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Dishevelled limits Notch signalling through inhibition of CSL

Giovanna M. Collu™?*, Ana Hidalgo-Sastre', Ahmet Acar"*, Laura Bayston'*, Clara Gildea"*,
Michael K. Leverentz'*, Christopher G. Mills"*, Thomas W. Owens'"*, Olivier Meurette?, Karel Dorey** and

Keith Brennan'#

SUMMARY

Notch and Wnt are highly conserved signalling pathways that are used repeatedly throughout animal development to generate a
diverse array of cell types. However, they often have opposing effects on cell-fate decisions with each pathway promoting an
alternate outcome. Commonly, a cell receiving both signals exhibits only Wnt pathway activity. This suggests that Wnt inhibits Notch
activity to promote a Wnt-ON/Notch-OFF output; but what might underpin this Notch regulation is not understood. Here, we show
that Wnt acts via Dishevelled to inhibit Notch signalling, and that this crosstalk regulates cell-fate specification in vivo during
Xenopus development. Mechanistically, Dishevelled binds and directly inhibits CSL transcription factors downstream of Notch
receptors, reducing their activity. Furthermore, our data suggest that this crosstalk mechanism is conserved between vertebrate and
invertebrate homologues. Thus, we identify a dual function for Dishevelled as an inhibitor of Notch signalling and an activator of
the Wnt pathway that sharpens the distinction between opposing Wnt and Notch responses, allowing for robust cell-fate decisions.
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INTRODUCTION

The Notch and Wnt pathways are two of only a handful of
highly conserved signalling pathways that control cell-fate
decisions during the formation and maintenance of tissues in
animal embryogenesis and adult homeostasis (Pires-daSilva and
Sommer, 2003). However, they typically have distinct and
opposing effects on cell-fate outcomes (Hayward et al., 2008).
This antagonism is evident at multiple steps during cell-fate
specification: from stem cell self-renewal and lincage
commitment (Zhu and Watt, 1999; Lowell et al., 2000; Bouras
et al., 2008; Zeng and Nusse, 2010) to the process of
differentiation along a specific cell lineage, such as the intestinal
epithelium (Fre et al., 2005; Stanger et al., 2005; van Es et al.,
2005b; van Es et al., 2005a). Yet there are many examples where
a cell receives both signals simultaneously. Within the mammary
gland and the skin, stem cells are exposed to both Notch and
Wnt pathway ligands (Lowell et al., 2000; Reddy et al., 2001;
Brennan and Brown, 2004; Raafat et al., 2011). Similarly, both
pathways can act on the same cell during sensory bristle
development and wing margin formation in Drosophila (Axelrod
et al., 1996; Rulifson et al., 1996; Brennan et al., 1999; Ramain

"Wellcome Trust Centre for Cell-Matrix Research, Faculty of Life Sciences, University
of Manchester, Oxford Road, Manchester M13 9PT, UK. 2Department of
Developmental and Regenerative Biology, Mount Sinai School of Medicine, One
Gustave L. Levy Place, Box 1020, New York, NY 10029, USA. *Apoptosis, Cancer
and Development Laboratory — Equipe labellisée ‘La Ligue’, Centre de Recherche en
Cancérologie de Lyon, INSERM U1052-CNRS UMR5286, Université de Lyon, Centre
Léon Bérard, 69008 Lyon, France. “The Healing Foundation Centre, Faculty of Life
Sciences, University of Manchester, Oxford Road, Manchester M13 9PT, UK.

*These authors contributed equally to this work
FAuthors for correspondence (giovanna.collu@mssm.edu;
karel.dorey@manchester.ac.uk; keith.brennan@manchester.ac.uk)

This is an Open Access article distributed under the terms of the Creative Commons Attribution
Non-Commercial Share Alike License (http://creativecommons.org/licenses/by-nc-sa/3.0), which
permits unrestricted non-commercial use, distribution and reproduction in any medium provided
that the original work is properly cited and all further distributions of the work or adaptation are
subject to the same Creative Commons License terms.

Accepted 3 September 2012

et al.,, 2001). Despite receiving two signals that promote
opposing fates, the cell is still able to resolve these inputs into a
robust cell-fate decision. Commonly, this is resolved into a Wnt-
ON/Notch-OFF response (Uyttendaele et al., 1998). However,
how this occurs mechanistically is poorly understood. One
possibility is direct inhibitory crosstalk with downstream Wnt
signalling inhibiting the Notch pathway to stabilise cells in a
Wnt-ON/Notch-OFF state (Hayward et al., 2008).

Notch receptors act as membrane-tethered transcription factors
(Bray, 2006). Following binding of a DSL family ligand (Delta,
Serrate, LAG-2 and Jagged), Notch proteins undergo y-secretase-
mediated cleavage and release the Notch intracellular domain
(NICD). NICD then translocates to the nucleus and forms a
transcriptional activator complex with CSL (CBF1, Suppressor of
Hairless, LAG-1; termed RBPJx in mice) factors and the co-
activator Mastermind-like (MAML). A key mediator of Wnt/B-
catenin signalling is the multi-domain protein Dishevelled (Dvl,
Dsh in Drosophila) (MacDonald et al., 2009). Dishevelled acts as
a scaffold to activate signalling by recruiting components of the [3-
catenin destruction complex to the Wnt receptors Frizzled-LRP5/6
(LDL receptor-related protein 5/6). This recruitment inactivates the
destruction complex. Consequently, B-catenin accumulates and
enters the nucleus, where it promotes expression of Wnt target
genes.

Here, we show that Wnt signalling inhibits the Notch pathway
and that this crosstalk occurs via Dishevelled. Furthermore, we
demonstrate that DvI2 inhibits Notch signalling in vivo to control
cell-fate specification during Xenopus epidermal development.
Investigation of the mechanism underlying Dishevelled-Notch
crosstalk reveals that Dishevelled limits signalling by all four
vertebrate Notch paralogues. This occurs through inhibition of the
NICD transcriptional activator complex, by binding and reducing
the level of the CSL transcription factor within the nuclear pool of
active transcription factors. Our data also indicate that this crosstalk
mechanism is conserved between vertebrates and invertebrates.
These findings reveal that, in response to Wnt signalling,
Dishevelled inhibits CSL transcription factors to regulate Notch
signalling and cell-fate decisions in vivo.
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MATERIALS AND METHODS

Cell culture

CHO-K1 cells (John Gallagher, Paterson Institute for Cancer Research,
Manchester, UK) were cultured in Ham’s F12 medium with Glutamax
(Invitrogen, Carlsbad, USA), supplemented with 10% FBS [Biowest,
Nuaillé, France], 1% non-essential amino acids, 50 U/ml penicillin and 50
wg/ml streptomycin (Lonza, Basel, Switzerland). HEK 293T and NIH3T3
cells (Anthony Brown, Weill Medical College, Cornell University, New
York, NY, USA) and SHEP neuroblastoma cells (Patrick Mehlen, Centre
Léon Bérard, Lyon, France), were cultured in DMEM (Lonza) supplemented
as above. SHEP/RBPJx-Luc cells are a stable cell line carrying the
p10XRBPJk-Luc reporter vector. Cells were maintained at 37°C in 5% CO,
in a humidified incubator. To inhibit GSK3p, cells were cultured overnight
with 20 mM LiCl or 10 uM SB216763 (Ascent Scientific, Bristol, UK) using
20 mM KCI or DMSO as controls. To inhibit y-secretase, cells were cultured
overnight with 5 puM DAPT (Merck Chemicals, Nottingham, UK) using
DMSO as a control. Control conditioned medium and conditioned medium
containing Wntl were recovered from SHEP cells and Wntl-expressing
SHEP cells cultured in serum-free medium for 24 hours, respectively.

Plasmids, expression constructs and transcriptional reporters

The following plasmids were generous gifts: mWntl/pLNCX (Anthony
Brown, Weill Medical College, Cornell University, New York, USA);
RBPJx/pCMX and VP16-RBPJx/pCMX (Tasuko Honjo, Kyoto University,
Japan); pl0xRBPJk-Luc and pl0xRBPJk-lacZ (Grahame MacKenzie,
Lorantis, Cambridge, UK); AN-hN1-3/pcDNA4 His-Max C (Anne-Marie
Buckle, University of Manchester, UK); mNI1/pcDNA3 (Jeff Nye,
Northwestern University Medical School, Chicago, USA); mN1ICD/pEGFP-
N1 (Vincent Zecchini, University of Cambridge, UK); TOPflash (Louise
Howe, Weill Medical College, Cornell University, New York, USA); NRE
Su(H)-reporter construct, and the Su(H)-VP16/pUAST and Drosophila
Dsh/pMT expression constructs (Sarah Bray, University of Cambridge, UK);
GSK3p K85R (Trevor Dale, Cardiff University, UK); XDvI2- and Ds1-myc
and -GFP expression constructs (Sergei Sokol, Mount Sinai Medical Center,
New York, USA); and hGR-XSu(H)-ANK/pCS2 and XNICD/pCS2 (Nancy
Papalopulu, University of Manchester, UK). mDv12, mB3-catenin, hNotch4
and MAML1 ¢cDNAs were obtained from Geneservice Cambridge, UK
(IMAGE clones 6402000, 5709247, 9021650 and 6407060, respectively).
pRL-CMYV and pGL3-basic were obtained from Promega, pEGFP-N1 and
pGBKT7 were from Clontech (Mountain View, USA), and pcDNA3.1(+)
and pcDNA6V5-his from Invitrogen. All primer sequences are shown in
supplementary material Table S1. The following plasmids were generated in
our laboratory.

AN-mN1/pSecTagNC

The sequence encoding the extracellular juxtamembrane, transmembrane
and intracellular domains of mN1 were cloned as HindIll/Bc/l-digested
PCR product (amplified using the primers N1 5210F and N1 5589R from
the mN1/pcDNA3 template) and a Bcll/EcoRlI restriction fragment of
mN1/pcDNA3. These two fragments were ligated into pSecTagNC
(Brennan et al., 2004) digested with HindlIl/EcoRI.

AN-mN1-GFP/pSecTagNC
AN-mN1-GFP was generated by cloning an Nhel/Sacl fragment from AN-
mN1/pSecTagNC and a Sacl/Notl fragment from mN1ICD/pEGFP-N1 into
pSecTagNC cut Nhel/Notl.

AN-mN1-ANCR/pSecTagNC

AN-mNIANCR was cloned from the AN-mN1/pSecTagNC template as an
Xhol/EcoRI restriction fragment ligated with a BspEl/Xhol-digested PCR
product (amplified using the primers N1 5970F and N1 6400R) into AN-
mN1/pSecTagNC digested with BspEI/EcoRI.

AN-mN1-AC238/pSecTagNC
AN-mN1/pSecTagNC was digested with BspEl/HindIll (blunted) and
ligated into AN-mN1/pSecTagNC BspEl/EcoRI (blunted)

AN-mN1-AC351/pSecTagNC

AN-mN1/pSecTagNC was digested to yield two restriction fragments: (1)
BspEl/Xhol (blunted) and (2) BspHI (blunted)/EcoRI. These two fragments
were ligated into AN-mN1/pSecTagNC (BspEl/EcoRI).

AN-mN1-AC425/pSecTagNC

AN-mN1/pSecTagNC was digested with HindIIl (blunted)/EcoRI and
ligated with a AN-mNI1-ANCR/pSecTagNC BspEl/Xhol(blunted)
restriction fragment into AN-mN1/pSecTagNC (BspEl/EcoRI).

AN-hN4/pSecTagNC

The sequence encoding the extracellular juxtamembrane, transmembrane
and intracellular domains of hN4 were cloned as HindIll/Sacl-digested
PCR product (hNotch4 template and the primers hN4 4357 F and hN4
4563 R) and a Sacl/BamHI restriction fragment of the hNotch4 cDNA
ligated together into HindIIl/BamHI-digested pSecTagNC.

mDvI2/pcDNAGV5-his

mDvI2 ¢cDNA was cloned from pYx-Asc (Geneservice) into pcDNA6VS5-
his as an EcoRI/Sall restriction fragment and a Sall/Xbal-digested PCR
fragment generated using mDvI2 1834F and mDvI2 2331R primers.

AN-mDvI2/pcDNA6V5-his

A HindIll/Sfol-digested PCR fragment generated using T7 and mDvI2 132R
was cloned with a Nael/Xbal-digested PCR fragment generated using mDv12
1654F and BGHR into pcDNA6V5-his digested with HindIII and Xbal.

AC-mDvI2/ pcDNA6V5-his

The EcoRI/Nodl restriction fragment from mDvI2-V5-his was cloned with
A Notl/Xhol-digested PCR fragment generated using mDvI2 793F and
mDvI2 1668R into pcDNA6VS5-his digested with EcoRl/Xhol.

Dsh/pcDNA3.1(+)
A cDNA encoding Dsh was recovered from Dsh/pMT as an Apol
restriction fragment and cloned into pcDNA3.1(+) digested with EcoRI.

mp-catenin/pcDNA3.1myc-hisA

mp-catenin ¢cDNA was cloned from pYx-Asc (Geneservice) into
pcDNA3.1myc-hisA (digested Kpnl/Xhol) as a Kpnl/Sacl restriction
fragment and a Sacl/Xhol-digested PCR fragment using mpB-cat 1914F and
mf-cat 2555R primers.

RBPJk/pEGFP-N1

Two fragments encoding RBPJk were ligated into pEGFP-N1 (Clontech)
digested with EcoRI/Xmal (blunted): (1) RBPJx/pCMX digested with
EcoRI/Kpnl and (2) a PCR fragment using RBPJx BglIIF and RBPJk
BglIIR digested with Kpnl/Bglll (blunted).

VP16-RBPJx-GFP/pcDNA3.1
A Kpnl/Notl fragment from RBPJk/pEGFP-N1 was cloned into VP16-
RBPJx/pcDNA3.1 digested Kpnl/Notl.

XSu(H)-ANK/pCS2
The XSu(H)-ANK encoding sequence was removed from hGR-XSu(H)-
ANK using Clal and Xbal sites and inserted into Clal/Xbal-digested pCS2.

Su(H)-VP16/pcDNA3.1(+)

A cDNA encoding the Su(H)-VP16 fusion protein was recovered from
Su(H)-VP16/pUAST as a Bg/ll/Xbal restriction fragment and cloned into
pcDNA3.1(+) digested with BamHI/Xbal.

MAML-GAL4/pcDNA3.1(+)

A cDNA encoding the GAL4 DNA-binding domain was recovered from
pGBKT7 (Clontech) as a Hindlll/BamHI fragment and cloned into to
pcDNA3.1(+)-digested HindIll/BamHI to generate a GAL4/pcDNA3.1
vector. The MAML1 ¢DNA was introduced into this intermediate vector
(digested Sfil/EcoRI) as a Sfil/Avrll-digested PCR fragment generated
using mMAMLI1 176F and mMAMLI1 548R and an Avrll/4Apol restriction
fragment from the mMMAML1/pYx-Asc IMAGE clone (Geneservice).

GAL4-VP16/pcDNA3.1(+)

A cDNA encoding the GAL4 DNA-binding domain was recovered from
GAL4/pcDNA3.1(+) as a Hindlll/Ncol fragment and cloned with a cDNA
encoding the VP16 transactivation domain [recovered from VP16-
RBPJk/pCMX as a Ncol/Hindlll (blunted) fragment] into pcDNA3.1(+)-
digested HindIll/Xbal (blunted).
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UAS-Luc
A DNA fragment containing the five GAL4 DNA-binding sites and the
hsp70 promoter from pUAST was cloned into pGL3-basic as a Sacl/Bg/ll
fragment.

Site-directed mutagenesis

All point mutations were generated using the QuikChange site-directed
mutagenesis kit (Agilent, La Jolla, USA). See supplementary material
Table S1 for mutagenic primer sequences.

Transfections

Cells were transfected with plasmids using Lipofectamine and Plus reagents
(Invitrogen) and with siRNA using Lipofectamine 2000 (Invitrogen). For
luciferase assays, each well of a 24-well plate was transfected 48 hours
before lysis with a total of 250 ng DNA, including 50 ng of pl0xRBPJk-Luc,
NRE or TOPflash and 20 ng of pRL-CMYV in addition to 12.5-50 ng of each
expression construct. To knockdown mDv12, each well of a 24-well plate was
transfected with 33.3 nM of the siRNA (Sigma-Aldrich, Gillingham, UK)
GGAAGAGAUCUCCGAUGAC (Lee et al., 2008). The Stealth RNAi
siRNA negative control med GC duplex (Invitrogen) was used as a control.
Twenty-four hours later, the cells were transfected with the required plasmids
as above for luciferase assays and lysed after a further 24 hours. For the -
gal reporter assay, cells cultured in a six-well plate were transfected with a
total of 1 ug DNA containing 200 ng of pl0xRBPJx-lacZ, 50 ng of pRL-
CMV and 250-500 ng of each expression construct. For all
immunoprecipitation assays, 500 ng of RBPJkx and mDvI2 constructs were
transfected in a total of 2 ug DNA per 60 mm dish. pcDNA3.1(+) was used
to ensure that the total amount of DNA remained constant.

Ligand co-culture assays

Recombinant Jagged1-Fc protein in PBS (R&D Systems) was bound to
tissue culture plastic for 4 hours. PBS was removed and the dish dried
before addition of cells. Cells were cultured for 24 hours on ligand-coated
plastic before lysis.

Luciferase assays

Cells were washed twice in PBS and lysed by incubation for 20 minutes in
100 pl passive lysis buffer (Promega, Madison, USA) at room temperature.
Luciferase assays were performed using the Dual Luciferase Reporter
assay system (Promega) and a MicroLumatPlus plate reader (Berthold
Technologies, Harpenden, UK). Experiments were performed in triplicate
and the relative luciferase units (RLU) for each data point was normalised
to the mean obtained with AN-mN1, VP16-RBPJx, XSu(H)-ANK or
Su(H)-VP16 alone.

qRT-PCR

Total RNA was extracted using the NucleoSpin RNA II Kit (Macherey
Nagel, Diiren, Germany). Total RNA (1 pg) was reverse-transcribed with
the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, USA). HESI
transcripts were amplified using the LightCycler Tagman DNA Master Kit
and a LightCycler 480 PCR machine (Roche Applied Science). Expression
was normalised to the housekeeping gene HPRTI. o-tubulin and esrl
transcripts were amplified using the Fast SYBR Green Master Mix and a
StepOnePlus Real-Time PCR machine (Applied Biosystems, Invitrogen).
Expression was normalised to the housekeeping gene rpl8. Primers used
are listed in supplementary material Table S2.

Injection of embryos and in situ hybridisation

Xenopus laevis embryos were obtained, dejellied and raised as previously
described (Chalmers et al., 2002). To obtain Xenopus tropicalis embryos,
male and female frogs were primed with 10 and 15 units of pregnant mare
serum gonadotrophin (PMSG), respectively, 12-24 hours prior to ovulation.
Mating was subsequently induced with 50 units of human chorionic
gonadotrophin (hCG) in males and 75 units in females. Capped mRNA for
injection was synthesised using the mMessage mMachine SP6 kit
(Ambion, Invitrogen). Embryos were injected at the two-cell stage with
100 pg lacZ mRNA as a lineage tracer and 10 pg XNICD, 1 ng Xdvi2 or 1
ng Ds1 mRNA. Embryos were fixed in MEMFA [0.1 M MOPS (pH 7.4),
2 mM EGTA, 1 mM MgSOy, 3.7% formaldehyde] at stage 18 (Nieuwkoop

and Faber, 1967) and processed for X-Gal staining and in situ hybridisation
as described previously (Chalmers et al., 2002). The a-tubulin probe was
provided by Eamon Dubaissi (University of Manchester, UK). XtDv12
expression was reduced by injecting 17 ng of the following morpholino
(Gene Tools, Philomath, USA) at the one-cell stage (MODvI2)
ATGACTTTAGTCTCCGCCATCCTGC. A morpholino recognizing
human B-globin was used as a control (MOC) CCTCTTACCTCA-
GTTACAATTTATA. For qRT-PCR analysis, embryos were lysed at stage
12.

Statistical analysis

Normalised luciferase data from at least three independent experiments
were combined and the mean fold change (+s.e.m.) in RLU was calculated.
The data were analysed with two-tailed #-tests and one-way ANOVA and
Tukey’s post-hoc tests using Prism software (GraphPad, La Jolla, USA).
For Xenopus experiments, embryos from independent experiments were
used for the analysis (n>4 for B-gal control, n>10 for experimental
conditions). Ciliated cell precursors were counted within a standard area
over the centre of each side of the embryos. Data are presented as
meanzs.e.m. Precursor count data were analysed using two-tailed paired #-
tests to compare the uninjected and injected sides of each embryo. Two-
way ANOVA with Bonferroni’s post-hoc tests were used to compare
injected sides from different treatments. Morpholino data were analysed by
one-way ANOVA with Tukey’s post-hoc tests (n>14).

Fractionation

Active transcription factors were enriched and separated from inactive
transcription factors and chromatin by separation of the soluble nuclear
fraction from the extraction-resistant fraction, as described (Schreiber et
al., 1989) with the following adaptations: after washing with PBS, cells
were detached in trypsin (Lonza) and centrifuged at 1500 g for 15 seconds;
buffers A and C contained 1X Protease inhibitor cocktail (PIC) (Merck
Chemicals), phosphatase inhibitors 10 mM NaF and 1 mM NaVO, and
lacked DTT. For the total nuclear extract, the nuclear pellet was sonicated
in sample buffer [S0 mM Tris-Cl (pH 6.8), 100 mM DTT, 2% SDS, 0.1%
bromophenol blue, 10% glycerol].

Western blotting

Total cell lysis and subsequent immunoblotting were performed as
described (Stylianou et al., 2006). Primary antibodies used are listed in
supplementary material Table S3.

Immunoprecipitation

Cells were washed in PBS and lysed in 500 pl immunoprecipitation lysis
buffer (1% NP-40, 10% v/v glycerol, 1X PIC, 1X PBS). Lysate was
clarified by centrifugation at 21,000 g for 10 minutes at 4°C. For the
immunoprecipitation of GFP-fusion proteins, GFP-Trap A beads
(Chromotek, Martinsried, Germany) were used. For all other proteins, the
immunoprecipitating antibody was bound to Dynabeads (Invitrogen). To
immunoprecipitate proteins from the nuclear fraction, cells were lysed on
ice for 30 minutes in 10 mM Tris-Cl (pH 7.5), 150 mM NacCl, 0.5 mM
EDTA, 0.5% NP40, 1X PIC. Nuclei were isolated by centrifugation at
1500 g for 10 minutes at 4°C and resuspended in 10 mM Tris-Cl (pH 7.5),
0.5 mM EDTA, 0.5% NP40, 1X PIC, 1 pug/ul DNasel) (Sigma-Aldrich)
and agitated for 10 minutes at 4°C. NaCl was added to final concentration
of 150 mM and the sample incubated at 4°C for 30 minutes. The soluble
fraction was then added to antibody-coated Dynabeads.

Immunofluorescence

Cells cultured on coverslips were fixed in 4% formaldehyde for 10 minutes
at room temperature. Following washing, coverslips were incubated with
primary antibody diluted 1:100 in blocking solution [3% goat serum
(Biosera, Sussex, UK), 0.1% Triton-X100 in TBS] in a humidified chamber
for 1 hour, washed and incubated with Alexa488-conjugated or Alexa594-
conjugated secondary antibody (Invitrogen) (1:400) and Hoechst (Sigma-
Aldrich) (1:10,000) in blocking solution. Coverslips were mounted with
Prolong anti-fade medium (Invitrogen). Images were captured with LAS
AF confocal software using a TCS SP5 inverted confocal microscope
(Leica, Milton Keynes, UK).
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RESULTS

Dishevelled inhibits Notch signalling activity

To determine whether Wnt signalling inhibited Notch pathway
activity in mammalian cells, we established a reporter gene assay
using a SHEP cell line that stably carried an RBPJk-dependent
luciferase reporter. We activated endogenous Notch receptors with
immobilised recombinant JAG1-Fc (supplementary material Fig.
S1). To activate Wnt signalling, SHEP-RBPJxk-Luc cells were either
transfected with a Wntl expression construct, or treated with
conditioned medium from Wntl-expressing cells. Compared with
control cells, those expressing Wntl or treated with Wntl-
conditioned medium exhibited significantly reduced Notch signalling
activity (Fig. 1A; supplementary material Fig. S1). Furthermore, the
expression of the endogenous Notch target gene HES! in JAG1-Fc-
treated SHEP-RBPJx-Luc cells was reduced when the cells
expressed Wntl or were treated with Wntl-conditioned medium
(Fig. 1B; supplementary material Fig. S1). These data demonstrate
that ligand-induced Wnt signalling can inhibit the endogenous Notch
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Fig. 1. Wnt signalling inhibits Notch activity via Dishevelled.
(A,B) Wnt inhibits endogenous Notch signalling. Control or Wnt1-
expressing SHEP-RBPJk-Luc cells were cultured on immobilised JAG1-Fc
and Notch signalling was analysed by luciferase assays or gRT-PCR for
the endogenous target Hes?. Data are presented as mean fold change
(xs.e.m.) in relative luciferase units (RLU) (A) or HEST expression
normalised to HPRT1 (B), relative to control cells. Notch-induced
luciferase and HEST expression were significantly lower in Wnt1-
expressing cells (two-tailed t-test, n=3). (C-E) Wnt signalling limits
Notch-dependent transcriptional activity at the level of Dishevelled.
CHO-K1 (C,D) and NIH3T3 (E) cells were transfected with the RBPJxk-
reporter construct (RBPJx-Luc) and a Renilla luciferase control construct
(pRL-CMV). Notch signalling was activated by AN-mN1 expression. Data
are presented as mean fold change (xs.e.m.) in RLU compared with AN-
mN1 alone. (C) Wnt signalling was activated by expressing m\Wnt1,
mDvI2 and S45F mB-catenin (B-cat). Wnt1 and DvlI2 significantly
inhibited Notch activity, whereas B-catenin did not (one-way ANOVA
and Tukey’s post-hoc tests, n=3). (D) Cells were treated with 20 mM
LiCl or 10 uM SB216763 (SB) to inhibit GSK3[. Untreated cells (-) and
control treatments of 20 mM KCl and DMSO are shown. None of the
treatments significantly inhibited Notch activity (one-way ANOVA and
Tukey's post-hoc tests, n=3). (E) Wnt1 was expressed in cells that had
been previously transfected with an siRNA construct that recognises
mDvl2. Dishevelled was required for Wnt-induced inhibition of Notch
signalling (two-tailed t-test, n=3) (ns, P>0.05; *P<0.05; ***P<0.001).

pathway in mammalian cells, extending previous observations from
Drosophila (Axelrod et al., 1996; Rulifson et al., 1996; Brennan et
al., 1999; Ramain et al., 2001; Strutt et al., 2002; Mufioz-Descalzo
et al., 2010; Capilla et al., 2012).

To understand molecularly which point of the Wnt pathway
inhibits Notch activity, we activated Wnt signalling at different levels
by expressing Wntl or the downstream components mDvI2 and
S45F B-catenin (a stabilised form of B-catenin) (Vécsey-Semjen et
al., 2002). Notch signalling was initiated by expressing a
constitutively active form of mouse Notch1 (AN-mN1) (Mizutani et
al., 2001) and monitored by co-transfection with the RBPJk-
luciferase reporter construct. The expression of Wntl or Dvl2
significantly reduced AN-mN1 transcriptional activity, whereas S45F
B-catenin did not (Fig. 1C). We confirmed the ability of DvI2 to
inhibit Notch signalling by repeating the JAG1-Fc-induced reporter
assay with SHEP-RBPJk-Luc cells (supplementary material Fig. S1).
As Dishevelled activates B-catenin signalling by disrupting GSK3f
activity (MacDonald et al., 2009); we examined whether blocking
GSK3p function with LiCl or SB216763 inhibited Notch signalling.
Neither the inhibitors nor the expression of a dominant-negative
GSK3B (GSK3B K85R) (Fraser et al., 2002) attenuated Notch
activity (Fig. 1D; supplementary material Fig. S2, S3). Last, to
confirm that the Wnt-induced inhibition of Notch signalling is
mediated by Dishevelled, we repeated the Notch reporter assay in
cells transfected with an siRNA construct that targets mDvI2 (Lee et
al., 2008). Wntl had no effect on Notch signalling in the absence of
DvI2 (Fig. 1E). Together, these data clearly place the point of
crosstalk upstream of GSK3 at the level of Dishevelled and indicate
that the crosstalk is independent of Wnt-induced transcription, as
S45F B-catenin activates Wnt transcriptional activity to the same
extent as mDvI2 (supplementary material Fig. S2).

Dishevelled regulates Notch signalling during cell
fate decisions in vivo

Having established that Dishevelled inhibited Notch signalling in
cultured cells, we then wanted to determine whether Dishevelled/
Notch crosstalk affected cell fate decisions in vivo. The epidermis
of the Xenopus embryo contains ciliated cells whose precursors are
regularly spaced throughout the outer layer by a Notch-mediated
lateral inhibition signal (Deblandre et al., 1999). The initial
specification of these precursors is not altered by expressing B-
catenin to activate downstream Wnt signalling (Ossipova et al.,
2007).

We first examined whether Dishevelled was required for
regulating Notch signalling during normal development. Embryos
were injected at the one-cell stage with either a XDv12 (MODvI12)
morpholino to knock down XtDv12 expression or a control (MOC)
morpholino. Ciliated cell precursors were detected at stage 18 by
the expression of o-tubulin using whole-mount in situ hybridisation
(Deblandre et al., 1999), and the precursor number within a
standard region over the central section of the embryo was
quantified (Fig. 2D, see inset). MOC-injected embryos displayed
no difference in the number or spacing of precursors, compared
with uninjected controls (Fig. 2A,B,D) (P>0.05, n>14). By
contrast, MODvI2-injected embryos showed fewer precursors with
increased spacing when compared with either the uninjected or
MOC-injected embryos (Fig. 2A-D) (P<0.001, n>19). We
confirmed the reduction in o~tubulin expression by qRT-PCR and
found that the Notch target gene esr1 gene was also increased (Fig.
2E). These results suggest that knock-down of XDvI2 increases
endogenous Notch signalling and thereby reduces the number of
ciliated cell precursors.
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Fig. 2. Dishevelled regulates Notch-dependent cell fate decisions in vivo. (A-C) XDvl2 is required to regulate Notch signalling during
development. Xenopus tropicalis embryos were injected at the one-cell stage with control morpholino (MOC) or one targeting Xdv/2 (MODVI2).
Ciliated cell precursors were detected by o-tubulin expression (purple staining). (D) Precursors were counted within a box of standard area drawn
over the centre of each embryo (see inset). Data are presented as mean number of precursors counted (xs.e.m.). Uninjected (Ul) and MOC embryos
were indistinguishable (A,B), whereas MODvI2 embryos exhibited a significant reduction in precursor number (C) (one-way ANOVA with Tukey’s
post-hoc tests). (E) gRT-PCR analysis of a-tubulin and esr1 expression in MOC and MODvI2 embryos. Expression was normalised to rp/8. Data are
presented as mean fold change (xs.e.m.) in normalised expression values relative to uninjected embryos. esr1 expression was significantly increased
in the MODvI2 embryos (two-tailed t-test, n=3). (F-I') XDvI2 expression inhibits endogenous Notch signalling and rescues the NICD gain-of-function
phenotype. Xenopus laevis embryos were injected in one blastomere of the two-cell embryo with mRNA encoding B-gal (F,F’), B-gal and XDvI2
(G,G’), B-gal and XNICD (H,H’), or B-gal, XNICD and XDvl2 (1,I). (J) Ciliated cell precursors were quantified as above (see D). X-Gal staining was
performed to distinguish the injected side (pale red). Images of the uninjected and injected sides of the same embryo are shown. XDvI2 promoted
(G") and XNICD inhibited (H’) ciliated cell precursor specification (two-tailed paired t-test). XDvI2 completely rescued the XNICD phenotype (I') and
there was no significant difference between the uninjected sides of any condition, and the B-gal or XNICD + XDvI2 expressing sides (two-way
ANOVA and Bonferroni’s post-hoc test). (K) gRT-PCR analysis of o~tubulin and esr1 expression in embryos expressing GFP or XDvI2 conducted as
above (see E). esr1 expression was significantly decreased in XDvI2-expressing embryos (two-tailed t-test, n=3). Scale bars: 500 um in A-C,F-I".

**P<0.01; ***P<0.001; ns, P>0.05.

We next wanted to determine whether increased XDvI2
expression results in the converse Notch loss-of-function
phenotype. Embryos were injected in one blastomere of a two-
cell stage embryo with Xdvi2 mRNA and a lacZ tracer, or tracer
alone. The injected side was then compared with the uninjected
control side for each embryo. Injection of the /acZ tracer had no
effect on precursor specification (P>0.05, n=4) (Fig. 2F,F’,J).
However, expression of XDvl2 significantly increased precursor
number, indicating that XDvl2 inhibited endogenous Notch
signalling (P=0.0024, n=10) (Fig. 2G,G',J). qRT-PCR analysis
also demonstrated a gain in a-tubulin expression and a reduction
of the Notch target esr/ (Fig. 2K). To confirm the inhibition of
Notch signalling by Dishevelled, we investigated whether XDv12
could rescue a Notch gain-of-function phenotype. Notch
signalling was activated by injection of XN/CD mRNA. XNICD
caused a severe reduction in the number of precursors (P<0.001,
n=10) (Fig. 2H,H'J; supplementary material Fig. S4) (Deblandre
et al., 1999). Strikingly, co-injecting Xdv/2 mRNA with XNICD
mRNA rescued this Notch gain-of-function phenotype, with
most of the epidermis being indistinguishable from the
uninjected control side (P>0.05, »=11) (Fig. 2LI'.J;
supplementary material Fig. S4). Together, these data show
clearly that Dishevelled regulates Notch signalling in vivo during
Xenopus development.

Dishevelled inhibits all four Notch paralogues

The effect of crosstalk between Notch and other signalling
pathways can vary depending on the Notch paralogue analysed
(Foltz et al., 2002; Dahlqvist et al., 2003; Espinosa et al., 2003; Sun
et al., 2005; Beres et al., 2011). We therefore investigated whether
Dishevelled could inhibit each one of the four Notch receptors.
Notch signalling was activated by expressing constitutively active
forms of the human Notch paralogues (AN-hN1-4). We found that
Dv12 inhibited the activity of each construct (Fig. 3A),
demonstrating that Dishevelled/Notch crosstalk results in pan-
Notch inhibition and most likely targets a step in the signal
transduction mechanism that is common to all four receptors.

In Drosophila, it has been proposed that the region C-terminal
to the Ankyrin repeats of Notch physically interacts with
Dishevelled (Axelrod et al., 1996; Ramain et al., 2001; Strutt et al.,
2002; Mufioz-Descalzo et al., 2010). To formally test whether the
C terminus of mNotchl is required for inhibition by Dishevelled,
we generated deletion constructs: AN-mN1-AC238, -AC351 and
-AC425. These mutants lack progressively more of the C terminus
such that AN-mN1-AC425 lacks all the protein sequence C-
terminal to the Ankyrin repeats (supplementary material Fig. S5).
Using the RBPJx-luciferase reporter assay, we found that none of
these Notch deletions prevented the inhibition of signalling by
Dishevelled (supplementary material Fig. S5). This result indicates
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that Dishevelled inhibited Notch independently of the C terminus,
suggesting a distinct crosstalk mechanism than that previously
suggested (Axelrod et al., 1996; Ramain et al., 2001; Strutt et al.,
2002; Muioz-Descalzo et al., 2010).

Dishevelled does not prevent the release or
nuclear translocation of NICD

V-Secretase is required for the cleavage of all four Notch paralogues
to release the intracellular domain, which subsequently translocates
to the nucleus to initiate transcription (Mizutani et al., 2001). Using
a y-secretase cleavage-specific Notchl antibody (NICD Vall1744),
we investigated whether Dishevelled could inhibit N1ICD release
from AN-mN1. A lacZ transcriptional reporter (RBPJk-/lacZ) was
co-transfected to monitor Notch signalling. Surprisingly, we found
that NICD Vall744 reactivity increased with Dv12 expression, even
as signalling was inhibited (Fig. 3B, compare lanes 2 and 4). This
accumulation demonstrated that the cleavage of NICD was not
inhibited by DvI2.

This led to the possibility that Dvl2 might prevent NICD from
translocating to the nucleus following release by 7y-secretase
cleavage. To address this hypothesis, cells were transfected with
constructs encoding AN-mN1-GFP and DvI2-V5 and subjected to
immunofluorescence. N1ICD was detected in the nucleus of cells
when AN-mN1-GFP was expressed alone or in combination with
DvI2 (Fig. 3C, i and ii), suggesting that DvI2 did not inhibit nuclear
translocation of NICD. Contrastingly, DAPT treatment to inhibit y-
secretase function prevented N1ICD nuclear translocation (Fig. 3C,
part iii). Moreover, when AN-mN1- and DvI2-expressing cells were
fractionated, NICD Vall744 reactivity was increased in the nuclear-
enriched fraction (Fig. 3D). Together, these data indicate that
Dishevelled did not inhibit Notch signalling by preventing nuclear
translocation of NICD.

The accumulation of NICD within the nucleus concomitantly
with an inhibition of signalling can be explained by the lack of
transcription-coupled degradation of NICD. When NICD forms an
active transcriptional complex with RBPJk and the co-activator
MAML, it is phosphorylated by CDKS8 and targeted for
proteosomal degradation (Fryer et al., 2002; Fryer et al., 2004).
This limits the duration of the Notch response by terminating the
signal once transcription of target genes is initiated. We therefore
reasoned that the accumulation of cleaved NICD observed
following DvI2 expression might represent the failure to form a
functional NICD/RBPJk/MAML transcriptional complex. This
would explain the accumulation of NICD molecules that are unable
to activate signalling.

Dishevelled inhibits Notch signalling at the level
of RBPJx downstream of NICD

As RBPJk and MAML are required for NICD activity, we
addressed whether Dishevelled affected either of these proteins. We
first investigated whether Dvl2 inhibited MAML-mediated
transcriptional activation or reduced the expression of MAML
proteins, but found neither of these to be the case (supplementary
material Fig. S6). Consequently, we examined whether DvI2 could
inhibit RBPJx. Given CSL transcription factors act as repressors in
the absence of Notch (Bray, 2006), we used an activated form of
RBPJx (VP16-RBPJx) (Kato et al., 1997) to mimic the active
NICD/RBPJk/MAML transcriptional complex. We found that DvI2
significantly inhibited VP16-RBPJx activity, similar to its effect on
AN-mN1 (Fig. 4A), suggesting that Dishevelled inhibited RBPJx
downstream of active Notch proteins. To establish whether Dv12
inhibition of RBPJx was independent of NICD, we used a VP16-
RBPJxk molecule that carries a point mutation (K275M) to abolish
the RBPJk/NICD interaction (Fuchs et al., 2001). DvI2 inhibited
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Fig. 4. Dishevelled inhibits RBPJx downstream of Notch.

(A-D) CHO-K1 cells were transfected with RBPJk-Luc (A,C,D) or NRE
Su(H)-Luc (B) and pRL-CMV. Notch and Wnt signalling were activated
by co-expression of AN-mN1 or an active form of RBPJx, VP16-RBPJk
and mDvI2 (A), XSu(H)-ANK and XDvl2 (B), or VP16-RBPJk, Su(H)-VP16,
mDvI2 and Drosophila Dsh (C,D), as indicated. Data are presented as
mean fold change (xs.e.m.) in RLU relative to each Notch pathway
component alone. (A) mDvI2 inhibited both AN-mN1 and VP16-RBPJx
similarly. (B) XDvI2 inhibits XSu(H)-ANK. (C,D) Drosophila Dsh and
mDVI2 inhibited VP16-RBPJk (C) and Su(H)-VP16 (D). ***P<0.001, one-
way ANOVA and Tukey's post-hoc test, n>3.

the transcriptional activity of both VP16-RBPJk and VP16-RBPJk-
K275M (supplementary material Fig. S7), demonstrating that
Dishevelled could inhibit RBPJk independently of NICD.

To determine whether this DvI-RBPJx crosstalk was conserved
across species, the effect of XDvl2 on the Xenopus CSL
orthologue, and Drosophila Dsh on the Drosophila CSL orthologue
was examined. Signalling was activated in luciferase reporter
assays with VP16-RBPJk, XSu(H)-ANK [a constitutively-active
fusion of XSu(H) to the Notch Ankyrin repeats (Wettstein et al.,
1997)] or Su(H)-VP16 [an activated form of the Drosophila CSL
orthologue (Furriols and Bray, 2000)]. Expression of XDvI2
significantly inhibited XSu(H)-ANK activity (Fig. 4B), whereas
Drosophila Dsh was able to inhibit VP16-RBPJx to the same
extent as mDvI2 (Fig. 4C). Moreover, we found that both
Drosophila Dsh and mDvl12 inhibited Su(H)-VP16 activity (Fig.
4D). Together, these results suggest that the novel Dishevelled-CSL
crosstalk we have identified is conserved between vertebrate and
invertebrate homologues. Moreover, Dishevelled must regulate a
key property of CSL proteins, as CSL transcriptional activity was
inhibited irrespective of the method used to activate the CSL
molecule [Notch ligand (Fig. 1A-B; Fig. 2G-G';), active Notch
proteins (Fig. 1C; Fig. 2H,I; Fig. 3A,B) or fusion to different
exogenous activation sequences (Fig. 4)].

Dishevelled binds RBPJx and reduces RBPJx
activity

As Dishevelled did not appear to prevent the nuclear localisation
of RBPJk (supplementary material Fig. S7), we investigated
whether mDvI2 could physically bind RBPJx. Using GFP-tagged
RBPJx in a co-immunoprecipitation assay, we detected DvI2-myc

specifically in the immunoprecipitates from RBPJk-GFP-
expressing cells (Fig. 5A). This interaction was independent of the
epitope tags used, as VP16-RBPJk also bound to mDvI2-V5 in a
reciprocal co-immunoprecipitation (supplementary material Fig.
S7). Furthermore, a physical interaction between XDvI2-GFP and
XSu(H)-ANK-myc was also detected (Fig. 5B). To confirm that the
interaction is independent of NICD, we repeated the
immunoprecipitations in the presence of DAPT to inhibit y-
secretase function and therefore NICD translocation to the nucleus
(Fig. 3C, part iii; Fig. 5C), and with the VP16-RBPJx-K275M
mutant that cannot interact with NICD (supplementary material
Fig. S7). The interaction between DvI2 and RBPJx was still
observed in both conditions. Together, these data support a model
whereby Dishevelled binds and inhibits CSL proteins
independently of NICD, which limits the transcriptional activity of
the NICD/CSL/MAML complex.

To confirm the binding of Dvl2 and RBPJx, we investigated
the interaction between endogenous proteins within the nucleus.
Using an antibody recognising Dvl2, we could co-
immunoprecipitate RBPJx from a soluble, nucleosol-enriched
fraction (Fig. 5D). As the nucleosol-enriched fraction contains
active transcription factors (Schreiber et al., 1989), we next
examined whether Dishevelled reduced the level of RBPJx
within the active pool. We found that Wntl or DvI2 expression
reduced VP16-RBPJx levels within this nuclear fraction (Fig.
SE,F). More importantly, Wntl expression also decreased
endogenous RBPJk within the same fraction (Fig. 5G). Together
these results suggest that Dishevelled inhibits Notch signalling
by reducing the amount of RBPJk within the nuclear fraction
that contains active transcription factors.

The DIX and PDZ domains of Dishevelled are
required for RBPJx inhibition

To further dissect the mechanism by which Dvl inhibits RBPJk, we
aimed to define the region of Dvl necessary for this activity.
Dishevelled proteins contain three characterised domains (Fig. 6A);
the DIX (Dishevelled, Axin), PDZ (PSD95, Discs, large ZO-1) and
DEP (Dishevelled, EGL-10, Pleckstrin) domains, as well as short
regions of homology within the C terminus (Wallingford and
Habas, 2005). To determine which area of the Dv12 molecule was
required, two deletion constructs were generated: AN-mDvI2 and
AC-mDvI2 (Fig. 6A). AN-mDvI2 contains the regions of homology
within the C-terminal half and lacks the domains within the N
terminus. AC-mDvI2 lacks the C-terminal region but contains the
DIX, PDZ and DEP domains. Using AN-mN1 to activate Notch
signalling in a luciferase reporter assay, we determined that AN-
mDvI2 had no effect on Notch activity, whereas AC-DvI2 inhibited
signalling similarly to full-length Dv12 (Fig. 6B). This suggests that
the conserved sequence within the C-terminal half of Dishevelled
is not required to inhibit Notch signalling.

To substantiate this result, we expressed an N-terminal deletion
construct of XDv12, Ds1 [which lacks the DIX and PDZ domains
(Fig. 6A) (Itoh et al., 2005)] in Xenopus embryos to determine its
effects on endogenous Notch signalling in vivo during ciliated cell
precursor specification. Expression of XDv12 increased the number
of precursors (P<0.001, n=14) (Fig. 6C,C’,E), whereas Ds1 had no
effect on precursor specification (P>0.05, n=13) (Fig. 6D,D’,E).
This result demonstrates that the N-terminal DIX and PDZ
domains are required to inhibit XSu(H)-dependent Notch signalling
in vivo. In keeping with this result, full-length XDv12, but not Ds1,
was able to inhibit XSu(H)-ANK activity in a luciferase reporter
assay (Fig. 6F). Finally, we tested whether the inability of Ds1 to
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inhibit Notch/XSu(H) signalling was due to reduced binding to
XSu(H). We expressed either XDvI2-GFP or DsI-GFP with
XSu(H)-ANK-myc and performed an immunoprecipitation with a
GFP antibody. Compared with full-length XDvI2-GFP, we found
that Ds1-GFP showed greatly reduced binding to XSu(H)-ANK-
myc (Fig. 6G). Together, these data illustrate the N-terminal region
of Dishevelled is required to bind and inhibit XSu(H) and thereby
limit Notch signalling in vivo.

DISCUSSION
Here, we have shown that ligand-induced Wnt signalling not only
activates downstream [3-catenin signalling but also limits the Notch
pathway through Dishevelled-mediated inhibition of RBPIJx.
Moreover, we have elucidated the underlying mechanism of Notch
inhibition showing that Dv12 binds to CSL proteins to reduce their
level within the active transcription factor pool. We also
demonstrate that Dishevelled-CSL crosstalk is evolutionarily
conserved. Thus, this study identifies a novel mode of inhibitory
crosstalk between Wnt and Notch, and provides the first evidence
of CSL transcription factors being a target for signalling crosstalk.
A recent analysis of how Notch interacts with other
developmental signalling pathways shows that the points of
crosstalk uncovered thus far predominantly affect individual Notch
receptors or concern the regulation of shared target genes (Hurlbut
et al., 2007). By contrast, crosstalk between Dishevelled and CSL
transcription factors targets the key node of the Notch pathway
found downstream of all four Notch receptors and ensures all
Notch signalling is inhibited. This makes Dishevelled-CSL
crosstalk a powerful means with which to limit Notch signalling
and reveals a new paradigm of Notch regulation. Mechanistically,
Dishevelled has been shown to act as a key molecular scaffold that
regulates diverse processes such as the internalisation of Frizzled
receptors (Yu et al., 2007), stabilisation of aPKC activity (Zhang et
al., 2007), ubiquitylation of the polarity protein Pricklel
(Narimatsu et al., 2009) and the formation of transcriptional
complexes (Gan et al., 2008). We speculate that Dishevelled may
also be acting as a scaffold to regulate CSL activity.

The dual role of Dishevelled as an activator of downstream
Whnt signalling and an inhibitor of Notch activity places it in a
key position to regulate cell-fate decisions in which Wnt and
Notch have opposing effects. This antagonism is often seen in
the cell-fate decisions made by individual cells with Wnt
signalling promoting the adoption of one cell fate and Notch
another. For example, in both the skin and mammary gland, Wnt
signalling promotes the maintenance of the stem cell fate
whereas Notch signalling promotes lineage commitment and
differentiation (Zhu and Watt, 1999; Lowell et al., 2000; Bouras
et al., 2008; Zeng and Nusse, 2010). In this case, the inhibition
of Notch signalling by Dishevelled would help to maintain the
stem cell population. The Notch and Wnt pathways also have
opposing effects at later steps within a cell lineage. For example,
Notch and Wnt signalling influence terminal differentiation
within the intestinal epithelium, with Notch activity biasing cells
towards the absorptive fate and Wnt signalling favouring
secretory cell differentiation (Fre et al., 2005; Stanger et al.,
2005; van Es et al., 2005b; van Es et al., 2005a). In each of these
cases, a clear distinction between a Notch response and Wnt
response is vital for appropriate and robust cell-fate decisions to
occur. Inhibitory crosstalk, such as inhibition of Notch/CSL by
Dishevelled, reinforces these binary decisions.

Within a single lineage, the temporal transition from a state of
Notch-ON/Wnt-OFF to Wnt-ON/Notch-OFF is also crucial for
progression from precursor to terminally differentiated cell. A clear
example of this requirement is during early embryonic myogenesis
and in muscle repair in the adult (Brack et al., 2008; Rios et al.,
2011). Here, an initial peak of Notch signalling is required to
trigger the differentiation programme of progenitors and to expand
the muscle progenitor pool prior to terminal differentiation.
However, this Notch signal must be shut off and Wnt signalling
must then be activated for terminal differentiation to occur
appropriately. If this temporal switch does not occur and the Notch
signal is maintained, then proper myogenesis fails to occur (Rios
et al., 2011), even in the presence of active Wnt signalling (Brack
et al., 2008). The dual role of Dishevelled in activating Wnt
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alongside total lysates. Positions of molecular weight markers (in kDa) are shown. Scale bar: 500 um. **P<0.01; ***P<0.001; ns, P>0.05.

signalling while preventing concurrent Notch activity ensures a
Wnt-ON/Notch-OFF output. This maximises the distinction
between Wnt-ON and Notch-ON responses which is vital for
ensuring regulated transitions between cell states within a lineage.

In addition to ensuring that different cell types are produced with
the appropriate number and timing, Wnt/Notch interactions are also
required for the correct positioning of Notch activity within a
tissue. This occurs during the segmentation of the vertebrate
hindbrain into rhombomeres (Cheng et al., 2004; Amoyel et al.,
2005) and the specification of the dorsal (D) and ventral (V)
compartments in the developing Drosophila wing (de Celis et al.,
1996; Rulifson et al., 1996; Micchelli et al., 1997; Klein and Arias,
1998; Micchelli and Blair, 1999). In both cases, Notch signalling

is activated in the cells that make up the boundary between
compartments. These boundary cells then produce Wnt proteins
that orchestrate the growth and patterning of the adjacent
compartments. Within the developing Drosophila wing, Notch
signalling is initially activated in a broad stripe at the D/V
boundary, or wing margin. This induces the expression of the Wnt
protein Wingless, which refines this stripe of Notch activity in two
ways. Wingless signalling maintains Notch ligand expression in the
cells that flank the margin so that they can signal back to the
margin cells and maintain Notch activity (Micchelli et al., 1997).
Wingless also inhibits Notch signalling in the cells outside of the
margin through direct crosstalk that requires Dishevelled but not
Armadillo (the Drosophila B-catenin homologue) (Rulifson et al.,
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1996; Brennan et al., 1999). Our data now suggest that
Dishevelled-Su(H) crosstalk may contribute to this refinement of
Notch activity.

Finally, the importance of proper regulation of the Notch and
Whnt pathways is highlighted by aberrant Notch and Wnt signalling
being linked to various human pathologies, including many
cancers. Significantly, it has been shown that interactions between
the pathways play a causative role in several of these conditions
(Ayyanan et al., 2006; Rodilla et al., 2009). Thus, the results
presented here will inform our understanding of how
developmental mechanisms may be subverted in disease. For
example, disease initiation or progression may be reliant on Wnt
activation with the concomitant inhibition of Notch signalling
mediated by crosstalk. Furthermore, treating a disease by limiting
Wnat signalling at the level of the ligand may lead to detrimental
activation of the Notch pathway, as Dishevelled-Notch/CSL
crosstalk would also be lost; in this case, an inhibitor of the Wnt
transcriptional response may be a better therapeutic tool (Chen et
al., 2009; Gonsalves et al., 2011). Finally, the mimicking of
inhibitory crosstalk also opens new avenues for therapeutic drug
development by offering the promise of specificity in targeting
signalling pathways.
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