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Abstract

Pattern formation in developing tissues is driven by the interaction of extrinsic signals with intrinsic transcriptional networks
that together establish spatially and temporally restricted profiles of gene expression. How this process is orchestrated at
the molecular level by genomic cis-regulatory modules is one of the central questions in developmental biology. Here we
have addressed this by analysing the regulation of Pax3 expression in the context of the developing spinal cord. Pax3 is
induced early during neural development in progenitors of the dorsal spinal cord and is maintained as pattern is
subsequently elaborated, resulting in the segregation of the tissue into dorsal and ventral subdivisions. We used a
combination of comparative genomics and transgenic assays to define and dissect several functional cis-regulatory modules
associated with the Pax3 locus. We provide evidence that the coordinated activity of two modules establishes and refines
Pax3 expression during neural tube development. Mutational analyses of the initiating element revealed that in addition to
Wnt signaling, Nkx family homeodomain repressors restrict Pax3 transcription to the presumptive dorsal neural tube.
Subsequently, a second module mediates direct positive autoregulation and feedback to maintain Pax3 expression.
Together, these data indicate a mechanism by which transient external signals are converted into a sustained expression
domain by the activities of distinct regulatory elements. This transcriptional logic differs from the cross-repression that is
responsible for the spatiotemporal patterns of gene expression in the ventral neural tube, suggesting that a variety of
circuits are deployed within the neural tube regulatory network to establish and elaborate pattern formation.
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Introduction

Embryonic development relies on the coordinated and dynamic

control of gene expression. This is achieved, in the main, by

interactions between transcription factors (TFs) and the genomic

cis-regulatory modules (CRMs) associated with regulated genes

[1,2]. The aggregate of these interactions produces a gene

regulatory network (GRN) that is responsible for imparting distinct

molecular identities and consequently the pattern of cell fate in a

tissue. Within these large GRNs, sub-circuits can be discerned that

confer specific behaviors and responses [1,3]. Thus, elucidating

functional interactions between TFs and CRMs provides insight

into the mechanism and regulatory logic of the transcriptional

networks responsible for tissue patterning.

The specification of progenitor identity in the vertebrate neural

tube is a well studied example of developmental patterning [4].

Motor neurons and several classes of associated interneurons are

generated in ventral regions of the neural tube in response to the

morphogen Sonic hedgehog (Shh). Secretion of Shh from the

notochord and floor plate establishes a gradient of intracellular

signaling activity that regulates the expression of TFs specifying

the ventral progenitor domains [5–8]. Key phylogenetically

conserved CRMs associated with many of these TFs have been

identified and shown to integrate the activity of Shh signaling with

general neural TFs and Shh regulated TFs [9,10]. Within this

network selective cross-repressive interactions between TFs

operating downstream of Shh signaling appear critical, both to

establish and maintain the distinct spatial domains of progenitors

[5,6,11–14].

By contrast, less is known regarding the specification of sensory

interneurons within the dorsal spinal cord [15]. One key TF

involved in this process is the paired homeodomain protein Pax3,

which is amongst the first to delineate the dorsal neural tube and

then later, together with its paralog Pax7, identifies the 6

progenitor domains that comprise dorsal progenitors [16,17].

Both bone morphogenetic protein and Wnt signaling have been

implicated in the induction of Pax3 transcription and the

establishment of dorsal progenitors [18,19]. Conversely, Shh

mediated repression of Pax3 has been suggested to eliminate

expression in the ventral neural tube [20,21].

Several studies indicate that a genomic interval immediately

upstream of the mouse Pax3 promoter is sufficient to direct

expression to the neural tube, however this region is not required

for Pax3 expression [22–25]. A further two CRMs have been
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identified within the 4th intron that recapitulate elements of Pax3

expression in the central nervous system (CNS) [22,26]. The

activity of one region, termed ECR2 [22] or IR1 [26], is

dependent on Tcf/Lef binding sites, consistent with a role for Wnt

signaling in the initiation of Pax3 transcription. Nevertheless, how

the spatial domain of Pax3 expression is determined and

maintained during the elaboration of neural tube patterning has

not been explained.

Here we take advantage of lineage tracing analyses in mice and

transgenic assays in chick and zebrafish embryos to dissect the

molecular mechanism and regulatory logic of Pax3 expression in

dorsal neural progenitors. We show that Pax3 expression is refined

during neural tube patterning by the temporal activity of distinct

regulatory elements. We provide evidence that in addition to Wnt

signaling, Nkx family homeodomain (HD) containing repressors

are critical for establishing the restricted expression of Pax3.

Moreover, we demonstrate that autoregulation and positive

feedback is required to maintain Pax3 expression in the neural

tube.

Results

The dynamics of Pax3 expression in the neural tube is
recapitulated by 2 CRMs

The establishment of the Pax3 expression domain in the neural

tube distinguishes the progenitors of sensory neurons from those

fated to give rise to motor neurons and associated ventral

interneurons, however the cellular and molecular mechanisms

that regulate this key patterning event remain poorly understood.

In order to gain insight into this process, we employed a lineage

tracing approach to assay the spatiotemporal dynamics of Pax3

expression in the neural tube. Transgenic mice in which Cre

recombinase was targeted to the first exon of the Pax3 locus [27]

were crossed with either Rosa26-YFP or Rosa26-Tomato/GFP

reporter strains (Figure 1A–E9 and data not shown). The resulting

embryos were analysed between embryonic days (E) 8.5 and

E11.75 in transverse sections. From E8.5 to E9.5, all cells marked

by transgene expression also express Pax3, demonstrating that this

transgenic line accurately reports the Pax3 lineage (Figure 1A, A9

and data not shown). At these early stages the Pax3 expression

domain is not well defined and isolated cells expressing both GFP

and Pax3 can be detected within the intermediate region of neural

tube (arrows in Figure 1A9). From E9.5 onwards transgene labelled

cells were observed beyond the ventral boundary of Pax3,

indicating that the position of the Pax3 domain was refined

during early stages of neural tube patterning (Figure 1B, B9 and C).

Two distinct populations of transgene labelled progenitors that

no longer express Pax3 protein were present within the ventral

neural tube of each embryo. The first comprised isolated clusters

of cells (asterisks in Figure 1B). The dispersal of these cells within

the ventral neural tube was highly variable, both between stage-

matched siblings and along the anterior-posterior (AP) axis of

individual embryos. We attributed this to the induction of Pax3

transcription within the neural plate and cell mixing within the

neuroepithelium at early stages of development [28–30]. By

contrast, the second population of transgene expressing cells was a

continuous domain that spanned 3–4 cell diameters adjacent to

the ventral boundary of Pax3 (Figure 1B9 and arrows in B and C).

The extent of transgene expression encompassed, but was not

limited to, the Evx1 expression domain across the AP axis of

embryos assessed at E11.75 (Figure 1D). These data indicated that

cells fated to become ventral interneurons extinguish Pax3

expression during early CNS patterning [31]. In agreement with

this observation, the Pax3 lineage apposed Nkx6.1 expression at

E9.75, which labels the 3 most ventral progenitor domains of the

neural tube (Figure 1E and E9). Together, these data demonstrated

that the initial domain of Pax3 expression was refined by a switch

in progenitor identity and subsequently maintained at this DV

position.

We next sought to investigate the molecular basis of Pax3

expression during CNS development by employing comparative

genomics to identify functional CRMs associated with the gene.

Conservation of the Pax3 locus and the surrounding intergenic

regions across the human, mouse, zebrafish and fugu genomes

revealed 6 conserved non-coding elements (CNEs), all of which

were located within the 4th intron of the gene (Figure 1F and

Figure S1). Candidate CRMs were assayed in zebrafish embryos,

which have been previously shown to exhibit similar spatio-

temporal profiles of pax3a mRNA expression to that observed in

chick and mouse [16,20,32]. Accordingly, pax3a expression was

first observed in the posterior neural plate at 10 hours post

fertilisation (hpf) (Figure 1G) before becoming restricted to the

lateral limit of the tissue at 12 hpf (Figure 1H). Maximum

expression within the dorsal neural tube was observed at 24 hpf

(Figure 1I and I9), after which transcription rapidly decreased to

undetectable levels in the spinal cord by 48 hpf (Figure 1J and data

not shown). Pax3 and Pax7 (Pax3/7) proteins were expressed in

the lateral regions of the posterior neural plate at 10 hpf

(Figure 1K) and progenitors within the dorsal spinal cord at

24 hpf (Figure 1L), in agreement with pax3a transcription.

Strikingly, each CNE assayed in transient transgenic zebrafish

exhibited a tissue specific enhancer activity at 24 hpf, the majority

of which recapitulated elements of pax3a expression (Figure S1).

However, only CNE1 and CNE3 reproducibly labelled the

developing CNS (Figure 1M–R9).

The genomic interval corresponding to CNE3 is a highly

conserved region of a previously defined CNS specific Pax3 CRM,

termed both ECR2 [22] and IR1 [26]. CNE3 transgenic embryos

assessed between 10 and 24 hpf exhibited reporter expression in

the posterior neural plate and neural rod between 10 and 18 hpf

(Figure 1P, Q and data not shown). The developing midbrain and

Author Summary

The complex organization of tissues is established
precisely and reproducibly during development. In the
vertebrate neural tube, as in many other tissues, the
interplay between extrinsic morphogens and intrinsic
transcription factors produces spatial patterns of gene
expression that delineate precursors for specific cell types.
One such transcription factor, Pax3, defines the precursors
of all sensory neuron subtypes and distinguishes them
from precursors fated to give rise to the motor circuits. To
gain insight into the molecular mechanisms by which the
spinal cord is segregated into these two functional
domains, we analysed the genomic regulatory sequences
responsible for controlling Pax3 activity. We identified two
regions of the genome, the coordinated activity of which
establishes and refines Pax3 activity. We showed that the
combination of activating signals from secreted Wnt
factors together with Nkx family homeodomain repressors
restrict Pax3 activity to the presumptive sensory region of
the neural tissue. Subsequently, Pax3 acts to directly
potentiate its own transcription and this autoregulation
sustains Pax3 expression at later developmental stages.
Together, our study reveals the way in which intrinsic and
extrinsic signals are integrated by cells and converted into
a sustained pattern of gene activity in the developing
nervous system.

Regulation of Pax3 Expression in the Neural Tube
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hindbrain were labeled at 24 hpf, however transgene expression

within dorsal spinal cord progenitors was markedly reduced by this

stage (Figure 1R, R9, 2E, E9 and Figure S1). Together, these data

suggested that the profile of CNE3 activity correlated with the

induction of Pax3 transcription and the establishment of this

expression domain. However, the down regulation of CNE3

activity in spinal cord progenitors indicated that a separate CRM

was required to maintain high levels of Pax3 at later develop-

mental stages.

In addition to CNE3, our functional assays identified CNE1 as a

CNS specific Pax3 enhancer. CNE1 transient transgenic zebrafish

exhibited Citrine expression in presumptive dorsal progenitors at

10 hpf (Figure 1M) and 12 hpf (Figure 1N). Robust labeling of the

midbrain, hindbrain and dorsal spinal cord progenitors was

observed at 24 hpf (Figure 1O, O9 and Figure S1). These data

were supported by the creation of 3 independent CNE1 stable

lines, which revealed that the activity of this CRM recapitulated

Pax3 expression during the first 24 hours of CNS development

(Figure S2A–B9). Moreover, CNE1 activity was restricted to the

Pax3/7 domain of the zebrafish neural tube at 24 hpf (Figure 1O9

and Figure S2B9). These findings were consistent with reports

documenting the activity of an approximately 2.5 kilobase

genomic interval containing this enhancer, named IR2, in

zebrafish embryos [26]. These data suggested that CNE1 might

act in concert with CNE3, initially to define the Pax3 domain in

the neural plate and later function independently to maintain

expression in the neural tube. This hypothesis was supported by

examining the binding profile of the transcriptional coactivator

p300 in E11.5 mouse tissue, which suggested that CNE1 was the

only active enhancer within the Pax3 locus at this comparatively

late stage of CNS patterning (Figure S3) [33].

CNE3 mediates the induction of Pax3 transcription
We sought to investigate the molecular basis of CNE3 activity in

order to gain insight into the regulation of Pax3 expression in the

CNS. The conservation of sequence across 12 vertebrate genomes

was used to define 5 statistically enriched 15 bp motifs, predicted

to contain the transcription factor binding sites (TFBS) that

mediate enhancer activity (Table S1 and Figure S4). Annotation of

TFBS within Motif4 and Motif5 of CNE3 suggested that these

regions contained highly conserved Tcf/Lef binding sites (Table

S1), consistent with reports demonstrating the requirement of Tcf/

Figure 1. Pax3 expression is recapitulated by the activity of 2 CRMs. (A, A9) At E9.5, Pax3 expression correlates with cells labeled by YFP in
Pax3Cre/+;Rosa26-YFP mouse embryos (n = 2). However between E10.5 (B) (n = 2) and E11.75 (C) (n = 2), cells derived from the Pax3 lineage are found in
the both the dorsal and ventral neural tube of Pax3Cre/+;Rosa26-GFP/YFP mouse embryos. In the ventral neural tube, clusters of isolated cells (asterisk
in B and C) and a domain spanning 3–4 cells adjacent to the Pax3 ventral boundary (B9 and arrows in B and C) is observed. (D) This domain of
transgene expression encompasses, but is not limited to, Evx1 expressing ventral interneurons at E11.75 (n = 2). (E, E9). Consistent with the labeling of
interneurons at E11.75, embryos assessed at E9.75 exhibit a boundary of Pax3 lineage opposed to the dorsal limit of the Nkx6.1 domain (n = 3). (F)
Comparative genomic analysis of the Pax3 locus reveals 6 CNEs within the 4th intron of the gene. (G) Pax3a mRNA is first detected in the developing
midbrain, hindbrain and intermediate regions of the posterior neural plate (pnp) of zebrafish embryos at 10 hpf. (H) By 12 hpf, transcription is limited
to the lateral neural plate (lnp) posteriorly. (I) At 24 hpf, pax3a is highly expressed in the midbrain, hindbrain and progenitors within the dorsal spinal
cord (dP), as shown in (I9). (J) Transcription is rapidly downregulated in the spinal cord after 24 hpf and is not detectable at 48 hpf. (K–L) Pax3/7
protein, visualised with the DP312 antibody, is also restricted to the intermediate and lateral regions of the neural plate at 10 hpf and the dorsal half
of the spinal cord at 24 hpf. (M–N) Profile views of CNE1::Citrine transient transgenic embryos at 10 and 12 hpf showing enhancer activity in the tail
bud (bd) and lateral neural plate (M) (n = 25/27), then within dorsal neural progenitors (N) (n = 19/22). (O, O9) At 24 hpf, CNE1::Citrine transient
transgenics recapitulate pax3a expression across the AP axis of the CNS and the DV axis of the spinal cord. (P–R9) CNE3 is active in the neural plate
and tail bud at 10 and 12 hpf (n = 10/10, n = 7/7), however embryos rarely exhibit labeling of Pax3/7 expressing progenitors within the dorsal spinal
cord at 24 hpf (n = 5/48).
doi:10.1371/journal.pgen.1003811.g001

Regulation of Pax3 Expression in the Neural Tube
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Lef sites within this CRM [22,26]. Furthermore, the Wnt pathway

effector Tcf3 has been shown to bind this enhancer in ChIP-Seq

experiments performed in mouse embryonic stem cells [34]

(Figure S5). These data suggested that CNE3 received positive

transcriptional input from the Wnt pathway, which has been

shown to be both necessary and sufficient for the induction of Pax3

transcription [18].

We used TCFSiam transgenic zebrafish [35] to assay the

transcriptional activity of the Wnt pathway at 10 hpf, the stage

at which CNE3 activity and Pax3 expression was first detected

(Figure 2A, A9). This revealed activated Wnt signaling throughout

the medio-lateral axis of the posterior neural plate (Figure 2A and

A9), whilst Pax3 expression was restricted laterally (Figure 2A9).

This profile of activated Wnt signaling was consistent with that

described in the neural plate of independent zebrafish [36] and

mouse transgenic reporters [37–39]. These data supported the

described role of the Wnt pathway in the initiation of Pax3

transcription, but also suggested that it could not provide sufficient

positional information to establish the domain of Pax3 expression

in the neural plate. TCFSiam transgenic embryos assessed between

12 hpf and 18 hpf exhibited activated Wnt signaling within the

tailbud and neural tube, however reporter expression was

markedly decreased in the spinal cord of 24 hpf embryos

(Figure 2B, C and data not shown). This temporal profile of

activated Wnt signaling correlated with the activity of CNE3

during embryogenesis (Figure 1P–R9 and data not shown),

supporting a positive transcriptional role for Wnt pathway

effectors upon CNE3.

We next searched for conserved TFBS that could facilitate the

binding of putative repressors to CNE3, which might act to

prohibit Pax3 transcription in the presumptive ventral neural tube.

We focused upon Motif3 and Motif5, as these matrices exhibited

homology to sites bound by HD and Fox family transcription

factors (Figure 2D and Table S1). We were particularly intrigued

by the identification of highly conserved Nkx binding sites within

CNE3 as members of this gene family are key fate determinants

within the ventral neural tube, functioning as repressors via

recruitment of Groucho/Tle proteins [40].

We deleted either Motif3 or Motif5 from CNE3 and assayed

enhancer activity in chick and zebrafish. Deletion of Motif3

resulted in an increase in the number of progenitors with reporter

activity within the zebrafish spinal cord, however this effect was

not observed in chick embryos (data not shown). By contrast,

deletion of Motif5 resulted in a significant increase in CNE3

activity along the entire D–V axis of the zebrafish spinal cord

(compare Figure 2G, G9 to Figure 2E, E9). Ectopic activation of

the zebrafish enhancer sequence was also seen within the

intermediate neural tube of chick embryos, in a domain adjacent

to the Pax3 ventral boundary (Figure 2H), compared to the

wildtype sequence (Figure 2F). Targeted substitutions were then

engineered into CNE3 that mutated the HD binding site within

Motif5 (Figure 2I). This mutation resulted in an increase of CNE3

activity in neural progenitors within the zebrafish spinal cord at

24 hpf (Figure 2J, J9) and the ectopic activation of CNE3 in the

chick neural tube at E3 (Figure 2K), recapitulating the effect of

Motif5 deletion.

To investigate the binding of putative repressors to CNE3, we

performed electrophoretic mobility shift assays (EMSAs) using

nuclear extracts from dissected E3 chick spinal cords and a 48 bp

DNA probe which spanned Motif3, 4 and 5. Supershift reactions

were performed by the addition of antibodies raised against b-

catenin, several candidate HD containing ventral fate determi-

nants and FoxA2 (Figure 2L and data not shown). Assays

containing labeled probe and nuclear extracts led to the formation

of 3 distinct complexes, compared to reactions in which the

nuclear extract was omitted (compare the Control and Probe lanes

in Figure 2L). Addition of Nkx6.2, Dbx1, Dbx2 and Pax6

antibodies resulted in some reduction in the motility of the second

complex (Figure 2L and data not shown), however this effect was

substantially more pronounced in reactions containing Nkx6.1

antibody. Addition of b-catenin antibody did not affect the

motility of complexes. Furthermore, the addition of an antibody

raised against FoxA2 completely blocked the formation of the 3

DNA/protein complexes (Figure 2L). These assays indicated that

both Nkx6.1 and FoxA2 were present within DNA bound

complexes, consistent with the annotation of conserved binding

sites within the motifs that comprise this region (Figure 2D and

Table S1).

Together, these data suggested that Nkx6.1, or a protein with a

similar binding specificity, interacted with Motif5 of CNE3 to

mediate transcriptional repression of Pax3 within the developing

spinal cord. This is consistent with the observation that the ventral

domain of the Pax3 lineage was mutually exclusive with Nkx6.1

expression in transgenic mice assessed at E9.75 (Figure 1E and E9).

Furthermore, overexpression of Nkx6.1 in chick embryos

repressed endogenous Pax3 protein expression in the dorsal

neural tube at E3 (Figure 2M and M9). Thus, these data support a

model in which CNE3 functions to establish the Pax3 domain in

the posterior neural plate by integrating a positive input from the

Wnt pathway and Nkx family transcriptional repressors.

CNE1 maintains Pax3 expression by autoregulation and
positive feedback

We next sought to investigate the molecular basis of CNE1

activity by identifying statistically over represented conserved

15 bp motifs within this ,170 bp enhancer (Figure 3A, Table S2

and Figure S6). Control experiments demonstrated that CNE1

activity was restricted to the Pax3/7 domain of the dorsal spinal

cord in both zebrafish embryos at 24 hpf (Figure 3B, B9) and chick

at E3 (Figure 3C), consistent with Pax3 transcription at these

developmental stages. Deletion assays revealed that Motif1

(Figure 3D) was specifically required for CNE1 mediated

transcription in the spinal cord of both zebrafish (Figure 3E, E9)

and chick embryos (Figure 3F). By contrast, deletion of Motif3

(Figure 3J) reduced transgene expression throughout the AP axis of

the zebrafish CNS (Figure 3K, K9) and extinguished enhancer

activity in chick spinal cord (Figure 3L). Motif2 (Figure 3G) and

Motif4 (Figure 3M) appeared to be dispensable in the context of

these experiments (Figs. 3H–I and N–O).

Amongst the TFs that potentially interact with Motif3 (Table

S2), the SoxB family represented the best candidates to promote

the activity of CNE1 across the AP axis of the CNS. In agreement

with several recent studies demonstrating the essential role of this

family of TFs to promote enhancer activity in neural lineages

[9,10], point mutations within the putative HMG binding site of

Motif3 reduced CNE1 activity in zebrafish and chick embryos

(Figure S7). Moreover, examination of ChIP-Seq datasets

produced in stem cell derived neuronal progenitors demonstrated

that Sox3 and Sox11 directly bind CNE1, supporting a general

positive input of SoxB proteins upon Pax3 expression in the CNS

(data not shown) [41]. However, the input of this family of

transcription factors is unlikely to explain the spatial restriction of

CNE1 activity to the dorsal neural tube.

Examination of the matrix represented by Motif1 revealed a

14 bp sequence similar to a Pax6 paired domain (PD) binding site

(Table S2). We were particularly intrigued by this, as members of

the Pax gene family have been shown to participate in selective

auto- and inter-regulatory interactions [42]. Comparison of Motif1

Regulation of Pax3 Expression in the Neural Tube
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consensus sequence with the defined Pax6 [43], Pax5 [44] and

paired [45] PD binding sites revealed a high degree of homology

towards the 59 of the alignment, but poor consensus in the 39

region (Figure 4A). Given these data and the described require-

ment for Motif1 in the dorsal spinal cord, we hypothesized this

region could represent a PD binding site that exhibited specificity

for Pax3 and its paralog Pax7.

We assessed the ability of both Pax3 and Pax7 to bind Motif1 by

EMSA, using a 33 bp DNA probe and in vitro synthesized

proteins. These assays revealed that both TFs interacted with this

sequence, verifying it as a functional PD binding site (Figure 4B)

Furthermore, supershift EMSAs using nuclear extracts from chick

spinal cord and antibodies raised against selected Pax family

members demonstrated the preferential occupation of Motif1 by

the PD coded by Pax3/7 class genes (Figure 4C).

Previous binding and structural studies have shown that the PD

is comprised of two helix-turn-helix subdomains, commonly

termed PAI and RED, that interact with the 59 and 39 region of

the binding site, respectively [46–48]. The sequence of the PAI

domain is largely conserved across the Pax gene family, whereas

the variant RED domains have been proposed to underlie target

site specificity [48–50]. We assessed the requirement of PAI and

RED domain mediated Pax3/7 binding to Motif1 for CNE1

activity by targeting mutations within either half site, guided by the

degree of conservation across this matrix (Figure 4D). A 5 bp

substitution within the putative PAI half site resulted in a loss of

CNE1 activity in the spinal cord progenitors of both zebrafish

(Figure 4E, E9) and chick embryos (Figure 4F). Similarly, a 2 bp

substitution within the putative RED domain half site extinguished

the activity of this CRM in the dorsal neural tube of both model

organisms (Figure 4G–H). In agreement with these in vivo

observations, recombinant Pax3 protein was unable to bind

Motif1 DNA probes carrying either the PAI or RED mutations in

vitro (Figure 4I). Furthermore, competition EMSAs revealed the

reduced ability of the RED mutant sequence to compete for Pax7

binding versus a wildtype probe (Figure 4J).

We next sought to assess the ability of Pax3 and Pax7 to induce

CNE1 activity in the neural tube. Electroporation of a dominant

active protein consisting of the DNA binding domain of human

PAX3 fused to the transactivation domain of FOXO1A

Figure 2. CNE3 balances transcriptional activation and repression to establish the Pax3 expression domain. (A) TCFsiam transgenic
zebrafish assessed at 10 hpf reveal activated Wnt signaling in the posterior neural plate and tailbud (bd). (A9) Transverse sections of the posterior
neural plate demonstrate that Wnt pathway activity is not restricted in the medio-lateral axis of the tissue, whereas Pax3/7 is expressed laterally. (B–C)
Wnt signaling is maintained within the neural tube up to 18 hpf, following which it rapidly declines and is found only in the dorsal most row of cells
within the neural tube at 24 hpf. (D) Matrix indicating the conservation of CNE3-Motif5 across 12 vertebrate genomes. (E, E9) Zebrafish injected with a
CNE3 reporter rarely contain labeled cells within the dorsal spinal cord of transient transgenic embryos at 24 hpf (n = 4/33) and the reporter is not
active in the chick neural tube at E3 (F) (n = 0/7). (G, G9) CNE3Motif5Del::Citrine transgenics exhibit an increase of enhancer activity across the DV axis
of the spinal cord, compared to controls (n = 28/32, p,0.0001). (H) Furthermore, deletion of Motif5 results in the ectopic induction of CNE3 activity in
chick embryos at E3 (n = 4/4, p = 0.003). (I) Schematic depicting the organisation of motifs within CNE3 and the mutation induced within the
conserved HD binding site in Motif5. (J, J9) Mutation of the HD binding site in Motif5 increases CNE3 activity in progenitors within the zebrafish spinal
cord, compared to controls (n = 21/21, p,0.001). (K) Chick embryos electroporated with CNE3M5HDMut DNA exhibit ectopic enhancer activity in the
developing neural tube (n = 3/4, p = 0.0242). (L) EMSAs performed using a DNA probe spanning Motifs 3–5 of CNE3 and chick spinal cord nuclear
extract. Complexes formed with nuclear extract are indicated (arrows, compare Control to Probe lanes). Addition of an Nkx6.1 antibody creates a
slower migrating DNA/protein complex than controls, whereas addition of FoxA2 antibody abrogates complex formation. Both results indicate that
these proteins are able to bind CNE3. Addition of Dbx1, Dbx2, Pax6 and Nkx6.2 antibodies have a minor effect on the motility of EMSA complexes. (M,
M9) Consistent with binding and mutagenesis studies, the electroporation of Nkx6.1 in the chick neural tube is sufficient to repress endogenous Pax3
protein expression in chick embryos (n = 11).
doi:10.1371/journal.pgen.1003811.g002

Regulation of Pax3 Expression in the Neural Tube
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(PAX3FOXO1A) was sufficient to activate CNE1 mediated

transcription in the ventral neural tube of chick embryos at E3

(Figure 4K). Moreover, PAX3FOXO1A was able to induce

ectopic Pax3 protein expression (Figure 4K). Similarly, Pax7

electroporation was sufficient to induce ectopic Pax3 expression

and CNE1 mediated transcription (Figure 4L). By contrast,

electroporation of dominant-negative isoforms, constructed by

fusion of the engrailed repressor domain to either Pax3 or Pax7 [51],

reduced Pax3 expression within its endogenous domain at E3

(Figure 4M, N). Taken together, these findings support a model in

which CNE1 functions to maintain Pax3 expression in the spinal

cord by facilitating PD mediated autoregulation and positive

feedback via Motif1.

Discussion

In this study we provide evidence that the dynamic expression

profile of Pax3 within the developing neural tube is achieved by

the coordinated action of two distinct regulatory mechanisms,

acting through separate CRMs. The combined activity of these

enhancers converts transient inductive cues into a sustained

domain of gene expression. CNE3 integrates inductive Wnt

Figure 3. Functional dissection of CNE1 enhancer activity. (A) Schematic outlining the organisation of motifs within CNE1. (B, B9) CNE1
transient transgenic zebrafish embryos recapitulate pax3a expression across the AP axis of the CNS, including the spinal cord (n = 66/67). (C) Zebrafish
CNE1 sequence specifically drives transgene expression in the Pax3/7 domain of the chick spinal cord, despite widespread transfection of LacZ across
the DV axis of the tissue (n = 10/12). (D) Matrix representing the degree of Motif1 conservation across 12 vertebrate genomes. (E, E9) Deletion of
Motif1 results in a complete loss of CNE1 activity in zebrafish spinal cord at trunk level (n = 0/22, p,0.0001), however the enhancer remains active in
the anterior CNS (n = 22/22) and the most posterior region of the spinal cord (n = 8/22). (F) Loss of Motif1 greatly reduces CNE1 activity in the chick
neural tube (n = 1/8, p = 0.0019). Motif2 (G), is not required for CNE1 activity in the zebrafish (H, H9) (n = 37/38) or chick (I) (n = 4/6) spinal cord. Loss of
Motif 3 (J) reduces CNE1 mediated transcription across the AP axis of the zebrafish CNS (K, K9) (n = 0/26, p,0.0001) and precludes activity in the chick
spinal cord (L) (n = 0/5, p = 0.003). Deletion of Motif4 (M) does not significantly alter the activity of CNE1 in zebrafish (N, N9) (n = 20) or chick (O) (n = 4/
5).
doi:10.1371/journal.pgen.1003811.g003
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signaling and the repressive activity of HD transcription factors to

initiate expression of Pax3 within the prospective dorsal neural

tube. Subsequently, an autoregulatory loop acting via CNE1 is

established that maintains Pax3 expression in the absence of

activated Wnt signaling and HD mediated repression.

Previously, the zebrafish Pax3-GFPI150 BAC stable line has

been shown to recapitulate the expression profile of pax3a in the

spinal cord [52]. CNE1 and CNE3 are the only conserved

enhancers contained within this genomic interval that exhibit

specificity for the developing neural tube, suggesting that they are

sufficient to induce and maintain Pax3 expression in this tissue. It

is notable that the Pax3 locus contains an additional CRM located

upstream of the promoter in higher vertebrate genomes that

directs activity in the neural tube. However, this element is not

phylogenetically conserved and is not required for gene expression

in mice [22–25]. Thus, these data suggest that CNE1 and CNE3

represent the core regulatory circuit governing Pax3 expression in

the CNS that has subsequently been further elaborated during

vertebrate evolution.

The initiation of Pax3 transcription in response to Wnt signaling

appears to be mediated through CNE3, a small highly conserved

region of the genomic interval that has previously been identified

as ECR2 and IR1 [22,26]. This conclusion is supported by the

observations that Tcf3 is bound to CNE3 in mouse embryonic

stem cells and the requirement for Tcf/Lef sites for enhancer

activity in zebrafish embryos [22,26,34]. However, the wide

distribution of activated Wnt signaling within the posterior neural

plate is inconsistent with the spatial restriction of Pax3 induction

(Figure 2A9) [36–39]. Our analysis of CNE3 provides evidence

that repression by HD proteins is essential to restrict the induction

of Pax3 to the prospective dorsal neural tube. Nkx6.1 is able to

directly bind CNE3 and mutation of a conserved HD binding

motif results in ectopic enhancer activity. Moreover, the dorsal

limit of Nkx6.1 expression coincides with the ventral limit of cells

derived from the Pax3 lineage and gain-of-function experiments

indicate that Nkx6.1 is sufficient to repress endogenous Pax3

protein expression. It should be noted that Nkx6.2 exhibits similar

binding specificity to Nkx6.1 [53,54] and is also expressed in the

intermediate region of the neural plate and latterly the neural tube

[14,55]. Thus, a combination of these Nkx class repressors is likely

to contribute to the establishment of the Pax3 expression domain

during early CNS patterning.

The transcriptional activity of the Wnt pathway decreases in the

neural tube as development progresses, as indicated by a

downregulation of Wnt reporter transgene expression prior to

the peak of Pax3 transcription in progenitors [36,38,39,56].

Figure 4. CNE1 mediates direct autoregulation and positive feedback via a paired domain binding site. (A) CNE1-Motif1 is homologous
to the 59 region of defined PD binding sites, however the alignment diverges in the 39 region. (B) EMSA performed using Motif1 DNA and in-vitro
synthesised Pax3 and Pax7 proteins, both of which can bind the sequence. (C) EMSA using Motif1 DNA and chick spinal cord nuclear extract, addition
of antibodies against Pax3 or Pax7 to the reaction decreases the mobility of the DNA/protein complex. Addition of Pax6 or Pax2 antibodies does not
alter the distribution of complexes within the EMSA. (D) Schematic illustrating the mutations targeted within CNE1-Motif1. (E, E9) M1PAIMut
transgenic zebrafish exhibit a marked reduction in CNE1 activity in spinal cord progenitors, compared to the wildtype enhancer (n = 2/38, p,0.001).
(F) Mutation of the PAI domain binding site precludes CNE1 activity in the chick neural tube (n = 0/8, p = 0.0007). (G, G9) Mutation of the RED domain
binding site phenocopies Motif1 deletion in zebrafish embryos (n = 0/19, p,0.001) and chick embryos (H) (n = 1/5, p = 0.0128). (I) EMSAs performed
using in vitro synthesised Pax3 protein and Motif1 DNA harboring either PAI or RED mutations. Mutation of either PAI or RED region precludes
complex formation. (J) Competition EMSA performed using in vitro synthesised Pax7 protein, radiolabelled wildtype Motif1 DNA and non-labeled
competitor probes. Non-labeled wildtype DNA effectively competes with radiolabelled probe for Pax7 binding, whereas DNA harboring the RED
mutation cannot. (K) Electroporation of PAX3FOXO1A-RCAS induces ectopic CNE1 activity and Pax3 protein expression in the ventral neural tube
(n = 9). (L) Pax7-RCAS electroporation also induces CNE1 activity and Pax3 expression (n = 7). Electroporation of dominant negative forms of Pax3 (M)
(n = 7) or Pax7 (N) (n = 6) represses Pax3 protein expression within its endogenous domain.
doi:10.1371/journal.pgen.1003811.g004
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Consistent with this, the activity of CNE3 diminished within the

spinal cord over time. These data suggested that a separate

enhancer is responsible for maintaining Pax3 expression in the

neural tube and our analysis indicates that CNE1 is likely to fulfill

this role. In support of this, CNE1 is the only Pax3 enhancer

associated with p300 binding in CNS derived tissues at E11.5

(Figure S5) [33] and functional assays indicated that CNE1

remains active in the zebrafish and chick spinal cord after CNE3

activity has decreased.

Motif3 within CNE1, comprising Fox and Sox TFBS, is

required for the activity of this enhancer across the AP axis of the

CNS. The reduction of CNE1 activity in constructs carrying

mutations in the HMG box binding site of Motif3, together with

the identification of Sox11 and Sox3 binding at CNE1 in neural

progenitors, supports a positive role for SoxB proteins on Pax3

expression and might account for the neural specificity of this

enhancer [9,10,41]. More importantly, we provide evidence that

direct autoregulation and positive feedback via a PD binding site is

necessary for CNE1 activity in the spinal cord and that Pax3/7

bind this site in vitro and in neural cells. Furthermore, the activity

of CNE1 and endogenous Pax3 expression is altered by

misexpression or blockade of Pax3/7. Thus PD mediated

autoregulation and positive feedback via CNE1 is likely to explain

the maintenance of Pax3 expression in the neural tube.

Together, these data provide a molecular framework that

describes the regulatory logic of Pax3 expression in the developing

spinal cord. Expression is initiated by Wnt induction acting

through CNE3, however this induction is limited to prospective

dorsal regions of neural tissue by the activity of ventrally induced

Nkx class proteins (Figure 5A). Pax3 protein expression then

triggers a neural specific autoregulatory loop acting through

CNE1 that secures transcription and removes the requirement for

continued Wnt signaling and Nkx mediated ventral repression

(Figure 5B and C). In addition, the induction of Pax7 expression at

later developmental stages provides a means to augment and

reinforce this maintenance loop (Figure 5C). Moreover, SoxB

family proteins via a HMG box binding site in Motif3 (Figure 5 B

and C) may limit CNE1 activity to neural tissue.

It is notable that at early developmental time points, both CNE1

and CNE3 appear to be active in Pax3 expressing cells. We

propose they act in a cooperative manner to establish the Pax3

expression domain, thereby offering increased robustness and

precision. For example, CNE1 mediated autoregulation could

function not only to increase output from the Pax3 promoter but

may also buffer fluctuations in CNE3 mediated transcription. This

mechanism is reminiscent of the increased robustness and

precision of gene expression achieved by the synergistic activity

of multiple CRMs during Drosophila development [57–60]. In

agreement with this hypothesis, a construct harboring genomic

intervals containing both CNE1 and CNE3 has been shown to be

more resistant to signaling pathway manipulation that either

enhancer alone [26].

The acquisition of unique molecular identities within defined

progenitor populations requires the translation of transient

inductive cues into discrete expression domains. In the ventral

neural tube this process is achieved using a transcriptional

circuit involving cross-repression between TFs downstream of

the ventral morphogen, Shh. This mechanism functions both to

establish and maintain expression domains, as well as confer

robustness to fluctuating levels of intracellular signaling [5]. In

the case of Pax3, repression is used in combination with the

inductive cue to establish the expression domain, but in contrast

to the ventral neural tube, a direct autoregulatory loop plays a

major role in maintaining expression. These two distinct

functions are segregated between separate genomic elements.

Thus, our findings expand the motifs employed within the

neural tube GRN and highlight how differing regulatory

mechanisms are manifest in the genome.

Materials and Methods

Comparative genomics and reporter plasmid
construction

The genomic interval representing the Pax3 locus in each

species was defined in the UCSC genome browser (http://www.

genome.ucsc.edu/) and uploaded to the Mulan alignment suite

[61], with appropriate repeat masking. Regions conserved with at

least 65% identity over at least 40 bases in each input genome

were selected for further study. The oligonucleotides listed in

Table S3 were used to amplify CNEs from freshly prepared

DKEY-20F20 BAC DNA (Genbank accession BX085193).

Amplicons were subsequently inserted between the HindIII and

SbfI sites upstream of a minimal thymidine kinase promoter in the

MiniTol2 TKProm Gal4-56UAS Citrine expression vector

(Genbank accession KF545600), which exhibits no specific activity

in control experiments (data not shown).

Defining and manipulating putative binding sites
The Human sequence representing each CNE was used as the

query sequence for cross-species BLAST searches, performed

within the Ensembl genome browser (http://www.ensembl.org/).

The alignment of enhancer sequences across vertebrate genomes

was produced and analysed using ClustalW2 [62] and phyloge-

netically conserved motifs were defined using MEME [63]. TFBS

within each motif were annotated using the TomTom tool of the

MEME suite [64]. Targeted mutation of motifs and putative

TFBS was performed using the Quickchange II XL site-directed

mutagenesis kit (Stratagene) and the oligonucleotides listed in

Table S3.

Transgenic analysis in zebrafish, chick and mouse
embryos

Zebrafish embryos were collected within 15 minutes of laying

according to established procedures and injected with injected

with a mixture of plasmid DNA (20 ng/ml) and Tol2 transposase

mRNA (14 ng/ml). Embryos were maintained at 28.5uC and

sorted on the basis of Citrine expression before fixation with 4%

paraformaldehyde (PFA) at the desired stage. Chick assays were

performed in Hamburger and Hamilton stage 11–13 embryos [65]

by electroporation of reporter plasmid (500 ng/ml), Tol2 mRNA

(14 ng/ml) and pCAGGS LacZ (1.5 mg/ml), according to described

protocols [6]. DNA constructs contained within either the

pCAGGS or RCAS expression vectors were electroporated at a

concentration of 1.5–4 mg/ml. The PAX3FOXO1A-RCAS plas-

mid was created by subcloning the insert from the pCAGGS

vector [66] using the oligonucleotides listed in Table S3. Embryos

were maintained at 37uC and fixed with 4% PFA at the

appropriate stage. Lineage tracing studies were performed by

crossing Pax3Cre transgenic mice [27] with reporter strains that

expressed YFP or both Tomato and GFP from the Rosa26 locus

[67], the resulting embryos were fixed at the desired stage in 4%

PFA.

In situ hybridization, immunohistochemistry and imaging
Wholemount in situ hybridizations for pax3a (gift from Simon

Hughes) were performed as described [68] before 14 mm

transverse sections were prepared, when required. Analysis was
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carried out using a Zeiss Axiophot2 and Adobe Photoshop CS3.

Antibody stainings of transverse sections of chick and mouse

embryos were performed as previously described [6,11]. The

antibodies used for immunohistochemistry were rabbit anti-b-

Galactosidase (ABD Serotec), mouse anti-Evx1 (DSHB), rabbit

anti-GFP (Molecular Probes), sheep anti-GFP (Biogenesis), mouse

anti-Nkx6.1 (DSHB), mouse anti-Pax3 (DSHB), and mouse anti-

Pax7 (DSHB). Zebrafish Pax3/7 protein was visualized with

DP312 (Gift from Nipam Patel), which was raised against the

conserved homeodomain of paired [69]. DP312 has previously

been shown to recognize both Pax3 and Pax7 in zebrafish embryos

[70,71]. Wholemount images were acquired using a Leica

M205FA stereo-microscope and transverse sections were imaged

using a Leica TCS SP2 confocal microscope. All images were

processed with Adobe Photoshop CS3.

Embryo analysis
Zebrafish experiments were analysed by determining the

number of embryos labeled by Citrine expression in spinal cord

progenitors as a proportion of the total transgenic population. The

activity of enhancer constructs in the chick neural tube was

assayed against the presence of b-Galactosidase antibody staining,

which was used as an internal control of transgenesis. The

statistical significance of transgenic assays was determined using

two-tailed Fisher’s exact tests.

EMSAs
Radiolabelled DNA probes were produced as described in [72]

using the oligonucleotides listed in Table S3. In vitro synthesized

proteins were produced using the TnT coupled rabbit reticulocyte

lysate system (Promega). Chick spinal cord nuclear extracts were

prepared by manual tissue dissection, cell lysis in a buffer

containing 100 mM HEPES, 15 mM MgCl2, 100 mM KCl and

1 M DTT and protein extraction in a buffer of 20 mM HEPES,

1.5 mM MgCl2, 0.42 M NaCl, 0.2 mM EDTA and 25% glycerol.

Binding reactions were performed in a buffer of 4% Ficoll, 20 mM

HEPES, 30 mM KCl, 1 mM DTT and 0.1 mM EDTA. Super-

shift reactions were performed using antibodies validated for use in

chick tissue as described in [72].

Supporting Information

Figure S1 Several functional CRMs are located within the 4th

intron of the Pax3 locus. (A) The full Mulan alignment of the Pax3

locus, summarised in Figure 1E. (B) CNE1 transient transgenics

exhibit reporter expression across the AP axis of the developing

CNS at 24 hpf (n = 67). (C) By contrast, CNE2 activity weakly

labels postmitotic neurons within the dorsal spinal cord (n = 11).

(D) At 24 hpf, CNE3 is active within the midbrain (mb), hindbrain

(mb) and progenitors within the dorsal spinal cord (dP) (n = 51). (E)

CNE4 is sufficient to direct transcription within muscle fibres (mf)

and cranial neural crest (nc) (n = 32). (F) Surprisingly, CNE5

Figure 5. The regulatory logic of Pax3 expression in the neural tube. (A) Pax3 transcription in the developing CNS is induced by the binding
of Wnt pathway effectors, such as Tcf3, to CNE3. Motif4 and Motif5 of CNE3 are likely to mediate this interaction as they contain phylogenetically
conserved Tcf/Lef binding sites. The HD binding site within Motif5 is required to repress the activity of this enhancer in vivo. Consistent with this,
Nkx6.1 binds to CNE3 in EMSAs and represses endogenous Pax3 expression in vivo. This combination of general activation and medial repression
establishes the Pax3 expression domain in the lateral region of the neural plate. (B) Once induced, Pax3 protein binds Motif1 of CNE1 to mediate
autoregulation. In addition to autoregulation, CNE1 activity might be restricted to neural tissue by SoxB transcription factors. At early stages of
development, both CNE1 and CNE3 are transcriptionally active and may act synergistically to establish the Pax3 expression domain. (C) At later
stages, when Pax3 expression reaches its maximum in the neural tube, the majority of dorsal progenitors do not experience active Wnt signaling.
Furthermore, the Pax3 expression domain does not share a boundary with ventrally expressed Nkx family members at later stages of development.
Our data suggests that a combination of autoregulation and Pax7 mediated positive feedback act to maintain Pax3 expression, seen in vivo as robust
CNE1 activity in the absence of CNE3 mediated transcription.
doi:10.1371/journal.pgen.1003811.g005
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robustly labels the notochord (nc) and floor plate (fp) of the neural

tube, tissues that do not express Pax3 at any point of their

development (n = 34).

(TIF)

Figure S2 CNE1 activity recapitulates Pax3 expression. (A)

CNE1 stable transgenic embryos assessed at 10 hpf exhibit Citrine

expression in the developing hindbrain (hb) and presumptive

dorsal progenitors (dP) within the lateral regions of the posterior

neural plate. (B, B9) At 24 hpf, CNE1 activity recapitulates pax3a

expression across the AP axis of the CNS and is restricted to the

Pax3/7 domain of the dorsal spinal cord.

(TIF)

Figure S3 CNE1 is the only p300 bound Pax3 enhancer at

E11.5. UCSC genome browser view displaying the binding profile

of the enhancer associated transcription co-factor p300 within

mouse limb, forebrain and midbrain tissue, prepared at E11.5 [33].

These data suggest that CNE1 is the only active enhancer within the

Pax3 locus at this development stage and furthermore, that it is

specifically active within midbrain derived tissue. These data are

consistent with the activity profile of CNE1 and CNE3 in zebrafish

and the expression of Pax3 within the mouse CNS at E11.5.

(TIF)

Figure S4 The conservation of CNE3 across vertebrates.

ClustalW2 alignment of CNE3 across 12 vertebrate genomes,

revealing multiple clusters of nucleotides that are conserved across

the phyla. The location of motifs within CNE3, discovered by

MEME analysis, is marked within the alignment.

(TIF)

Figure S5 Wnt pathway effectors directly bind CNE3. UCSC

genome browser view displaying the binding profile of the Wnt

pathway effector, Tcf3, across the Pax3 locus in mouse embryonic

stem cells (mESC) [34]. These data demonstrate that CNE3 is

bound by Tcf3, supporting the described role of the Wnt pathway

in the initiation of Pax3 transcription.

(TIF)

Figure S6 The conservation of CNE1 across vertebrate

genomes. ClustalW2 alignment of detailing the conservation of

CNE1 across 12 vertebrate genomes. The location of statistically

overrepresented motifs within this sequence is marked within the

alignment.

(TIF)

Figure S7 Mutation of the HMG box site within Motif3 reduces

CNE1 activity. (A) Schematic outlining the mutations introduced

into the HMG box site of Motif3. M3Mut1 transgenic zebrafish

exhibit a reduction in CNE1 activity compared to controls

(compare B to D) (n = 25/41, p,0.001). A similar reduction in

CNE1 activity is observed in M3Mut2 transgenics (compare B to

G) (n = 6/32, p,0.001). (F) Graphical summary of the effect of

HMG binding site mutations upon CNE1 activity in zebrafish

embryos. Experiments performed in chick reveal a reduction in

CNE1 activity in both M3Mut1 (n = 3/7) and M3Mut2 (n = 2/5)

electroporations, however this result did not reach statistical

significance (compare C to E and H, respectively).

(TIF)

Table S1 Annotation of conserved TFBS within CNE3.

(DOCX)

Table S2 Annotation of conserved TFBS within CNE1.

(DOCX)

Table S3 List of oligonucleotides used in the study.

(DOCX)

Acknowledgments

We thank members of the Briscoe lab, especially Eva Kutejova for helpful

comments and discussions. We are grateful to Philip W. Ingham for

comments on the manuscript and providing material prior to publication. We

thank Enrico Moro and Francesco Argenton for the TCFSiam zebrafish line.

We also thank Nipam Patel and Simon Hughes for providing reagents and

the Biological Services staff at NIMR for assistance with zebrafish husbandry.

Author Contributions

Conceived and designed the experiments: SM VR JB. Performed the

experiments: SM VR. Analyzed the data: SM VR JB. Contributed

reagents/materials/analysis tools: JT DW FR. Wrote the paper: SM VR

JB.

References

1. Davidson EH (2010) Emerging properties of animal gene regulatory networks.

Nature 468: 911–920.

2. Levine M (2010) Transcriptional enhancers in animal development and

evolution. Curr Biol 20: R754–763.

3. Alon U (2007) Network motifs: theory and experimental approaches. Nat Rev

Genet 8: 450–461.

4. Jessell TM (2000) Neuronal specification in the spinal cord: inductive signals and

transcriptional codes. Nat Rev Genet 1: 20–29.

5. Balaskas N, Ribeiro A, Panovska J, Dessaud E, Sasai N, et al. (2012) Gene

regulatory logic for reading the Sonic Hedgehog signaling gradient in the

vertebrate neural tube. Cell 148: 273–284.

6. Briscoe J, Pierani A, Jessell TM, Ericson J (2000) A homeodomain protein code

specifies progenitor cell identity and neuronal fate in the ventral neural tube.

Cell 101: 435–445.

7. Chamberlain CE, Jeong J, Guo C, Allen BL, McMahon AP (2008) Notochord-

derived Shh concentrates in close association with the apically positioned basal

body in neural target cells and forms a dynamic gradient during neural

patterning. Development 135: 1097–1106.

8. Ericson J, Morton S, Kawakami A, Roelink H, Jessell TM (1996) Two critical

periods of Sonic Hedgehog signaling required for the specification of motor

neuron identity. Cell 87: 661–673.

9. Oosterveen T, Kurdija S, Alekseenko Z, Uhde CW, Bergsland M, et al.

(2012) Mechanistic differences in the transcriptional interpretation of

local and long-range Shh morphogen signaling. Dev Cell 23: 1006–

1019.

10. Peterson KA, Nishi Y, Ma W, Vedenko A, Shokri L, et al. (2012) Neural-

specific Sox2 input and differential Gli-binding affinity provide context and

positional information in Shh-directed neural patterning. Genes Dev 26:

2802–2816.

11. Ericson J, Rashbass P, Schedl A, Brenner-Morton S, Kawakami A, et al. (1997)

Pax6 controls progenitor cell identity and neuronal fate in response to graded

Shh signaling. Cell 90: 169–180.

12. Novitch BG, Chen AI, Jessell TM (2001) Coordinate regulation of motor neuron

subtype identity and pan-neuronal properties by the bHLH repressor Olig2.

Neuron 31: 773–789.

13. Sander M, Paydar S, Ericson J, Briscoe J, Berber E, et al. (2000) Ventral neural

patterning by Nkx homeobox genes: Nkx6.1 controls somatic motor neuron and

ventral interneuron fates. Genes Dev 14: 2134–2139.

14. Vallstedt A, Muhr J, Pattyn A, Pierani A, Mendelsohn M, et al. (2001) Different

levels of repressor activity assign redundant and specific roles to Nkx6 genes in

motor neuron and interneuron specification. Neuron 31: 743–755.

15. Helms AW, Johnson JE (2003) Specification of dorsal spinal cord interneurons.

Curr Opin Neurobiol 13: 42–49.

16. Goulding MD, Chalepakis G, Deutsch U, Erselius JR, Gruss P (1991) Pax-3, a

novel murine DNA binding protein expressed during early neurogenesis.

EMBO J 10: 1135–1147.

17. Jostes B, Walther C, Gruss P (1990) The murine paired box gene, Pax7, is

expressed specifically during the development of the nervous and muscular

system. Mech Dev 33: 27–37.

18. Bang AG, Papalopulu N, Goulding MD, Kintner C (1999) Expression of Pax-3

in the lateral neural plate is dependent on a Wnt-mediated signal from posterior

nonaxial mesoderm. Dev Biol 212: 366–380.

19. Liem KF, Jr., Tremml G, Roelink H, Jessell TM (1995) Dorsal differentiation of

neural plate cells induced by BMP-mediated signals from epidermal ectoderm.

Cell 82: 969–979.

20. Goulding MD, Lumsden A, Gruss P (1993) Signals from the notochord and floor

plate regulate the region-specific expression of two Pax genes in the developing

spinal cord. Development 117: 1001–1016.

Regulation of Pax3 Expression in the Neural Tube

PLOS Genetics | www.plosgenetics.org 10 October 2013 | Volume 9 | Issue 10 | e1003811



21. Litingtung Y, Chiang C (2000) Specification of ventral neuron types is mediated

by an antagonistic interaction between Shh and Gli3. Nat Neurosci 3: 979–985.
22. Degenhardt KR, Milewski RC, Padmanabhan A, Miller M, Singh MK, et al.

(2010) Distinct enhancers at the Pax3 locus can function redundantly to regulate

neural tube and neural crest expressions. Dev Biol 339: 519–527.
23. Milewski RC, Chi NC, Li J, Brown C, Lu MM, et al. (2004) Identification of

minimal enhancer elements sufficient for Pax3 expression in neural crest and
implication of Tead2 as a regulator of Pax3. Development 131: 829–837.

24. Natoli TA, Ellsworth MK, Wu C, Gross KW, Pruitt SC (1997) Positive and

negative DNA sequence elements are required to establish the pattern of Pax3
expression. Development 124: 617–626.

25. Pruitt SC, Bussman A, Maslov AY, Natoli TA, Heinaman R (2004) Hox/Pbx
and Brn binding sites mediate Pax3 expression in vitro and in vivo. Gene Expr

Patterns 4: 671–685.
26. Garnett AT, Square TA, Medeiros DM (2012) BMP, Wnt and FGF signals are

integrated through evolutionarily conserved enhancers to achieve robust

expression of Pax3 and Zic genes at the zebrafish neural plate border.
Development 139: 4220–4231.

27. Engleka KA, Gitler AD, Zhang M, Zhou DD, High FA, et al. (2005) Insertion of
Cre into the Pax3 locus creates a new allele of Splotch and identifies unexpected

Pax3 derivatives. Dev Biol 280: 396–406.

28. Erskine L, Patel K, Clarke JD (1998) Progenitor dispersal and the origin of early
neuronal phenotypes in the chick embryo spinal cord. Dev Biol 199: 26–41.

29. Leber SM, Breedlove SM, Sanes JR (1990) Lineage, arrangement, and death of
clonally related motoneurons in chick spinal cord. J Neurosci 10: 2451–2462.

30. Leber SM, Sanes JR (1995) Migratory paths of neurons and glia in the
embryonic chick spinal cord. J Neurosci 15: 1236–1248.

31. Moran-Rivard L, Kagawa T, Saueressig H, Gross MK, Burrill J, et al. (2001)

Evx1 is a postmitotic determinant of v0 interneuron identity in the spinal cord.
Neuron 29: 385–399.

32. Seo HC, Saetre BO, Havik B, Ellingsen S, Fjose A (1998) The zebrafish Pax3
and Pax7 homologues are highly conserved, encode multiple isoforms and show

dynamic segment-like expression in the developing brain. Mech Dev 70: 49–63.

33. Visel A, Blow MJ, Li Z, Zhang T, Akiyama JA, et al. (2009) ChIP-seq accurately
predicts tissue-specific activity of enhancers. Nature 457: 854–858.

34. Marson A, Levine SS, Cole MF, Frampton GM, Brambrink T, et al. (2008)
Connecting microRNA genes to the core transcriptional regulatory circuitry of

embryonic stem cells. Cell 134: 521–533.
35. Moro E, Ozhan-Kizil G, Mongera A, Beis D, Wierzbicki C, et al. (2012) In vivo

Wnt signaling tracing through a transgenic biosensor fish reveals novel activity

domains. Dev Biol 366: 327–340.
36. Dorsky RI, Sheldahl LC, Moon RT (2002) A transgenic Lef1/beta-catenin-

dependent reporter is expressed in spatially restricted domains throughout
zebrafish development. Dev Biol 241: 229–237.

37. Currier N, Chea K, Hlavacova M, Sussman DJ, Seldin DC, et al. (2010)

Dynamic expression of a LEF-EGFP Wnt reporter in mouse development and
cancer. Genesis 48: 183–194.

38. Maretto S, Cordenonsi M, Dupont S, Braghetta P, Broccoli V, et al. (2003)
Mapping Wnt/beta-catenin signaling during mouse development and in

colorectal tumors. Proc Natl Acad Sci U S A 100: 3299–3304.
39. Mohamed OA, Clarke HJ, Dufort D (2004) Beta-catenin signaling marks the

prospective site of primitive streak formation in the mouse embryo. Dev Dyn

231: 416–424.
40. Muhr J, Andersson E, Persson M, Jessell TM, Ericson J (2001) Groucho-

mediated transcriptional repression establishes progenitor cell pattern and
neuronal fate in the ventral neural tube. Cell 104: 861–873.

41. Bergsland M, Ramskold D, Zaouter C, Klum S, Sandberg R, et al. (2011)

Sequentially acting Sox transcription factors in neural lineage development.
Genes Dev 25: 2453–2464.

42. Frost V, Grocott T, Eccles MR, Chantry A (2008) Self-regulated Pax gene
expression and modulation by the TGFbeta superfamily. Crit Rev Biochem Mol

Biol 43: 371–391.

43. Epstein J, Cai J, Glaser T, Jepeal L, Maas R (1994) Identification of a Pax paired
domain recognition sequence and evidence for DNA-dependent conformational

changes. J Biol Chem 269: 8355–8361.
44. Adams B, Dorfler P, Aguzzi A, Kozmik Z, Urbanek P, et al. (1992) Pax-5

encodes the transcription factor BSAP and is expressed in B lymphocytes, the
developing CNS, and adult testis. Genes Dev 6: 1589–1607.

45. Treisman J, Harris E, Desplan C (1991) The paired box encodes a second DNA-

binding domain in the paired homeo domain protein. Genes Dev 5: 594–604.
46. Jun S, Desplan C (1996) Cooperative interactions between paired domain and

homeodomain. Development 122: 2639–2650.

47. Xu W, Rould MA, Jun S, Desplan C, Pabo CO (1995) Crystal structure of a

paired domain-DNA complex at 2.5 A resolution reveals structural basis for Pax

developmental mutations. Cell 80: 639–650.

48. Xu HE, Rould MA, Xu W, Epstein JA, Maas RL, et al. (1999) Crystal structure

of the human Pax6 paired domain-DNA complex reveals specific roles for the

linker region and carboxy-terminal subdomain in DNA binding. Genes Dev 13:

1263–1275.

49. Czerny T, Schaffner G, Busslinger M (1993) DNA sequence recognition by Pax

proteins: bipartite structure of the paired domain and its binding site. Genes Dev

7: 2048–2061.

50. Vogan KJ, Gros P (1997) The C-terminal subdomain makes an important

contribution to the DNA binding activity of the Pax-3 paired domain. J Biol

Chem 272: 28289–28295.

51. Relaix F, Montarras D, Zaffran S, Gayraud-Morel B, Rocancourt D, et al.

(2006) Pax3 and Pax7 have distinct and overlapping functions in adult muscle

progenitor cells. J Cell Biol 172: 91–102.

52. Seger C, Hargrave M, Wang X, Chai RJ, Elworthy S, et al. (2011) Analysis of

Pax7 expressing myogenic cells in zebrafish muscle development, injury, and

models of disease. Dev Dyn 240: 2440–2451.

53. Berger MF, Badis G, Gehrke AR, Talukder S, Philippakis AA, et al. (2008)

Variation in homeodomain DNA binding revealed by high-resolution analysis of

sequence preferences. Cell 133: 1266–1276.

54. Jolma A, Yan J, Whitington T, Toivonen J, Nitta KR, et al. (2013) DNA-binding

specificities of human transcription factors. Cell 152: 327–339.

55. Hutchinson SA, Cheesman SE, Hale LA, Boone JQ, Eisen JS (2007) Nkx6

proteins specify one zebrafish primary motoneuron subtype by regulating late

islet1 expression. Development 134: 1671–1677.

56. Moriyama A, Kii I, Sunabori T, Kurihara S, Takayama I, et al. (2007) GFP

transgenic mice reveal active canonical Wnt signal in neonatal brain and in adult

liver and spleen. Genesis 45: 90–100.

57. Frankel N, Davis GK, Vargas D, Wang S, Payre F, et al. (2010) Phenotypic

robustness conferred by apparently redundant transcriptional enhancers. Nature

466: 490–493.

58. Hong JW, Hendrix DA, Levine MS (2008) Shadow enhancers as a source of

evolutionary novelty. Science 321: 1314.

59. Perry MW, Boettiger AN, Bothma JP, Levine M (2010) Shadow enhancers foster

robustness of Drosophila gastrulation. Curr Biol 20: 1562–1567.

60. Perry MW, Boettiger AN, Levine M (2011) Multiple enhancers ensure precision

of gap gene-expression patterns in the Drosophila embryo. Proc Natl Acad

Sci U S A 108: 13570–13575.

61. Ovcharenko I, Loots GG, Giardine BM, Hou M, Ma J, et al. (2005) Mulan:

multiple-sequence local alignment and visualization for studying function and

evolution. Genome Res 15: 184–194.

62. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, et al. (2007)

Clustal W and Clustal X version 2.0. Bioinformatics 23: 2947–2948.

63. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, et al. (2009) MEME

SUITE: tools for motif discovery and searching. Nucleic Acids Res 37: W202–

208.

64. Gupta S, Stamatoyannopoulos JA, Bailey TL, Noble WS (2007) Quantifying

similarity between motifs. Genome Biol 8: R24.

65. Hamburger V, Hamilton HL (1992) A series of normal stages in the

development of the chick embryo. 1951. Dev Dyn 195: 231–272.

66. Relaix F, Polimeni M, Rocancourt D, Ponzetto C, Schafer BW, et al. (2003) The

transcriptional activator PAX3-FKHR rescues the defects of Pax3 mutant mice

but induces a myogenic gain-of-function phenotype with ligand-independent

activation of Met signaling in vivo. Genes Dev 17: 2950–2965.

67. Friedrich G, Soriano P (1991) Promoter traps in embryonic stem cells: a genetic

screen to identify and mutate developmental genes in mice. Genes Dev 5: 1513–

1523.

68. Thisse C, Thisse B (2008) High-resolution in situ hybridization to whole-mount

zebrafish embryos. Nat Protoc 3: 59–69.

69. Davis GK, D’Alessio JA, Patel NH (2005) Pax3/7 genes reveal conservation and

divergence in the arthropod segmentation hierarchy. Dev Biol 285: 169–184.

70. Hammond CL, Hinits Y, Osborn DP, Minchin JE, Tettamanti G, et al. (2007)

Signals and myogenic regulatory factors restrict pax3 and pax7 expression to

dermomyotome-like tissue in zebrafish. Dev Biol 302: 504–521.

71. Minchin JE, Hughes SM (2008) Sequential actions of Pax3 and Pax7 drive

xanthophore development in zebrafish neural crest. Dev Biol 317: 508–522.

72. Holden NS, Tacon CE (2011) Principles and problems of the electrophoretic

mobility shift assay. J Pharmacol Toxicol Methods 63: 7–14.

Regulation of Pax3 Expression in the Neural Tube

PLOS Genetics | www.plosgenetics.org 11 October 2013 | Volume 9 | Issue 10 | e1003811


