed
Central PMCID: PMC2200053.

51. Macia E, Ehrlich M, Massol R, Boucrot E, Brunner C, Kirchhausen T. Dynasore, a cell-permeable inhibi-
tor of dynamin. Dev Cell. 2006; 10(6):839–50. Epub 2006/06/03. doi: S1534-5807(06)00163-8 [pii] doi:
10.1016/j.devcel.2006.04.002 PMID: 16740485.

52. Kim I, PanW, Jones SA, Zhang Y, Zhuang X, Wu D. Clathrin and AP2 are required for PtdIns(4,5)P2-
mediated formation of LRP6 signalosomes. J Cell Biol. 2013; 200(4):419–28. Epub 2013/02/13. doi:
10.1083/jcb.201206096 PMID: 23400998; PubMed Central PMCID: PMC3575536.

53. PanW, Choi SC, Wang H, Qin Y, Volpicelli-Daley L, Swan L, et al. Wnt3a-mediated formation of phos-
phatidylinositol 4,5-bisphosphate regulates LRP6 phosphorylation. Science. 2008; 321(5894):1350–3.
Epub 2008/09/06. doi: 10.1126/science.1160741 PMID: 18772438; PubMed Central PMCID:
PMC2532521.

54. Tanneberger K, Pfister AS, Brauburger K, Schneikert J, Hadjihannas MV, Kriz V, et al. Amer1/WTX
couplesWnt-induced formation of PtdIns(4,5)P2 to LRP6 phosphorylation. EMBO J. 2011; 30(8):1433–
43. Epub 2011/02/10. doi: 10.1038/emboj.2011.28 PMID: 21304492; PubMed Central PMCID:
PMC3102280.

55. Tauriello DV, Maurice MM. The various roles of ubiquitin in Wnt pathway regulation. Cell Cycle. 2010; 9
(18):3700–9. Epub 2010/10/12. doi: 10.4161/cc.9.18.13204 PMID: 20930545; PubMed Central
PMCID: PMC3047798.

56. Di Paolo G, De Camilli P. Phosphoinositides in cell regulation and membrane dynamics. Nature. 2006;
443(7112):651–7. Epub 2006/10/13. doi: 10.1038/nature05185 PMID: 17035995.

Tollip Inhibits Canonical Wnt Signaling

PLOS ONE | DOI:10.1371/journal.pone.0130818 June 25, 2015 25 / 27

http://dx.doi.org/10.1016/j.cell.2010.11.034
http://www.ncbi.nlm.nih.gov/pubmed/21183076
http://dx.doi.org/10.1074/jbc.M109.007237
http://www.ncbi.nlm.nih.gov/pubmed/19433865
http://dx.doi.org/10.1073/pnas.261574498
http://www.ncbi.nlm.nih.gov/pubmed/11752446
http://www.ncbi.nlm.nih.gov/pubmed/10318916
http://dx.doi.org/10.1038/nature11000
http://www.ncbi.nlm.nih.gov/pubmed/22522930
http://dx.doi.org/10.1158/0008-5472.CAN-05-3694
http://www.ncbi.nlm.nih.gov/pubmed/16452189
http://dx.doi.org/10.3892/or.2014.3266
http://dx.doi.org/10.3892/or.2014.3266
http://www.ncbi.nlm.nih.gov/pubmed/24926961
http://dx.doi.org/10.1158/1078-0432.CCR-06-2316
http://www.ncbi.nlm.nih.gov/pubmed/17634527
http://dx.doi.org/10.1007/s00018-011-0877-1
http://dx.doi.org/10.1007/s00018-011-0877-1
http://www.ncbi.nlm.nih.gov/pubmed/22113372
http://dx.doi.org/10.1111/j.1600-0854.2007.00662.x
http://www.ncbi.nlm.nih.gov/pubmed/17908284
http://dx.doi.org/10.1016/j.devcel.2008.04.015
http://www.ncbi.nlm.nih.gov/pubmed/18606139
http://www.ncbi.nlm.nih.gov/pubmed/7962076
http://dx.doi.org/10.1016/j.devcel.2006.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16740485
http://dx.doi.org/10.1083/jcb.201206096
http://www.ncbi.nlm.nih.gov/pubmed/23400998
http://dx.doi.org/10.1126/science.1160741
http://www.ncbi.nlm.nih.gov/pubmed/18772438
http://dx.doi.org/10.1038/emboj.2011.28
http://www.ncbi.nlm.nih.gov/pubmed/21304492
http://dx.doi.org/10.4161/cc.9.18.13204
http://www.ncbi.nlm.nih.gov/pubmed/20930545
http://dx.doi.org/10.1038/nature05185
http://www.ncbi.nlm.nih.gov/pubmed/17035995


57. Gao C, Chen YG. Dishevelled: The hub of Wnt signaling. Cellular signalling. 2010; 22(5):717–27. Epub
2009/12/17. doi: 10.1016/j.cellsig.2009.11.021 PMID: 20006983.

58. Hedgepeth CM, Conrad LJ, Zhang J, Huang HC, Lee VM, Klein PS. Activation of theWnt signaling
pathway: a molecular mechanism for lithium action. Developmental biology. 1997; 185(1):82–91. Epub
1997/05/01. doi: 10.1006/dbio.1997.8552 PMID: 9169052.

59. Klein PS, Melton DA. A molecular mechanism for the effect of lithium on development. Proceedings of
the National Academy of Sciences of the United States of America. 1996; 93(16):8455–9. Epub 1996/
08/06. PMID: 8710892; PubMed Central PMCID: PMC38692.

60. Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B, et al. Activation of beta-catenin-Tcf
signaling in colon cancer by mutations in beta-catenin or APC. Science. 1997; 275(5307):1787–90.
Epub 1997/03/21. PMID: 9065402.

61. Sparks AB, Morin PJ, Vogelstein B, Kinzler KW. Mutational analysis of the APC/beta-catenin/Tcf path-
way in colorectal cancer. Cancer Res. 1998; 58(6):1130–4. Epub 1998/03/27. PMID: 9515795.

62. Maitra U, Li L. Molecular mechanisms responsible for the reduced expression of cholesterol transport-
ers frommacrophages by low-dose endotoxin. Arteriosclerosis, thrombosis, and vascular biology.
2013; 33(1):24–33. Epub 2012/11/03. doi: 10.1161/ATVBAHA.112.300049 PMID: 23117655; PubMed
Central PMCID: PMC3545450.

63. Pimentel-Nunes P, Goncalves N, Boal-Carvalho I, Afonso L, Lopes P, Roncon-Albuquerque R Jr, et al.
Decreased Toll-interacting protein and peroxisome proliferator-activated receptor gamma are associ-
ated with increased expression of Toll-like receptors in colon carcinogenesis. Journal of clinical pathol-
ogy. 2012; 65(4):302–8. Epub 2012/01/10. doi: 10.1136/jclinpath-2011-200567 PMID: 22228906.

64. Anastas JN, Moon RT. WNT signalling pathways as therapeutic targets in cancer. Nature reviews Can-
cer. 2013; 13(1):11–26. Epub 2012/12/22. doi: 10.1038/nrc3419 PMID: 23258168.

65. Perrimon N, Pitsouli C, Shilo BZ. Signaling mechanisms controlling cell fate and embryonic patterning.
Cold Spring Harbor perspectives in biology. 2012; 4(8):a005975. Epub 2012/08/03. doi: 10.1101/
cshperspect.a005975 PMID: 22855721; PubMed Central PMCID: PMC3405863.

66. Schier AF, Talbot WS. Molecular genetics of axis formation in zebrafish. Annual review of genetics.
2005; 39:561–613. Epub 2005/11/16. doi: 10.1146/annurev.genet.37.110801.143752 PMID:
16285872.

67. Christian JL, Moon RT. Interactions between Xwnt-8 and Spemann organizer signaling pathways gen-
erate dorsoventral pattern in the embryonic mesoderm of Xenopus. Genes Dev. 1993; 7(1):13–28.
Epub 1993/01/01. PMID: 8422982.

68. Erter CE, Wilm TP, Basler N, Wright CV, Solnica-Krezel L. Wnt8 is required in lateral mesendodermal
precursors for neural posteriorization in vivo. Development. 2001; 128(18):3571–83. Epub 2001/09/22.
PMID: 11566861.

69. Lekven AC, Thorpe CJ, Waxman JS, Moon RT. Zebrafish wnt8 encodes two wnt8 proteins on a bicis-
tronic transcript and is required for mesoderm and neurectoderm patterning. Dev Cell. 2001; 1(1):103–
14. Epub 2001/11/13. PMID: 11703928.

70. Hashimoto H, Itoh M, Yamanaka Y, Yamashita S, Shimizu T, Solnica-Krezel L, et al. Zebrafish Dkk1
functions in forebrain specification and axial mesendoderm formation. Developmental biology. 2000;
217(1):138–52. Epub 2000/01/08. doi: 10.1006/dbio.1999.9537 PMID: 10625541.

71. Shimizu T, Bae YK, Muraoka O, Hibi M. Interaction of Wnt and caudal-related genes in zebrafish poste-
rior body formation. Developmental biology. 2005; 279(1):125–41. Epub 2005/02/15. doi: 10.1016/j.
ydbio.2004.12.007 PMID: 15708563.

72. Hurlstone AF, Haramis AP, Wienholds E, Begthel H, Korving J, Van Eeden F, et al. TheWnt/beta-cate-
nin pathway regulates cardiac valve formation. Nature. 2003; 425(6958):633–7. Epub 2003/10/10. doi:
10.1038/nature02028 PMID: 14534590.

73. Scholpp S, Brand M. Endocytosis controls spreading and effective signaling range of Fgf8 protein. Curr
Biol. 2004; 14(20):1834–41. Epub 2004/10/23. doi: 10.1016/j.cub.2004.09.084 PMID: 15498491.

74. Ulrich F, Krieg M, Schotz EM, Link V, Castanon I, Schnabel V, et al. Wnt11 functions in gastrulation by
controlling cell cohesion through Rab5c and E-cadherin. Dev Cell. 2005; 9(4):555–64. Epub 2005/10/
04. doi: 10.1016/j.devcel.2005.08.011 PMID: 16198297.

75. Major MB, Roberts BS, Berndt JD, Marine S, Anastas J, Chung N, et al. New regulators of Wnt/beta-
catenin signaling revealed by integrative molecular screening. Science signaling. 2008; 1(45):ra12.
Epub 2008/11/13. doi: 10.1126/scisignal.2000037 PMID: 19001663.

76. Deretic V, Saitoh T, Akira S. Autophagy in infection, inflammation and immunity. Nature reviews Immu-
nology. 2013; 13(10):722–37. Epub 2013/09/26. doi: 10.1038/nri3532 PMID: 24064518.

77. Wu X, Won H, Rubinsztein DC. Autophagy and mammalian development. Biochemical Society trans-
actions. 2013; 41(6):1489–94. Epub 2013/11/22. doi: 10.1042/BST20130185 PMID: 24256242.

Tollip Inhibits Canonical Wnt Signaling

PLOS ONE | DOI:10.1371/journal.pone.0130818 June 25, 2015 26 / 27

http://dx.doi.org/10.1016/j.cellsig.2009.11.021
http://www.ncbi.nlm.nih.gov/pubmed/20006983
http://dx.doi.org/10.1006/dbio.1997.8552
http://www.ncbi.nlm.nih.gov/pubmed/9169052
http://www.ncbi.nlm.nih.gov/pubmed/8710892
http://www.ncbi.nlm.nih.gov/pubmed/9065402
http://www.ncbi.nlm.nih.gov/pubmed/9515795
http://dx.doi.org/10.1161/ATVBAHA.112.300049
http://www.ncbi.nlm.nih.gov/pubmed/23117655
http://dx.doi.org/10.1136/jclinpath-2011-200567
http://www.ncbi.nlm.nih.gov/pubmed/22228906
http://dx.doi.org/10.1038/nrc3419
http://www.ncbi.nlm.nih.gov/pubmed/23258168
http://dx.doi.org/10.1101/cshperspect.a005975
http://dx.doi.org/10.1101/cshperspect.a005975
http://www.ncbi.nlm.nih.gov/pubmed/22855721
http://dx.doi.org/10.1146/annurev.genet.37.110801.143752
http://www.ncbi.nlm.nih.gov/pubmed/16285872
http://www.ncbi.nlm.nih.gov/pubmed/8422982
http://www.ncbi.nlm.nih.gov/pubmed/11566861
http://www.ncbi.nlm.nih.gov/pubmed/11703928
http://dx.doi.org/10.1006/dbio.1999.9537
http://www.ncbi.nlm.nih.gov/pubmed/10625541
http://dx.doi.org/10.1016/j.ydbio.2004.12.007
http://dx.doi.org/10.1016/j.ydbio.2004.12.007
http://www.ncbi.nlm.nih.gov/pubmed/15708563
http://dx.doi.org/10.1038/nature02028
http://www.ncbi.nlm.nih.gov/pubmed/14534590
http://dx.doi.org/10.1016/j.cub.2004.09.084
http://www.ncbi.nlm.nih.gov/pubmed/15498491
http://dx.doi.org/10.1016/j.devcel.2005.08.011
http://www.ncbi.nlm.nih.gov/pubmed/16198297
http://dx.doi.org/10.1126/scisignal.2000037
http://www.ncbi.nlm.nih.gov/pubmed/19001663
http://dx.doi.org/10.1038/nri3532
http://www.ncbi.nlm.nih.gov/pubmed/24064518
http://dx.doi.org/10.1042/BST20130185
http://www.ncbi.nlm.nih.gov/pubmed/24256242


78. Gao C, CaoW, Bao L, ZuoW, Xie G, Cai T, et al. Autophagy negatively regulatesWnt signalling by pro-
moting Dishevelled degradation. Nat Cell Biol. 2010; 12(8):781–90. Epub 2010/07/20. doi: 10.1038/
ncb2082 PMID: 20639871.

79. Jia Z, Wang J, WangW, Tian Y, XiangWei W, Chen P, et al. Autophagy eliminates cytoplasmic beta-
catenin and NICD to promote the cardiac differentiation of P19CL6 cells. Cellular signalling. 2014; 26
(11):2299–305. Epub 2014/08/08. doi: 10.1016/j.cellsig.2014.07.028 PMID: 25101857.

80. Petherick KJ, Williams AC, Lane JD, Ordonez-Moran P, Huelsken J, Collard TJ, et al. Autolysosomal
beta-catenin degradation regulatesWnt-autophagy-p62 crosstalk. EMBO J. 2013; 32(13):1903–16.
Epub 2013/06/06. doi: 10.1038/emboj.2013.123 PMID: 23736261; PubMed Central PMCID:
PMC3981178.

81. Sachdev S, Bruhn L, Sieber H, Pichler A, Melchior F, Grosschedl R. PIASy, a nuclear matrix-associated
SUMO E3 ligase, represses LEF1 activity by sequestration into nuclear bodies. Genes Dev. 2001; 15
(23):3088–103. Epub 2001/12/04. PMID: 11731474; PubMed Central PMCID: PMC312834.

82. Yamamoto H, Ihara M, Matsuura Y, Kikuchi A. Sumoylation is involved in beta-catenin-dependent acti-
vation of Tcf-4. EMBO J. 2003; 22(9):2047–59. Epub 2003/05/03. doi: 10.1093/emboj/cdg204 PMID:
12727872; PubMed Central PMCID: PMC156076.

83. Choi HK, Choi KC, Yoo JY, Song M, Ko SJ, Kim CH, et al. Reversible SUMOylation of TBL1-TBLR1
regulates beta-catenin-mediated Wnt signaling. Molecular cell. 2011; 43(2):203–16. Epub 2011/07/23.
doi: 10.1016/j.molcel.2011.05.027 PMID: 21777810.

84. Ahn JW, Lee YA, Ahn JH, Choi CY. Covalent conjugation of Groucho with SUMO-1 modulates its core-
pressor activity. Biochem Biophys Res Commun. 2009; 379(1):160–5. Epub 2008/12/23. doi: 10.1016/
j.bbrc.2008.12.043 PMID: 19101520.

85. Kim JH, Choi HJ, Kim B, Kim MH, Lee JM, Kim IS, et al. Roles of sumoylation of a reptin chromatin-
remodelling complex in cancer metastasis. Nat Cell Biol. 2006; 8(6):631–9. Epub 2006/05/16. doi: 10.
1038/ncb1415 PMID: 16699503.

86. Yang CK, Kim JH, Ann DK, Stallcup MR. Differential regulation of the two transcriptional activation
domains of the coiled-coil coactivator CoCoA by sumoylation. BMCmolecular biology. 2008; 9:12.
Epub 2008/01/26. doi: 10.1186/1471-2199-9-12 PMID: 18218142; PubMed Central PMCID:
PMC2263068.

87. Yamashina K, Yamamoto H, Chayama K, Nakajima K, Kikuchi A. Suppression of STAT3 activity by
Duplin, which is a negative regulator of theWnt signal. Journal of biochemistry. 2006; 139(2):305–14.
Epub 2006/02/03. doi: 10.1093/jb/mvj033 PMID: 16452319.

88. Di Tommaso P, Moretti S, Xenarios I, Orobitg M, Montanyola A, Chang JM, et al. T-Coffee: a web server
for the multiple sequence alignment of protein and RNA sequences using structural information and
homology extension. Nucleic acids research. 2011; 39(Web Server issue):W13–7. Epub 2011/05/12.
doi: 10.1093/nar/gkr245 PMID: 21558174; PubMed Central PMCID: PMC3125728.

Tollip Inhibits Canonical Wnt Signaling

PLOS ONE | DOI:10.1371/journal.pone.0130818 June 25, 2015 27 / 27

http://dx.doi.org/10.1038/ncb2082
http://dx.doi.org/10.1038/ncb2082
http://www.ncbi.nlm.nih.gov/pubmed/20639871
http://dx.doi.org/10.1016/j.cellsig.2014.07.028
http://www.ncbi.nlm.nih.gov/pubmed/25101857
http://dx.doi.org/10.1038/emboj.2013.123
http://www.ncbi.nlm.nih.gov/pubmed/23736261
http://www.ncbi.nlm.nih.gov/pubmed/11731474
http://dx.doi.org/10.1093/emboj/cdg204
http://www.ncbi.nlm.nih.gov/pubmed/12727872
http://dx.doi.org/10.1016/j.molcel.2011.05.027
http://www.ncbi.nlm.nih.gov/pubmed/21777810
http://dx.doi.org/10.1016/j.bbrc.2008.12.043
http://dx.doi.org/10.1016/j.bbrc.2008.12.043
http://www.ncbi.nlm.nih.gov/pubmed/19101520
http://dx.doi.org/10.1038/ncb1415
http://dx.doi.org/10.1038/ncb1415
http://www.ncbi.nlm.nih.gov/pubmed/16699503
http://dx.doi.org/10.1186/1471-2199-9-12
http://www.ncbi.nlm.nih.gov/pubmed/18218142
http://dx.doi.org/10.1093/jb/mvj033
http://www.ncbi.nlm.nih.gov/pubmed/16452319
http://dx.doi.org/10.1093/nar/gkr245
http://www.ncbi.nlm.nih.gov/pubmed/21558174

