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ABSTRACT:

Pax3 encodes a paired-box transcription factor with key roles in neural crest and neural tube
ontogenesis. Robust control of Pax3 neural expression is ensured by two redundant sets of cis-
regulatory modules (CRMs) that integrate anterior-posterior (such as Wnt-BCatenin signaling) as well
as dorsal-ventral (such as Shh-Gli signaling) instructive cues. In previous work, we sought to
characterize the Wnt-mediated regulation of Pax3 expression and identified the Cdx transcription
factors (Cdx1/2/4) as critical intermediates in this process. We identified the neural crest enhancer-2
(NCE2) from the 5’-flanking region of Pax3 as a Cdx-dependent CRM that recapitulates the restricted
expression of Pax3 in the mouse caudal neuroectoderm. While this is consistent with a key role in
relaying the inductive signal from posteriorizing Wnt ligands, the broad expression of Cdx proteins in
the tailbud region is not consistent with the restricted activity of NCE2. This implies that other positive
and/or negative inputs are required and, here, we report a novel role for the transcription factor Zic2 in
this regulation. Our data strongly suggests that Zic2 is involved in the induction (as a direct Pax3NCE2
activator and Cdx neural cofactor) as well as the maintenance of Pax3 dorsal restriction (as a target of
the ventral Shh repressive input). We also provide evidence that the inductive Cdx-Zic2 interaction is
integrated on NCE2 with a positive input from the neural-specific transcription factor Sox2. Altogether,
our data provide important mechanistic insights into the coordinated integration of different signaling
pathways on a short Pax3 CRM.
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Regulation of Pax3 neural expression by a Cdx-Zic2 complex
1-INTRODUCTION

Building an embryo from an initial population of equivalent cells requires precise spatiotemporal
control of gene expression. Information to do this comes from just a few numbers of conserved
signaling pathways, is transmitted by DNA binding proteins and interpreted at the cis-regulatory level
on evolutionarily conserved genomic sequences. Redundant and different operating enhancers may
exist to refine and protect expression of developmental genes from fluctuations in these signals or
mutations in the genome. Subsequently, the output of gene expression and gene regulatory interactions
provide the memory to maintain established expression patterns in the absence of signaling inputs. In
this regard, a lot of work has been done to understand the molecular mechanisms of neural gene
expression during establishment of the anterior-posterior (AP) as well as the dorsal-ventral (DV) axes.
Nevertheless, how both AP and DV signaling inputs are coordinately integrated at the cis-regulatory
level is still poorly understood.

Pax3/7 (Paired box 3 and 7) and Zic (Zinc finger protein of the cerebellum) family members (Zic1-5)
encode transcription factors that exhibit overlapping expression domains in the neuroectoderm along
both the AP and the DV axis. During neurulation, expression of these genes is similarly restricted to
pre-migratory neural crest cells (NCC) and dorsal neural tube (NT) [1-9]. However, such overlap is less
extensive along the AP axis and most especially in the caudal embryo where only Pax3 and the
Zic2/Zic5 gene pair are expressed in the posterior neural plate (PNP) [1, 10]. Consistent with their wide
expression pattern and key developmental role, loss-of-function mutations of Pax3 and Zic2 — as seen
for example in the Splotch (Pax3) and Kumba (Zic2) mouse mutants — causes severe and similar NT
and NCC defects affecting the entire AP axis such as spina bifida, craniofacial malformations, absence
of dorsal root ganglia and pigmentary anomalies [6, 7, 10-12].

Work performed in several vertebrate species has revealed that AP instructive cues from Wnt
(Wingless and Int-1 related) and FGF (fibroblast growth factor) pathways as well as DV instructive
cues from BMP (bone morphogenetic protein) and Shh (Sonic Hedgehog) pathways are all involved in
the induction and dorsal restriction of Pax3/7 and Zic members [8, 13-22]. These studies notably point
to a critical role for posteriorizing canonical Wnt signaling and intermediate levels of BMP molecules
during induction in the neural plate [14, 16-18, 23, 24] whereas opposing gradients of dorsal BMP and
ventral Shh signaling are subsequently implicated in the maintenance and dorsal restriction in the
closed NT [19-21, 25]. Although the general role of these pathways is well accepted, some species-
specific variations are also expected regarding their relative importance. In the case of Pax3, this is
well exemplified by the comparison of its posterior expression domain between chick and mouse
embryos. Indeed, in chick embryos, Pax3 expression is initially induced in the whole PNP before
becoming restricted to the dorsal NT whereas in mouse embryos, Pax3 expression is already restricted
to the lateral borders of the PNP during the induction phase [15, 26].

Multiple evolutionary conserved cis-regulatory modules (CRMSs) have been identified for Pax3. These
CRMs are clustered in two areas of the Pax3 locus: one in the 5’-flanking region and the other in
intron-4 [27-29]. The 5’-flanking region, named Neural Crest Enhancer (NCE), is located within the
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1.6 Kb proximal promoter and is subdivided in two short CRMs of approximately 250 bp named NCE1
and NCE2 [27, 28]. The entire NCE is not only able to direct Pax3 reporter expression in mouse NCC
and dorsal NT along the hindbrain and trunk region, but also drive enough functional expression levels
of Pax3 to rescue the NT and NCC defects observed in Pax3 Splotch mice [7]. Interestingly, targeted
deletion studies in the mouse have suggested that NCE acts redundantly with a second evolutionary
conserved region (ECR2) located in the 4™ intron [29]. In fact, more recent work using the zebrafish as
a model has demonstrated that the Pax3 intron-4 contains at least two CRMs that appears to exhibit
complementary activities in order to recapitulate the induction, dorsal restriction and maintenance of
Pax3 neural expression [18, 30]. Given that the effect of their deletion has not been documented so far,
the requirement of any of these intron-4 CRMs for Pax3 expression as well as their relative importance
over the 5’-flanking NCE is currently unknown.

We have previously demonstrated that the NCE2 region alone is able to recapitulate both the induction
and dorsal restriction of Pax3 expression in the caudal NCC and NT [26], suggesting that this CRM is
well suited for analyzing the coordinated integration of both AP and DV instructive cues. In this regard,
we have already demonstrated that activity of this enhancer depends on a positive input from caudal-
related homeobox (Cdx) transcription factors downstream of Wnt/BCatenin signaling [26]. Here we
further show that, in addition to Cdx, Zic2 also directly regulates murine Pax3 expression and acts as a
Cdx neural cofactor. Importantly; we show that the NCE2 region integrates positive inputs from caudal
Cdx, dorsal Zic2 as well as neural Sox2 transcription factors. Furthermore, we provide evidence for a
putative role of Zic2/5 as mediators of the Shh-induced repressive input involved in the dorsal
restriction of Pax3 expression. Taken together with previous descriptions of other functional binding
sites (e.g. Brnl and Tead2) within NCE2 [28, 31], our data strongly suggest that this short CRM
behaves as a “super-enhancer” [32] that mediates the spatiotemporal induction and dorsal restriction of
Pax3 expression in the mouse caudal neuroectoderm.

2-MATERIALS and METHODS

2.1-Ethics Statement

Experiments involving mice were performed following Canadian Council of Animal Care (CCAC)
guidelines for the care and manipulation of animals used in medical research. Protocols involving the
manipulation of animals were approved by the institutional ethics committee of the University of
Quebec at Montreal (comité institutionnel de protection des animaux (CIPA)); Reference number 0513-
C1-648-0514).

2.2-Plasmid constructs and site-directed mutagenesis

The Pax3 cDNA vector pBH3.2 [1] was kindly provided by J. Epstein. Expression vectors for FLAG-
tagged Cdx1 and GST-Cdx1 fusion proteins have been described previously [33]. Expression vectors
for FLAG-tagged full-length and deletion mutant ZIC2 proteins were a generous gift from S. Tejpar
[34]. HA-tagged Zic2 expression vector ()cDNA3-HaZic2) was kindly provided by J. Aruga [35]. Myc-
tagged Sox2 expression vector (0)cDNA3.1-mycS0x2) was a gift from M. Bani-Yaghoub [36]. FLacCdx1
and naZic2 expression vectors co-expressing GFP were generated by subcloning the respective cDNA

3



125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166

Regulation of Pax3 neural expression by a Cdx-Zic2 complex

into the pIRES2-EGFP vector (Clontech). Wild type (wt) or CdxBS mutant versions of a Pax3NCE2-
luciferase reporter constructs were as previously described [26]. For generating Zic binding site (BS)
mutant versions, point mutations were introduced into the ZicBS of NCE2 by using the Quick Change
Multisite-directed mutagenesis kit (Stratagene) in accordance with manufacturer’s instructions.
Sequence of the oligonucleotide used for site-directed mutagenesis of the ZicBS was: 5°-
CGTCATATCCTGCTaaGGACACTTCAGCTCCTAGCCAAGA-3’ (with ZicBS underlined and point
mutations indicated by lower case letters).

2.3-In situ hybridization and immunofluorescence analyses

FVB mouse embryos were obtained from timed pregnancies, noon of the day on which a vaginal plug
was detected being considered as embryonic day (e)0.5. Embryos to be compared were stage-matched
in accordance with established criteria [37] and processed in parallel.

Whole-mount in situ hybridization of Pax3 and Zic2 mRNAs was performed using standard approach
[38]. The Pax3 probe was generated from the pBH3.2 plasmid while the Zic2 probe was generated
from the pcDNA3-HaZic2 plasmid. Transverse sections (100um) were prepared using a vibrating blade
microtome Microm HM 650V (Thermo Scientific) as previously described [39]. Images were acquired
with a Leica DFC 495 camera mounted on a Leica M205 FA microscope (Leica Microsystems).

Whole mount immunostaining of Nkx6.1 in €9.5 mouse embryos was performed using the protocol
described by [39] and consecutive vibratome transverse sections of the tail were prepared as described
above. Immunofluorescence analyses on NT cryosections were performed as previously described
[40]. Briefly, 20 um frozen sections were prepared using a Leica CM1950 cryostat (Leica
microsystems) and adjacent sections were used to compare the distribution of Cdx2 and Pax3 proteins.
Sections were blocked with 10% fetal bovine serum, 0.1% TritonX-100 in PBS for 1 hour and then
incubated at 4°C overnight with primary antibodies diluted in blocking solution. Nuclei were stained
using DAPI (Molecular Probes) and slides were then incubated 1 hour at room temperature with
secondary antibodies diluted in blocking solution. Antibodies and dilutions used were: mouse anti-
Cdx2 1: 100 (Biogenex), mouse anti-Pax3 1:400 (R&D Systems), mouse IgG1l anti-NKX6.1 1:20
(Developmental Studies Hybridoma Bank) and Alexa-647 donkey anti-mouse 1:500 (Jackson
Immunoresearch). Images were taken with a Nikon Al laser-scanning confocal microscope.

2.4-Chromatin immunoprecipitation (ChIP) assays

ChlIP assays in Neuro2a (N2a) cells were performed using the M-Fast Chromatin immunoprecipitation
kit (ZmTech Scientific) in accordance with manufacturer’s instructions. For immunoprecipitation of
chromatin from naZic2- or rLacCdx1-transfected N2a cells (108 cells), 1ug of rabbit anti-HA (Abcam)
and mouse anti-FLAG M2 (Sigma) antibodies were respectively used. A normal rabbit 1gG serum was
used as a negative control of immunoprecipitation. PCR amplifications were performed using the
Platinum Tag DNA polymerase (Life Technologies) and consisted of 35 cycles of 30s at 96°C, 30s at
60°C and 30s at 72°C. The primers used for this study were: Pax3 NCE2 Forward (5°-
GGCACAATGGTACCTTCTCTAAGG-3?) and Reverse (5°-
CCCTTCTGAGAAGCGGGGACTTTAAA-3"). PCR products were resolved on a 2 % agarose gel and
sequence-confirmed.
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2.5-Electrophoretic mobility shift assays (EMSA)

Zic2 and Cdx1 binding to Pax3NCE2 sequences was assessed essentially as previously described [26].
Briefly, binding reactions were carried out in a previously described Zic binding buffer [41] with 8ug
of nuclear extracts from mock-, naZic2 or rLacCdxl transfected Cos7 cells. Supershift assay was
performed using 1ug of rabbit anti-HA antibody (Abcam). Specificity of binding was assessed by
competition with a 100-fold molar excess of unlabeled wild type or mutated cold probe. To test the
interaction of Cdx1 and Zic2 in the presence of the target DNA, HaZic2 and riacCdx1 nuclear extracts
were incubated for 30 min in Zic binding buffer at 4 °C before the addition of the radiolabelled probe
(either Pax3NCE2 CdxBS1, CdxBS3 or ZicBS). The sense strand of each wild type double-stranded
probe was previously described [26]. The sense strand of a double-stranded probe harbouring the
mutated Pax3NCE2 ZicBS was as described above for site-directed mutagenesis. The sense strand of a
double stranded probe harbouring a previously described ZicBS [41] (used as positive control) was: 5°-
GATCCTGTGATTTTCGTCTTGGGTGGTCTCCCTCG-3’ (with ZicBS underlined).

2.6-Western blot, co-immunoprecipitation and GST pull-down assays

Primary antibodies and dilutions used for western blotting were: mouse anti-FLAG 1:1000 (M2,
Sigma), rabbit anti-HA 1:2000 (ab9110, Abcam), mouse anti-Myc 1:100 (in house 9E10 hybridoma)
and rabbit anti-GAPDH 1:2500 (sc25778, Santa Cruz Biotech).

For co-immunoprecipitation, Cos7 cells were transfected with expression vectors for rLacCdx1 and
HaZic2 using Genejuice transfection reagent (Novagen) and harvested in immunoprecipitation buffer
(25 mm Hepes, pH 7.2, 0.5% Nonidet P-40, 150 mm NaCl, supplemented with protease inhibitors).
Immunoprecipitations and western blots were carried out as previously described [33].

For pull-down assays, Glutathione S-transferase (GST)-Cdx1l, GST-Cdxl homeodomain (GST-
Cdx1Homeo) and GST-Cdx1l N-terminus (GST-Cdx1Nterm) fusion proteins were produced and
purified with glutathione-agarose beads (Sigma) as previously described [33]. FLAG-tagged full-length
and deletion mutant ZIC2 proteins were in vitro synthesized using the TnT T7 quick coupled
transcription/translation system (Promega) and previously described plasmids [34]. In vitro pull-down
assays were performed as previously described [33] and interactions were revealed by western blotting
using mouse anti-FLAG M2 antibody (Sigma). To test the interaction between ZIC2 and Cdx1 in the
presence of NCE2 sequences, in vitro synthesized rLacZIC2 proteins were pre-incubated with
increasing amounts of NCE2 DNA (50 or 200 ng) for 30 min in the same conditions as described for
EMSA before adding GST or GST-Cdx1 homeodomain fusion proteins.

2.7-Cell culture, transfections and RT-PCR analyses

P19, Neuro2a (N2a) and Cos7 cell lines were propagated and transfected as previously described using
Genejuice reagents (Novagen) in accordance with manufacturer’s protocol [26].

Luciferase reporter assays were performed essentially as previously described [26]. For Zic2 or Sox2
dose response assays, N2a (8x10* cells per well) and P19 (3x10* cells per well) were transfected with
100 ng of Pax3NCE2-Luciferase reporter construct alone or with increasing amounts of naZic2 (10 ng
to 40 ng) or mycSox2 (10 ng to 75 ng) expression vectors. For analysis of the synergistic effect of Cdx1
and Zic2, N2a cells were transfected with 100 ng of wild type or mutated Pax3NCE2-Luciferase
reporter construct alone, or with fixed amount of rLacCdx1 (5ng) and/or naZic2 (10 ng) expression
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vectors. When required, an empty expression vector was also included to complete the final amount of
DNA per well to 150 ng. For analysis of the synergistic transactivation of Pax3NCE2 by Cdx1, Zic2
and Sox2 co-expression, fixed amounts of FLacCdx1 (10 ng), HaZic2 (40 ng) and mycSox2 (50 ng) were
used and an empty expression vector was also included to ensure a total of 200 ng of DNA per well.
All transfections were performed at least five times in triplicate. In all experiments, specificity of
NCE?2 activation was assessed by using a previously described luciferase reporter construct consisting
of the Pax3 150bp minimal promoter alone [26], as a negative control. Forty-eight hours after
transfection, cells were disrupted in 100 pl 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). Expression of exogenous rLacCdx1, naZic2 and mycSox2 in cell lysates was verified by
western blot.

To modulate Zic2 activity, N2a cells were seeded in 100-mm tissue culture plates (2x10° cells per
plate) and transiently transfected with increasing doses (3, 6 and 9 pg) of HaZic2-IRES-GFP expression
vector. Forty-eight hours after transfection, GFP-positive cells were recovered by FACS and analyzed
by RT-PCR (for Pax3 and Gapdh expression) as well as via western blot (for naZic2 and Gapdh
expression).

For dose-response analyses of Shh-induced repression of Pax3, Zic2 and Zic5 expression, N2a cells
were seeded in 6 well plates (4x10° cells per well) and treated the following day with varying doses
(50-200 ng/ml) of recombinant mouse Shh-N proteins (R&D systems) in absence or presence of
lug/ml cyclopamine (R&D systems). Cells were harvested 24h post-treatment and analyzed by RT-
PCR.

For cycloheximide (CHX) treatments, N2a cells were pre-treated for 30 min with 30 pg/mL of CHX or
with the vehicle (DMSO) alone as previously described [26] and then treated for 24h with or without
Shh-N recombinant protein (200 ng/mL) in the presence of 1 pg/mL of CHX.

For rescue experiments, N2a cells were seeded in 100-mm tissue culture plates (2x10° cells per plate)
and transiently transfected with naZic2-IRES-GFP or empty IRES-GFP expression vectors. The
following day, cells were incubated in the presence of Ctl or Shh-enriched (200 ng/ml) medium and
cultured for another 24h prior to recovery of GFP-positive cells by FACS.

RNA isolation and RT-PCR analyses were performed as previously described [26]. The primers used in
this study were: Pax3 (forward: 5’-CCTGCCAACATACCAGCTGTCG-3’, reverse: 5°-
CTGAGGTGAAAGGCCATTGCCG-3’); Zzic2 (forward:5’-AAGGTCTTCGCACGCTCCGAG-3’,
reverse: 5’-CGCAACGAGCTGGGATGCGTGT-3%); Zich (forward: 5’-
CAAGATCCACAAGCGCACTCATACA-3’, reverse: 5’-TTGGGTCCAGCACAGGGGACAAAG-
3%, Gapdh (forward: 5’-TCCTGCACCACCAACTGCTTAGC-3’, reverse: 5’-
AGGTCCACCACCCTGTTGCTGTA-3’).

2.8- Statistical analyses

Statistical analyses were performed using GraphPad Prism software version 5.0. Differences between
means were evaluated by one way ANOVA followed by a Tukey’s post test and classed as not
significant (n.s., p>0.05) or significant (*, p<0.05; **p<0.01; ***p<0.001).
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3-RESULTS

3.1-A positive Cdx input is necessary but not sufficient to refine the Pax3 expression domain in the
caudal neuroectoderm

Cdx genes (Cdx1/2/4) encode homeodomain transcription factors exhibiting functional redundancy and
overlapping expression patterns in the caudal embryo [42-48]. Using mouse transgenic reporters and
murine cell line perturbation analyses, we have previously demonstrated that Cdx proteins are required,
downstream of canonical Wnt signaling, to induce Pax3 expression in the mouse caudal neuroectoderm
[26]. However, as shown in Fig.1A by immunofluorescence analysis of Cdx2 and Pax3 distribution in
e9.5 caudal NT sections, Cdx and Pax3 expression patterns only partially overlap [1, 42, 44, 45].
Indeed, Cdx proteins are broadly distributed in the entire tailbud and, more anteriorly, they are detected
along the whole DV axis of the recently closed NT. In contrast, Pax3 expression is restricted to the
lateral borders of the open PNP and, more anteriorly, to the dorsal NT. This implies that non-Cdx
inputs are required to refine the Pax3 expression domain in the caudal neuroectoderm and leaves us
with three possibilities that may involve either one or two mechanisms (Fig.1B). The first possibility
(Mechanism-1 only) would involve one or several Cdx cofactors that exhibit more-or-less restricted
neural expression in the lateral PNP and dorsal NT. The second possibility (Mechanism-2 only) would
involve a negative input from a repressor expressed in the medial PNP and ventral NT. The third
possibility would involve a combination of both mechanisms.

3.2-The neural and dorsally restricted zinc finger transcription factor Zic2 regulates Pax3
expression

Based on their overlapping expression pattern with Cdx and Pax3, we first hypothesized that Zic2/5
transcription factors might contribute to Mechanism-1. Indeed, Zic proteins can transactivate target
genes and of the five murine Zic genes, only the Zic2-Zic5 gene pair (sharing the same 5’-flanking
region) is expressed in the caudal most region of the neuroectoderm [10]. Moreover, Pax3 expression
has been previously reported to be significantly reduced in NCC homozygous for a knockdown allele
of Zic2 while Zic2-null mutants exhibit posterior NT and NCC defects that phenocopy those observed
in Pax3-null mutants [12]. To validate the candidacy of Zic2 as a Pax3 regulator, we began by carrying
out a detailed analysis of their expression pattern using whole-mount in situ hybridization in stage-
matched €9.0 and €9.5 mouse embryos. In accordance with previous studies, this analysis revealed a
striking and extensive overlap in the neural expression domain of both genes along the AP axis
(Fig.2A-J). Interestingly, as evidenced by its more posterior limit of expression in the open PNP, this
analysis notably demonstrated that Zic2 is in fact induced earlier than Pax3 in the caudal embryo
(compare Figs.2C,E,G with 2D,F,H). Following NT closure, Pax3 and Zic2 are then found to be
equally expressed in a dorsal domain that covers ~40% of the DV neural axis (bracket in Fig.2I-J). It is
noteworthy that such overlapping expression pattern is neural specific since, outside the NT, Pax3 and
Zic2 are expressed in a mutually exclusive manner in the somites (asterisk in Fig.21,J). Thus, these data
support the candidacy of Zic2 and further suggest that it might be involved in both the induction and
dorsal restriction of neural Pax3 expression. To more formally test our hypothesis that Zic2 regulates
Pax3 expression, we then overexpressed Zic2 in the murine NCC-derived N2a cell line and evaluated
the effect on Pax3 expression by RT-PCR. As shown in Fig.2K, overexpression of Zic2 resulted in a
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specific and dose-dependent increase of Pax3 expression. In summary, our data strongly suggest that
Zic2 is a regulator of Pax3 expression.

3.3-Zic2 directly binds and transactivates Pax3NCE2

We previously showed that the Pax3NCE2 CRM s sufficient for recapitulating induction and dorsal
restriction of Pax3 expression in the caudal neuroectoderm [26]. As we hypothesised that Zic2 is a Cdx
neural cofactor, we reasoned that Zic2 should be able to activate Pax3 expression via this Cdx-
dependent CRM. We tested this possibility via luciferase assays in N2a cells and found that Zic2
transactivated a Pax3NCE2 reporter in a dose-dependent manner, similarly to endogenous Pax3
(Fig.3A and 2K). EMSAs were then used to determine whether Zic2 directly binds to Pax3NCE2. Zic
proteins are known to bind GC-rich elements but very few ZicBS have been previously identified in
CRMs of Zic-regulated genes [10]. Thus, to avoid excluding any unpredicted binding site, we scanned
the whole NCE2 sequence with eight previously described overlapping probes [26]. This approach
revealed that one of these probes was bound by Zic2 as efficiently as a probe containing a previously
described ZicBS [41] (Fig.3B). We confirmed the presence of naZic2 in the complex formed with the
NCE2 probe by supershift with an anti-HA antibody (Fig. 4E’). In accordance with previous reports,
sequence analysis of the NCE2 probe revealed the presence of a GC-rich 9-nucleotide core sequence
(5’-CTGCTGGGG-3’). Mutation of guanosine residues in position 6 and 7 prevented Zic2 binding to a
cold probe bearing these point mutations, thus demonstrating specificity of Zic2 binding to this NCE2
target sequence (Fig.4E’). We next sought to determine whether Zic2, like Cdx proteins, occupies the
endogenous Pax3NCE2 using ChIP-PCR. To this end — and because we failed to obtain a ChIP-grade
anti-Zic2 antibody — we overexpressed naZic2 in N2a cells and evaluated its presence on NCE2 using
anti-HA. rLacCdx1-overexpressing cells were used for comparison purposes. As shown in Fig.3C,
Pax3NCE2 was specifically amplified in sonicated chromatin samples immunoprecipitated with either
anti-HA or anti-FLAG antibodies, while no amplification was obtained when a mouse pre-immune
serum was used for IP. Altogether, these results demonstrate that Zic2 directly binds and transactivates
Pax3NCE2.

3.4-Zic2 directly interacts with Cdx1

Analysis of NCE2 sequences revealed that the ZicBS is flanked by CdxBS in close proximity (Fig.5B),
further supporting a putative Cdx cofactor function for Zic2. To directly test this possibility, we carried
out protein-protein interaction assays beginning with co-IP in yaZic2- and/or rLacCdx1-transfected
Cos7 cells. As shown in Fig.4A, mouse Zic2 was found to specifically interact with Cdx1 when both
are co-expressed. Then, to assess whether this interaction was direct, we performed GST-based pull-
down assays using in vitro translated FLAG-tagged human ZIC2 and bacterially produced GST fusion
proteins containing either the full-length Cdx1, the Cdx1 homeodomain or the Cdx1 N-terminal domain
(GST-Cdx1, GST-Cdx1Homeo and GST-Cdx1Nterm). Western blotting using an anti-FLAG antibody
showed that rLAcZIC2 directly interacts with both the full-length Cdx1 and the Cdx1 homeodomain
whereas no interaction was observed with the Cdx1 N-terminus (Fig.4B). Mapping of Cdx1 and ZIC2
interacting domains was next assessed using a series of in vitro translated rLacZI1C2 deletion-containing
proteins and the GST-Cdx1Homeo fusion protein (Fig.S1A). This analysis revealed that ZIC2 and
Cdx1 interact via their respective DNA binding domain since no interaction with the Cdx1
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homeodomain was observed when the Zinc finger domain of ZIC2 was deleted (construct 1-255)
(Fig.4C-D and Fig.S1B). Regions located N-terminus (constructs 140-532 and 255-532) or C-terminus
(1-415) to the Zinc finger domain have apparently no major impact on this interaction (Fig.4C-D).
Intrigued by this discovery, we then tested whether Zic2 and Cdx1 could still physically interact with
each other in the presence of their respective target sequences using EMSA as well as GST pull-down
assays. In EMSA, we found that pre-incubation of naZic2- with rLacCdx1-expressing Cos7 nuclear
extracts did not preclude target DNA binding and even resulted in the appearance of novel bands of
higher molecular weight either on the ZicBS (E’), the CdxBS1 (E’”) or the CdxBS3 (E’’’), suggesting
the formation of a Zic2-Cdx1-DNA complex on these elements. Consistent with these outcomes, pre-
incubation of FLacZIC2 with increasing amounts of the whole NCE2 did not impair its interaction with
the Cdx1 homeodomain in GST pull-down assays (Fig.S1C). These data demonstrate that, although the
Zic2-Cdx1 physical interaction is mediated by their respective DNA binding domain, this does not
prevent the ability of both Zic2 and Cdx1 to bind their respective target sequences.

3.5-Robust Zic2 and Cdx1 functional interaction on Pax3NCE2 requires a positive input from the
neural specific Sox2 transcription factor

Last validation of Zic2 as a Cdx1 cofactor required the demonstration of a functional interaction with
Cdx1 and we assessed this via luciferase assays in both N2a and undifferentiated P19 cell lines. In N2a
cells, Cdx1-Zic2 co-expression resulted in a weak synergistic activation of the Pax3NCE2 luciferase
reporter (Fig.5A). Interestingly, mutation of the three functional CdxBS alone or in combination with
mutation of the ZicBS significantly abrogated this Cdx1-Zic2 cooperative effect. This is consistent with
the central role of Cdx1 in activation of Pax3NCE2 [26] and suggests that binding of Cdx1 to this
CRM is important for the Cdx1-Zic2 functional interaction. Intriguingly, although mutation of the
ZicBS also abrogated the Cdx1-Zic2 cooperative effect, these analyses further revealed that Zic2 ability
to transactivate Pax3NCE2 can be independent of the ZicBS as well as the three CdxBS (Fig.5A).
Moreover, in the undifferentiated P19 cell line, Zic2 failed to transactivate Pax3NCE2 and no
cooperative effect between Cdx1 and Zic2 was observed (data not shown). Therefore, this suggests that
interaction with another neural factor is necessary for the Zic2-Cdx1 complex to robustly transactivate
Pax3NCE2. Based on several lines of evidence, Sox2 quickly emerged as a primary candidate in this
regard. Indeed, at least one potential SoxBS is present in Pax3NCE2 (Fig.5B), SoxB1 family members
have recently been implicated as positive regulators of Pax3 expression [30] and the SoxB1 family
member Sox2 has been shown to directly interact with Cdx1 [33]. To assess the putative contribution
of Sox2, we first evaluated whether this transcription factor alone was able to transactivate the
Pax3NCE2 luciferase reporter in N2a cells. Consistent with our hypothesis, Sox2 strongly
transactivated Pax3NCE2 in a dose-dependent manner (Fig.5C). Of note, such effect was not observed
in P19 cells, suggesting that the Sox2 capacity to transactivate this CRM relies on the presence of
other, as yet undefined, neural factors (Fig.5C). To demonstrate the importance of the Sox2 input in the
functional interaction between Cdx1 and Zic2, we co-transfected N2a cells with Cdx1, Zic2 and Sox2
and evaluated the activation of the Pax3NCE2 luciferase reporter. Interestingly, a significant
synergistic effect was observed when the three factors were co-expressed (Fig.5D; see Fig.S2 for
western blot validations). Together, these results suggest that Pax3NCE2 is robustly activated by a
concerted interaction between Cdx1, Zic2, and Sox2 trans-acting factors.

9



377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418

Regulation of Pax3 neural expression by a Cdx-Zic2 complex

3.6-Zic2 is a potential mediator of the Shh-induced repression of Pax3

Having confirmed that Zic2 is a bona fide Cdx cofactor, and thus contribute to Mechanism-1, we next
investigated the possibility that it could also contribute to the repressor-dependent Mechanism-2
(Fig.1B). Indeed, a ventrally Shh-induced repressive pathway is a prominent candidate to consider and
both Zic members and Pax3 are known to be affected by such regulatory cascade. Studies in multiple
species, including mice, indicate that Shh signals secreted by the notochord and floorplate are required
to prevent ectopic expression of Pax3 and Zic members in the ventral NT [20, 21, 25, 30, 49-51]. While
the molecular mechanism of this regulation is poorly understood for Zic members, recent work in
zebrafish and chick embryos suggest that the Shh target Nkx6.1 represses Pax3 expression via direct
binding to a Pax3 CRM located in the 4™ intron [29, 30]. However, whether such Shh-Nkx6.1 circuit is
at work in the mouse and active at all AP levels has not been investigated. To verify this, we compared
the expression profile of Pax3 and Zic2 with the distribution of Nkx6.1 proteins in the caudal
neuroectoderm of stage matched €9.5 mouse embryos (Fig.6A-0). Surprisingly, we found that Nkx6.1
is not detected in the open PNP and recently closed NT whereas Pax3 is already induced and properly
restricted in these structures (compare Fig.6A-B with K-L). Therefore, the Shh-Nkx6.1 pathway cannot
be responsible for the restriction of Pax3 expression in the caudal neuroectoderm of mouse embryos.
On the other hand, we found that Zic2 is dynamically expressed along the DV axis of the caudal
neuroectoderm. Zic2 transcripts are indeed first detected in the whole PNP and along the entire DV axis
of the recently closed NT before becoming dorsally restricted more anteriorly (Fig.6F-J). In more
anterior regions, a perfect overlap is finally observed between Zic2 and Pax3 neural expression
domains (Fig.21-J). Very interestingly, we also noticed that the onset of Zic2 repression in the ventral
NT is correlated with the onset of Nkx6.1 expression (see arrow in Fig.6H and M). On one hand, all
these observations suggest that, while the Cdx-Zic2 neural input is necessary for Pax3 induction, a
Shh-Nkx6.1-independent input must also be required to restrict Pax3 expression in the open PNP and
most caudal NT. On the other hand, these expression data also strongly suggest that Zic2 might be an
intermediary in the mechanism of Pax3 repression by the Shh-Nkx6.1 pathway. We sought to validate
this hypothesis using the murine N2a cell line and first validated this line as a good model to study the
mechanism of Pax3 repression by Shh (Fig.S3). We then performed a dose-response assay to evaluate
whether Zic2 and Pax3 were both repressed by increasing doses of Shh (Fig.6P). As expected from
previous work [20, 21, 25, 30, 49-51] , Shh repressed the expression of Pax3 as well as expression of
the Zic2-Zic5 gene pair. To finally confirm our hypothesis, we tried to rescue Pax3 expression by
overexpressing Zic2 in Shh-treated cells. In agreement with a Zic-dependent mechanism, transfection
with a Zic2 expression vector specifically rescued Pax3 expression from the repressive input of Shh
(Fig.6Q). Taken together, these evidences strongly support an intermediary role for Zic2 in the
mechanism of Pax3 repression by Shh in the mouse.

4-DISCUSSION

In this work, we report a novel direct role for Zic2 in the regulation of Pax3 neural expression. Our
data indicate that Zic2 can transactivate Pax3 at least via the NCE2 CRM, which we previously showed
to be sufficient for recapitulating caudal Pax3 expression in pre-migratory NCC and dorsal NT [26].
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Interestingly, we also provide evidence that Zic2 is involved in both the Wnt-mediated induction (by
interacting with Cdx proteins) and the Shh-induced dorsal restriction (by being itself repressed by Shh
signals) of Pax3 expression. Therefore, our studies provide important mechanistic insights into how AP
and DV instructive cues can be coordinately integrated on a short CRM.

4.1-Role of the Zic2-Cdx complex in Wnt-mediated induction of Pax3 neural expression

In previous studies, we presented evidence that a Wnt-Cdx circuit is critically required for activation of
a Pax3NCE2 reporter in transgenic mice [26]. These data support a model in which Cdx proteins
convey the posteriorizing Wnt-BCatenin signals to Pax3 in order to mediate induction of trunk NCC
[26, 52, 53]. Interestingly, indirect activation of Pax3 expression by canonical Wnt signaling —
involving either AP2a or Gbx2 as intermediates — has also been described in Xenopus embryos during
induction of cranial NCC [17, 54]. On the other hand, other groups have in addition reported that Pax3
could be directly regulated by Wnt-pCatenin signaling through CRMs distinct from NCE2 [29, 30, 55].
This suggests that regulation of Pax3 expression by the canonical Wnt pathway could be controlled via
both direct and indirect means in order to buffer against perturbations in the Wnt input. In the caudal
neuroectoderm, a third level of regulation would even be possible given that Cdx proteins can directly
and positively interact with the Bcatenin-Lef/Tcf complex on Lef/Tcf binding sites [33]. However, the
very broad distribution of Cdx proteins in both neural and non-neural cells of the caudal embryo [42,
56] implies that other players must cooperate with the Wnt-Cdx inductive input to spatially refine the
Pax3 expression domain.

The present study demonstrates that Zic2 not only acts as a Pax3 regulator, but also as a neural-specific
Cdx cofactor. Indeed, we found that Zic2 and Cdx1 cooperate in the activation of Pax3NCE2 and
physically interact via their respective DNA binding domain (Fig.4 and 5). Such involvement of DNA
binding domains in protein-protein interactions is not unusual and examples implicating either the Zic2
C2H2 zinc finger region or the Cdx1 homeodomain have been previously described [33, 34]. On the
other hand, to the best of our knowledge, this is the first report showing that the Zic zinc finger region
or the Cdx homeodomain can simultaneously mediate protein-protein as well as protein-DNA
interactions (Fig.4, 5 and Fig.S1). This bifunctionality is most likely due to the fact that, for each of
these proteins, establishment of direct contacts with DNA bases is not carried out by the whole DNA
binding domain per se but by specific subregions only. Indeed, previous studies have suggested that
only zinc fingers 3-5 of Zic2 might be implicated in DNA recognition [10, 57, 58] whereas, for
homeodomain proteins, DNA binding activity is known to be specifically conferred by the 3" a-helix
[59]. Thus, this suggests that the Zic2-Cdx1 interaction might be mediated by the zinc fingers 1-2 of
Zic2 and the 1% and/or 2" o-helix of the Cdx1 homeodomain. Regardless of the exact minimal
interacting domain on each protein, it should be noted that functional interactions between different
members of each family are expected given the very high conservation of both Zic and Cdx DNA
binding domains [58, 60].

Interestingly, our data also indicate that, although both Zic2 and Cdx1l have the ability to bind
Pax3NCE2 sequences in a direct as well as in an indirect manner (Fig.4), robust activation by the Zic2-
Cdx1 complex requires direct binding of each protein to this CRM as well as the participation of Sox2
(Fig.5) — a previously described Cdx interacting partner [33]. Such contribution of Sox2 is in line with
recent work suggesting the implication of SoxB members in the regulation of neural Pax3 expression
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via another CRM located in the 4™ intron [30]. On the other hand, it is interesting to note that in
contrast to Cdx proteins [26], neither Zic2 nor Sox2 can activate Pax3 expression in non-neural cells
(Fig.5C and data not shown). Taken together with the indispensable role of CdxBS1-3 for Pax3NCE2
activity [26], this strongly suggests that Cdx proteins have a pioneer-like activity required to attract and
tether neural-specific transcriptional activators on this CRM [61]. Interestingly, a similar pioneer-like
activity has been also previously suggested for Cdx2 in the regulation of the transcriptional program of
intestinal epithelial cells [62] as well as for Pdx1 — another member of the Cdx-containing paraHox
family — in the regulation of several genes important for pancreatic  cell development and function
[63, 64].

4.2-Restriction of Pax3 expression to the lateral borders of the PNP and the dorsal NT

A role for notochord- and floor plate-secreted Shh in the regulation of Pax3 restriction in the dorsal NT
has been described in diverse model organisms [20, 30, 65]. In the mouse, Shh gain-of-function in
Ptchl-null mutants results in a nearly complete loss of Pax3 expression whereas Shh loss-of-function
in Shh-null embryos results in expansion of Pax3 expression along the entire DV neural axis [21, 66].
Recent studies suggest that this Shh-induced repressive input could be mediated by the Nkx6.1
homeodomain transcriptional repressor — a known direct target of the Shh-Gli pathway [67]. Indeed,
Moore et al. [30] reported that Nkx6.1 can directly bind a Pax3 CRM located in intron-4 (called CNE3)
and that mutation of a putative binding site for homeodomain proteins within this CRM is required to
turn on ubiquitous but mosaic expression of a reporter gene driven by this CRM in zebrafish embryos.
Combination of this work with Tcf3 ChlIP-seq data from ES cells [68] led these authors to propose a
model whereby Shh-induced Nkx6.1 could counteract canonical Wnt signaling in order to restrict
induction of Pax3 expression to the lateral borders of the PNP [30]. However, in addition to the fact
that Tcf3 is not a direct mediator of Wnt-BCatenin positive inputs [69], this model is not consistent
with the Nkx6.1 expression profile in the mouse. Indeed, we and others have shown that Nkx6.1 is not
expressed in the open PNP and recently closed NT, whereas Pax3 is already induced and properly
restricted in these regions (Fig.6) [67]. Moreover, in situ hybridization analyses have failed to detect
Shh transcripts in the caudal neuroectoderm [70], implying that no other Shh targets could be involved
in this mechanism. In agreement with this, Zic2, a known Shh-regulated gene in the mouse [49], is
broadly expressed in the entire PNP and recently closed NT (Fig.6). Taking into account all these
observations, the proposed Shh-Nkx6.1 repressive circuit cannot contribute to the induction phase of
Pax3 expression and can only be implicated in the maintenance of Pax3 dorsal restriction.

Interestingly, our data indicate that an alternative pathway involving repression of the Pax3 activator
Zic2 could also mediate the Shh-induced repression of Pax3 expression (Fig.6). This hypothesis is
strongly supported by data from Moore et al. [30] showing that Nkx6.1 overexpression has a much
more dramatic impact on repression of Pax3 expression in comparison to the CNE3 reporter bearing
the mutated homeodomain binding site. Moreover, our expression data in Fig.6 — showing that the
onset of Zic2 repression is correlated with the onset of Nkx6.1 expression in the ventral NT — are also
consistent with the idea that Zic2 might be a direct target of Nkx6.1. Although it is currently highly
speculative, we propose that this alternative Shh-Nkx6.1-Zic2-Pax3 pathway targeting NCE2 would be
functionally redundant with the more straightforward Shh-Nkx6.1-Pax3 pathway targeting CNE3 [30].
Given the co-expression of the Zic2-Zic5 gene pair as well as the known functional redundancy
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between Zic members [4, 71-74], we also believe that Zic5 acts redundantly with Zic2 in this
mechanism. Furthermore, given that Zic and Gli proteins have similar DNA binding specificity and Zic
inhibit Gli transcriptional activity [41], it is tempting to speculate that cross-repression between Zic2/5
and the Shh pathway would be important for proper DV patterning of the NT.

4.3-Coordinated integration of AP and DV instructive cues and redundancy between Pax3 CRMs

As evidenced by our work and the work of others, Pax3 gene expression is regulated by two sets of
CRMs that are clustered in the 5’-flanking region or in intron-4, respectively (Fig.5B) [18, 26-30, 55].
Interestingly, although the requirement of intron-4 CRMs has not yet been formally addressed via gene
targeting approaches, deletion of 5’-located CRMs in the mouse is indicative of functional redundancy
between each regulatory cluster [29]. It is also interesting to note that, although each set of CRMs is
expected to respond to the same AP and DV instructive cues, different mechanisms appears to be used
(e.g. Shh-Nkx6.1-Pax3 vs Shh-Nkx6.1-Zic2-Pax3) and different complementarities are seen among
CRMs of each cluster. Within the 5 cluster, NCE1 and NCE2 appear to be complementary for the
spatial control of Pax3 expression along the AP axis. Indeed, while we have shown that NCE2 drives
reporter gene expression in a caudal-specific and Cdx-dependent manner, others have shown that
NCEL is involved in the regulation of cranial Pax3 expression in a Pbx1-dependent manner [26, 75]. In
contrast, within the intron-4 cluster, CNE3 (also known as ECR2 or IR1) and CNEL1 (also known as
IR2) appear to exhibit temporal complementarities in the control of Pax3 expression, with CNE3
suggested to be involved in the induction phase in a Lef/Tcf-dependent manner and CNE1 suggested to
be involved in the maintenance phase in a Pax3/7-dependent manner [18, 29, 30]. In accordance with
the key developmental role of Pax3, such functional redundancy at both the cis and trans level most
likely allows to protect its expression from the otherwise deleterious impacts of genetic mutations in cis
or perturbations of signaling pathways in trans.

Our work on NCEZ2 indicates that it may serve as a good model to further understand how AP and DV
instructive cues can be coordinately integrated on a single CRM. Indeed, in addition to allow
recapitulating induction of Pax3 expression in the PNP, NCE2-driven expression is properly restricted
[26]. It is also noteworthy that we and others have shown that NCE2 seems particularly enriched in
binding sites for a wide array of transcription factors including members of the Cdx, Pou class-lII,
SoxB, Zic and Tead families [26, 28, 31]. In an effort to gather all this information into a dynamic
network (Fig.7), we propose a model in which the posteriorizing cue from the Wnt-Cdx circuit, in
cooperation with Zic and SoxB positive inputs, is first required to induce Pax3 expression in the PNP.
Later on (i.e. more rostrally), the Shh-Nkx repressive input is then most likely involved in the
maintenance of the dorsally-restricted Pax3 expression domain via repression of Zic2/5 expression. In
absence of Cdx factors more rostrally, maintenance is also most likely ensured by the positive input of
other transcription factors such as members of the Pou class 111 and Tead families [28, 31]. While this
model clearly allows understanding how the Pax3NCE2 CRM is regulated by AP instructive cues
(Wnt-Cdx), this is much less clear regarding the integration of DV instructive cues. Indeed, our studies
clearly show that an unknown Shh-independent factor is required during the induction phase in order to
limit expression to the lateral borders of the PNP. More work will definitely be necessary for the
identification of this key player, once again in accordance with the mechanisms described in Fig.1B.
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4.4-Conclusion

This study allowed confirming the central role of Cdx proteins in the induction of Pax3 neural
expression as well as identifying novel molecular functions for Zic2 as a Cdx co-factor and activator of
Pax3 expression. By allowing extension of the list of transcription factors able to bind and transactivate
Pax3NCE2, our work also suggests that this CRM behaves as a “super-enhancer” region.
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FIGURE LEGENDS

FIGURE 1: Partially overlapping Cdx and Pax3 expression domains indicate that Cdx proteins are
necessary but not sufficient to establish the Pax3 expression domain in the caudal neuroectoderm.

(A) Immunofluorescence analysis of Cdx2 and Pax3 distribution in tailbud sections of a 25-somite
stage mouse embryo (€9.5). The dashed red lines in the left panel indicate the AP level at which the
sections shown on the right were made (4’, A’’, A’”’). The dotted white lines in the right panel delimit
the posterior neural plate (PNP) and the neural tube (NT) structures. Note that Cdx2 is broadly
expressed in the tailbud including the whole PNP (A’) and, more rostrally, in the entire NT (A”’, A’”")
while Pax3 domain is limited to the lateral borders of the PNP (A’) and to the dorsal part of the NT
(A”’, A’”’). (B) Schematic drawing of two putative mechanisms to explain the induction and dorsal
restriction of Pax3 neural expression (pink) via Cdx proteins (green). (B’) Pax3 expression at the lateral
borders of the PNP might be established by collaboration between Cdx proteins and a positive input
from a neural-specific protein with more-or-less restricted expression: i.e. a Cdx cofactor expressed in
the PNP (yellow) or at the lateral borders of the PNP (purple) [Mechanism 1]. Restriction of Pax3
expression at the PNP border may also be achieved by integration of the positive Cdx input with the
negative input from a repressor expressed in the medial PNP (red) [Mechanism 2]. (B’’) At more
rostral levels, where Cdx expression is restricted to the NT, the Cdx input might be integrated with the
positive input from a dorsally restricted Cdx cofactor (blue) [Mechanism 1] and/or the negative input
from a ventrally expressed repressor (red) [Mechanism 2].

FIGURE 2: The Zic2 transcription factor regulates Pax3 expression.

(A-J) Overlapping spatiotemporal Zic2 and Pax3 expression patterns are consistent with a role for Zic2
in regulating Pax3 expression. (A-B) Lateral view of 20-somite stage embryos (~€9.0) with anterior to
the left showing Zic2 (A) and Pax3 (B) expression domains assessed by whole-mount in situ
hybridisation. (C-J) Comparison of Zic2 and Pax3 expression domains in the caudal end of 24-somite
stage embryos (~e9.5). The dotted lines in the lateral views shown in C-D indicate the level at which
the transverse sections shown in G-J were cut. The red brackets in E-F designate the length of the
caudal tip of the tailbud region (dorsal view) that is devoid of Zic2 and Pax3 gene expression. Note
that, compared to Pax3, the Zic2 expression domain in the open PNP extends more posteriorly (C-H).
Also note the extensive overlap in Pax3 and Zic2 expression in the dorsal NT (C-D; red brackets in I-
J). Pax3 and Zic2 expression patterns do not overlap in the developing somites. The presomitic
mesoderm (C, D) and somites (I, J) are denoted by asterisks. (K) Analyses of endogenous Pax3
expression in N2a cells transfected with increasing amounts of a naZic2-IRES-GFP expression vector.
GFP-positive N2a cells were recovered by FACS and exogenous naZic2 as well as endogenous Pax3
expression were analyzed by western blot and RT-PCR, respectively. Note that increasing levels of
naZic2 (left panel) result in a dose-dependent increase of endogenous Pax3 expression but not Gapdh
used as control (right panel).

FIGURE 3: Zic2 activates and directly binds the Pax3 neural crest enhancer NCE2.
(A) Co-transfection assays in N2a cells using luciferase reporter constructs driven by the Pax3NCE2
region plus the Pax3 150bp minimal promoter (Pax3NCE2-min-Luc) or only driven by the Pax3 150bp
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minimal promoter (Pax3min-Luc) as well as a naZic2 expression vector. The luciferase quantification
results are expressed as fold activation compared to each reporter vector alone. n=5 independent
experiments performed in triplicate; one-way ANOVA: P<0.0001; Tukey’s post test: n.s. P>0.05; *
P<0.05; ***: P<0.001. Error bars indicate s.e.m. Note that increasing Zic2 expression significantly
increases the activation of the Pax3NCE2 reporter but not the Pax3min reporter. (B) Identification of
Zic binding sites in the Pax3NCE2 by electrophoretic mobility shift assay (EMSA). Eight overlapping
double-stranded oligonucleotide probes (represented as numbers 1 to 8 in boxes at the top of each
panel) were used to scan the whole NCE2 for Zic binding sites (ZicBS). A probe bearing a consensus
Gli/ZicBS [41] was used as a positive control for Zic binding. All in vitro binding reactions were
performed in parallel under identical conditions and each probe was either not incubated (-), or
incubated with nuclear extracts from Mock- (transfected without DNA) or naZic2-transfected Cos7
cells. Note that, similarly to the shifted band observed with the positive control (ZicBS), a specific
shifted band is observed for radiolabelled probe #3 (red box) when incubated with HaZic2 nuclear
extracts. (C) Chromatin immunoprecipitation assays in N2a cells showing the occupancy of Pax3NCE2
by both rLacCdxl and naZic2. Anti-FLAG-, anti-HA- or normal rabbit 1gG-immunoprecipitated
chromatin extracts from rLacCdx1- and HaZic2- transfected N2a cells were purified and amplified by
PCR using primers flanking the Pax3NCE2 region. Amplification products, resolved on a 2% agarose
gel, were of the expected size (246bp) and sequence-confirmed. Lanes 1, 2 and 3 represent PCR
amplifications of serial dilutions of DNA. Note that Pax3NCE2 is amplified from chromatin samples
immunoprecipitated with anti-FLAG (Cdx1) and anti-HA (Zic2), but not with the non-specific 1gG.

FIGURE 4: Zic2 and Cdx1 directly interact via their respective DNA binding domain.

(A) Co-immunoprecipitation assay using whole cell lysates from Cos7 cells transfected with racCdx1
and/or naZic2 expression vectors. Total lysates were immunoprecipitated with anti-FLAG antibody and
analyzed by immunoblotting using an anti-HA antibody (top panel). Expression of Cdx1 was assessed
by reprobing the blot with an anti-FLAG antibody (middle panel). Inputs represent 5% of the total
lysate used for immunoprecipitation. (B-C) Mapping of Cdx1 and Zic2 interacting domains via GST
pull-down assays. Inputs represent 15% of the total in vitro-translated proteins used for pull-downs. (B)
Western blot using an anti-FLAG antibody showing that human rLacZIC2 specifically interacts with
both full-length Cdx1 (GST-Cdx1) and Cdx1 homeodomain (GST-Cdx1Homeo) but not with the Cdx1
N-terminal region (GST-Cdx1Nterm). (C) The Zinc finger domain of ZIC2 is essential for the
interaction with the Cdx1 homeodomain. Different rLacZIC2 deletion constructs were used to identify
ZIC2 regions that interact with the Cdx1 homeodomain. Note that deletion of the five Cys2His2-type
zinc fingers (construct 1-255) specifically abolishes interaction with the Cdx1 homeodomain. (D)
Schematic representation of ZIC2 and its deletion constructs (adapted from [34] and [58]) and their
interaction with Cdx1. (E) Characterization of the Zic binding site (ZicBS) contained in NCE2 and
evaluation of the interaction of Zic2 and Cdx1 in the presence of their target DNA by EMSA. Results
with a probe containing the new ZicBS (NCE2 scanning probe 3) are shown in E’ while results with
probes containing the previously described CdxBS1 (NCE2 scanning probe 5) or CdxBS3 (NCE2
scanning probe 2) are shown in E> and E’”’, respectively. All in vitro binding reactions were
performed in parallel under identical conditions. Binding of naZic2 and rLacCdx1 as well as anti-HA
supershift (SS) and non-specific bindings (NS) are indicated by arrows. Brackets and asterisks denote
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the presence of higher molecular weight bands when naZic2- and rLacCdx1-overexpressing nuclear
extracts are used in combination. Note that specificity of Zic2 binding to the new ZicBS was evaluated
by pre-incubation of nuclear extracts from naZic2- or mock-transfected Cos7 cells with a 100-fold
molar excess of non-radiolabeled wild type (wt) or mutated (mt) probes. Sequences of the ZicBS as
well as its mutated version used to assess Zic2 binding specificity by EMSA are at the bottom of E’;
point mutations are denoted in green.

FIGURE 5: Cdx1 and Zic2 functionally interact and synergize with the SoxB1 family member Sox2
in the transactivation of Pax3NCEZ2.

(A) Cdx1 and Zic2 cooperatively transactivate Pax3NCE2 in N2a cells and Cdx binding sites (CdxBS)
are essential for this functional interaction. A wild type (wt) Pax3NCE2-luciferase reporter (1) or
mutant versions bearing mutations in the three CdxBS (2), the ZicBS (3) or a combination of these
mutations (4) were evaluated for Cdx1 and Zic2 transactivation in N2a cells. Note that rLacCdx1 and
HaZic2 co-transfection results in a transactivation of the wt Pax3NCE2-luc reporter stronger than
simple addition of each single transfections, and that mutation of CdxBS and/or ZicBS abrogates this
cooperative effect. In contrast, the transactivating effect of Zic2 is not affected by mutation of CdxBS
and/or ZicBS. (B) Schematic representation of the Pax3 genomic locus showing the relative position of
Pax3 regulatory regions. The 5’ regulatory region (represented as a blue box) is named NCE and is
subdivided in two CRMs called NCE1 and NCE2 [28]. The intron-4 regulatory region (red box)
contains the CNE3 and CNE1 modules [30]. Black boxes represent exons. (B’) Magnification view of
Pax3NCE2 DNA sequence showing the location of the ZicBS as well as the three functional CdxBS (in
boxes) and in relation to a putative SoxBS (Matlnspector analyses) as well as the previously described
Brnl/2 [31] and Tead binding sites [28] (underlined). (C) Sox2 strongly activates Pax3NCE2 in N2a
cells, but cannot activate this CRM in undifferentiated P19 cells. N2a and P19 cells were equally
transfected with the Pax3NCE2-luc reporter alone or with increasing amounts of the Sox2 expression
vector. (D) Cdx1, Zic2 and Sox2 act synergistically in the transactivation of Pax3NCE2 in N2a cells.
Cells were transiently transfected with the Pax3NCE2-luc reporter alone or co-transfected with
FLacCdx1, HaZic2 or mycSox2 expression vector alone or in combination. In A, C and D, results are
expressed as fold activation compared to the relevant reporter vector alone. n=6-10 independent
experiments performed in triplicate; one-way ANOVA: P<0.0001; Tukey’s post test: n.s. P>0.05; *
P<0.05; ***: P<0.001. Error bars indicate s.e.m.

FIGURE 6: Zic2 and Zic5 are potential intermediates in the Shh-induced repression of Pax3
expression.

(A-O) Comparison of Pax3 and Zic2 expression domains (assessed by whole-mount in situ
hybridisation), with Nkx6.1 distribution (assessed by whole-mount immunofluorescence) in serial
vibratome sections of the posterior end of 24-somite (€9.5) stage-matched embryos (caudal to rostral
direction). Note that restricted Pax3 expression in the open PNP (A) and recently closed NT (B) is
established before the onset of Nkx6.1 expression in the ventral NT (red arrow in M). Also note that the
onset of Zic2 repression in the ventral NT (red arrow in H) correlates with the presence of Nkx6.1 in
this region (red arrow in M). Going forward in the posterior to anterior direction, Zic2 and Nkx6.1
expression domains are complementary along the dorsal-ventral axis [i.e.: ~90% (H) vs ~10% (M);
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~60% (1) vs ~40% (N); ~40% (J) vs ~60% (O)]. In contrast, Pax3 and Nkx6.1 expression domains only
become complementary at the most rostral levels [~40% (E) vs ~60% (O)]. (P-Q) Analysis of Pax3,
Zic2 and Zic5 gene expression in Shh-treated N2a cells via semi-quantitative RT-PCR. Results shown
are representative of at least two independent experiments. (P) The Zic2-Zic5 gene pair is, like Pax3,
expressed in N2a cells and negatively regulated by Shh in a dose-dependent manner. Prior to RT-PCR
analysis, cells were cultured in absence or presence of increasing doses of Shh over a fixed 24-hour
period of time. (Q) Zic2 is an intermediary in the mechanism of Pax3 repression by Shh. Prior to RT-
PCR analysis, cells were transfected with naZic2 or empty IRES-GFP expression vector and then
cultured for 24h in Ctl or Shh-enriched medium. Note that overexpression of Zic2 prevents the Shh-
induced repression of Pax3 in FACS-recovered N2a cells.

FIGURE 7: Current model for the Cdx-dependent control of Pax3 expression in the caudal
neuroectoderm via the NCE2 CRM.

Neural-specific induction of Pax3 expression by the previously described Wnt-Cdx circuit requires an
interaction with Zic2/5 and Sox2. Supplemental unknown (?) positive and/or negative inputs are
required to restrict the Pax3 expression domain to the lateral borders of the PNP. Maintenance of
restricted NCE2 activity in the dorsal NT is most likely mediated by the dorsally restricted Zic2/5
transcription factors, which act as Cdx cofactors and are the predicted immediate early targets of the
Shh-Nkx6.1 repression pathway. As elongation proceeds and the Cdx input disappears, Pax3
expression in the NT is also later maintained by Tead2 and Brn1/2 transcription factors.

FIGURE S1: ZIC2 and Cdx1 can still physically interact in presence of the NCEZ2.

(A) Anti-FLAG western blot showing the expected size of in vitro-translated FLAG-tagged full-length
(FLacZIC2(1-532)) and truncated ZIC2 proteins (rLacZIC2(140-532); rLacZIC2(1-255); rLacZIC2(1-
415); FLacZIC2(255-532)). (B) ZIC2 and Cdx1 bind to each other via their DNA binding domain. GST
and GST-Cdx1 homeodomain (GST-Cdx1Homeo) fusion proteins were bound to glutathione-agarose
beads and then incubated with in vitro-translated full-length or truncated rLacZIC2 proteins. Presence
of FLacZIC2 in the precipitated complexes was then analysed by Western blot using an anti-FLAG
antibody. Inputs represent 15% of the total in vitro-translated proteins used for pull-downs. Note that
specific bindings are observed with racZIC2(1-532), rLAcZIC2(140-532), rLAcZIC2(1-415) and
FLacZ1C2(255-532) proteins but not with the truncated version rLacZI1C2 1-255 lacking the zinc finger
domain. (C) Anti-FLAG immunoblot analysis of the interaction between rLacZIC2(1-532) and GST-
Cdx1Homeo in presence of the target NCE2 DNA. Note that, in comparisons to standard pull-down
conditions (lanes 1-3), using EMSA buffer conditions does not affect the interaction (lanes 4-5). Note
also that variations in signal intensity detected in lanes 6-7 are independent of the amount of NCE2
sequences.

FIGURE S2: Western blot validation of the expression of Cdx1, Zic2 and Sox2 in N2a lysates used for
luciferase reporter assays.

Expression vectors for rLacCdx1, HaZic2 as well as mycSox2 were transfected alone or in different
combinations together with a luciferase reporter construct driven by the Pax3NCE2 and the Pax3
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Regulation of Pax3 neural expression by a Cdx-Zic2 complex

minimal promoter (Pax3NCE2-min-Luc). Production of exogenous proteins was evaluated by western
blot using anti-FLAG, anti-HA as well as anti-Myc antibodies. Shown are the luciferase quantification
results (expressed as fold activation compared to the reporter vector alone) as well as western blot
validations for one representative experiment of the results displayed in Fig.5D.

FIGURE S3: The N2a cell line is a good model for studying the Shh-induced repression of Pax3
expression.

(A,B) RT-PCR analysis demonstrating that Pax3 expression is indirectly repressed by Shh signaling in
N2a cells. Prior to RT-PCR, cells were cultured for 24h in absence or presence of Shh and/or absence
or presence of cyclopamine or cycloheximide (CHX). Results are representative of at least n=3
independent experiments. (A) Pax3 expression is repressed by Shh in a dose-dependent manner (left
panel) and this repression is abrogated in presence of cyclopamine, an inhibitor of the Shh receptor
Smo (right panel). (B) De novo protein synthesis is required for the Shh-mediated repression of Pax3
expression, as shown here in presence of the translation inhibitor CHX.
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