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Background: Cdx transcription factors are known to convey the posteriorizing signals from the canonical Wnt pathway.
Results: Cdx proteins integrate canonical Wnt signals on a Pax3 neural crest enhancer.
Conclusion: Cdx proteins are involved in Wnt-mediated induction of Pax3 at the neural plate border.
Significance:Our data suggest that Cdx proteins are important novel players within the neural crest gene regulatory network.

One of the earliest events in neural crest development takes
place at the neural plate border and consists in the induction of
Pax3 expressionbyposteriorizingWnt��-catenin signaling.The
molecular mechanism of this regulation is not well understood,
but several observations suggest a role for posteriorizing Cdx
transcription factors (Cdx1/2/4) in this process. Cdx genes are
known as integrators of posteriorizing signals from Wnt, reti-
noic acid, and FGF pathways. In this work, we report that Wnt-
mediated regulation of murine Pax3 expression is indirect and
involves Cdx proteins as intermediates. We show that Pax3
transcripts co-localize with Cdx proteins in the posterior
neurectoderm and that neural Pax3 expression is reduced in
Cdx1-null embryos. Using Wnt3a-treated P19 cells and neural
crest-derived Neuro2a cells, we demonstrate that Pax3 expres-
sion is induced by theWnt-Cdx pathway. Co-transfection anal-
yses, electrophoretic mobility shift assays, chromatin immuno-
precipitation, and transgenic studies further indicate that Cdx
proteins operate via direct binding to an evolutionarily con-
served neural crest enhancer of the Pax3 proximal promoter.
Taken together, these results suggest a novel neural function for
Cdx proteins within the gene regulatory network controlling
neural crest development.

Pax3 is a paired-box homeodomain transcription factor
essential for normal neural crest (NC),5 neural tube (NT) and

skeletalmuscle development. Inmice, homozygousPax3 loss of
function, as seen in Splotch (Sp) mutants, leads to early embry-
onic lethality due to its role in NC cells (NCC). Although
Pax3�/Sp mice only display pigmentation anomalies (white
belly spot), most Pax3Sp/Sp embryos die around embryonic day
14.0 (e14.0) due to a severe NC defect leading to lack of outflow
tract septation and heart failure (1). Pax3Sp/Sp mice also display
other severe anomalies, including spinal ganglia malforma-
tions, intestinal aganglionosis, and posterior NT defects (spina
bifida) (2). At themolecular level, Pax3 plays a critical role in the
gene regulatory network controlling NCC development down-
streamof canonicalWnt signals. Togetherwithmembers of the
Msx, Dlx, and Zic families, Pax3 specifies the neural plate bor-
der and promotes induction of NCC (3–5). At later stages, Pax3
also controls survival of dorsal NT progenitors through stimu-
lation of p53 degradation (6, 7). In humans, heterozygous PAX3
mutations have been associated with Waardenburg syndrome,
which is characterized by NC defects such as cranio-facial and
pigmentary anomalies (8–10).
Neural Pax3 expression begins at the early somite stage

(around e8.25) prior to initiation of NT closure. At this stage,
Pax3 transcripts are detected on the lateral borders of both the
anterior neural plate and posterior neural plate (PNP) (11). Fol-
lowing neural plate bending in a closedNT (from e8.5 onward),
Pax3 transcripts are then detected in the dorsal neurectoderm,
including pre-migratoryNCC, in an almost continuousmanner
along the anterior-posterior (AP) axis. Indeed, strong Pax3
expression is detected in two large domains extending 1) from
the forebrain down to rhombomere 4 and 2) from rhombomere
6 down to the rostral half of the PNP.Althoughdetectable,Pax3
expression is clearly much weaker in rhombomere 5. At later
stages, caudal Pax3 expression follows progression of posterior
elongation and is maintained in the dorsal half of the closed
neural tube until e14.5. Pax3 expression is also detected in a
subset of migratory NCC contributing to the cardiac outflow
tract, peripheral, and enteric nervous systems aswell as inmela-
nocytes but is generally down-regulated as NCC differentiate.
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Regulatory sequences sufficient to mediate induction and
dorsal restriction ofPax3 expression in the hindbrain and trunk
are contained in the proximal 1.6-kb promoter (12). Deletion
analysis of this promoter has revealed that a block of 674 bp
containing two evolutionarily conserved regions of �250 bp,
called neural crest enhancer 1 and 2 (NCE1 and -2), is sufficient
to drive expression in the dorsal NT andNCC (13). NCE1 bears
Pbx binding sites (activated by Pbx1-containing transcriptional
complexes), which appear to be specifically required to control
Pax3 expression in the hindbrain (14, 15). NCE2 contains a
Tead binding site that was shown to be required for the activity
of the whole 674-bp NCE in e10.5 transgenic embryos (13). In
addition, both NCE1 and NCE2 contain a binding site for Pou
class III members, and mutation of these sites leads to reduced
NT activity of the 1.6-kb promoter in e9.5 transgenic embryos
(15). On the other hand, Pax3 expression is induced by poste-
riorizing Wnt signals and dorsally restricted in response to
dorso-ventral patterning signals, such as SonicHedgehog (Shh)
(5, 16–20). However, how the canonical Wnt and Shh signals
are integrated at the transcriptional level is still unclear.
The vertebrateCdx genes (Cdx1,Cdx2, andCdx4) are related

to Drosophila caudal (cad) (21), and their gene products have
conserved the ancestral ability to specify the posterior embryo
and pattern the AP axis. Murine Cdx genes are sequentially
activated in ectodermal and mesodermal cells of the primitive
streak around e7.25, with Cdx1 activated first and Cdx4 acti-
vated last (22–24). At e8.5, all Cdx genes are expressed in the
caudal embryo and form a nested set along the AP axis.
Whereas Cdx1 and Cdx2 exhibit an almost perfect overlap in
expression around the hindbrain/spinal cord boundary,Cdx4 is
expressed slightly more posterior at this stage. The most ante-
rior domain of Cdx expression appears to be restricted to the
dorsal NT, with Cdx1 protein expressed in NCC emigrating
from this domain (23, 25). This anterior limit of expression
regresses concomitantly with axial elongation, persisting in the
caudal embryo until e10.5 forCdx1 andCdx4 anduntil e12.5 for
Cdx2. All three Cdx genes are also expressed in the developing
hindgut epitheliumwithCdx1 andCdx2 expressionmaintained
postnatally (26).
Cdx gene expression is regulated by posteriorizing signals

from Wnt, retinoic acid (RA), and fibroblast growth factor
(FGF) pathways in multiple species (27–38). Among these pos-
teriorizing signals, the evolutionarily conserved role of the
canonicalWnt pathway inCdx regulation is the best character-
ized. Indeed, both Cdx1 and Cdx4 have been clearly identified
as direct targets of the Wnt��-catenin pathway (27, 29, 30).
Moreover, other data suggest that Cdx2 is also responsive to
canonicalWnt signals, although evidence for a direct regulation
is sparse (39–45). In addition, Cdx proteins can interact with
the Lef1-�-catenin transcriptional effector of the canonical
Wnt pathway (46).
Our understanding of Cdx function has long been hampered

by the functional redundancy between Cdx members and the
vital role ofCdx2 during implantation (47, 48). Recent develop-
ment of a conditional Cdx2 allele (49, 50) and analysis of Cdx
double mutants (51–54) has demonstrated important regula-
tory roles for Cdx proteins in several processes during mouse
embryogenesis. In the mesoderm, Cdx proteins regulate axial

patterning, axial elongation, and somitogenesis in addition to
placentogenesis and hematopoiesis. An important part of the
Cdx function is executed through direct regulation of diverse
Hox genes (28, 51–53, 55, 56). However, recent work has shown
that a significant proportion of the Cdx function is also fulfilled
via direct regulation of several non-Hox targets (49, 57). In the
endoderm, Cdx proteins are involved in intestinal patterning
and cell differentiation via Hox-dependent and -independent
mechanisms (50, 58–61).
The function of Cdx members in the neurectoderm is less

well understood. As in the mesoderm and endoderm, Cdx pro-
teins control neurectoderm AP patterning via Hox-dependent
and -independent mechanisms (37, 43, 62–64). Multiple gain-
or loss-of-function mouse models have also demonstrated that
Cdx proteins are important for proper formation of theNT and
NC-derived spinal ganglia, but whether they do so in a tissue-
autonomous or -non-autonomous (via the mesoderm) manner
remains an open question (53, 54, 65–67). Nevertheless, anal-
ysis of neurectoderm-specific Cdx loss of function in ascidian
embryos demonstrates that Cdx proteins may impact NT and
NC formation in a tissue-autonomous manner. Indeed, such
mutant embryos display NT defects as well as an absence of
pigment cells, which are derived from NC-like cells (68, 69).
In this study, we investigated the possibility that Cdx pro-

teins might convey the posteriorizingWnt signals to Pax3.We
found that murine Pax3 is in fact an indirect Wnt target and
that Cdx proteins can directly activate neural Pax3 expression
at least via the previously described NCE2 (13). Altogether, our
data strengthen the idea that Cdxmembers are involved in both
NT and NCC development in a tissue-autonomous manner
downstream of Wnt signals.

EXPERIMENTAL PROCEDURES

Ethics Statement—Experiments involving mice were per-
formed following Canadian Council of Animal Care guidelines
for the care and manipulation of animals used in medical
research. Protocols involving themanipulation of animals were
approved by the institutional ethics committee of the Univer-
sity of Quebec at Montreal (Comité Institutionnel de Protec-
tion des Animaux; reference number 0511-R2-648-0512).
Generation and Analysis of Mice—Cdx1�/� mutant mice

(56) were kindly provided by D. Lohnes (University of Ottawa,
Canada). Pax3�/Sp mice were obtained from Jackson Laborato-
ries (Bar Harbor, ME). Cdx1�/�Pax3�/Sp mutants were gener-
ated by Pax3�/Sp andCdx1�/� intercrosses.Cdx1�/�Pax3�/Sp

mutants were then generated by crossing Cdx1�/�Pax3�/Sp

and Cdx1�/� mice.
Transgenes carrying the lacZ gene under control of the

Hsp68 minimal promoter (70) and either a wild type or Cdx
binding site (CdxBS)-mutated NCE2 were prepared, and trans-
genic embryos were generated from injected B6C3 oocytes
according to standard techniques (71). In order to facilitate
identification of transgenic embryos and provide a positive
control for transgene expression, a previously described
Gata4p-GFP transgene (72) was co-injected with each lacZ
construct. Nine days after microinjection, foster mothers were
sacrificed, and embryos were collected and individually ana-
lyzed for GFP and �-galactosidase activity. For X-gal staining,
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embryoswere fixed in 2%paraformaldehyde for 15min,washed
twice with PBS, and incubated overnight in staining solution (5
mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2, 0.01% Nonidet
P-40, 0.01% sodium deoxycholate in PBS) containing 1 mg/ml
X-gal. Staining reactions were carried out overnight at 37 °C.
Whole-mount in situ hybridization and immunohistochem-

istry were performed as previously described (29, 48). Mice
were mated overnight, and noon of the day of vaginal plug
detection was considered as e0.5. Embryos to be compared
were stage-matched according to established criteria (73) and
processed in parallel. The probe for in situ hybridization of
Pax3 mRNA was generated from a previously described plas-
mid (11), kindly provided by J. Epstein. Immunohistochemistry
was performed using polyclonal antisera to Cdx1 and Cdx2
(48). All embryo images were taken with a Leica DFC 495 cam-
era mounted on a Leica M205 FA stereomicroscope (Leica
Microsystems Canada).
Chromatin Immunoprecipitation (ChIP) Analysis—ChIP

assays in Neuro2a (N2a) cells were performed as described pre-
viously (29) using anti-FLAGM2 antibody (Sigma). PCR ampli-
fications were performed with GoTaq DNA polymerase (Pro-
mega) and consisted of 30 cycles of 30 s at 96 °C, 30 s at 60 °C,
and 30 s at 72 °C. The primers used for this study were Pax3
NCE2 Forward (5�-GGCACAATGGTACCTTCTCTAAGG)
and Reverse (5�- AAGCTTCCCTTCTGAGAAGCGGGGAC-
TTTAAA) and Pax3 exon 7 Forward (5�- CCGTGTCAGATC-
CCAGTAGCAC) and Reverse (5�-CTGAGGTGAAAGGCC-
ATTGCCG). PCR products were resolved on a 1.5% agarose
gel.
Electrophoretic Mobility Shift Assays (EMSA)—Pax3 NCE2

was scanned by using eight double-stranded end-labeled oligo-
nucleotides and tested for Cdx binding by EMSA. Five micro-
grams of nuclear extracts from mock- or FLAG-Cdx1-trans-
fected COS7 cells were used in each reaction as described
previously (29). Supershifts were performed using 1 �g of anti-
FLAGM2 antibody (Sigma). Specificity of binding was assessed
by competition with a 100-fold excess of unlabeled WT or
mutated cold probes. The oligonucleotides comprising mu-
tatedCdxBS1 andCdxBS3 sequenceswere as described for site-
directed mutagenesis. The upper strands of each wild type or
mutated double-stranded probe as well as of a probe harboring
a consensus Cdx binding site (as positive control) are summa-
rized in supplemental Table S1.
Plasmid Constructs—For generation of the Engrailed-Cdx1

(EnRCdx1) fusion construct, the coding sequence of the Dro-
sophila Engrailed repressor domain (74) was subcloned
upstream of a PCR product corresponding to the DNA binding
domain (homeodomain) of Cdx1 ended by a Stop codon (see
supplemental Fig. S1). FLAG-tagged Cdx1 expression vector
has been described previously (46). FLAG-tagged EnRCdx1 and
EnR constructs were generated by subcloning the relevant
sequences into a modified pCEP4 plasmid (Invitrogen) (46).
Cdx1, Cdx2, Cdx4, EnR, and EnRCdx1 bicistronic expression
vectorswere generated by subcloning the respective cDNA into
the pIRES2-EGFP vector (Clontech).
Pax3 proximal promoter sequences were obtained by PCR

amplification in accordance with previous work (1, 13). Oligo-
nucleotide sequences are available upon request. These PCR

products were cloned in pGEM-T vector and validated by
sequencing. Luciferase reporter constructs bearing the Pax3
minimal promoterwith orwithout various lengths of the 1.6-kb
5� upstream sequences were generated by subcloning these
sequences into pXP2 (75).
Point mutations were introduced into each of the three

CdxBS of NCE2 by using the QuikChange multisite-directed
mutagenesis kit (Stratagene), according to the manufacturer’s
instructions. Sequences of the oligonucleotides used for site-
directed mutagenesis were as follows: CdxBS1, 5�-CAG-
CAGTTTAGTCTGAATGCCATAATAccTTCCTGAGAAC;
CdxBS2, 5�-CTAGCCAAGACGTTGCTTCTTcgATTTTTC-
CAGCAGTTTA; CdxBS3, 5�-AAGGACAGACAGTCTcgA-
CAACACTCCTGGCGTCATATCC (point mutations are
denoted in lowercase letters).
Cell Culture andTransfectionAnalysis—P19 cells were prop-

agated in AMEM supplemented with 7.5% FBS and 2.5% NCS,
N2a cells were propagated in EMEM supplemented with 10%
FBS, and COS7 cells were propagated in DMEM supplemented
with 10% FBS. All transfections were performed using Gene-
Juice reagents (Novagen) in accordance with the manufactur-
er’s instructions.
For time course analysis, P19 cells were seeded in 6-well

plates (2 � 105 cells/well), and the following day, standard cul-
ture medium was replaced by a Wnt3a- or a control-condi-
tionedmedium (29). Cells were harvested before treatment (t�
0 h) and 2, 4, 8, 12, or 18 h post-treatment; snap frozen; and
stored at �80 °C prior to RT-PCR analysis. To assess the
requirement for de novo protein synthesis, P19 cells were pre-
treated for 30min with 30 �g/ml cycloheximide (CHX) or with
the vehicle (DMSO) alone and then treated for 24 h with
Wnt3a- or control-conditioned medium in the presence of 1
�g/ml CHX. Afterward, cells were harvested, snap frozen, and
stored as described above prior to RT-PCR analysis. To inhibit
Cdx function, P19 cells were seeded in 100-mm plates (2 � 106
cells/plate) and transiently transfected with 6 �g of EnRCdx1-
IRES-GFP or the negative control EnR-IRES-GFP expression
vector. Thirty hours after transfection, cells were treated with
Wnt3a- or control-conditioned medium and cultured for
another 20 h. GFP-positive cells were then recovered by FACS
and analyzed by RT-PCR.
TomodulateCdx activity inN2a cells, transient transfections

with 6 �g of EnRCdx1-IRES-GFP, Cdx1-IRES-GFP, Cdx2-
IRES-GFP, or Cdx4-IRES-GFP expression vectors were per-
formed in 100-mm tissue culture plates (2 � 106 cells/plate).
Forty-eight hours after transfection, GFP-positive cells were
recovered by FACS and analyzed by RT-PCR.
For luciferase reporter assays,N2a (8� 104 cells/well) and/or

P19 (3 � 104 cells/well) cells were transfected in 24-well plates
with 100 ng of Pax3p-luciferase reporter construct alone or
with increasing amounts (1.25–5 ng) of Cdx expression vectors
or with the maximum amount of Cdx expression vector and
increasing amounts (2.5–20 ng) of EnRCdx1 expression vector.
When required, an empty expression vector was also included
to ensure a total of 125 ng of DNA/well. For analysis of deleted
or mutated Pax3p-luciferase reporter constructs, a fixed con-
centration (5 ng) of Cdx2 expression vector was used. All trans-
fections were performed at least three times in triplicate. Forty-
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eight hours after transfection, cells were disrupted in 100 �l of
lysis buffer (0.1 M Tris (pH 8.0), 1% Igepal, 1 mM dithiothreitol)
and assessed for luciferase activity with a Berthold LB9507
luminometer (Berthold Technologies).
RNA Extraction and RT-PCR Analysis—Total RNA was iso-

lated from frozen cell pellets by using the RNeasy kit (Qiagen),
and cDNA was synthesized using a poly(dT) oligonucleotide
and Superscript II reverse transcriptase (Invitrogen) in accord-
ance with manufacturer’s protocols. PCR amplifications were
then performed with Platinum Taq DNA polymerase (Invitro-
gen) and consisted of 25–35 cycles of 30 s at 96 °C, 30 s at 60 °C,
and 45 s at 68 °C. Amplified bands were size-fractioned on a 2%
agarose gel. The primers used in this studywere Cdx1 (forward,
5�-GCAAGTCCGAGCTGGCTGCTA; reverse, 5�-GGGTAG-
AAACTCCTCCTTGACG), Cdx2 (forward, 5�-CCACACTT-
GGGCTCTCCGAGA; reverse, 5�-GGGTCACTGGGTGAC-
AGTGGA); Cdx4 (forward, 5�-AGTTAACCTGGGCCTTTC-
TGA; reverse, 5�-ATTCAGAAACTATGACCTGCTGT-
ATC), Pax3 (forward, 5�-CCTGCCAACATACCAGCTGTCG;
reverse, 5�-CTGAGGTGAAAGGCCATTGCCG); Gapdh (for-
ward, 5�-TCCTGCACCACCAACTGCTTAGC; reverse, 5�-
AGGTCCACCACCCTGTTGCTGTA). All oligonucleotides
were designed to encompass an intron allowing the detection of
contaminating genomic DNA by the presence of a larger band.
As an additional control, PCR was also performed with RNA
that had not been reverse-transcribed. Statistical analysis was
carried out using GraphPad Prism software version 5.0. For the

comparison of groups, a paired Student’s t test was used (two-
tailed p value, � � 0.05). Differences between means were
classed as not significant (p � 0.05) or significant (*, p � 0.05).

RESULTS

Cdx Members and Pax3 Are Co-expressed in Caudal
Neurectoderm—To validate our hypothesis that Cdx proteins
are good candidates to induce Pax3 expression in the caudal
neurectoderm, we compared the expression pattern of Cdx
proteins and Pax3 mRNA. This analysis revealed extensive
Cdx-Pax3 overlap in the caudal neurectoderm of e8.5 and e9.5
embryos (Fig. 1), in accordance with the well documented Cdx
and Pax3 expression patterns (11, 22, 23). In e8.5 embryos,
Pax3 transcripts are detected at both the PNP border and the
site of initiation of NT closure (around the level of the fifth
somite), where Cdx proteins are strongly expressed (Fig. 1, C
andD). In e9.5 embryos, Pax3 and Cdx overlapping expression
domains are displaced caudally in parallel with progression of
axial elongation, NCC induction, and NT closure (Fig. 1, E–H).
In brief, Cdx spatio-temporal expression patterns are consis-
tent with a role in the induction of Pax3 expression in the cau-
dal neurectoderm.
Pax3 Neural Expression Is Regulated by Cdx Proteins—To

determine whether Pax3 is a Cdx target gene, we evaluated its
expression in e8.5 Cdx1-null embryos. This analysis revealed
that Pax3 expression is slightly reduced in the dorsal NT of
4–6-somite stage Cdx1�/� embryos (Fig. 2A). Our data also

FIGURE 1. Cdx members and Pax3 are co-expressed in the caudal neurectoderm during the early steps of NT and NCC formation. A and B, whole-mount
immunohistochemistry showing Cdx1 (A) and Cdx2 (B) protein distribution in e8.5 embryos. Note the overlap in the PNP and NT. C and D, higher magnification
view of Cdx1 protein distribution and comparison with Pax3 gene expression domain as detected by whole-mount in situ hybridization. Note the overlap at the
site of initiation of NT closure (arrow) and at the lateral PNP (arrowhead). E–H, comparison of Cdx2 (E and G) protein distribution with Pax3 (F and H) gene
expression domain in the caudal end of e9.5 embryos (lateral views). For comparative purposes, the location of the last formed somite is indicated by an asterisk.
The black arrowhead in E indicates the anterior limit of Cdx2 expression; note the overlap with the posterior domain of Pax3 gene expression (white arrowhead
in F). The dotted lines in E and F indicate the level at which the transverse sections shown in G and H were cut. The Cdx2 protein is widely detected in the tailbud
region (E), but this pattern becomes more restricted anteriorly, with notable strong detection in the whole NT (G). Note the overlapping detection of Cdx2
protein (G) and Pax3 mRNA (H) in the posterior NT.
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suggest that this effect is transient because no difference in
Pax3 expression is noted at later stages (�8 somites) (data not
shown). To evaluate if this slight and transient reduction in
Pax3 expression is functionally significant, we generated and
analyzed an allelic series of Cdx1-Pax3 compound mutants.
Cdx1�/�Pax3�/Sp and Cdx1�/�Pax3�/Sp animals were
obtained at expected mendelian ratios and were similar to
Pax3�/Sp animals, exhibiting a white belly spot (data not
shown). Given the known functional redundancy between Cdx
members (36, 48, 52, 53), this raises the possibility that the
presence of Cdx2 and Cdx4 ensures that Pax3 expression levels
do not significantly fall below 50% in these compoundmutants.
Therefore, the transient reduction in Pax3 mRNA levels
observed in the dorsal NT of Cdx1�/� embryos most likely
reflects the fact thatCdx1 is expressed slightly earlier andmore
anteriorly than other Cdx members. In this regard, it is note-
worthy that a similar transient effect has been recently reported
for expression of the Cdx neural target Mafb in Cdx1-null
embryos (62). Taken together, this suggests that all Cdx pro-
teins might be involved in the control of Pax3 expression.
To circumvent the functional redundancy of Cdx members,

we generated a FLAG-tagged dominant negative Cdx protein

consisting of the repressor domain of Drosophila Engrailed
fused to the DNA binding domain (homeodomain) of Cdx1
(EnRCdx1; see supplemental Fig. S1). Given that the homeodo-
main is highly conserved (more than 90%) among Cdx mem-
bers, EnRCdx1 is expected to recognize all Cdx target genes and
inhibit their expression. We used the EnRCdx1 dominant neg-
ative tool to assess whether endogenous Pax3 expression is
affected bymodulation of Cdx activity in N2a cells. NC-derived
N2a cells are a goodmodel to study the regulation of the endog-
enous Pax3 promoter by Cdx because they co-express all three
Cdx members as well as Pax3 (Fig. 2B). N2a cells were tran-
siently transfected with expression constructs encoding Cdx1,
Cdx2, Cdx4, or the dominant negative EnRCdx1, and endoge-
nous Pax3 expression was evaluated by semiquantitative RT-
PCR. As shown in Fig. 2C, Pax3 expression levels are signifi-
cantly altered by modulation of Cdx activity in N2a cells.
Overexpression of any of the three Cdx members results in a
robust increase, whereas overexpression of EnRCdx1 leads to a
complete knockdown ofPax3 expression. Therefore, these data
indicate that Pax3 is a Cdx target gene in N2a cells.
Pax3 Is Induced by Wnt-Cdx Pathway in Undifferentiated

P19 Cells—Previous studies have reported that neural Pax3
expression is induced by canonical Wnt signals (5, 16, 19, 20).
To evaluate the potential contribution of Cdx proteins in this
process, we performed a series of RT-PCR analyses in P19
embryocarcinoma cells cultured in the presence or absence of
Wnt3a-conditionedmedium, which is known for activating the
canonical pathway (29, 76). The N2a cell line could not be used
for this assay because the canonical Wnt pathway is constitu-
tively activated in these cells due toWnt7a autocrine regulation
(77, 78). On the other hand, P19 cells have been used previously
to study the regulation of Pax3 expression in the context of
neural differentiation (12, 13, 15), and activation of theWnt��-
catenin pathway (79). As shown in Fig. 3A, a time course anal-
ysis first revealed that expression of eachCdxmember is rapidly
induced (2–4 h) following treatment with Wnt3a-conditioned
medium. Under the same conditions, Pax3 expression is also
induced but considerably delayed (18 h). This delay being sug-
gestive of an indirect regulation, we then directly assessed the
necessity for an intermediary factor by inhibiting de novo pro-
tein synthesis with the protein synthesis inhibitor CHX. Cdx1
and Cdx4 are known direct targets of Wnt��-catenin signaling
(27–30). Accordingly, Cdx1 and Cdx4 induction by Wnt3a-
conditioned medium is not affected by inhibition of protein
synthesis (Fig. 3B). Interestingly, Cdx2 induction was also
found to be independent of de novo protein synthesis, suggest-
ing that Cdx2 is a direct target of Wnt��-catenin signaling in
this model. In marked contrast, Pax3 induction is blocked by
treatment with CHX, demonstrating that a protein intermedi-
ary is needed to convey canonical Wnt signals to the Pax3 pro-
moter (Fig. 3B). Of note, such an outcome is also supported
by transient co-transfection assays indicating that Lef1��-
catenin complexes are very weak activators of the proximal
1.6-kb promoter of Pax3 in N2a or P19 cells (1.6-fold; data
not shown).
To determine whether Cdx members act as intermediaries

between canonicalWnt signals andPax3, we knocked down the
Cdx function in P19 cells using the EnRCdx1 dominant nega-

FIGURE 2. Regulation of Pax3 expression by Cdx proteins. A, whole-mount
in situ hybridization analysis of Pax3 expression in 6-somite (e8.5) wild type
(left) and Cdx1-null (right) mouse embryos. Embryos were processed and
stained in parallel. Slightly fewer Pax3 transcripts are detected in the dorsal
NT (arrow) of the Cdx1-null embryo. B, RT-PCR analysis showing co-expression
of Pax3 with the Cdx genes in N2a cells. C, semiquantitative RT-PCR analysis
showing alteration of endogenous Pax3 expression levels upon modulation
of Cdx activity in N2a cells. Prior to RT-PCR analysis, cells were transiently
transfected with the indicated expression vector (GFP is co-expressed as a
bicistronic transcript, allowing FACS-mediated recovery of transfected cells).
Pax3 expression levels are normalized against Gapdh expression. Note that
Pax3 expression is drastically reduced in cells expressing EnRCdx1, whereas it
is significantly increased in cells overexpressing a Cdx member. Numbers 1–5
represent the samples for which signal intensity was assessed by densitome-
try, and results were used to generate the graph at the bottom. Note that
similar results were obtained from three independent experiments. Error
bars, S.E.
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tive protein. This analysis indicated that overexpression of
EnRCdx1, but not that of EnR alone, strongly impairs induction
of Pax3 by Wnt3a (Fig. 3C), suggesting that Cdx function is
required for this regulation. Taken together, these results indi-
cate that the neural plate border specifier Pax3 is an indirect
target of Wnt��-catenin signaling and implicate Cdx members
as mediators of Wnt inductive signals.
Identification of Cdx Binding Sites in Proximal Pax3

Promoter—Previous studies have demonstrated that the prox-
imal 1.6-kb promoter of Pax3 recapitulates endogenous poste-
rior expression of Pax3 in the dorsal NT and NCC (12, 13). In
order to understand the mechanism of Cdx-mediated regula-
tion of Pax3 expression, we performed a series of co-transfec-
tion assays in N2a cells. To assess whether Cdx proteins trans-
activate the proximal 1.6-kb Pax3 promoter, we generated a
luciferase reporter construct driven by these regulatory
sequences (Pax3p1.6kb-Luc) and evaluated the effect of Cdx1,
Cdx2, Cdx4, or EnRCdx1 expression on its activity. As shown in
Fig. 4,A–C, all three Cdx proteins robustly induce this reporter
in a dose-dependent manner, and each induction is strongly
repressed by EnRCdx1. It is also interesting to note that,
although each Cdx is equally expressed (data not shown), Cdx2
elicits the strongest response (32-fold), followed by Cdx1 (11-
fold) and Cdx4 (5-fold). Such an observation is in accordance
with previous work and suggests that Cdx members do not
exhibit the same strength of transactivation (80).
The Cdx-dependent transcriptional response of the proxi-

mal 1.6-kb promoter correlates with the presence of five puta-
tive Cdx binding sites identified via bioinformatic (MatInspec-
tor, Genomatix) and manual analyses. Interestingly, four of
these potential Cdx binding sites are located in the previously

described NCE1 and NCE2. To better define the sequence ele-
ments that mediate Cdx transactivation, a promoter deletion
analysiswas carried out inN2a cells, andCdx2was used to assay
Cdx responsiveness. This assay revealed that the NCE2 region,
which contains three putative Cdx binding sites, mediatesmost
of Cdx2 transactivation (Fig. 4D). Accordingly, ChIP-PCR
assays performed in N2a cells indicate that both FLAG-tagged
Cdx1 and EnRCdx1 proteins are present on the endogenous
Pax3 NCE2 (Fig. 4E).
EMSA was then used to verify whether putative Cdx binding

sites (named CdxBS1, CdxBS2, and CdxBS3) contained in
NCE2 can be directly bound by a Cdx protein. In order to rule
out the possibility that other unpredicted Cdx binding sites
might also exist, we first scanned the whole NCE2 sequences
with eight overlapping double-stranded oligonucleotide probes
(supplemental Fig. S2 and supplemental Table S1). Incubation
of these probes with nuclear extracts from COS7 cells overex-
pressing FLAG-Cdx1 revealed that Cdx1 preferentially binds to
probes bearing either CdxBS1 or CdxBS3. Cdx1 binding to the
probe bearing CdxBS2 was very weak, whereas no binding was
observed for the remaining probes. The presence of FLAG-
Cdx1 in the complex formedwith probes containingCdxBS1 or
CdxBS3 was demonstrated by supershift with an anti-FLAG
antibody (Fig. 5B). Moreover, specificity of Cdx binding to
CdxBS1 and CdxBS3 was confirmed by the absence of compe-
titionwith cold probes bearing pointmutations in the predicted
elements (Fig. 5B). Taken altogether, our data demonstrate that
Cdx proteins directly regulate Pax3 expression at least via func-
tional binding sites contained in Pax3 NCE2.
Cdx Binding Sites Are Essential for Pax3 NCE2 Activity—To

determine whether Cdx binding sites identified by EMSA are

FIGURE 3. Regulation of Pax3 expression by the Wnt-Cdx pathway. A–C, analyses of P19 cells cultured in Wnt3a-conditioned medium (W3a) or control-
conditioned medium (Ctl). After treatment, expression of Cdx1, Cdx2, Cdx4, and Pax3 was assessed by RT-PCR. Gapdh was used as a loading control. Note that
expression of Cdx1, Cdx2, Cdx4, and Pax3 is specifically induced by treatment with W3a, whereas no induction is seen with Ctl. Shown are representative results
obtained from three independent experiments. A, time course analysis in cells incubated for the indicated time with Ctl (left panels) or W3a (right panels); note
that expression of all Cdx members is induced by W3a much earlier than Pax3. B, dependence of de novo protein synthesis for Pax3 induction. Cells were
pretreated for 30 min with vehicle (DMSO) or 30 �g/ml CHX and then cultured for 24 h in Ctl or W3a in the presence of 1 �g/ml CHX. Note that Pax3 induction
is affected by CHX treatment, whereas expression of Cdx1, Cdx2, and Cdx4 is not. C, semiquantitative RT-PCR analysis showing alteration of endogenous Pax3
expression level in the presence of the Cdx dominant negative fusion protein EnRCdx1. Prior to RT-PCR analysis, cells were transiently transfected with EnR
(control) or EnRCdx1 expression vector, which co-expresses GFP as a bicistronic transcript. Approximately 30 h after transfection, cells were cultured for
another 24 h in the presence or absence of W3a. GFP-positive cells were then recovered by FACS, total RNA was extracted, and endogenous Pax3 expression
was assessed by RT-PCR. Note that Pax3 induction is reduced in cells expressing EnRCdx1 but not in cells expressing EnR. Pax3 expression levels were
normalized against Gapdh expression. n.s., not significant. Error bars, S.E.
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functionally important for Pax3 NCE2 activity, we generated a
series of NCE2-luciferase reporter constructs containing the
mutated elements (alone or in combination) and evaluated
their responsiveness to Cdx2 in co-transfection assays. In P19
cells, single and double mutations of CdxBS reduce Cdx2-me-
diated transactivation of the NCE2 reporter, whereas simulta-
neous mutation of all three CdxBS results in complete loss of
Cdx2-mediated transactivation (Fig. 5C). In accordance with
our EMSAdata, this analysis also revealed that the contribution
of CdxBS1 and CdxBS3 to NCE2 activity is more important
than that of CdxBS2. Similar results were obtained in N2a cells,
although it can be noted that mutation of CdxBS1 does not
considerably inhibit the Cdx2 responsiveness of Pax3NCE2 in
these cells. Interestingly, it can also be noted that the order of
transactivation of the wild type NCE2 reporter is higher in N2a
(�14-fold) than in P19 cells (�6-fold) and that the triple
mutant construct remains slightly more active in N2a than in
P19 cells. These observations suggest that Cdx proteins, in
addition to directly binding the Pax3 NCE2, might also be
recruited to and/or stabilized on this enhancer via an interac-
tion with a neurectoderm-specific factor also required for
strong activation.
To verify the importance of all three Cdx binding sites of

Pax3 NCE2 in vivo, we generated lacZ reporter constructs
driven by either wild type or mutated Pax3 NCE2 upstream of
the Hsp68 minimal promoter and evaluated �-galactosidase
activity in transient e9.5 transgenic embryos (Fig. 6). This anal-
ysis first revealed that this short enhancer of 245 bp is sufficient
to recapitulate Pax3 expression in the dorsal NT and premigra-
toryNCCof the caudal embryo (Fig. 6A; comparewith Fig. 1H).

Importantly, we also found that point mutations in all three
Cdx binding sites abolish NT andNCC expression of the NCE2
reporter (Fig. 6B). Of note, this lack of expression of the
mutated NCE2 reporter is not due to transgene integration in a
repressive chromatin region because expression of a co-in-
jected Gata4p-GFP transgene is not affected (Fig. 6, C and D).
Therefore, these results demonstrate that intact Cdx binding
sites in Pax3NCE2 are required to recapitulate caudal and dor-
sal neurectoderm-specific expression of Pax3 in transgenic
mice.

DISCUSSION

We presented data indicating that the dorsal NT/NCC
marker Pax3 is a direct target of the Cdx proteins downstream
of canonical Wnt signals. Cdx proteins convey canonical Wnt
signals to the proximal Pax3 promoter through direct binding
to Cdx binding sites located in the evolutionarily conserved
NCE2. These Cdx binding sites are essential both for Cdx-me-
diated transactivation of NCE2 in cell culture experiments and
for expression of a NCE2 reporter in the dorsal NT andNCC of
e9.5 transgenic embryos, supporting the existence of the Wnt-
Cdx-Pax3 pathway in vivo.
Wnt-mediated Induction of Pax3 Expression at Neural Plate

Border—Although several studies have reported that Pax3 is a
posterior Wnt-induced gene, very little is known regarding the
possible mechanism of this regulation (5, 16, 19, 20). Our data
now indicate that induction of murine Pax3 expression by
canonical Wnt signals is indirect, involving Cdx proteins as
intermediaries. In this regard, it is interesting to note that all
threeCdx genes are direct targets ofWnt��-catenin signaling in

FIGURE 4. Identification of Cdx-responsive regions in the Pax3 proximal promoter. A–D, co-transfection assays in N2a cells using Luciferase reporter
constructs driven by 5�-flanking sequences of Pax3. The results (mean 	 S.E. (error bars) of four or five independent experiments performed in triplicate)
are expressed as -fold induction compared with the relevant reporter vector alone. A–C, Cdx-dependent transactivation of a Pax3p1.6kb-luciferase
construct. Note that the addition of Cdx1 (A), Cdx2 (B), or Cdx4 (C) expression construct results in strong dose-dependent transactivation (lanes 2– 4),
which is repressed by increasing amounts of EnRCdx1 (lanes 5–7). D, detection of Cdx-responsive regions in the Pax3 promoter via co-transfection assays
in N2a cells. Luciferase reporter constructs consisting of the Pax3 150-bp minimal promoter (min) with or without various lengths or regions of the Pax3
promoter were assayed for Cdx2 transactivation. Potential Cdx binding sites are indicated by black stars. Note that Cdx2 responsiveness correlates with
the presence of potential Cdx binding sites, which are located in previously identified NCEs, and especially with the three putative binding sites located
in NCE2. E, chromatin immunoprecipitation assays in N2a cells showing the presence of Cdx1 and EnRCdx1 proteins on the endogenous Pax3 promoter.
Primers flanking Pax3 NCE2 or exon 7 (as a negative control) were used to amplify anti-FLAG-immunoprecipitated DNA from FLAG-Cdx1-transfected
(top panels), FLAG-EnRCdx1-transfected (middle panels), or FLAG-EnR-transfected (bottom panel) cells. Lane 1, input; lane 2, preimmune serum IP; lane 3,
anti-FLAG IP. Note in lane 3 that a PCR product for NCE2 is obtained from FLAG-Cdx1- and FLAG-EnRCdx1-transfected cells but not from the negative
control FLAG-EnR-transfected cells.
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P19 cells. Although this was expected for Cdx1 and Cdx4 (27–
30), such an outcome was somehow surprising for Cdx2, given
a previous report indicating that exogenous Wnt3a can specif-
ically induce Cdx1 but not Cdx2 in embryo culture (27). How-
ever, this result is in agreement withmore recent work suggest-

ing that Cdx2 is also a direct target of canonical Wnt signals
(39–42, 44).
Our data challenge a recent report showing thatPax3 expres-

sion in the dorsal NT can also be regulated by another evolu-
tionarily conserved enhancer located in intron 4 (named ECR2)
and described as containing multiple putative Lef/Tcf binding
sites (81). Indeed, it was reported that mutation of these puta-
tive binding sites abrogates ECR2 activity in transgenic zebra-
fishes. However, this mutated transgene was not assayed in
mice, and these putative binding sites were not shown to be
bound by Lef/Tcf proteins. Because the consensus Lef/Tcf
binding site exhibits rather low binding specificity for HMG-
box proteins, this raises the possibility that putative Lef/
Tcf binding sites identified in Pax3 ECR2 are not bound by
Lef/Tcf proteins but rather by other HMG-box proteins, such
as Sox members (82–85). Alternatively, it is also possible that
Pax3 is a directWnt target in zebrafish and not inmice. Regard-
less of the mechanism operating in other organisms, our CHX
experiments indicate that murine Pax3 is an indirect Wnt tar-

FIGURE 5. Identification and characterization of Cdx binding sites in Pax3
NCE2. A, sequence comparisons of all three putative Cdx-binding sites
(CdxBS1, CdxBS2, and CdxBS3) relative to a consensus CdxBS sequence. Mis-
matches are denoted by lowercase letters. B, analysis of Cdx1 binding to
CdxBS1 and CdxBS3 via electrophoretic mobility shift assay. All in vitro bind-
ing reactions were performed in parallel under identical conditions. M, mock.
The presence of Cdx1 in the shifted bands was confirmed by the addition of 1
�g of anti-FLAG antibody to the binding reaction mix. Cdx1 binding and
anti-FLAG supershifts (SS) are indicated by arrows. A probe containing a con-
sensus CdxBS present in the Hoxb8 promoter was used as a positive control.
Specificity of Cdx1 binding was assessed by preincubation of FLAG-Cdx1-
containing nuclear extracts with a 100-fold excess of wild type (wt) or
mutated (mut) cold probes. Note that preincubation with wild type unlabeled
probes leads to inhibition of Cdx1 binding to the radiolabeled probes,
whereas preincubation with mutated probes did not. C, impact of CdxBS
mutation on Cdx2-mediated activation of the NCE2 reporter in cell culture.
Wild type or CdxBS mutant versions of a Pax3NCE2-luciferase reporter were
generated and assessed for Cdx2-mediated transactivation in P19 and N2a
cells. Cells were transiently transfected with the NCE2-Luc reporter alone or
with a Cdx2 expression vector. The results (mean 	 S.E. (error bars) of seven or
eight independent experiments performed in triplicate) are expressed as
-fold induction compared with the relevant reporter vector alone. m1, m2,
and m3, Pax3NCE2-luciferase reporter constructs containing point mutations
in the CdxBS1, CdxBS2, and CdxBS3, respectively; m1,2, m1,3, and m2,3, dou-
ble mutations of CdxBS; m1,2,3, triple mutation. Note that concomitant muta-
tion of all three CdxBS is required to almost completely abolish the transacti-
vation of Pax3 NCE2 by Cdx2.

FIGURE 6. Cdx binding sites are required for the activity of a Pax3NCE2-
lacZ reporter in transgenic embryos. A and B, whole mount �-galactosidase
staining performed in e9.5 transgenic embryos generated from the wild type
(Pax3NCE2-lacZ) (A) or mutated (Pax3NCE2mut-lacZ) transgene (B), the latter
carrying specific point mutations in all three CdxBS of NCE2. The dotted line in
A indicates where the transverse section shown in the inset was cut. C and D,
direct GFP fluorescence detection of a Gata4p-GFP transgene co-injected
with the wild type (C) or mutated transgene (D). Note that staining is detected
in the dorsal NT (arrow) of transgenic embryos generated from the wild type
construct (A). Mutation of all CdxBS abrogates �-galactosidase activity in the
dorsal NT (B), whereas detection of Gata4p-GFP is not affected (D). E, table
indicating the total number of transgenic embryos obtained for each con-
struct as well as the number of embryos exhibiting �-galactosidase activity in
the dorsal NT.
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get. Moreover, we have found that a luciferase reporter con-
struct driven by ECR2 is, like NCE2, very poorly activated by
Lef1��-catenin complexes in transient transfection assays using
P19 and N2a cells (data not shown).
Recent work in Xenopus embryos also suggests that Wnt-

mediated induction of Pax3 expression at the neural plate bor-
der might be controlled by species-specific mechanisms.
Indeed, de Crozé et al. (20) have reported that Pax3 expression
at the neural plate border is regulated by canonicalWnt signals
via both direct and indirect means. This work showed that,
although Pax3 can be directly induced by canonical Wnt sig-
nals, the transcription factor AP2a is required as an intermedi-
ate for full activation (20). The existence of such a mechanism
in mice is very unlikely because knock-out of all AP2 isoforms
(via deletion of exon 5) has been shown to result in cranial
neural crest defects that do not involve reduced Pax3 expres-
sion (86).
On the other hand, other studies in Xenopus embryos have

revealed that the homeobox gene Gbx2 is a direct down-
stream target of Wnt��-catenin signaling acting upstream of
Pax3 at the neural plate border (87). Similarly to Cdx genes,
Gbx2 is a known posteriorizing gene. However, in marked
contrast to Cdx proteins, Gbx2 cannot directly activate Pax3
expression because it acts as a repressor (87, 88). Therefore,
in this case, it appears that Gbx2 is required to repress an
unknown repressor of Pax3 at the neural plate border. More
work will be required to determine whether this mechanism
is conserved in mice.
Regulation of Pax3 Expression via NCE2—We have shown

for the first time that the Pax3NCE2 alone is sufficient to reca-
pitulate induction as well as dorsal restriction of Pax3 expres-
sion in the caudal NT. Taken together with previous work, this
suggests that NCE2 is involved in the posterior whereas NCE1
is rather involved in the anterior expression ofPax3 (13–15). As
summarized in Fig. 7, our in vitro and in vivo data further indi-
cate that the activity of NCE2 is regulated by the posteriorizing
Wnt-Cdx pathway. Given the broad distribution of Cdx pro-
teins in the posterior neurectoderm, it is currently unclear how
NCE2 exhibits dorsally restricted activity. As described previ-
ously for Pax3 expression, this could first be ensured by a

repressivemechanism involving Shh signals emerging from the
node, notochord, and floor plate (17), implying that Shh-re-
sponsive regulatory sequences are contained within NCE2.
Such restricted activity of NCE2 might also be due to an inter-
action between Cdx proteins and a neural plate border co-fac-
tor. In this regard, our transfection assays in N2a cells have
suggested that Cdx-mediated transactivation of NCE2 might
rely in part on the presence of a neural factor. The identity of
such co-factor is currently unknown, and it is most likely not a
transcription factor previously reported to act onNCE2 (Tead2
and Brn1/2) (13, 15). Indeed, although both Tead2 and Brn1/2
have been implicated in the regulation of Pax3 expression, their
expression pattern is not consistent with a role in the induction
of Pax3 expression in vivo. On one hand, Tead2 and its co-fac-
tor YAP65 are almost ubiquitously expressed at e8.5–e9.5,
becoming restricted to neural tissues only after e10.0 (89, 90).
On the other hand, the proneural factors Brn1 and Brn2, as well
as other Pou class III members Brn4 and Tst1/Oct6, are not
expressed in the PNP (91–96). Thus, these observations
strongly suggest that Tead2 and Brn1/2 are involved in the
maintenance rather than induction of Pax3 expression. More
work will obviously be required to better understand the regu-
latory mechanisms involved in the dorsal restriction of Pax3
expression, and our data indicate that at least some of them are
operating via NCE2.
Novel Function for Cdx Proteins in Caudal Neurectoderm

Development—Strong Cdx expression in the caudal neurecto-
derm is highly conserved across chordates. However, Cdx func-
tion in this lineage is poorly understood because of functional
redundancy. Until recently, Cdx proteins were mostly known
for their evolutionarily conserved role in the control of neural
AP patterning viaHox-dependent mechanisms (37, 64, 67, 97).
Cdx proteins are nowalso known to regulate neuralAPpattern-
ing via Hox-independent mechanisms in different species (62,
63). More recently, Cdx1-Cdx2 double knock-out mice were
generated and revealed a novel redundant role for Cdx mem-
bers in the control of NT closure (54). This work showed that
Cdx proteins regulate the planar cell polarity gene Ptk7 and
further suggested that Cdx members are involved in the regu-
lation of convergent extension movements in the caudal
embryo. This analysis involved a conditional mutagenesis
approach to circumvent the peri-implantation lethality associ-
ated with the Cdx2 null mutation, via a CMV-�-actin-Cre-
ERT2 transgene and a floxed allele ofCdx2.Thus, theCdx func-
tionwas lost in all three germ layers, and it is uncertain whether
this novel Cdx role in neurulation is tissue-autonomous, -non-
autonomous, or a combination of both. Ptk7 loss of function in
Xenopus appears to affect convergent extension of the neurec-
toderm (98), but this has not been reported in mice. Indeed,
although Ptk7�/� mouse mutants have been shown to have
defective convergent extension movements in the mesoderm,
an analysis of the neurectoderm has not been reported (99).
Therefore, more detailed analysis ofCdx1-Cdx2 double knock-
out animals and conditional approaches involving tissue-spe-
cific loss of function will be required to clarify the Cdx-depen-
dent processes involved in NT formation.
On the other hand, our work now suggests that Cdx proteins

may impact caudal neurectoderm development in a tissue-au-

FIGURE 7. Control of Pax3 expression in the caudal neurectoderm via
NCE2. Induction of Pax3 expression in the posterior neural plate is controlled
by the Wnt-Cdx pathway. Expression in the closed neural tube is later main-
tained by the activity of Tead2 as well as Brn1/2 transcription factors. Restric-
tion of Pax3 expression at the lateral neural plate and dorsal neural tube is
ensured by repressive Shh signals emerging from the node, notochord, and
floor plate. An unknown neuron-specific Cdx co-factor might also be involved
in the spatial restriction of NCE2 activity.
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tonomous manner, at least via the regulation of Pax3 expres-
sion. As evidenced by the severeNCandNTdefects observed in
Pax3Sp/Sp mutants, Pax3 plays a crucial role in the neurecto-
derm (1, 2). Pax3 is important for NCC induction, and analysis
of Pax3-deficient embryos has indicated that NC defects are
due to amarked reduction in the number of NCC that emigrate
from the NT at cranial levels and a progressive complete loss of
NCC at more caudal levels (100–102). This progressive
increase in the severity of NC defects along the AP axis reflects
the cranial co-expression of the functionally redundant Pax7
(103). Pax3 is also important for NT closure, being required for
the survival of dorsal progenitors via down-regulation of p53
activity (6, 7). Thus, by acting upstream of Pax3, the canonical
Wnt-Cdx pathwaymight control cell specification andmainte-
nance of progenitor populations required for proper NC and
NT development.
A role for Cdx proteins in NC development has not been

formally reported in any species. This is most likely because
such a role is masked by functional redundancy and/or the
presence of very severe posterior truncation phenotypes inCdx
compound mutants. However, several observations are in
agreement with a role for Cdx proteins in NC development as
well as the conservation of this role through evolution. In mice,
an analysis of NCC in Cdx1-Cdx2 double knockouts has not
been reported, but Cdx1�/�Cdx2�/� mutants are known to
display abnormal and fused dorsal root ganglia (53). In
zebrafish, Cdx loss of function leads to a reduced number of
Rohon-Beard cells (which share a common precursor with
NCC) and the absence of NC-derived spinal nerve roots (63,
104). In ascidian, Cdx loss of function results in the absence of
pigment cells, which are derived from NC-like cells (68, 69).
Future work focusing on a more detailed characterization of
compound mutants or tissue-specific loss-of-function studies
should help validate these observations and confirm a role for
Cdx proteins in NC development.
In conclusion, our work suggests that Cdx proteins occupy a

strategic position between canonical Wnt signals and Pax3 at
the beginning of the gene regulatory cascade controlling NCC
development. BecauseCdx genes are not expressed in the ante-
rior neurectoderm, the Wnt-Cdx pathway cannot impact cra-
nial NC induction. Therefore, our data are in accordance with
the general idea that NCC are intrinsically different along the
AP axis (105–108) and strongly suggest that these differences
are already in place during induction of NCC.
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Figure S1: Characterization of the Cdx dominant negative fusion protein. (A) The Cdx dominant negative
fusion protein consists of the repressor domain of Engrailed (EnR) and the homeodomain of Cdx1. (B) Anti-Flag
western blot showing detection of EnRCdx1 and EnR proteins in Cos7 cells transfected with respective expression
vectors. (C) Electrophoretic mobility shift assay using a consensus Cdx binding site as probe and nuclear extracts
(NE) from Cos7 cells transfected or not with an EnRCdx1 expressing vector: 1-free probe; 2-mock NE; 3-5-
increasing amount of EnRCdx1 NE; 6-7-maximum amount of EnRCdx1 NE and competition with wt (6) or
mutated (7) cold probes. EnRCdx1 binding is indicated by an arrow. (D) Co-transfection assay in P19 cells using a( ) p g y ( ) y g
Hoxb8 reporter construct bearing multiple Cdx binding sites. Cdx2 expression results in strong transactivation
(lane2). Co-transfection of Cdx2 and increasing amounts of EnRCdx1 expression construct results in dose-
dependent repression (lanes 3-5) whereas expression of the EnR domain without the Cdx1 homeodomain does not
affect Cdx2-mediated transactivation (lanes 6-8). (E) Semi-quantitative RT-PCR analysis showing repression of
endogenous Cdx1 expression in N2a cells transfected with EnRCdx1 expression vector. Note that Cdx1 is known
to autoregulate via binding of Cdx1-Lef1 complexes to Lef/Tcf binding sites in the Cdx1 promoter (46). Cdx1
expression levels are normalized against Gapdh expression. Number above each lane represents the number ofexpression levels are normalized against Gapdh expression. Number above each lane represents the number of
PCR cycles. (F) Co-transfection assays in N2a cells using luciferase reporter plasmids driven by Galectine1 or
Syncytin2 promoter (provided by B. Barbeau, UQAM) to confirm the specificity of EnRCdx1. Increasing amounts
of EnRCdx1 do not affect the expression of these non-Cdx target reporters.
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Probe Sequence
1 5’-AGGCTAGGCACAATGGTACCTTCTCTAAGGACAGAC-3’

2 5’-AAGGACAGACAGTCTTTACAACACTCCTGGCGTCATATCC-3’

3 5’-CGTCATATCCTGCTGGGGACACTTCAGCTCCTAGCCAAGA-3’

Table S1. Oligonucleotides used to identify CdxBS in the Pax3 NCE2 by EMSA.

4 5’-CTAGCCAAGACGTTGCTTCTTTTATTTTTCCAGCAGTTTA-3’

5 5’-CAGCAGTTTAGTCTGAATGCCATAATAAATTCCTGAGAAC-3’

6 5’-TCCTGAGAACAAACGCTGCACCCGGGCAAAACCTCAACAT-3’

7 5’-ACCTCAACATATAGATGCAAGTGCATCGGGGATGAATGTG-3’

8 5’-GATGAATGTGTACGTGGAGATTTAAAGTCCCCGCTTCTCA-3’

Consensus CdxBS Hoxb8 5’-GACCGCTATAAAAGTTTATAGGGTATAAATTTCTGA-3’

CdxBS1mut 5’-CAGCAGTTTAGTCTGAATGCCATAATACCTTCCTGAGAAC-3’

CdxBS3mut 5’-AAGGACAGACAGTCTCGACAACACTCCTGGCGTCATATCC-3’

Putative, consensus or mutated CdxBS sequences are underlined, overlapping 
sequences are in italics and point mutations are denoted in bold
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Figure S2: Identification of Cdx binding sites in the Pax3 NCE2. (A) Schematic representation of the
Pax3 NCE2 showing the relative location of all three putative Cdx binding sites (CdxBS1, CdxBS2 and
CdxBS3) as well as the 8 overlapping oligonucleotides (denoted 1-8) used to scan the NCE2 for Cdx
binding sites in gel shift assay. (B) Identification of Cdx binding sites in the Pax3 NCE2 by electrophoretic
mobility shift assay (EMSA). A probe containing a consensus CdxBS present in the Hoxb8 promoter was
used as a positive control. Each probe was incubated or not (-) with nuclear extracts from mock or Flag-
Cdx1 (Cdx1) transfected Cos7 cells. Note that strong Cdx binding is only observed with oligonucleotide( ) g g y g
probes 2 and 5 bearing respectively the CdxBS3 and CdxBS1.
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