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Tissue-specific derepression of TCF/LEF controls
the activity of the Wnt/b-catenin pathway
Fu-I Lu1,2,*, Yong-Hua Sun3,4,*, Chang-Yong Wei4,5, Christine Thisse1,3 & Bernard Thisse1,3

Upon stimulation by Wnt ligands, the canonical Wnt/b-catenin signalling pathway results in

the stabilization of b-catenin and its translocation into the nucleus to form transcriptionally

active complexes with sequence-specific DNA-binding T-cell factor/lymphoid enhancer

factor (TCF/LEF) family proteins. In the absence of nuclear b-catenin, TCF proteins act as

transcriptional repressors by binding to Groucho/Transducin-Like Enhancer of split (TLE)

proteins that function as co-repressors by interacting with histone deacetylases whose

activity leads to the generation of transcriptionally silent chromatin. Here we show that the

transcription factor Ladybird homeobox 2 (Lbx2) positively controls the Wnt/b-catenin

signalling pathway in the posterior lateral and ventral mesoderm of the zebrafish embryo at

the gastrula stage, by directly interfering with the binding of Groucho/TLE to TCF, thereby

preventing formation of transcription repressor complexes. These findings reveal a novel level

of regulation of the canonical Wnt/b-catenin signalling pathway occurring in the nucleus and

involving tissue-specific derepression of TCF by Lbx2.
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T
he canonical Wnt/b-catenin signalling pathway plays a
variety of crucial roles during development, regeneration
and carcinogenesis1. Extensive analyses of the mechanisms

regulating its activity have shown that Wnt signalling acts by
stabilizing the transcription co-activator b-catenin by preventing
its phosphorylation-dependent degradation2,3. In the absence of
Wnt signals, b-catenin is degraded in the cytoplasm via the
ubiquitin-proteasome pathway. The T-cell factor (TCF)
transcription factor binds to DNA and functions as a
transcriptional repressor by binding to members of the
Groucho (Gro)/TLE family4–7, which interact with histone
deacetylases8 whose activity maintains the chromatin in a
transcriptionally inactive state. Upon Wnt stimulation, a
cascade of events is initiated that results in the translocation of
b-catenin into the nucleus, where it binds to TCF and promotes
formation of transcriptionally active complexes3,7. Currently,
Wnt/b-catenin signalling is thought to be controlled by the
amount of b-catenin translocated into the nucleus3, where its
activity is modulated by interaction with specific co-activators
and specific nuclear antagonists7,9.

In this report, we show that the homeobox gene ladybird
(lbx2), which is present at the gastrula stage in territories adjacent
to the Wnt8a expression domain, is essential for the activity of the
canonical Wnt/b-catenin signalling pathway in ventral and lateral
mesodermal cells. Loss of Lbx2 function mimics Wnt8a
morphant/mutant phenotype, while gain of function of Lbx2
enhances activity of the canonical Wnt/b-catenin signalling
pathway resulting in the posteriorization of the embryo. This
enhancement does not result from nuclear accumulation of
b-catenin in cells of the anterior part of the embryo but from a
derepression of TCF through the sequestration of the
co-repressor Gro by Lbx2. This shows that the regulation of the
Wnt/b-catenin signalling pathway is not restricted to the well-
characterized control of the balance between degradation and
stabilization/nuclear translocation of b-catenin but that the level
of co-repression of TCF by Groucho proteins is tightly controlled.
In this context, the Lbx2 transcription factor, in the nonaxial
mesoderm (that is in territories adjacent to the source of Wnt
expression from blastula to early somitogenesis), promotes the
transcription of Wnt/b-catenin target genes through the attenua-
tion of the Gro/TLE co-repressing activity. Altogether this study
identifies a novel level of regulation of the Wnt/b-catenin
signaling and establishes that the transcriptional repression of
this pathway is an active and tightly regulated process.

Results
Lbx2 and Wnt8a loss- and gain of function are very similar.
Lbx2, one of three lbx genes identified in zebrafish10, is the first
lbx gene to be expressed during development11. Transcripts of
this gene accumulate during gastrulation and early somitogenesis,
in the segmental plate as well as in the ventral mesoderm in
territories adjacent to and partially overlapping with wnt8a
(Fig. 1a–h), suggesting that lbx2 may be involved in the regulation
of the Wnt/b-catenin signalling pathway. We investigated this
hypothesis by performing loss- and gain-of-function experiments.
Lbx2 morpholino knockdowns (MO-KD) result in embryos
displaying, at the beginning of somitogenesis, an elongated shape
characteristic of a dorsalization phenotype (Fig. 1i,j). At 24 h
post fertilization (hpf), lbx2 morphants lack ventral and posterior
portions of the trunk and tail (Fig. 1k,l), a phenotype
also observed for wnt8a loss of function12 (Fig. 1m).
This dorsalization phenotype was confirmed by using specific
molecular markers that reveal the disappearance of the
ventral and lateral margin (Fig. 1n,o) and of the presumptive
epidermis (Fig. 1p,q). Finally, the expression of chordin, the

main antagonist of the Bone Morphogenetic Proteins
(morphogens that specify ventral and lateral cell fates), extend
into the posterior lateral and ventral mesoderms at gastrula stages
in both lbx2 (Fig. 1r–t) and wnt8a (Fig. 1u) morphants. The
multiple similarities between the wnt8a and lbx2 loss-of-function
phenotypes strongly suggest that Lbx2 is involved in the
regulation of the Wnt/b-catenin signalling pathway.

Additional evidence in favour of this hypothesis comes from
gain-of-function experiments. Injection of 50 pg of lbx2 mRNA at
the one-cell stage results in a strong anterior expansion, at the
time of gastrulation, of the expression territories of sp5l, a specific
target of the Wnt8a zygotic activity, comparable to what is seen in
embryos injected with Wnt8a mRNA13 (Fig. 2a–c). At 24 hpf,
Lbx2-overexpressing embryos display posteriorization
phenotypes characterized by a reduction or a complete deletion
of the forebrain and eyes (Fig. 2d,e,g,h). This is identical to a
Wnt8a zygotic gain-of-function phenotype14, supporting the
hypothesis that Lbx2 positively regulates the zygotic Wnt/b-
catenin signalling pathway. In agreement with this hypothesis, the
deletion of the head in embryos overexpressing Lbx2 can be fully
rescued by a MO knockdown of wnt8a that results in a decrease
in the activity of the canonical Wnt/b-catenin signalling pathway
(Fig. 2f,i; Supplementary Fig. 1c).

The involvement of Lbx2 in the regulation of the activity of the
Wnt/b-catenin signalling pathway has been further established in
transcription assays using a TCF-sensitive luciferase reporter gene
(TopFlash)15. Injection of the TopFlash vector into the embryo
results in transcription of luciferase (because of the endogenous
Wnt/b-catenin activity). Expression of this reporter gene is
strongly enhanced after co-injection of either Wnt8a mRNA or
lbx2 mRNA (Fig. 2j). Conversely, a decrease in luciferase
transcription is observed for wnt8a as well as for lbx2 MO
knockdowns (Fig. 2j). Taken together, the phenotypic analysis,
the rescue experiments and the b-catenin-mediated transcription
assays described above demonstrate that Lbx2 promotes Wnt/b-
catenin signalling in the zebrafish embryo (summarized in
Supplementary Fig. 1a–c).

Lbx2 does not regulate nuclear translocation of b-catenin. As
Lbx2 and Wnt8a expression territories are only partially overlapping
(Fig. 1a–h), Lbx2 is unlikely to act on the Wnt/b-catenin signalling
pathway by activating transcription of Wnt8a. In support of this
conclusion, expression of Wnt8a and Wnt3a is not affected in lbx2
morphants and gain of function of Lbx2 does not result in inducing
expression of canonical Wnts such as Wnt8a or Wnt3a
(Supplementary Fig. 2). This led us to hypothesize that Lbx2 may act
by regulating the translocation of b-catenin into the nucleus; most of
the known modes of regulation of the canonical Wnt pathway
converge at this step3. If this hypothesis is true, loss of Lbx2 function
will result in a decrease in the amount of nuclear b-catenin in the
posterior lateral and ventral mesodermal cells that express this gene.
In addition, similar to what is observed for gain of function of
Wnt8a, we also predict that a gain of function of Lbx2 will promote
nuclear accumulation of b-catenin in all cells of the embryo.

Our analysis of the nuclear accumulation of b-catenin in
response to Lbx2 loss- and gain of function (Fig. 3) refutes this
hypothesis. In a wild-type gastrula embryo, b-catenin is found in
nuclei of the posterior ventral and lateral mesodermal cells that
express Lbx2 as well as in adjacent ectodermal cells (that do not
express Lbx2). In the same territories, in Wnt8a morphant
embryos, b-catenin is still present at the plasma membrane but is
absent from the nuclei. Although Lbx2 and Wnt8a loss of
function result in a very similar dorsalization phenotype, in the
Lbx2 morphant, b-catenin is found in nuclei of posterior ventral
and lateral mesodermal cells as well as in the adjacent ectodermal
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cells as observed in wild-type (WT) gastrula (Fig. 3a–c). This
demonstrates that, while the canonical Wnt signalling activity is
decreased in the Lbx2 morphant, the nuclear translocation of b-
catenin is not affected.

Gain of function of Wnt8a results in the accumulation of
b-catenin into the nuclei of all cells of the gastrula from the margin
to the animal pole (Fig. 3d,e). However, while gain of function of
Lbx2 results in posteriorization phenotypes, mimicking Wnt8a
gain of function, the pattern of nuclear accumulation of b-catenin
observed in Lbx2-overexpressing embryos is similar to that seen in
the wild-type control; animal pole cells are devoid of nuclear
b-catenin (Fig. 3f). Taken together, these results strongly
suggest that Lbx2 regulates a step in the zygotic Wnt signalling
pathway downstream of the translocation of b-catenin into the
nucleus.

Lbx2 interferes with the binding of Gro to TCF7L1 in vitro.
Lbx2 is a transcription factor that contains, in its N-terminal
domain, an engrailed homology 1 (eh1) motif, which has
been associated with repressive activity and directly interacts
with the WD domain located in the carboxy-terminal end of the
TCF co-repressor Gro16. In agreement with this report, we
found that Lbx2 and Groucho2 can be co-immunoprecipitated
(Fig. 4a,b). Both the full-length and the carboxy-terminal
truncated forms of Lbx2 that retain the eh1 domain can
co-immunoprecipitate with full-length Gro2 as well as with the
WD repeat domain of Gro2. However, an amino-terminal
truncation of Lbx2, lacking the eh1 motif, does not
co-immunoprecipitate with Gro2. Similarly, Lbx2 does not
co-immunoprecipitate with a carboxy-terminal truncation of
Gro2 lacking the WD repeat domain (Fig. 4b).

chdMO-wnt8achdMO-lbx2chdMO-lbx2WT chd

MO-lbx2 foxi1WT foxi1MO-lbx2 eve1WT eve1

MO-lbx2 MO-wnt8a

WT

MO-lbx2WT

wnt8awnt8awnt8awnt8a

lbx2lbx2lbx2lbx2

Figure 1 | Similar dorsalization phenotypes are induced by lbx2 and wnt8a loss of function. (a–h) lbx2 and wnt8a are expressed in adjacent and partially

overlapping territories during gastrula and early somitogenesis stages in wild-type embryos. (a,e) early gastrula (b,c,f,g) mid-gastrula, (d,h) early

somitogenesis. Arrowheads in a,e indicate the position of the most vegetal marginal cells. (i) WTand (j) lbx2 morphant at early somitogenesis. (k) WT (l)

lbx2 and (m) wnt8a morphants at 24 hpf. (n,o) Expression of the ventral margin marker eve1 and (p,q) of the presumptive epidermis marker foxi1 in (n,p)

WTand (o,q) lbx2 morphants. (r–u) Expression of chordin (chd) in (r) WT (s,t) lbx2 morphant and (u) wnt8a morphants at the gastrula stage. Embryos are

(i–m,p,q,t,u) in lateral view, (c,g) vegetal pole view, (n,o,r,s) animal pole view, (a,b,e,f) dorsal view anterior to the top and (d,h) dorsal view anterior to the

left. Scale bar in a is equivalent to 200mm (a–h,n–u). Scale bar in i is equivalent to 100mm (i–m).
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Because Gro2 acts as a co-repressor by binding directly to
TCF7L1 (formerly TCF3) and because Lbx2 regulates the Wnt/b-
catenin pathway and is able to bind to Gro2, we hypothesized that
Lbx2 may act by altering the interaction between Gro2 and
TCF7L1. Using a co-immunoprecipitation assay, we found that co-
transfection of increasing amounts of Lbx2 decreases the interac-
tion between TCF7L1 and Gro2 in a dose-dependent manner
(Fig. 4c). This suggests that Lbx2 may regulate the Wnt/b-catenin
signalling pathway by preventing the interaction of Gro2 with
TCF7L1 resulting in the attenuation of its co-repressor activity.

Lbx2 modulates interaction between Gro and TCF in vivo. This
conclusion, based on the analysis of protein–protein interactions,
has been confirmed using in vivo functional assays (Fig. 5a).

A strong overexpression of Lbx2 activates maternal b-catenin
signalling resulting in induction of chordin expression in the
lateral and ventral early blastula margin. However, a Lbx2 variant,
in which the eh1 domain has been deleted or mutated, is com-
pletely devoid of activity establishing the essential role of this
domain for Lbx2 function. On the other hand, overexpression of
either full-length Gro2 or of DC-Gro2 that lacks the WD domain
(and hence the ability to bind Lbx2) leads to decreased expression
of chordin. Lbx2 is able to rescue the repression of chordin
expression resulting from overexpression of the full-length Gro2
but is unable to rescue the repression induced by DC-Gro2. The
same result is obtained when overexpressing a truncated form of
Lbx2 (Lbx2-DHMD-DCt) that lacks the carboxy-terminal end of
the protein, containing the homeodomain, but retains the eh1
domain and the nuclear localization signal (nls). Therefore, these
results show that binding of Lbx2 to DNA is not required for its
functional interaction with Gro2. Finally, truncated forms of Lbx2
that lack the nuclear localization signal (Lbx2 Dnls; Lbx2 Dnls
DHMD DCt) have no activity showing that the interaction
between Lbx2 and Gro2 occurs in the nucleus.

These observations show that the WD domain of Gro2 is not
essential for the interaction with TCF, since the C-terminal
truncated form of Gro2 retains its ability to attenuate chordin
expression. This is consistent with the previous finding that Gro
interacts with TCF through its N-terminal Q-rich domain17.
However, in the absence of the WD domain, Lbx2 is unable to
interact with Gro2 and therefore cannot attenuate its repressive
activity. We further demonstrate this using a TopFlash luciferase
assay (Fig. 5b). As expected, injection of Gro2 mRNA represses
the luciferase transcription. This effect is rather weak because
zebrafish gro/TLE genes are strongly expressed both maternally
and zygotically18, and therefore addition of Gro2 mRNA only
modestly increases the endogenous repression activity.
Overexpression of Lbx2 rescues this repression and even
stimulates luciferase transcription. However, Lbx2 is unable to
rescue the repression induced by the injection of DCt-Gro2. This
shows that, in the absence of the WD domain, Lbx2 is unable to
inhibit the function of Gro2 as a co-repressor of TCF. We
conclude that Lbx2 exerts its effect on the Wnt/b-catenin
signalling pathway by interacting with Gro2 at the level of the
WD domain, decreasing its binding to TCF and attenuating its
repressive activity.

Gain-of-function experiments may give rise to artifactual
results. Therefore, it is possible that the titration of Gro by
overexpression of Lbx2 may not be physiological and that the
model of action we propose may be the consequence of
transcriptional squelching, which is thought to result from
titration by an overexpressed transcriptional protein of one or
more essential transcription factors present in limiting
amounts19. To rule out this explanation for our results, we
investigated the ability of a modified form of TCF7L1, which lacks
the domain responsible for the interaction with Gro (Gro binding
domain, GroBD)5, to rescue the Lbx2 loss-of-function phenotype
(Fig. 5c). This form of TCF7L1 (TCF7L1DGroBD) retains its
ability to bind to DNA and to interact with b-catenin, which acts
as a co-activator. Consequently, injection of TCF7L1DGroBD
mRNA results in posteriorization phenotypes similar to those
induced by overexpression of Wnt8a or of Lbx2 (Supplementary
Fig. 3a). This phenotype can be rescued by attenuating Wnt8a
activity by morpholino knockdown. This shows that, in the
absence of binding to its co-repressor Gro, transcription of Wnt
target genes occurs even in cells with a low nuclear concentration
of b-catenin. The mechanism of Lbx2 function we propose, based
on the in vitro and in vivo gain-of-function experiments described
above, predicts that the interaction between TCF and its co-
repressor Gro should be stronger in embryos lacking Lbx2
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Figure 2 | Lbx2 activates the Wnt/b-catenin signalling pathway.

Compared with (a) WT, overexpression of Lbx2 (injection of 40 pg mRNA)

results (b) in a strong extension of sp5l expression towards the animal pole

similar to what is seen (c) with overexpression of Wnt8a (injection of 25 pg

mRNA). Compared with WT (d,g), embryos overexpressing lbx2 show

anterior head truncation at 36 hpf (e) and complete lack of the

telencephalic marker emx1 (arrowhead) at early somitogenesis (h).

(f,i) These phenotypes are fully rescued by MO knockdown of wnt8a.

(j) TopFlash transcription assay: relative luciferase activity was measured

after overexpression of Wnt8a and Lbx2 by mRNA injections or after MO

knockdown. Data are from three independent experiments and expressed

as the means with s.d.’s. Scale bar in d is equivalent to 100 mm (d–f). Scale

bar in g is equivalent to 200mm (a–c,g–i).
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activity. We therefore hypothesized that providing to the embryo
an appropriate amount of a Gro-insensitive form of TCF
(TCF7L1DGroBD) should rescue the Lbx2 loss of function
phenotype.

To test this hypothesis, we first determined the maximal
quantity of mRNA coding for TCF7L1DGroBD that can be
injected into the embryo without inducing a gain-of-function
phenotype of the zygotic Wnt/b-catenin signalling pathway, and
we found that 150 pg of TCF7L1DGroBD mRNA does not result in
a posteriorization of the embryo. Co-injection of this amount of
TCF7L1DGroBD mRNA into an lbx2 morphant significantly
rescues the dorsalization phenotype of lbx2 loss of function, which
is characterized by a strong lateral and ventral extensions of
chordin expression at the gastrula stage (Fig. 5c) and by a decrease
or loss of expression of the ventral and lateral markers eve1
(Supplementary Fig. 4a) and sizzled (Supplementary Fig. 4b).
Finally, our model predicts that the enhanced interaction between
Gro and TCF in the lateral and ventral mesoderms of lbx2
morphant can be rescued by an increased amount of b-catenin
translocating into the nuclei. According to this prediction,
treatment of lbx2 morphant embryos with Bio, a GSK3b inhibitor
that results in the stabilization of b-catenin and its subsequent
increase in nuclear translocation, should rescue the Lbx2

dorsalization phenotype characterized by the expression of chordin
in ventral and lateral mesoderms; indeed, this is what we observe
(Supplementary Fig. 5a). In addition, this treatment restores, in the
lateral and ventral posterior mesoderms of lbx2 morphant
embryos, the expression of fibronectin 1b (fn1b), a direct target
of the Wnt/b-catenin signalling pathway20, the expression of which
is almost abolished in the absence of Lbx2 (Supplementary Fig. 5b).

These rescues of lbx2 loss-of-function phenotypes by expres-
sion of a Gro-insensitive TCF7L1 transcription factor or by an
increased amount of nuclear b-catenin demonstrate that Lbx2
acts through the modulation of the Wnt/b-catenin transcriptional
response in the posterior ventral and lateral mesoderms at the
gastrula stage (Supplementary Fig. 1d).

As an additional support for this interpretation, we found
that loss of function of Gro, through Gro1 and Gro2 double
MO-KD, sensitizes the gain of function of Lbx2. Loss of function
by MO-KD of Gro1 (transducin-like enhancer of split 3b,
tle3b)21, of Gro2 (transducin-like enhancer of split 3a, tle3a)22

as well as double Gro1–Gro2 MO-KD (Fig. 5a) have no effect
on early embryonic development. This is likely because of
the presence of large amounts of maternally provided products
of these two genes23. However, while a weak gain of function
of Lbx2 (injection of 15 pg Lbx2 mRNA) has little effect

+Wnt8a MO +lbx2 MOWT

+Wnt8a mRNA +lbx2 mRNAWT

Figure 3 | Lbx2 does not regulate the subcellular localization of b-catenin. (a–f) Immunolocalization of b-catenin on (a–c) cryosections and (d–f) whole-

mount mid-gastrula embryos. (a) WT, (b) Wnt8a morphant, (c) Lbx2 morphant. Lower panels in a–c are close-up views of the rectangular regions of

the embryos in the upper row with left: b-catenin (green), centre: nuclei labelled with DAPI (blue) and right: merge of the two channels. This boxed

domain corresponds to the posterior ventral domain where Lbx2 is expressed in the mesoderm (indicated with red dotted lines). (d–f) Lateral views of

embryos, (d) WT, (e,f) injected with (e) 25 pg Wnt8a mRNA or (f) 40 pg Lbx2 mRNA showing that, whereas (e) gain of function of Wnt8a results

in an accumulation of b-catenin into the nuclei of all cells of the gastrula, (f) the nuclear accumulation of b-catenin for an embryo overexpressing Lbx2

RNA is similar to (d) WT, with the animal pole devoid of nuclear b-catenin. Bottom row: close-up of the animal pole region in animal pole view for the

different conditions used. Scale bar in a is equivalent to: 80 mm (a–c top), 20mm (a–c bottom), 100 mm (d–f top) and 10mm (d–f bottom).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6368 ARTICLE

NATURE COMMUNICATIONS | 5:5368 | DOI: 10.1038/ncomms6368 | www.nature.com/naturecommunications 5

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


in WT embryos, this effect is strongly enhanced in Gro1–Gro2
double morphants (Fig. 5a).

Discussion
Taken together, our data demonstrate that, in the absence of
Lbx2, Wnt/b-catenin signalling is strongly attenuated because of
an increased interaction between the co-repressor Gro and TCF
(Supplementary Fig. 1d). Conversely, overexpression of Lbx2
attenuates the interaction between TCF and Gro allowing a lower
concentration of nuclear b-catenin to initiate transcription of
Wnt target genes. This explains why, in embryos overexpressing
Lbx2, the sp5l expression territory extends towards the animal
pole, further away from the source of its inducer, Wnt8a
(Supplementary Fig. 1a,b). This mechanism of Lbx2 regulation
of the Wnt/b-catenin signalling pathway differs from the
mechanism proposed for another transcription factor,
Engrailed-1, that also contains an eh1 motif and is able to bind
to Gro but has been shown to negatively regulate the b-catenin
signalling in a Gro-independent manner24.

In a previous model of the transcriptional regulation of the
Wnt/b-catenin pathway7, the activation of target gene expression
was described as resulting from the binding of b-catenin to the
amino-terminal domain of TCF proteins and the displacement of
the co-repressor Gro/TLE4,5,25. The resulting TCF-b-catenin
complex then recruits transactivator proteins and activates
transcription of target genes.

More recently, another model emerged that suggests, at least
for TCF7L1, a slightly different mechanism involving the removal
of the TCF7L1-Gro/TLE complex from the promoter. This would
allow binding of the promoter by activating complexes of TCFs,
b-catenin and associated chromatin-remodelling factors that
generate an open chromatin state promoting transcription of Wnt
target genes26,27. In this model, Gro is not simply displaced by
b-catenin but the whole TCF7L1-Gro/TLE repressor complex is
replaced by an activator complex containing another TCF (such
as lymphoid enhancer factor 1 (LEF1) or TCF7)27 associated to
b-catenin. In agreement with this model, we found that the
phenotype linked to the upregulation of the zygotic canonical
Wnt/b-catenin signaling pathway in morphants for the repressor
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Figure 4 | Lbx2 directly interacts with Gro2 and attenuates its binding to TCF. (a) Schematic of the constructs used for the co-immunoprecipitation

assays. (b) After co-transfection, immunoprecipitation (IP) was performed using an anti-myc antibody. Total cell lysates (TCLs) and the immuno-

precipitated complex were analysed with western blot analysis (WB) using anti-myc or anti-flag antibodies. While Lbx2 and Lbx2DC interact with

Gro2, Lbx2DN (lacking the eh1 domain) is unable to bind to Gro2. Lbx2 binds to the carboxy terminus of Gro2 (Gro2WD) but not to C-terminal truncated

Gro2 lacking the WD domain (Gro2DC). (c) The interaction between Flag-Gro2 and HA-TCF7L1 was demonstrated by co-immunoprecipitation of
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1.5mg) are co-transfected. Images of the full blots presented in b,c are available in Supplementary Fig. 9.
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TCFs (TCF7L1; TCF7L2) cannot be rescued by Lbx2 loss of
function (Supplementary Fig. 6), indicating that activator TCFs
(TCF7; LEF) still present in morphant embryos are insensitive to
the lack of Lbx2 and to the associated increase in amount of free
Gro co-repressors.

In both models, however, Wnt-responsive elements associated
with repressor complexes (that promote compaction of chroma-
tin when the pathway is not activated) become associated with

activator complexes (that promote opening of compacted
chromatin when the stimulation of the pathway results in nuclear
translocation of b-catenin).

In the absence of stimulation by a Wnt ligand, the transcription
of target genes is actively repressed by the TCF7L1-Gro/TLE
complex. Therefore, every condition preventing or diminishing
the amount of repressor complex results in an activation of the
Wnt/b-catenin pathway. This is the case for a mutant of TCF7L1
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Figure 5 | Lbx2 regulates Wnt/b-catenin signalling through its interaction with Groucho. (a) Top left: schematic showing the different domains within

the Lbx2 and Gro2 proteins. Top right and bottom: expression of chordin (chd) visualized by in situ hybridization at the dome stage: dark blue indicates a

decrease in Wnt/b-catenin activity, light blue indicates a wild-type level of Wnt/b-catenin activity and yellow indicates an increase in Wnt/b-catenin
activity. The graph indicates the percentage of the different phenotypes of chordin expression observed after injection of mRNAs coding for full-length,

truncated or mutant forms of Lbx2 (100 pg), for Gro2 (500pg), for the truncated form of Gro2 lacking the WD-binding domain (Gro2DCt, 500 pg) either

alone or in combination (as indicated on the left) and for weak overexpression of Lbx2 (Lbx2 weak, injection of 15 pg Lbx2 mRNA) in WTand in Gro1–Gro2

double morphants (Gro1–Gro2 MOs). b-cat. BD: b-catenin-binding domain, Ct: carboxy-terminal domain, eh1 BD: eh1-binding domain, HMD:

homeodomain, nls: nuclear localization signal, Nt: amino-terminal domain, TCF BD: TCF-binding domain. (b) TopFlash transcription assay: relative luciferase

activity was measured after overexpression by mRNA injections of Gro2 (500pg) and Gro2DCt (lacking the WD repeat domain, 500pg) either alone or in

combination with increasing amounts of Lbx2 mRNA (50, 100, 200pg). Data are from three independent experiments and are expressed as the means

with s.d.’s. (c) Ventral extension of chordin expression (extended or circularized) visualizing the dorsalization phenotype resulting from Lbx2 MO injection

(grey bar) can be partially rescued by co-injection of 150 pg mRNA coding for a truncated form of TCF7L1 lacking the Gro-binding domain

(TCF7L1DGroBD—black bar). Injection of 150 pg of TCFDGroBD mRNA alone (white bar) has almost no effect on chordin expression. Data are from three

independent experiments with each group comprising more than 100 embryos. Statistical significance was determined using the Student’s t-test. Scale bar

in a is equivalent to 200mm.
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(headless) in the zebrafish28 or for knockdown of this gene in the
mouse26. Both result in the activation of the Wnt/b-catenin
pathway by preventing formation of functional TCF7L1-Gro/TLE
repressor complexes at the level of the DNA-binding partner,
TCF7L1. This is also the case when binding of the co-repressor
Gro/TLE to TCF is prevented by removing the domain of
TCF7L1 responsible for binding Gro/TLE. This deletion has been
shown to eliminate the repressive function of TCF7L1 and to
increase transcription of target genes29–31. Of course, this is also
true when the Wnt/b-catenin signalling is activated by Wnt
ligands as nuclear import of b-catenin and post-translational
modification of TCF7L1-Gro/TLE result in the activation of
transcription through the clearance of TCF7L1-Gro/TLE
repressor complexes associated with Wnt-responsive elements27.
Finally, sequestration of Gro by Lbx2, which reduces the amount
of Gro bound to TCF7L1 and hence the amount of repressor
activity, also results in the expression of Wnt/b-catenin target
genes (Supplementary Fig. 1b). Conversely, knockdown of Lbx2
protein leads to an increase, in the ventral and lateral mesoderms,
of the amount of Gro able to bind to TCF7L1 forming functional
repressor complexes, thereby preventing the transcriptional
activation of Wnt/b-catenin target genes normally expressed in
these territories (Supplementary Fig. 1d).

Altogether, these genetic and experimental conditions demon-
strate that the switch from repression to activation of transcrip-
tion of Wnt/b-catenin target genes is regulated by the amount of
functional TCF7L1-Gro/TLE repressor complex. This is achieved
either through the removal of the repressive TCF7L1-Gro/TLE
complex from the promoter or through the regulation of the
amount of Gro/TLE that is able to bind to TCF7L1 to form an
active repressor complex.

In conclusion, the mechanism by which the transcription
factor Lbx2 modulates Wnt/b-catenin signalling during early
embryonic development shows that the regulation of the Wnt
pathway is not restricted to the well-characterized control of the
balance between degradation and stabilization/nuclear transloca-
tion of b-catenin and that the level of co-repression of TCF by
Gro proteins is also tightly controlled. In this context, Lbx2, in the
posterior ventral and lateral mesoderms (that is, in territories
adjacent to the source of canonical Wnt ligands from the gastrula
stage to early somitogenesis), promotes the transcription of Wnt/
b-catenin target genes through the attenuation of the Gro/TLE
co-repression activity. This allows for the modulation, in a tissue-
specific manner, of the cellular response to a given amount of
Wnt ligand by promoting the expression of Wnt/b-catenin target
genes in cells expressing Lbx2. This mechanism of regulation of
the canonical Wnt/b-catenin described here for events occuring
at early developmental stages may also be utilized later in
development as a way to modulate the cellular response to Wnt
stimulation. In support of this, we found that lbx2 expression
territories are always overlapping and/or adjacent to expression
territories of genes coding for canonical Wnts (Supplementary
Fig. 7).

Methods
Zebrafish strain and husbandry. Zebrafish (Danio rerio) used in this study are
hybrids generated from crosses between two wild-type strains, AB � Tu. This
study was carried out in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals and all steps were taken to minimize
animal discomfort. The University of Virginia Institutional Animal Care and Use
Committee approved all protocols.

Morpholino sequences and injections. MOs have been injected as described32.
Briefly, morpholinos (Gene Tools) were resuspended in water as a 4-mM stock
solution and diluted in 0.2% PhenolRed and 0.1M KCl before use to the
appropriate concentration. Embryos were dechorionated at the one-cell stage using

Pronase E and injected with 1 nl of morpholinos solution, using an Eppendorf 5426
microinjector.

Because Lbx2 MOs induce nonspecific necrosis at late developmental stages,
they have been co-injected with morpholinos against p53 to limit this side effect33.

The sequence of the morpholinos used is: lbx2-MO1:
TAGAGCTGGAGGTCATCTCAGTCCC (translation-blocking MO covering the
translation initiation start, underlined); lbx2 MO2:
CGACAGAAGTCACCTAGCTCGCTC (translation-blocking MO complementary
to 50 untranslated repeat sequence); lbx2 MO-SA:
TGTGTTCACGACCTTAAAATGGAAA (splice-blocking morpholino targeting
the splice acceptor site of the Lbx2 intron); lbx2 MO-SD:
GCGTTGATGTGTTCACGACCTTAAA (splice-blocking morpholino targeting
the splice donor site of the Lbx2 intron). Loss-of-function phenotypes obtained
upon injection of these four different MOs are similar but with a lower penetrance
for splice-blocking MOs. Injection of a combination of the two splice-blocking
MOs results in a dorsalization phenotype identical to that resulting from injection
of translation-blocking MOs.

p53 MO: GCGCCATTGCTTTGCAAGAATTG33,wnt8a MO1:
ACGCAAAAATCTGGCAAGGGTTCAT12,

wnt8a MO2: GCCCAACGGAAGAAGTAAGCCATTA12,
gro1 (tle3b) MO: CGGCCCTGCGGATACATCTTGAATG34,
gro2 (tle3a) MO: ATGTATCCTTTATTTATTGGAGCTC22,
tcf7l1a MO: CTCCGTTTAACTGAGGCATGTTGGC35,
tcf7l1b MO: CGCCTCCGTTAAGCTGCGGCATGTT35 and
tcf7l2 MO: AGCTGCGGCATTTTTCCCGAGGAGC36 have been described

previously.
For all experiments, MO or combinations of MOs have been injected in more

than 50 embryos and experiments have been reproduced at least three times.
Amount of MO injected per embryo: lbx2 MOs: 4–6 ng, p53MO: 4 ng, wnt8a MOs:
1 ng, gro1 MO: 3 ng, gro2 MO: 3 ng, tcf7l1a: 1 ng, tcf7l1b: 1 ng, tcf7l2: 4 ng.

The Lbx2 translation-blocking MO1 can prevent translation of an mRNA
coding for a Lbx2-eGFP fusion protein but not from an mRNA coding for a Lbx2-
eGFP fusion protein in which six mismatches have been introduced in the sequence
targeted by the MO (Supplementary Fig. 8a–d). This establishes the efficiency and
specificity of this MO. The specificity of this MO has been further demonstrated in
a rescue experiment in which the dorsalization phenotype resulting from the
injection of 4 ng of Lbx2-MO1 has been rescued by co-injection of 6 ng of mRNA
coding for Lbx2 (an amount of mRNA that does not induce a Lbx2 gain-of-
function phenotype when injected into a wild-type embryo) and in which six
substitutions have been introduced in the target sequence of Lbx2-MO1
(Supplementary Fig. 8a). Finally, efficiency of the splice-blocking MOs has been
established using reverse transcriptase–PCR (RT–PCR) of morphant embryos
(Supplementary Fig. 8e). A maternal Lbx2 mRNA is present at cleavage and early
blastula stages. Zygotic transcripts can be detected starting at the shield stage. By
the mid-gastrula stage, in embryos injected with a combination of Lbx2-MO-SA
and Lbx2-MO-SD, all Lbx2 transcripts retain the intron establishing that injection
of the combination of both splice-blocking MOs results in a complete loss of
function of lbx2 gene function.

Previous reports using different translation-blocking and splice-blocking Lbx2
MOs11,37,38 have described various loss-of-function phenotypes. However, in these
studies, the inhibition of Lbx2 gene function was only partial with the injection of
2.75 ng38 and 2.5 ng11 of translation-blocking MO that allowed the embryos to
develop to late stages. In addition, the splice-blocking MOs that were used only
partially inhibited the splicing of the Lbx2 intron11.

mRNA synthesis and injections. For mRNA synthesis, full-length, mutated or
truncated cDNAs have been cloned in a pCS2þ vector, subsequently linearized
with NotI and transcribed using SP6 RNA polymerase using the mMESSAGE
mMACHINE kit from Ambion and injected as described previously32. All injection
experiments have been performed on more than 50 embryos and reproduced at
least three times.

The sequence that contains the Groucho-binding domain of TCF7L1, which has
been deleted in the construct TCF7L1DGroBD, is the same as previously
described5.

The Lbx2 mu-eh1 construct corresponds to the replacement of the FSIEDIL
peptide sequence in the Lbx2 eh1 domain by ICLQEFI.

Cryosection and b-catenin immunostaining. Embryos injected with either
Wnt8a or Lbx2 MOs or mRNAs were fixed overnight at 4 �C in 4% paraf-
ormaldehyde/1� PBS. Fixed embryos were transferred into 30% sucrose/PBS,
incubated 1 day at 4 �C, mounted in mounting medium (Tissue-Tek O.C.T.
Compound, Sakura) and then cryosectioned. Cryosections of 40-mm thickness were
used for immunostaining.

b-catenin immunostaining, using cryosections or whole embryos, was
performed as described previously39 using a 1/4,000 dilution of the anti-b-catenin
mouse monoclonal antibody clone 15B8 (Sigma).

In situ hybridization. PCR-amplified sequences of genes of interest were used
as templates for the synthesis of an antisense RNA probe, labelled with
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digoxigenin-linked nucleotides. Embryos were fixed and permeabilized before
being soaked in the digoxigenin-labelled probes. After washing away non-
hybridized probes, digoxygenin-labelled hybrids were detected by immunohis-
tochemistry using an alkaline phosphatase-conjugated antibody against
digoxigenin and a chromogenic substrate. The detailed protocol for in situ
hybridizations on whole-mount zebrafish embryos used in this study has been
described previously40.

Luciferase assay. Topflash construct (100 pg ) and Renilla reporter (10 pg) were
mixed and co-injected into one-cell stage embryos with the indicated mRNA and/
or MO. Embryos were allowed to develop until the bud stage, lysed in passive lysis
buffer (Dual-Luciferase(R) Reporter Assay System, Promega) and the luciferase
activity measured as described41. TopFlash assays were performed in triplicate for
each sample. The mean value and s.d. were calculated. Error bars indicate s.d.
Student’s t-test was used to assess the statistical significance.

Immunoprecipitation and in vitro binding experiments. For immunoprecipita-
tion assays, the different full-length and truncated cDNAs have been cloned in
pCMV-Tag2 (N-terminal Flag tag) or in pCMV-Tag3 (N-terminal Myc tag)
vectors. The clone HA-TCF7L1 was generated in a pCS2þ vector by addition of
a HA tag at the N-terminal end of the transcription factor 7-like 1a (tcf7l1, headless,
formerly named tcf3)42.

HEK293T cells were transiently transfected with the indicated constructs
using JetPei reagent (Polyplus-transfection). Thirty-six hours after transfection,
cells were harvested and lysed in lysis buffer (50mM Tris-HCl (pH 7.6),
150mM NaCl, 0.1% NP40, 1� Complete Protease Inhibitor Cocktail (Roche)).
Co-immunoprecipitation experiments were performed as described previously43

except that the lysis buffer was used as the washing buffer.
Briefly, the myc- or flag-tagged proteins were immunoprecipitated from cell

lysates using agarose-conjugated anti-myc (SC-40 AC, Santa Cruz Biotechnology)
or Anti-Flag M2 Affinity Gel (A 2220, Sigma). For immunoblotting, peroxidase-
conjugated antibodies against HA tag (Roche), flag tag (Santa Cruz Biotechnology)
and myc tag (Sigma-Aldrich) were used, respectively.

BIO treatment. A 100-mM stock solution of (20Z,30E)-6-Bromoindirubin-30-
oxime (TOCRIS Cat. No. 3194) was prepared in dimethylsulfoxide (DMSO)
and diluted in 0.3� Danieau buffer to a final concentration of 5mM. WT or
lbx2 morphant embryos were placed in 5mM BIO solution during 1 h starting at
the shield stage (6 hpf), then fixed in 4% paraformaldehyde in PBS and processed
for in situ hybridization. Embryos in 0.3� Danieau buffer containing DMSO
carrier alone were used as controls for all experiments.
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