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Mientras que el cerebro sea un 
misterio el universo seguirá 
existiendo

Santiago Ramón y Cajal, 1852-1934



 



1. INTRODUCTION 
 
 
1.- THE NEURAL CREST 

Neural crest cells were first described by the pioneering embryologist 
Wilhelm His (1868) as a “band of particular material lying between the 
presumptive epidermis and the presumptive neural tube”. Since then, 
the neural crest has fascinated generations of developmental and 
evolutionary biologist and much research effort has been focused on 
understanding the molecular and cellular mechanism that rule the 
processes that these cells undergo. The key of this fascination can be 
resumed in three relevant features of neural crest cells: 

 The first characteristic is the fact that neural crest cells are a 
vertebrate invention (LeDouarin, N. et al., 1999; Gammil et al.,2003). In 
1989 Peter Thorogood, a much-respected Developmental Biologist, told 
of an instance when, as a new postdoctoral researcher, he was 
informed by a senior professor of Zoology that “the only interesting 
thing about vertebrates was the neural crest”. Although at the time this 
sounded as a bit of an hyperbole, Peter began to appreciate that 
underlying this overstatement there was an important message. 
Indeed, just few years later Gans and Northcutt published their hugely 
influential paper “Neural crest and the origin of vertebrates: a new 
head” which explicitly made the point that many of the features that 
distinguish the vertebrates from their nearest relatives have their origin 
in the neural crest and that the acquisition of the neural crest was the 
key event in vertebrates evolution, leading to the appearance of the 
jaws, cranium and sensory ganglia, which enabled the transition of early 
vertebrates from filter feeding to active predation  (Northcutt and Gans, 
1983; Gans and Norhtcutt, 1983; Donoghue  et al., 2008; Nikitina et al., 
2009). 
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The second important feature of neural crest cells is their 
pluripotency. Neural crest cells have stem-cell-like properties, since 
they can give rise to many different types of cells.  Actually the neural 
crest cells are considered by many embryologists as the “fourth germ 
layer” due to the vast number of different cell identities that are able to 
generate such as peripheral neurons, glia, connective tissue, bone, 
secretory cells and the outflow track of the heart, among others. 

Finally, the third feature that make neural crest cell so 
interesting for studying is their similarities with invasive cancer cells. 
Neural crest cells are the great explorers of the vertebrate embryo. As 
metastatic cells, although they have the potential to remain within the 
central nervous system at the site of their birth, they undergo an 
epithelial-to-mesenchymal transition (EMT) that allow them to 
detached from their neighbours, migrate into surrounding tissues and 
colonize the far reaches of the embryo (Gammil et al., 2003). In fact, 
recent studies revealed that many of the genes involved in epithelial-to-
mesenchymal transition (EMT), as well as many of the signals that 
promote EMT, are common in both normal neural crest development 
and cancer metastasis. The characterization of a molecular signature for 
EMT during embryonic development could provide insight into the 
participation of EMT in physiological process such as wound healing or 
in pathological circumstances such us cancer metastasis or organ 
fibrosis. 

 
2.- THE EMBRYONIC ORIGIN OF THE NEURAL CREST 

During development of the nervous system, neurons are specified in a 
hierarchical manner. The first decision is whether a given ectodermal 
cell will become a neuron progenitor, a neural crest cell or an epidermal 
cell. If it is to become a neuron progenitor, the next decision is what 
type of neuron?” Will it become a projection neuron (such as the 
motorneurons in the spinal cord and hindbrain) or an interneuron (and 
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if such, which type of interneuron). After this fate is determined, still 
another decision gives the neuron a specific target (Figure 1). 

One of the fundamental goals in developmental neuroscience is 
to understand the mechanisms that control the generation of distinct 
classes of neurons in the vertebrate central nervous system (CNS). 
Within the developing CNS, hundreds of  distinct  subtypes  of  neurons  
are  generated  in  spatially  and  temporally coordinated programmes, 
and this organized emergence of neuronal diversity is the foundation 
for the assembly of functional neuronal circuits. To understand the 
mechanisms that underlie these processes, a greater knowledge of the 
molecular control of the acquisition of neuronal identity is required. 
This knowledge is not only important for understanding normal CNS 
development, but it is also key to uncover the mechanisms of 
neurological diseases. Moreover, a greater understanding of the 
regulation of neuronal subtype identity may contribute to the 
development of effective therapies for the repair of damaged nervous 
system, as the use of progenitor cell populations and/or stem cells in 
the treatment of neurodegenerative diseases is explored (Briscoe 
Novitch 2008) 

FIGURE 1: Neural tube development. Different stages on chicken neural tube 
show the progression on the specification and differentiation of the neural cells. 
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The spinal cord is the anatomically simplest and most conserved 
region of the vertebrates CNS and it is an ideal model to study the 
cellular and molecular mechanism that control the progressive 
acquisition of neural cell identity along embryonic development. The 
early developing spinal cord consists of a simple tube (the neural tube) 
whose lumen is surrounded by a pseudo-stratified layer of mitotically 
active neuroepithelial cells.  At this early stage, majority of these cells 
proliferate defining the germinal neuropithelial layer known as the 
ventricular zone (VZ).  Shortly after neural tube closure, scattered 
neural precursors detach from the apical side of the neuroepithelia, and 
commence differentiation. Neural crest cells are the first undergoing 
this process, but immediately after, they are followed by neurons 
(motorneurons and interneurons) and by glial (astrocytes and 
oligodendrocytes) that will form the future mature spinal cord. Except 
for the neural crest the rest of differentiated cells move basally through 
the neural epithelium to a region called mantle zone (MZ) (Boulder 
Committee et al., 1970) 

The general view emerged from recent studies indicates that the 
acquisition of a specific neural identity depends on the initial spatial 
coordinates of a precursor cell within the neural plate. This initial 
position defines the exposure of a progenitor cell to specific local 
environmental signals that progressively restrict its developmental 
potential. These secreted signals generate a dorsal-ventral (DV) pattern 
which directs cell identity acquisition by activating the expression of 
precise transcriptional regulators, which, in turn, control the genetic 
network necessary for the proper specification of each neuronal cell. 
Secreted signals include Sonic hedgehog (Shh), Wnts, Bone 
morphogenetic proteins (BMP), Fibroblast Growth Factors (FGF) and 
Retinoic Acid (RA), although it is generally accepted that the 
counteracting gradients of  Shh, emanating from the ventral aspects of 
the spinal cord, and BMPs and Wnts, produced from the dorsal ones, 
are the main actors in spinal cord DV pattern formation (Wilson and 
Maden, 2005; Ulloa and Martí, 2010; Le Dreau and Martí, 2012). 
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2.1.- The genetic control of cell fate acquisition along the dorsal-
ventral axis of the central nervous system 

Three distinct populations of cells develop from the dorsal neural 
tube/lateral neural plate in a timely and spatially organized sequence of 
events. Neural crest cells, which this work is focused on, are generated 
from the border region between the neural plate and the adjacent non-
neural ectoderm and migrate out of the neural tube before or during 
neural tube closure. Neural crest cells migrate to diverse locations 
throughout the embryo and when they reach their final destinations, 
these cells differentiate into a remarkable variety of cell identities (Le 
Douarin and Kalcheim, 1999). Roof plate cells develop at the dorsal 
midline of the neural tube as a group of specialized cells that, in turn 
become a signalling centre, which can promote the differentiation of 
the third population of cells: the dorsal spinal cord interneurons. 

 
FIGURE2: Specification of the dorsal neural tube. Sequence of events that show 
the development of the three dorsal populations: Neural crest cells, roof plate 
cells and dorsal progenitors. 
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Dorsal interneurons integrate and relay somato-sensory 
information, conveyed into the spinal cord by periphery sensory 
neurones, to central targets (Helms and Johnson, 2003; Lee and Jessell, 
1999) (Figure 2). 

Concomitant with the generation of sufficient numbers of cells, 
neural progenitors acquired different identities along the dorsal-ventral 
axis of the developing nervous system. Dorsal-ventral (DV) patterning of 
the vertebrate nervous system is achieved by the combined activities of 
morphogenetic signals secreted from dorsal and ventral signalling 
centres. The Shh/Gli pathway plays a major role in patterning the 
ventral neural tube; however, the molecular mechanisms that limit 
target gene responses to specific progenitor domains remained less 
clear. Recently, it was published that Wnt1/Wnt3a, by signalling 
through the canonical pathway, control the expression of dorsal genes 
and the suppression of the ventral programme, thus setting the scaffold 
for a DV patterned neural tube (Álvarez-Medina et al., 2008). Imposed 
onto these two early activities, the TGFbeta/BMP pathway is suggested 
to play a major role in the specification of dorsal subtype identities (Le 
Dreau et al., 2012) 
 
 
3.- THE NEURAL CREST DERIVATIVES ALONG THE ANTERO-POSTERIOR 
AXIS OF THE EMBRYO 
 
Neural crest cells are a transient, multipotent, migratory cell population 
unique to vertebrates that are originated in the most dorsal region of 
the neural tube. There seems to be no doubt on the topological origin 
of the neural crest cells. Ectopic grafts of explanted epidermis or neural 
plate in avian, amphibian, and zebrafish embryos, showed that neural 
crest cells are generated wherever new boundaries between neural and 
non-neural tissues are created (Rollhauser-ter Host, 1979; Moury and 
Jacobson, 1989; Selleck and Bronner-Fraser, 1995; Woo and Fraser, 
1998). The neural folds, this interphase between neural and non-neural 
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tissues, contain premigratory 
neural crest cells, although 
only a subset of them will 
actually migrate. Cell marking 
experiments have shown that 
the progeny of individual cells 
within the neural folds can 
contribute to either the neural 
tube, the epidermis or the 
neural crest (Bronner-Fraser 
and Fraser, 1988). Thus, neural 
crests are not a fully defined 
cell population until the cells 
begin to migrate (Figure 3).  

Once emerged from the 
neural tube, neural crest cells 
will generate their progeny 
following multiple intrinsic and 
extrinsic cues (reviewed in Le 
Douarin and Dupin, 2003; 

Gammill and Bronner-Fraser, 2003). Fate-mapping studies, mainly in 
chick and mice, have defined the derivatives of NCC emigrating from 
different regions along the anterio-posterior axis and led to their 
classification into four different groups (Gilbert, 2006; Ruhrberg 
&Schwarz, 2010) (Figure 4).  
 

The cranial (cephalic) neural crest delaminate from the neural 
tube anterior to the otic vesicle. They migrate dorsolaterally to produce 
the craniofacial mesenchyme, which differentiates into cartilage, bone, 
cranial neurons, glia and connective tissues of the face. These cells also 
enter the pharyngeal arches and pouches to give rise to thymic cells, 
the odontoblast of the tooth primordial and the bones of the middle ear 
and jaw. 

FIGURE 3:  Regions of the chick neural 
crest. Neural crest can be divided into four 
main regions depending on their 
derivatives and functions. Obtained from 
Gilbert 2006. 
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The cardiac neural crest delaminate from the neural tube 
between the otic vesicle and the third somite (It is a subregion of the 
vagal neural crest) (Kirby et al., 1987; Kirby and Waldo, 1990). Cardiac 
neural crest cells can develop into melanocytes, neurons, cartilage or 
connective tissue (of the third, four and sixth pharyngeal arches). In 
addition, this region of the neural crest produces the entire muscular-
connective tissue wall of the large arteries (the “outflow tracts”) as they 
arise from the heart, as well as contributing to septum that separates 
pulmonary circulation from the aorta (Le Lièvre and Le Douarin, 1975) 
 

The vagal and sacral neural crest generate the parasympathetic 
(enteric) ganglia of the gut (Le Douarin et al., 1973; Pomeranz et al., 
1991). The vagal (neck) neural crest emigrates between chick somites 1-
7, while the sacral neural crest lies posterior to somite 28. Failure of 
neural crest cell migration from these regions to the colon, results in 
the absence of enteric ganglia and thus in the absence of peristaltic 
movement in the bowels. 

 
The trunk neural crest, between somites 8-28 in the chick 

embryo appear the trunk neural crest. There are two major pathways 
taken by cells migrating from this antero-posterio level. The early 
migratory pathway, the ventral pathway, takes trunk neural crest cell 
ventro-laterally through the anterior half (in birds and mammals but not 
fish and frogs) of each somitic sclerotome. Those trunk neural crest cells 
that remain within the sclerotomes will form the dorsal root ganglia 
(DRG) containing the sensory neurons. Those that continue to migrate 
more ventrally will form the sympathetic ganglia, the adrenal medulla 
and the nerve clusters surrounding the aorta (Weston, 1963; LeDouarin 
and Teillet, 1974). Finally, the later-migrating trunk neural crest cells 
following the dorsolateral pathway, become melanocytes. They 
migrate into the ectoderm and colonize the skin and hair follicles all 
over the dermis (Figure 3) (Mayer, 1973; Erickson et al., 1992) 
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4.- MOLECULAR INDUCERS OF THE NEURAL CREST 
 
There is a continuing debate about which tissue in the embryo provides 
the signals that induce neural crest development. Most likely and as it 
occurs in many embryonic inductions, the induction of neural crest is 
not a single step process but rather a series of progressive cellular 
interactions that culminates in the triggering of cell migration. After 
gastrulation, the region that will form the neural crest is in contact with 
the neural plate, the epidermis and the paraxial mesoderm. All of these 
three tissues have been proposed to participate in neural crest 
induction through the activity of three classes of signalling molecules, 
which are expressed at the proper time and locations: WNT proteins, 

FIGURE 4: Schematic representation of neural crest cells generation and neural 
crest derivatives at different developmental stages. (A) Open neural plate show 
in red the intersection between neural and non-neural ectoderm, as the tissue 
where neural crest progenitors are determined.  Closed neural tube show in red 
the roof plate, the area where premigratory neural crest cells (NCC) reside. (B) 
Migratory neural crest cells (NCC) follow three different migratory paths; the 
lateral path contain melanocite progenitors, the medio-lateral path contains 
progenitors of the dorsal root ganglia (sensory ganglia), and the medial path 
contains progenitors for the sympathetic ganglia. (C) Neural crest cell derivatives 
at the trunk level include; melanocites, neural and glial component of the 
peripheral nervous system including the dorsal root ganglia (DRG) and the 
Sympathetic ganglia (SG). 
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BMPs multifunctional secreted proteins of the TGF� superfamily and 
Fibroblast Growth Factors (FGFs), multifunctional factors that regulate 
growth and morphogenesis of multiple tissues and organs. In various 
assays, all of these proteins can mimic the tissue interactions that 
induce neural crest. Participation of retinoic acid and the Notch 
pathway have also been proposed (Ross et al., 2000) 
 
4.1.- Activity of the BMP in neural crest  
 
Bone Morphogenetic Proteins (BMPs) constitute a subgroup of the 

Transforming growth factor-� (TGF-�) superfamily of secreted proteins 
(Feng and Derynck, 2005; Shi and Massague, 2003). BMPs signal 
through complexes of transmembrane serine/threonine kinases. Dimers 
of ligands induce the formation of a stable receptor complex consisting 
of two type-1 and two type-2 receptors. In that complex, type-2 
receptors phosphorylate and activate type-1 receptors. In the case of 
canonical BMP signalling, activated type I receptors propagate the 
signal by phosphorylating intracellular R-Smad factors (Smad1/5/8), 
what triggers their interaction with the co-partner Smad4, This favours 
the stability of the Smad complex into the nucleus where, with 
additional co-factors, Smads regulate transcription of the target genes 
(Figure 5) (Feng and Derynck, 2005; Shi and Massague, 2003; Nohe et 
al.,2004). Among the natural regulators of the pathway we can include 
Noggin, Chordin and Follistatin as extracellular inhibitors and Smad 6 as 
an intracellular inhibitor (Balemans et al., 2002)   

In avian embryos, BMPs are both necessary and sufficient to 
induce neural crest and other dorsal neural phenotypes (Basler et al., 
1993; Liem et al., 1995; 1997). According to the classical gradient 
model, it was proposed that NC induction could be explained by a 
response of the ectoderm to intermediate levels of BMPs. The 
intermediate BMP levels, thought to be necessary for NC induction, are 
established by the activity of BMP antagonist, such as chordin, noggin 
or follistatin, which are found in the underlying paraxial mesoderm 
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FIGURE 5: BMP signalling pathway. In absence of BMP the target genes 
are not expressed.  When BMPs bind to receptors, the R-Smad factor is 
phosphorilated and come into the nucleus to activate the transcription. 

(Marchant et al., 1998; Sauka-Spengler and Bronner-Fraser, 2008). 
Consistent with this idea, zebrafish mutants of the BMP pathway 
(swirl/bmp2b, snailhouse/bmp7 and somitabun/smad5) have either 
reduced or expanded domains of neural crest progenitors, depending 
on the precise alteration of the BMP signalling levels (Nguyen, et al., 
1998; 2000). Thus, for several years BMPs (in particular BMP2/4 and 
BMP7) have been considered the “favourite” signal mediating the 
neural/epidermal interaction. However, it is now clear that levels of 
BMP signalling alone cannot account for NC induction in vivo or in vitro 
in anamiontes (LaBonne and Bronner-Fraser, 1998) or amniotes (Garcia-
Castro et al., 2002) alone.  

BMPs are highly expressed in the neural folds and the dorsal 
neural tube, but only weakly present in the ectoderm during stages 
when neural crest induction is ongoing. The current model suggests that 
BMPs may act in an autocrine way to maintain the border state (Streit 
and Stern, 1999). Furthermore, it appears that neural crest formation 
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requires BMP signalling only after the initial induction step, indicating 
that BMPs might serve as maintenance factors in the induction process 
(Selleck et al., 1998) or as triggers for the delamination of neural crest 
cells from the neural tube (Sela-Donenfeld and Kalcheim, 1999).  
 
4.2.- Activity of the WNTs in neural crest development 

The Wnt family of secreted palmitoylated glycoproteins are key factors 
during embryonic development and adult life (Logan and Nusse, 2004; 
Clevers, 2006). Currently, three separate molecular pathways have been 
identified that transduce Wnts signalling in cells: the canonical, the 
planar cell polarity and the Ca2+ pathways (Komiya and Habas, 2008).  

In the canonical Wnt pathway, the transcriptional co-activator �-
catenin is stabilized and translocated to the nucleus where it regulates 
transcription by interacting with members of the TCF/Lef family of DNA 
binding proteins (Behrens et al., 1996; Molenaar et al., 1996; van de 

Wetering et al., 1997). In the absence of Wnt signaling, cytosolic �-
catenin is degraded by the proteosome via a mechanism that requires 

phosphorylation of �-catenin by GSK3�. In these conditions, Tcf 
proteins bind to Groucho co-repressor resulting in the repression of 
target gene expression. Binding of a secreted Wnt ligand to cell surface 
receptors of the Frizzled family and to the co-receptors LRP5/6 initiates 
signalling which is transduced through Dishevelled, a cytoplasmic 

component of the Wnt signaling pathway, to inhibit GSK-3� activity and 

thus stabilize �-catenin (Bhanot et al., 1996; Aberle et al., 1997; Tamai 

et al., 2000; Komiya and Habas, 2008). In this way, �-catenin can move 
into the nucleus and activate target gene expression by binding to and 
activating Tcf transcription factors (Figure 6). Moreover, a number of 
Wnt inhibitors has been described, such as the extracellular proteins 
WIP, SFRPs and DICKKOPF-1 (DKK1) (Mukhopadhyay et al., 2001) or 
Dapper (Gloy et al., 2002) 
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Multiple Wnts are expressed both in the dorsal and ventral 

regions of the neural tube (Parr et al., 1993; Hollyday et al., 1995; 
Megason and McMahon, 2002). Additionally, expression of Tcf1, Tcf3 
and Tcf-4 proteins but not Lef1 has been detected in the developing 
spinal cord (Alvarez-Medina et al., 2008; Megason and McMahon, 
2002). Using in ovo chick electroporation assays were demonstrated a 
mitogenic activity of Wnt1 and Wnt3a on neural progenitor, which 
expression is restricted to the dorsal midline of the spinal cord. These 

Wnts proteins transduce mainly through the � -catenin canonical 
pathway. Several lines of evidence coming from gain- or loss-of-function 
experiments in chick, mice and zebrafish embryos confirmed a 

proliferative role of Wnt/�-catenin signaling in neural tissues, mainly 
attributable to Wnt1 and Wnt3a ligands (Dickinson et al., 1994; 

FIGURE 6: Wnt signalling pathway. In absence of Wnt ligand cytosolic �-
catenin is phosphorilated by GSK3� complex and degradated. In presence 
of Wnt ligand the GSK3� complex is inhibited and �-catenin can move to 
the nucleus and activate transcription of target genes by binding to 
TCF/LEF transcription factor 
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Megason and McMahon, 2002; Zechner et al., 2003; Chesnutt et al., 
2004; Ille et al., 2007; Bonner et al., 2008).  

Additionally to their proven activity in proliferation, some solid 
recent experimental data indicate that Wnt canonical pathway is 
additionally implicated in the specification of neural progenitor cells 
identity (Alvarez-Medina et al., 2008). In the context of neural crest 
development Wnt signalling activation may precede the function of 

BMPs in neural crest induction. During open neural plate stages �-
catenin is localized to the nucleus of presumptive neural crest 
precursors indicating that these cells receive and respond to Wnt 
signals (García-Castro et al., 2002). It is well known that canonical Wnt 
signalling is important for both the induction and stabilization of neural 
crest precursors, while non-canonical Wnt signalling is important for 
neural crest migration (De Calisto et al., 2005; Carmona-Fontaine et al., 
2008).  In frog, both gain-of-function and loss-of-function experiments 
show that activation of the canonical Wnt pathway is both sufficient 
and necessary for NC induction (LaBonne and Bronner-Fraser, 1998; 
Saint-Jeannet et al., 1997; Bang et al., 1999; Wu et al., 2005; Li et al., 
2009). Loss-of-function experiments in zebrafish suggest that the 
canonical Wnt signalling pathway is essential for initial NC induction 
(Lewis et al., 2004). In chick embryos, García-Castro and collaborators 
(García-Castro et al., 2002) demonstrated that the Wnt signalling 
pathway alone is both necessary and sufficient for NC induction. 
However, the data from mouse is ambiguous, partially due to the 
multiple ligands expressed in the neural tissue, their redundant 
functions and the difficulties associated to generate. Rather than 
playing a role in neural crest cell induction, Wnt signalling in mouse 
embryos appears to be more important for the lineage specification of 
neural crest cell differentiation. (Jones and Trainor, 2005) 

All together these support the idea that neural crest induction is 
not driven by one exclusive signalling pathway. Mayor’s group proposed 
a model of two-steps neural crest induction: first step, an induction at 
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the gastrula stage that requires Wnt activation and BMP inhibition 
signals arising from the dorsal mesoderm, and second, a maintenance 
step at the neurula stage, that depends on BMP and Wnt activation 
signals from tissues adjacent to the neural crest (Steventon et al., 2009). 
Additionally to BMPs and Wnts, early FGF signalling is required for 
setting up and maintaining the border between the neural plate and the 
adjacent non-neural ectoderm (Streit and Stern, 1999; Nieto, 2001; 
Villanueva et al., 2002). Soon after gastrulation, FGF ligands are 
expressed in the paraxial mesoderm and can induce neural crest 
precursors by posteriorization of the neural folds (Villanueva et al., 
2002). In particular, FGF8 is strongly expressed by the paraxial 
mesoderm in Xenopus embryos, and is sufficient to induce early neural 
crest markers (Monsoro-Burq et al., 2003) (Figure 7).  

In summary, neural crest precursors are probably determined by 
the integration of various signals, coming from the developing neural 
plate, the paraxial mesoderm and the non-neural ectoderm, and 
involving at least BMPs, Wnts and FGFs. 

 
5.- MOLECULAR IDENTITY OF A NEWLY INDICED NEURAL CREST CELL  
 
Secreted inductive signals bring about the expression of transcription 
factors that control the specification, migration and final differentiation 
of neural crest cells. Neural crest precursors in the neural folds express 
a large number of genes thought to be necessary and/or sufficient to 
initiate neural crest development, although their precise function and 
genetic interactions are still poorly understood (Gammil and Bronner-
Fraser, 2003) (Figure 7). 

Among these genes are members of the Msx, Sox, Fox, Zic, Pax 
and Snail families of transcription factors. Prior to the onset of any of 
these neural crest markers, members of the Dlx family of transcription 
factors repress neural properties in the ectoderm and promote the 
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expression of Msx1 in the neural folds, thus positioning the border 
between neural and non-neural ectoderm (Woda et al., 2003; 
McLarren, et al., 2003). The Msx1 and Msx2 transcriptional repressors 
are direct downstream targets of the BMP pathway in several animal 
models. In the developing neural tube, Msx1 transcription is activated 
in the neural folds at the same precise concentration of BMP signalling 
required for neural crest induction (Suzuki et al., 1997; Tríbulo et al., 
2003). Further, Msx1 expression is sufficient to induce other neural 
crest markers (Sox9/10, FoxD3, and Snail/Slug) and it has been 
proposed as an upstream regulator of Snail1/2   in the genetic cascade 
that specifies neural crest (Tríbulo, et al., 2003). 

Among the remaining neural crest markers, Sox and Fox genes 
are expressed, within the dorsal neural tube only in the neural folds. 
Sox9 and Sox10 are high mobility group (HMG)-domain transcriptional 
activators that seem specific to neural crest in fish, frog, chick and 
mouse embryos. In chick (Cheung and Briscoe, 2003) and mouse 
embryos (Mori-Akiyama et al., 2003), Sox9 is expressed in premigratory 
neural crest, whereas Sox10 is expressed just as crest emigration 
initiates. Sox9 overexpression in the chick neural tube is sufficient to 
induce other markers of premigratory neural crest (Sox10, FoxD3 and 
Slug), but not to induce markers for delamination such as RhoB (Liu and 
Jessell, 1998; Cheung and Briscoe, 2003). Thus, Sox9 expression, 
induced by an as yet unknown extracellular signal, would be sufficient 
to induce other neural crest markers including Sox10, which, in turn, is 
necessary for neural crest migration and later differentiation as shown 
in mice and zebrafish mutants (Britsh et al., 2001; Dutton et al., 2001; 
Kim et al., 2002; Paratore et al., 2002). However, complicating this 
picture, mice and zebrafish lacking Sox9 have no defects in neural crest 
specification and emigration (Mori-Akiyama, et al., 2003; Yan et al., 
2002), and in Xenopus embryos, both Sox9 and Sox10 seem to be 
required for the early specification of neural crests, since loss of 
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function of either of them (Spokony et al., 2002; Honoré et al., 2003) 
results in inhibition of neural crest precursors.  

Similarly to Sox genes, the forkhead class transcription factor 
FoxD3 is expressed in early neural crest precursors prior to 
delamination, and forced expression of FoxD3 induces some aspects of 
neural crest differentiation, although it is not sufficient to induce cells 
that exhibit all the characteristics of neural crest (Dottori et al., 2001; 
Kos et al., 2001). Thus, Sox and Fox function seems important for neural 
crest development. However, their precise position in the neural crest 
developmental programme and their interactions with other early 
genes, i.e. Msx1, remain to be clarified.  

Transcription factors of the Zic zinc-finger and Paired (Pax) 
families are also expressed in the neural folds and are considered as 
neural crest markers, although their expression is broader and extend 
to the dorsal neural tube. Members of these families (Zic1, Zic2, Zic3, 
Zic5 and Pax3, Pax7) contribute to the generation of neural crest 
precursors. The onset of Zic gene expression occurs early in the neural 
ectoderm, likely in response to neural inducers. Overexpression of any 
Zic gene induces neural crest markers (Brewster et al., 1998; Nakata et 

FIGURE 7: Genetic network during neural crest development. Extracellular signals 
such as Wnt, BMP and FGF trigger a cascade of transcriptional activations that 
promote neural crest cell induction, delamination and migration. 
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al., 1997, 2000; Mizuseki et al., 1998), promotes precursor cell 
proliferation and inhibits neuronal differentiation by activating Notch 
signalling (Aruga 2004), functions confirmed by the analysis of mouse 
mutants for Zic1 (Aruga et al., 2002a), Zic2 (Aruga et al., 2002b) and Zic5 
(Inoue et al., 2004). The transcriptional activator Pax3 is expressed 
earlier than Pax7 in neural tube development (Mansouri and Gruss, 
1998), and both genes are independently required for neural crest 
formation. Mice mutants for Pax3 or Pax7 display defects in various 
neural crest derivatives (Epstein et al., 1991; Mansouri et al., 1996).  

Particularly crucial to neural crest development are the Snail 
genes, members of the Snail family of transcription factors of the zinc-
finger type. Snail1 or Snail2, depending on the species considered, are 
expressed in the pre-migratory neural crest population of all vertebrate 
species analysed, and their activity is required for both the formation of 
neural crest precursors and their subsequent delamination from the 
neural tube. Thus, in both the chick and Xenopus embryos, antisense 
oligonucleotides to Slug impair neural crest migration while Slug gain of 
function increases neural-crest production in the chick embryo, 
interestingly only in the head region. Slug/Snail genes are among the 
first target activated by neural crest inducers and direct or indirect 
functional interaction between BMP, Wnt and FGF signalling and Slug 
activity has been demonstrated during neural crest development. In 
turn, activation of Slug/Snail has the fundamental role of down-
regulating cadherin expression in neural crest cells, thus setting up the 
conditions for their delamination (reviewed in Nieto, 2001; 2002; Thiery 
et al., 2009). 
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6.- EPITHELIAL-TO-MESENCHYMAL TRANSITION (EMT) IN NEURAL 
CREST DEVELOPMENT 

One paradigmatic example of a bona fide full epithelial-to-mesenchymal 
transition (EMT) is found during the migration of neural crest cells from 
the neural tube, in which individual cells delaminate and migrate 
toward their destination following stereotyped pathways (Thiery et al. 
2009; Thiery and Sleeman, 2006). However, since EMT converts 
epithelial cells into migratory and invasive cells, this is not anymore a 
fundamental event restricted to morphogenesis, but the importance of 
the EMT in cancer is now widely accepted by pathologists. 

In terms of cell biology, epithelial cells exhibit apico-basal 
polarity and are firmly attached one to the other by apical junctions, 
while mesenchymal cells have front-back polarity and forms only 
transient contacts with their neighbours (Figure 8).  

FIGURE 8: Comparision between epithelial and mesenchymal cell. Epithelial-to-
mesenchymal transition involve deep changes in the surface and structure of the 
cell.  
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Epithelial cells form layers of cells that are closely adjoined by 
specialized membrane structures, such as tight junctions, adherent 
junctions, desmosomes and gap junctions. In addition, epithelial cells 
have apical–basolateral polarization, which manifests itself through the 
localized distribution of adhesion molecules such as cadherins and 
certain integrins, the organization of cell–cell junctions as a lateral belt, 
the polarized organization of the actin cytoskeleton, and the presence 
of a basal lamina at the basal surface. While the structure of the 
neuroepithelium is maintained through cell-cell adhesions, it is also a 
remarkably dynamic tissue with continual cell movements and turn-
over of adhesions (Hong et al., 2006; Lyons et al., 2003; Miyata, 2008) 

During the transformation of epithelium to mesenchyme, the 
transforming cell looses the apical junction and produces filopodia on 
their basal side, this pushes the cell out from the epithelium into the 
extracellular matrix. In molecular terms, the EMT inducers include 
transcription factors of the Snail, Twist, and Zeb families that repress E-
cadherin expression and initiate the program to disassemble cell-cell 
junctions and endow cells with migratory and invasive properties 
(Peinado et al. 2007).  

Mesenchymal cells do not form an organized cell layer, nor do 
they have the same apical–basolateral organization and polarization of 
the cell surface molecules and the actin cytoskeleton as epithelial cells. 
They contact neighbouring mesenchymal cells only focally, and are not 
typically associated with a basal lamina. In culture, mesenchymal cells 
have a spindle-shaped, fibroblast-like morphology, whereas epithelial 
cells grow as clusters of cells that maintain complete cell–cell adhesion 
with their neighbours. Cultured migrating NCCs tend be highly motile. 
Indeed, there is plasticity in the way that NCCs migrate — they might 
migrate together as chains,(cranial NCCs) or as individual cells (trunk 
NCCs)  that exhibit either cyclic extension–adhesion–retraction 
translocation or amoeboid-type crawling (Friedl, 2004). 
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The precise spectrum of changes that occur during EMT is 
determined by the integration of extracellular signals the cell receives, 
although this is still unclear. 

 
7.- THE PATHOLOGICAL GROWTH OF NEURAL CREST DERIVATIVES 
CAUSES NEUROBLASTOMA TUMOR FORMATION 

The characterization of a molecular signature for EMT during embryonic 
development could provide insight into the participation of EMT in 
physiological processes such as wound healing, or pathological 
circumstances such as cancer metastasis or organ fibrosis. Neural-crest 
cells are certainly one of the best model systems to study EMT, as many 
of the newly formed mesenchymal cells migrate over long distances, 
and the induction of the neural-crest territory and the subsequent 
programme of migration and differentiation are under the control of 
overlapping signalling pathways. Experiments mainly in chick, fish, 
Xenopus and mouse have provide us new insight about the molecular 
and genetic changes that can be ruled this process. 

In the past years, much effort has been devoted to identifying a 
molecular signature for each cancer cell and for the metastatic potential 
of human tumour cell. 

The characterization of a molecular signature for EMT during 
embryonic development could provide insight into the participation of 
EMT in physiological processes such as wound healing, or pathological 
circumstances such as cancer metastasis or organ fibrosis. Neural-crest 
cells are certainly one of the best model systems to study EMT, as many 
of the newly formed mesenchymal cells migrate over long distances, 
and the induction of the neural-crest territory and the subsequent 
programme of migration and differentiation are under the control of 
overlapping signalling pathways (Figure 9). Experiments mainly in chick, 
fish, Xenopus and mouse have provide us new insight about the 
molecular and genetic changes that can be ruled this process. 
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From the clinic point of view, one of the most interesting 
cancers for our study are the Neuroblastomas (NB), a neuroendocrine 
tumour, arising from neural crest derivatives of the sympathetic 
nervous system. It most frequently originates in one of the sympathetic 
ganglia and the adrenal glands, but can also develop in nerve tissues in 
the neck, chest, abdomen, or pelvis. NB is one of the most common 
paediatric solid tumours, which accounts for 15% of all paediatric 
cancer deaths. 

The molecular aetiology of NB is still enigmatic and the overall 
cure rate of high-risk disease is still very poor. A familial history of NB is 
identified only in 1-2% of cases, and is associated to either loss-of-
function mutations in the PHOX2B gene (Trochet et al., 2004; Mosse et 
al., 2004), to activating mutations in the Anaplastic lymphoma kinase 
(ALK) gene (Janoueix-Lerosey et al., 2008; Mosse et al., 2008), and more 
recently to polymorphisms at the LMO1 locus (Wang et al., 2011). 
Phox2B mutations are rare in sporadic NB but somatic ALK mutations or 
amplifications are identified in 6-9% of sporadic NB. However, the 

majority of NB arises without 
a familial history of diseases, 
making the aetiology of NB 
highly difficult. 

 Moreover, the clinical 
behaviour of NB is unique and 
enigmatic; tumours found in 
patients of less than one year 
of age are mostly favourable 
and often show spontaneous 
regression by differentiation 
and/or apoptosis (designated 
stage 4s), whereas tumours 
found in patients over one 
year of age tend to grow 

FIGURE 9: Schematic vision of the neural 
crest EMT. During EMT, neural crest cells 
have to detach from neighbor cells and 
migrate through the basal lamina into the 
mesechyme 
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aggressively and often have a fatal outcome (Bernad et al., 2008). 
Analysis of foetal tissues revealed that 1/250 of foetuses have a 
favourable or loco-regional Neuroblastoma, with an unknown origin, 
but most of these tumours regress either before birth or within the first 
year of life (Beckwith and Perrin, 1961). Whether the spontaneous 
regression of these NBs mimics the normal development of neural crest 
cells is a challenging hypothesis to approach the understanding of these 
enigmatic tumours. On the other hand, high-risk NB is associated with 
common disease recurrences that often fail to respond to available 
therapies. Growing evidences support the hypothesis that failure of 
available chemotherapy and radiotherapy to permanently cure high-risk 
NB (as well as other tumours) might be due to the inherent drug 
resistance of cancer stem cells (CSC) that survive the treatment and 
contribute to tumour relapse. The existence of NB-CSC has been 
proposed, although not fully proved and the identification of the 
genetic signature of NB-CSC would provide ideal cellular targets to 
eradicate refractory NBs. 

Very little is known on the phenotype, and the genomic 
signature of NB-CSC. None of the markers defined to prospectively 
identify functional cancer stem cells in several adult haematological and 
solid malignancies apply for putative NB-CSCs identification. However 
rare cells expressing neural crest stem and progenitor cells markers are 
identified within NB tissues and cell lines, suggesting that NB-CSC might 
contain a genomic signature resembling that of their embryonic 
progenitor cells. However, a major difficulty encountered in the 
definition of NB-CSC has been the lack of a bona-fide genetic signature 
for a normal neural crest cells, a difficulty associated to the ephemeral 
existence of the neural crest which, at the time of birth, have already 
disappeared in favour of their multiple derivatives.  

Investigators have therefore turned to functional stem cell-like 
characteristics such as self-renewal (serial sphere formation), 
tumourigenicity (in vivo serial tumour engraftment), and drug 
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resistance (side population, drug survival) to identify NB-CSC (Hansford 
et al., 2007, Smith et al., 2010; Coulon et al., 2011). However, no 
specific gene expression profile have been formerly identify for NB-CSC 
either in primary tumours or in NB cell lines and research in normal 
neural crest cells might contribute to this knowledge. 
 



OBJECTIVES

The final aim of all love intrigues, 
be they comic or tragic, is really 
of more importance than all 
other ends in human life. What it 
turns upon is nothing less than 
the composition of the next       
generation

Arthur Schopenhauer, 1788-1860
Quoted by C.Darwin 1871



 



 

OBJECTIVES 
 

The aim of this Doctorate Thesis is to increase knowledge in 
the biology of the neural crest cells, with the expectations 
that this might also contribute to the understanding of 
Neuroblastoma tumour formation. 

Particular Objectives include: 

� The identification of new genes expressed in neural 
crest cells by a genome-wide screening , and the 
proposal of a revised genomic signature for neural 
crest cells 

� The use of this revised neural crest genomic signature 
in the search for Neuroblastoma oncogenes 

� The validation of one of these newly identified genes as 
bona-fide regulator of neural crest development, by 
the in vivo expression and function analysis of Dapper2 
in two animal models. 

  



 



MATERIALS AND METHODS

In order to understand how we 
build things you must first just 
watch us do it

Lewis Wolper 
Principles of development. 2002



 



2. MATERIALS AND METHODS 

 

2.1.- CHICK EXPERIMENTS 

Chick in ovo electroporation 

Eggs from White-Leghorn chickens were incubated at 38.5ºC in an 
atmosphere of 70% humidity. Embryos were staged according to 
Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1951). 

Chick embryos were electroporated with Clontech purified 

plasmid DNA at 2-3 �g/ml in H2O with 50ng/ml Fast Green. Briefly, 
plasmid DNA was injected into the lumen of HH Stage 10-12 neural 
tubes, electrodes were placed either side of the neural tube and 
electroporation carried out using and Intracel Dual Pulse (TSS10) 
electroporator delivering five 50millisecond pulses of 20-30V. 

Transfected embryos were allowed to develop and harvested at 
the indicated time points, dissected in PBS, and processed for FACS 
sorting, or fixed and processed for in situ hybridization or 
inmunochemistry embryos were allowed to develop to the specific 
stages. 

 

DNA constructs 

The BMP-Responsive Element (BRE) consisting of two copies the 
genomic regions -1105/-1080 and -1052/-1032 from the mouse Id1 
promoter (Korchynskyi and ten Dijke, 2002) were cloned upstream of 
the Herpes simplex virus timidine kinase (tk) minimal promoter in a 
vector carrying EGFP as a reporter gene (Uchikawa et al., 2003). The 
BMP reporter construct (BRE-tk-GFP) were published and validated by 
Le Dreau et al., 2012. 
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The TOP-Flash-RFP were obtain from TOP-FLASH luciferase 
reporter construct containing synthetic TCF binding sites (Korinek et al,. 
1998) by substituting the H2B-RFP sequence in the place of luciferase 
sequence. 

The following DNAs were inserted into pCIG, upstream of an 
internal ribosomal entry site (IRES) and three nuclear localization 
sequences tagged EGFP in pCAGGS expression vector (Megason and 
McMahon, 2002):  

� Wnt3a: full coding mouse Wnt3a (Megason and McMahon, 
2002),  

� CA-�-catenin : a mutant form of �-catenin lacking amino acids 
29-48 and therefore lacking phosphorylation sites necessary for 
degradation (Tetsu and McCormick, 1999),  

� TCF3-VP16: the HMG box DNA-binding domain of Tcf3 fused to 
the VP16 transactivator domain of herpes simplex virus (Kim et 
al., 2000) 

� TCF3-DN: dominant-negative form of TCF protein that lack the   

�-catenin binding domain (Kim et al., 2000; Tetsu and 
McCormick, 1999) 

� LRP6-DN : A mutant version of LRP6 acting as dominant-negative 
co-receptor for the Wnt pathway (Tamai et al., 2000) 

� Dapper1: Full coding human Dapper1 (obtained from Cheyette’s 
Lab) 

� Dapper2: Full coding human Dapper2 (obtained from Cheyette’s 
Lab) 

 
For in vivo loss-of-function experiments, short RNA hairpin-based 

expression vectors for RNA interference were generated using the 
pSUPER RNAi systemTM (OligoEngine Inc.) A pair of custom 
oligonucleotides that contained a unique 19-nt sequence derived from 
the chicken Dapper1 and Dapper2 mRNAs were designed using the 
RNAi Design Tool (www.oligoengine.com). Forward and reverse 64-nt 
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oligos (Sigma) were used for annealing and cloning into the pSUPER 
vector, according to the manufacturer’s guidelines. Control short 
hairpin RNA was generated for a human HDAC sequence, cloned into 
the pSUPER vector and electroporated at same developmental stages 
for each experiment 
 

Immunohistochemistry  

For immunohistochemistry, embryos were fixed 2-4 hours at 4ºC in 4% 
PF in PBS. Then they were embebed in agarose 10% - Sacarose 20% and 
sectioned Leica vibratome (VT 1000S). Immunostainings were 
performed following standard procedures.  

ANTIGEN PROVIDE BY CATALOGUE No. Species 
HNK1 SIGMA C6680 MS 
ISLET1 DSHB 40.2D6 MS 
PML Santa Cruz SC5621 RB 

Monoclonal antibodies mentioned in the table above were used. 
Alexa555 or Alexa633 conjugated anti-mouse, anti-rat or anti rabbit 
(Molecular Probes) were used as secondary antibodies. After staining, 
sections were mounted, analysed and photographed using a Leica SP5 
Confocal microscope and processed with Adobe Photoshop CS5.   

Cell counting were made on 20-40 different serial sections of at 
least 4 different embryos after each experimental condition (n>4). 

 
 

In situ hybridization 

For in situ hybridisation, embryos were fixed overnight at 4ºC in 4% PFA 
in PBS, rinsed and processed for whole mount RNA in situ hybridization 
following standard procedures using probes for chick RHOQ, RHOJ, 

LSG1, RasGEF 1A, RapGEF 3, PKC�, Myosin H6, Nexilin, Parvin ���Zyxin, 
Vinculin, Dynein 2, Pleckstrin homology-like domain A2, Ninjurin 2, 
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WAS/WASL interacting protein 1, Neurexophilin 1, Caldesmon 1, 

Catenin �2, Wnt 9A, FRZB, FZD10, FZD4, DAAM2, AXUD1, Dapper2, 

LMO4, LIMA1, LASP1, Annexin A5, FYN, ITG�3, ITG�5, ITG�9, GAP�1, 
DLC1, LTK, RGR, Ral guanine nucleotide dissociation stimulator-like 1 
and Transgelin (from the chicken EST project, UK-HGMP RC).  

Hybridization was revealed by alkaline phosphatase-coupled anti-
digoxigenin Fab fragments (Boehringer Mannheim). Hybridized embryos 
were post-fixed in 4% PFA, rinsed in PBT and vibratome sectioned and 
photographed on a Leica DMR microscope. 
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Fluorescence Associated Cell Sorting (FACS) and Microarray 
analysis 

Plasmid DNA encoding the pBRE-tk-EGFP reporter construct and the 
pCAGGS-IRES-H2B-RFP construct were co-electroporated. Neural tubes 
were dissected out 24 hours later, and single cell suspension was 
obtained by 10-15 minutes incubation on Tripsin-EDTA (SIGMA). GFP 
and RFP fluorescence cells were sorted using a MoFlo flow cytometer 
(DakoCytomation, Fort Collins, Colorado, USA). The resulting cell sorted 
populations consisting of ~90% of RFP+/GFP+ cells, and 90% of 
RFP+/GFP- cells were used for total RNA extraction using standard Trizol 
(Promega) protocol. 

The quantity of purified total RNA were verified by measuring 
with nanodrop and the quality assessed with a Bioanalyser 2100 
(Agilent). Hybridization to microarrays and array processing were 
carried out according to the manufacturer’s instructions (Affymetrix). 
Two-cycle cDNA synthesis was performed from 35-50 ng of total RNA 
and hybridized to the GeneChip Chicken Genome Array (Affymetrix) For 
statistical analysis, data from four biological replicates of each 
experiment were averaged. Analysis of microarray data was performed 
using Bioconductor software. The quality of the data were assessed, 
normalized with the “rma” algorithm and selected differentially 
expressed genes. Results were filtered using thresholds of 
[log2FC]>0.5849 and p-value < 0.05 

 

Gene Ontology analysis 

To produce GeneOntology tables we used Perl software and R scripts 
with only those entries with EntrezID. We looked for GO terms that 
were statistically over-represented in our cell type categories. Each of 
these gene sets was compared with the whole set of GO annotated 
genes. Perl compares the occurrence of each GO term for each different 
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temporal category and for the reference genes, and performs a Fisher's 
exact test to judge whether the observed difference is significant.  
 

Luciferase-reporter Assay 

A transcriptional activity assay of distinct Frodo/Dapper versions and 
different components of Wnt canonical pathway was performed in vivo. 
Chick embryos were electroporated with indicated DNAs or empty pCIG 
or pSHIN vector as control; together with the indicated firefly-luciferase 
vector and a renilla-luciferase reporter construct construct carrying the 
CMV immediate early enhancer promoter (Promega) for normalization.  
The firefly-luciferase reporters used were the TOP-FLASH luciferase 
reporter construct containing synthetic TCF binding sites (Korinek et al,. 
1998) and the BRE-Luc, that consists in the BMP responsive element (as 
describe above) upstream of the TATA-promoter (minimal promoter) 
and the luciferase transcripitional sequence. Embryos were harvested 
after 24 hours incubation in ovo and GFP-positive neural tubes were 
dissected and homogenized with a douncer in Passive Lysis Buffer on 
ice. Firefly-luciferase and renilla activities were measured used the Dual 
Luciferase Reporter Assay System (Promega), the Sirius Luminometer 
(Berthold) and the FB12 Sirius software. 

 

Neural crest culture and time-lapse analysis 

HH Stage 10 chick embryos were electroporated with the indicated DNAs, and 
the NT dissected out 3hpe. NT explants were cultured in plastic dishes coated 
with fibronectin (Sigma) and filled with DMEM-F12 (D6421-Sigma), 0.01% 
Penicillium-Streptomicin (Invitrogen) and 0.001% Myto+ (BD BioScience). Time 
lapse of migrating NC cells was done as previously described (Duband et al; 
2009), using a Leica SP5 confocal microscope.  

Cell tracking assay was processed using ImageJ, migratory cells were treated 
as particles centered on its own nuclei and then tracked using the “ImageJ 
Manual Tracking plug-in” 
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2.2.- XENOPUS EXPERIMENTS 

Xenopus embryos manipulation 

Eggs were obtained from female Xenopus laevis injected 18 h previously 
with 500i.u. human chorionic gonadotrophin ('Pregnyl': Organon). They 
were fertilized using the macerated testes of a sacrificed male. 
Typically, over 95 % of these eggs would rotate and over 90 % would 
commence cleavage. As soon as the eggs had rotated, ten to thirty were 
dejellied in 2% cysteine (Smith and Slack, 1983), reared in 10% normal 
amphibian medium (NAM: Slack, 1984). Then, dejellied embryos were 
transferred to the same medium but with the addition of Ficoll type 400 
(Pharmacia) to 5 % and then they were injected.  Ficoll removes fluid 
from the perivitelline space and this prevents leakage by reducing the 
pressure exerted on the egg (Newport & Kirschner, 1982).  

Fertilized eggs were injected with 5-10 nl of RNA (50ng/ml) or 
Morpholino probes (800ng/ml) with FLDx (Molecular Probes) in 5% 
Ficoll in 75% NAM and kept in this medium until stage 6-8. All injections 
to target the NC were performed in the lateral animal blastomeres at 
the 4-8-cell stage. Incubations were done at 14.5ºC. Embryos were 
staged according to Niewkoop and Faber (1967). 

 

RNA synthesis in vitro and microinjection of mRNAs or 
morpholino oligonucleotides 

Full coding Frodo cDNA cloned in Bluescript were obtained from Sokol 
group (Gloy et al., 2002), dnTCF3 (Molenaar et al.,1996; Hamilton et al., 
2001); Wnt8 (Sokol, 1996) and dnGSK3 (R.Moon). It was linearized and 
transcribed as described by Harland and Weintraub (1985) SP6, T3 or T7 
RNA polymerase were used (New England Biolabs). After DNase 
treatment, RNA was extracted with phenol–chloroform and 
precipitated with ethanol. Injected mRNA was resuspended in water. 
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To prevent Frodo RNA translation, the 24-mer MO                                  
5′-TGGGCTTCATCCTGGGACAGCGA-3′ (GeneTools, Philomath, OR) was 
designed complementary to the 5′-untranslated region of Frodo RNA 
and tested by Sokol laboratory (Gloy et al., 2002). Control morpholino 
(CoMO) had the following sequence:                                  
5’-AGAGACTTGATACAGATTCGAGAAT-3’ 

 

In situ hybridisation  

In situ hybridisation was performed as described by Harland (Harland, 
1991) in the embryo whole mount. The probes for Xenopus used were: 
Frodo from Sokol laboratory (Gloy et al., 2002), Snail2 (Mayor et al., 
1995) and Twist (Hopwood et al., 1989).  
 

Neural crest culture 

In Xenopus, cranial NC cells are never part of the neuroepithelium and 
are located on the side of the neural plate. They are very cohesive at 
the beginning of migration and can be easily isolated as an explant 
(DeSimone et al., 2005; Sadaghiani and Thiebaud, 1987). They were 
dissected as described in DeSimone et al., 2005. In brief, the pigmented 
epidermal layer is first removed then NC cells are gently taken out by 
microdissection. They stick to each other but barely attach to the neural 
plate or the mesoderm underneath. In addition, they can be easily 
distinguished from mesodermal cells that have a very strong white color 
while NC cells are transparent, slightly gray, and much smaller. This 
technique is easy to master and generally lead to pure NC cells culture. 
Explants contaminated with other cells types (e.g., mesoderm, 
ectoderm, or Rohon-Beard neurons) were ignored in this study. NC 
explants were cultured in plastic dishes coated with fibronectin (Sigma) 
and filled with Danilchick’s solution (DFA). 
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Time-lapse analysis 

Time lapse and tracking of migrating NC cells was done as previously 
described (Carmona-Fontaine et al., 2008; Matthews et al., 2008). It 
was performed using DIC microscopy or fluorescent microscopy of cells 
injected with nuclear-RFP/membrane-GFP or membrane-RFP/nuclear-
GFP, using a DM5500 Leica compound microscope. Cells were treated 
as particles centered on its own nuclei and then tracked using ImageJ 
Manual Tracking plug-in. The tracks of each individual cells were 
represented in a graph with the origin at 0, 0. Informatic analysis were 
made using ImageJ and own scripts in Matlab (R14b, Mathworks). 

 

2.3.- OTHER EXPERIMENTS 

Neuroblastoma (NB) Gene expression profiling 

Total RNA was extracted from snap-frozen tissues and labelled by linear 
amplification with biotinylated nucleotides and detected with 
fluorescent labelled avidin. The quality of labelled cRNA target was 
assessed by hybridization to Affymetrix test II arrays. Gene expression 
was carried out using Affymetrix Human Genome GeneChip U95Av2 
array using instruments and protocols recommended by the 
manufacturer. Microarray data and sample annotations have been 
deposited in caArray, Array Data Management System, National Cancer 
Institute (https://array.nci.nih.gov/caarray/home.action; Experiment ID: 
lavar-00111). 

Statistical Analysis 

Quantitative data were expressed as mean ±s.d. or mean ±s.e.m. 
Significant differences among groups were tested by Student´s t-test. 

 



 



RESULTS AND DISCUSSION

Razonar y convencer ¡qué difícil, 
largo y trabajoso! ¿Sugestionar? 
¡Qué fácil, rápido y barato!

Santiago Ramón y Cajal, 1852-1934



 



 
RESULTS AND DISCUSSION 
 

A GENOME-WIDE SCREENING FOR THE NEURAL CREST 
SIGNATURE IDENTIFIES GENES ASSOCIATED TO 
NEUROBLASTOMA FORMATION 
 

1.- The BRE-tk-EGFP reporter is an in vivo lineage tracer for 
premigratory and migratory neural crest cells 

Based on the Bone Morphogenetic Protein (BMP) responsive element 
(BRE) previously described from the mouse Id1 (Inhibitor of 
Differentiation 1) promoter, here we generated a molecular tool to 
trace and purify premigratory and migratory neural crest (NC) cells. 

The BMP-responsive element (BRE) consists of two copies of two 
distinct, highly conserved sequences encompassing the genomic regions 
-1105/-1080 and -1052/-1032 of the mouse Id1 promoter. The Id1 (-
1105/-1080) fragment contains one GCCG sequence, one GGCGCC 
palindrome and two CAGC motifs. The Id1-(-1052/-1032) contains one 
CGCC and two GTCT motifs (Figure 10). The BRE-reporter responds in 
vivo to BMP activity, as expected (Le Dreau et al., 2012), however for 
the purpose of this study we are not taking advantage of this 
responsiveness, but to its spatially-restricted activation in the dorsal 
neural tube.  

The BRE was cloned upstream of the tk minimal promoter in a 
vector carrying EGFP (Enhanced Green Fluorescence Protein) as a 
reporter gene. The ptk-EGFP has been shown to be adequate for 
electroporation in the chick embryo, because of its low background 
expression without an enhancer and a very marked response to an 
inserted  enhancer   sequence   (Uchikawa et al., 2004).  The   in  vivo  
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FIGURE 10: The BRE-tk-EGFP is an in vivo lineage tracer of premigratory and 
migratory neural crest cells. (A) Conservation of the DNA sequence of the Id1 
promoter between the indicated species. The Id1 promoter contains Smad 
Binding Elements (SBE) (depicted in red) used to generate the BMP Responding 
Element (BRE). (B-E) Co-electroporation of BRE-tk-EGFP (green) together with a 
control plasmid expressing pCAGGS-ires-H2B-RFP (red), at HH stage 10 show at 
24hpe, EGFP-expressing cells in the dorsal NT and migratory paths of neural crest 
derivatives (green). Migratory EGFP+ cells also express the neural crest marker 
HNK1 (red). (F) Schematic representation of a section 24hpe showing the extent 
of EGFP expression within the NT and the path followed by EGFP-expressing cells. 
(G-J) 48hpe of same DNAs show EGFP-expressing cells within DRGs (green) which 
also express the DRG marker Islet1 (red). (K) Schematic representation of a 
section 48hpe, showing the location of EGFP-expressing cells within the NC 
derivatives; DRG, SG and melanocites 

 

 

 

 

 

 

 

 

 

behaviour of this construct was previously tested by in ovo 
electroporation in the neural tube of chick embryos (Alvarez-Medina et 
al., 2009).  

Ten somites chick embryos (HH stage 10) were co-
electroporated with the pBRE-tk-EGFP reporter together with a control  
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pCAGGS-H2B-RFP construct to monitor transfection efficiency. EGFP 
expression appeared after 3/4 hours post-electroporation and was 
observed in ovo at different developmental stages (Figure 10). EGFP 
expression was detected 24h after electroporation in the dorsal neural 
tube, including the Lmx1-expressing dorsal midline cells (roof plate 
cells) (Le Dreau et al., 2012) and in migratory cells. Co-expression of 
EGFP and HNK-1 (Human Natural Killer-1), a neural crest cell marker, 
identified these migratory cells as NC cells (Figure 10).   

To determine the contribution of BRE-EGFP cells to NC 
derivatives, stage HH 10 were examined 24/48 hours post-
electroporation (hpe) and, based on its long half-life, EGFP was used as 
a cell lineage tracer. At trunk levels, the predominant NC derivatives 
differentiate as sensory and sympathetic ganglia of the peripheral 
nervous system, as well as in the pigmented cells of the dermis 
(melanocytes) (Le Douarin and Kalcheim, 1999).  24/48hpe of BRE-tk-
EGFP, transfected cells populated the dorsal root ganglion (DRG) and 
the sympathetic ganglia (SG) (Figure 10). Within the DRGs cells 
expressing EGFP were found in both glial cells and neurons and co-
expressed the neuronal markers Islet1 and Tuj1 (Figure 10). In addition, 
EGFP expressing cells were observed in the SG and along the dorsal-
lateral migration routes, the latest being characteristic of melanocyte 
differentiation.  

Together these analyses revealed the BRE-tk-EGFP reporter as a 
bona fide in vivo lineage tracer for premigratory NC cells populating the 
dorsal neural tube, as well as for migratory NC of the three main NC 
derivatives of the trunk embryo -DRG, SG, and melanocytres- (Figure 
10) 
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FIGURE 11: The BRE-tk-EGFP serve to determine the transciptome profile for pre-
migratory and migratory neural crest cells. (A) 10 somites chick embryos were 
co-electroporated with of BRE-tk-EGFP and pCAGGS-ires-H2B-RFP. 24 hour post 
electroporation transfected EGFP/RFP-expressing cells were FAC sorted, and 
extracted RNA was used to hybridize full genome AFFYMETRIX genechips. (B) EGFP 
expressing cells identified 336 transcripts highly expressed in premigratory and 
migratory neural crest cells 

2.- Determination of the transciptome profile for pre-
migratory and migratory neural crest cells. 

These expression analyses revealed the BRE-tk-EGFP as a powerful 
molecular tool to select and purify premigratory and migratory NC cells 
and prompted us to search for the genomic signature of these cells.  

Ten somites chick embryos (HH stage 10) were co-
electroporated with the BRE-tk-EGFP and the control pCAGGS-H2B-RFP 
plasmid, which drives RFP expression along the entire dorsal ventral axis 



53 
 
 

RESULTS AND DISCUSSION 

of the neural tube. Embryos were allowed to develop in ovo for 24 
hours. EGFP and RFP were then used to FACS purify dissociated 
transfected cells. RNA was extracted and gene expression assayed with 
the Affymetrix GeneChip Chicken Genome Arrays, by triplicates, in the 
two sorted cell populations (Figure 11). A total of 453 genes appeared 
differentially expressed in the two cell populations, among which 336 
genes appeared enriched in the EGFP-expressing cell population, while 
117 genes were expressed at significantly low levels in the GFP-
expressing cell population (Figure 11).  
 

As a proof of principle for the strategy of this screening, a total 
of 20 genes previously known to be expressed in the dorsal NT 
appeared among the genes enriched in the EGFP-expressing cell 
population. These include targets of the BMP-pathway such as the 
Helix-Loop-Helix ID2 and ID3, and the homeobox transcription factors 
Msx1 and Msx2. The LIM homeodomain transcription factor Lmx1b, 
expressed in the dorsal most cells of the neural tube (the roof plate) 
also appeared enriched in the selected cell population (Figure 12). 
Additionally signalling proteins such as TGFb3, GDF10, BMP5, and 
Wnt9A also know to be expressed dorsally in the NT appeared up-
regulated (Figure 12). Interestingly, among these dorsally-enriched 
genes, the genomic signature for NC cells appeared well represented, 
these included TFAP2A and TFAP2B, FoxD3, Sox5 and Sox10, Snail2 and 
RhoB (Figure 12). By contrast, a total of 11 genes previously known to 
be expressed in either the intermediate or the ventral NT appeared 
among the genes expressed at low levels in the EGFP-expressing cell 
population. These included transcription factors such as Pax6, Dbx2, 
Nkx Nkx6.1 and Nkx6.2. Expression of the transcription factor FoxA2, 
specific for the ventral most cells of the NT (the floor plate), also 
appeared at low levels in the EGF-expressing cell population (Figure 12). 
Furthermore, other ventral genes such as VTN, Netrin1, Cadherin20 and 
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FIGURE 12: Analysis of the microarray data of the EGFP+ and EGFP- sorted cells. (A) 
Shows 22 genes highly expressed in the EGFP+ cells, which were previously know to 
be expressed in the dorsal spinal cord (dorsal genes). Orange bars highlight the 
selected set of NC-related genes up-regulated in the EGFP+ cells. 11 previously know 
ventral genes appeared down-regulated in the EGFP+ cells. (B) Shows the 35 most 
up-regulated in the EGFP+ cells, with their respective fold change value. (C) Shows 
the 35 most down-regulated in the EGFP+ cells, with their respective fold change 
value. 
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SFRP1, appeared to be expressed at significantly low levels in the GFP-
expressing cell population (Figure 12).  

Altogether this analysis validated the strategy of our genomic 
screening to identify genes expressed at different dorsal-ventral axis of 
the developing spinal cord as well as in migratory NC cells, and 
prompted us to further analyse the newly identified genes. 
 

3.- Gene Ontology analysis revealed multiple genes 
associated to cell motion 

The two defining hallmarks of the NC cells include their capacity to 
delaminate from the neural tube and to migrate very long distances in                     
the embryo, as well as their capacity to generate a wide variety of 
different cell types.  

We next took advantage of the GO annotations of the Gallus 
genome, that describe gene products in terms of their associated 
biological processes, cellular components and molecular functions, to 
associate the newly identified genes with their functional descriptions.  

GO analysis revealed 9 functional categories that were 
statistically over-represented in the EGFP-expressing cell population, as 
compared to the total genome, with a p-value p<0.05 (Figure 13). 
Interestingly, these include genes associated to cell adhesion, biological 
adhesion and developmental processes. Moreover, genes expressed in 
the extracellular region were also over-represented in the EGFP-
expressing cell population. Conversely, the 14 functional categories of 
genes that were expressed at significantly lower levels in the EGFP-
expressing cell population included genes associated to transcriptional 
regulation, gene expression and cell differentiation (Figure 13) 
Moreover, the ratio of observed hits, from the possible genes in each 
functional category, further confirmed an over-representation of genes 
involved in cell motion (Figure 13). 
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FIGURE 13: Representation of most significative GO results. GO analysis reveales 
9 and 14 functional categories that were statistically over-represented in 
respectively EGFP-NON-EGFP expressing cell as compared to the total genome, 
with a p-value p<0.05. The ratio of observed hit in the biological process GO 
category, futher confirmed an over-representation of genes involved in cell motion 
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4.- In situ expression analysis revealed new genes in 
premigratory and migratory neural crest cells 

To begin to study a possible role of the newly identified genes in normal 
development of the NC cells, we performed an in situ expression 
analysis in early chick embryos, at the stage of initiation of neural crest 
delamination and migration. Ten somites (HH stage 10) chick embryos 
were hybridized with 55 probes for up-regulated genes selected by their 

functionality, including RHOQ, RHOJ, LSG1, RasGEF 1A, RapGEF 3, PKC�, 

Myosin H6, Nexilin, Parvin ���Zyxin, Vinculin, Dynein 2, Pleckstrin 
homology-like domain A2, Ninjurin 2, WAS/WASL interacting protein 1,  

Neurexophilin 1, Caldesmon 1, Catenin �2, Wnt 9A, FRZB, FZD10, FZD4, 
DAAM2, AXUD1, Dapper2, LMO4, LIMA1, LASP1, Annexin A5, FYN, 

ITG�3, ITG�5, ITG�9, GAP�1, DLC1, LTK, RGR, Ral guanine nucleotide 
dissociation stimulator-like 1 and Transgelin 
 

From these genes analysed, a total of 14 new genes appeared 
expressed in the dorsal NT, the neural folds, and /or the migratory NC 
cells, as shown by whole mount in situ, as well as by transverse sections 
through these same embryos (Figure 14).  

AXUD1 (as AXIN1-upregulated1) belongs to the CSRNP (cysteine-
serine-rich nuclear protein) gene family that is conserved from 
Drosophila to humans. AXUD1 encodes a putative 589-amino acid 
protein that localizes to the nucleus. Its expression is induced in 
response to elevated levels of Axin, and acts as a potential tumour 
suppressor (Ishiguro et al., 2001). In zebrafish embryos AXUD1 is 
expressed in anterior regions of the developing neuraxis, predominantly 
in proliferating domains of the brain (Feijoo et al., 2009). Here we show 
that in the chick embryo AXUD1 expression is highly restricted to the 
dorsal-most tip of the neural fold, before the neural tube (NT) closure. 
After NT closure, this expression is maintained in the roof plate and in 
the delaminating NC cells (Figure 14). 
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DACT2 (Dapper2, antagonist of beta-catenin 2, DACT2), encodes 
a citoplasmic protein containing a PDZ-binding domain, a leucine zipper 
and a serine-rich region. DACT2 shares 28.8% amino acid identity with 
DACT1 that was initially identified as a Dishevelled (Dsh) interacting 
protein and as an inhibitor of the Wnt-pathway (Cheyette et al., 2002; 
Gloy et al., 2002). Here we show that in the 10 somites chick embryo 
DACT2 is expressed throughout the neural plate, before the NT closure. 
After NT closure, DACT2 expression is restricted to the dorsal NT and to 
the delaminating NC cells. Additionally, condensed somites expressed 
high levels of DACT2 (Figure 14). 

DLC1 (Deleted in Liver Cancer 1) is a tumour suppressor gene 
deleted almost as frequently as p53 in common cancers such as breast, 
colon and lung. Cells with reduced DLC1 protein exhibit increased GTP-
bound RhoA that results in altered organization of actin filaments at 
focal adhesions. Mice homozygous mutant embryos had defects in the 
NT, brain, heart, and placenta, and do not survive beyond 10.5 dpc (Xue 
et al., 2008). Here we show that in the chick embryo DLC1 expression is 
highly restricted to the dorsal-most tip of the neural fold, before NT 
closure. After NT closure, DLC1 expression is maintained in the roof 
plate and in delaminating NC cells (Figure 14). 

FZD10 (frizzled family receptor 10) belongs to the Frizzled family 
of transmembrane proteins (Fzd) that act as receptors of Wnt ligands, 
and play key roles during nervous system development in vertebrates. 
In Xenopus and mouse embryos FZD10 is expressed in the dorsal neural 
tube (Yan et al., 2009; Garcia-Morales et al., 2009). Moreover, in 
Xenopus FZD10 mediates Wnt1 signalling to determine sensory neural 
differentiation (Garcia-Morales et al., 2009). Here we show that in the 
chick embryo FZD10 is highly expressed in the lateral plate mesoderm. 
The open neural plate shows moderate expression of FZD10, however, 
after NT closure FZD10 expression appeared to be dorsally restricted 
(McCabe et al., 2007). Migratory NC cells do not express FZD10 (Figure 
14). 
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FRZB (Frizzled related protein) is a secreted soluble protein of 
approximately 300aa containing a cystein-rich domain (CRD) similar to 
the Wnt-binding region of the Frizzled transmembrane receptor family 
(Moon et al., 1997; Wordaz and Nusee, 1998). Xenopus Frzb1 binds Wnt 
proteins and blocks their signalling suggesting a competition for Wnt 
binding between a receptor and a structurally related soluble 
antagonist (Leyns et al., 1997) (Figure 14). 

FYN (p59fyn) is a src-like protein tyrosine kinase implicated in 
the control of cell growth. FYN is required for mature brain function but 
it also plays important roles in axon guidance and neurite extension by 
phosphorylating the Netrin1 receptor DDC (Meriane et al., 2004). 
Additionally, FYN is an oncogene associated to low-stage 
Neuroblastoma, since high expression of Fyn and high Fyn kinase 
activity are restricted to low-stage tumours (Yagi et al., 1994). Here we 
find cFYN to be up-regulated in the migratory cell population of our 
screening and in the 10 somites chick embryos cFYN is expressed in 
migratory neural crest. However, cFYN is not expressed in the NT cells 
(Figure 14). 

 
GJA1 (Gap Junction protein, Alpha 1, Connexin43, or CX43) is a 

protein component of the gap junctions. CX43 is the major protein of 
gap junctions in the heart, having a crucial role in the synchronized 
contraction of the heart. Mouse mutant for CX43 died at birth as a 
result of heart defects (Reaume et al., 1995). However, cell-to-cell 
communication through connexin channels participates in many other 
aspects of mammalian development. In fact CX43 modulates cell 
polarity and directional cell migration by regulating microtubule 
dynamics expression (Francis et al., 2011) and the expression of CX43 is 
upregulated in human embryonic stem cells cultured to promote the 
epithelial to mesenchymal transition during NC delamination (Curchoe 
et al., 2010). Here we show that in the chick embryo GJA1 (CX43) is 
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expressed in the dorsal-most tip of the neural folds, before and at the 
time of neural tube closure (Figure 14). 

 
LMO4 (LIM domain Only protein 4) encodes a cysteine-rich 

transcriptional regulator that contains two LIM zinc-binding domains for 
protein-protein interactions, but lacks DNA-binding or catalytic 
domains. LMO4 belongs to a protein subfamily encoded by four genes 
(LMO1-4) and its paralogues LMO1 and LMO3 are Neuroblastoma 
oncogenes (Aoyama M et al., 2005; Isogai et al., 2011; Wang et al., 
2011). Here we show that in the 10 somites chick embryo, LMO4 is 
expressed in premigratory and migratory NC cells, as well as in all NC 
trunk derivatives (Figure 14). 

 
LASP1 (LIM, actin, and SH3 domain protein) is an actin-binding 

protein with a unique domain configuration containing SH3 and LIM 
domains. LASP1 is a dynamic component of focal adhesion protein, it 
interacts with Zyxin and it is associated with areas of active F-actin 
polymerization (Li et al., 2004; Traenka et al., 2009). In response to 
extracellular signals, LASP1 is phosphorylated at tyrosine 171 by the 
activity of the Src-kinase, and this leads to relocation of LASP-1 to focal 
contacts (Traenka et al., 2009). Interestingly, LASP1 is over-expressed in 
human breast cancers and in medulloblastoma where the abundance of 
LASP1 mRNA is associated with metastatic dissemination, and 
unfavourable outcome (Traenka et al 2010). Here we show that in the 
10 somites chick embryo, LASP1 is highly expressed in the dorsal 
ectoderm and in the dorsal-most neural folds. However, migratory NC 
cells do not express LASP1 (Figure 14). 

 
NXPH1 (Neurexophilin I) is a member of a family of secreted 

glycoproteins (Nxph1-4) identified as specific ligands for the α-
neurexins receptors. In the adult rat brain NXPH1 is expressed at high 
levels only in inhibitory interneurons, while the receptors α -neurexins 
are expressed in all neurons (Petrenko et al., 1996).  Here we show that 
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in the 10 somites chick embryo NXPH1 is highly expressed in the open 
neural plate and in the migratory NC cells (Figure 14). 

 
PHLDA2 (pleckstrin homology-like domain family A member 2, or 

T-cell death-associated gene 51, TDAG51) is an apoptosis related gene 
that regulates Fas expression and activation, however, its in vivo 
function has not been characterized. Here we found that in the 10 
somites chick embryo PHLD2 is not expressed in the central nervous 
system, however it appear to be highly expressed in cephalic neural 
crest cells (Figure 14). 
 

VCL (Vinculin) is a highly conserved intracellular protein that 
links integrins to the actin cytoskeleton by binding F-actin. VCL has a 
crucial role in the maintenance and regulation of cell adhesion and 
migration, and is a component of the focal adhesion complex. On 
recruitment to cell-cell and cell-matrix adherents-type junctions, VCL 
becomes activated and mediates protein-protein interactions that 
regulate the links between F-actin and the cadherin and integrin 
families of cell-adhesion molecules (Bakolitsa et al., 2004). VCL -/- 
embryos failed to develop beyond 10.5dpc, lack of midline fusion of the 
rostral NT and show defects in cranial and spinal nerve development. 
Fibroblasts isolated from mutant embryos showed reduced adhesion to 
the extracellular matrix, compared to wild type cells (Xu et al., 1998). 
Here we show VCL to be expressed in the neural folds and migratory NC 
cells in the 10 somites chick embryo (Figure 14). 

 
RCJMB04_9m19 (WAS/WASL interacting protein family, member 

1, WIPF1) was identified in a two hybrid screen for WASP-interacting 
proteins for WIP, and plays an important role in the organization of the 
actin cytoskeleton, by its ability to stimulate ARP2/3 complex-mediated 
actin polymerization (Weisswange et al., 2009). WIPF1-deficient mice 
showed a profound defect in the subcortical actin filament networks of 
lymphocytes, indicating that WIPF1 is required for immunologic synapse 
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formation and T-cell activation (Anton et al. 2002). Here we show 
WIPF1 to be expressed in the notochord and the dorsal NT of HH stage 
10 chick embryos (Figure 14) 

 
ZYX (zyxin) is a member of the LIM protein family that is a 

component of focal adhesion core. Within focal adhesions, Zyx is 
localized to the uppermost actin-regulatory layer associated to alpha-
actinin. Zyxin is phosphorylated in its N-terminal region by CDC2 kinase 
(Kanchanawong et al. (2010). ZYX is essential for actin stress fiber repair 
and for the generation of traction forces (Smith et al., 2010).  Here we 
show that in the 10 somites chick embryo, ZYX is expressed in the dorsal 
NT, as well as in the migratory NC cells (Figure 14). 

 
In summary, newly identified NC cell expressing markers include 

genes associated to a variety of functions, although it is remarkable the 
representation of components of the Wnt pathway (AXUD1, DACT2, 
FZD10, FZB). Remarkably also the high representation of genes related 
to the cytoskeleton dynamics associated to either actin fibers (DLC1, 
LASP1, VCL, WIPF1 and ZYX) and to microtubule dynamics (CX43). 
However, gain-and loss-of-function experiments are required to 
validate the in vivo role played by each of these new genes in the 
development of the NC cells, and thus to bona-fide include these new 
genes as components of the NC-genomic signature. 
 
5.-The neural crest genomic signature serve to identify 
genes associated to Neuroblastoma formation 

The identification of the genetic signature of Neuroblastoma (NB) 
cancer stem cells (NB-CSC) would provide ideal targets to develop new 
therapeutic strategies. However, a major difficulty encountered in the 
definition of NB-CSC has been the lack of a bona-fide genetic signature 
for the transient population of normal NC cells.  
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Here we have used this revised signature of normal NC cells to 
interrogate the transcriptome of NB primary tumours. Previous 
genome-wide analyses identified specific transcriptional profiles 
associated to NB with different clinical behaviour and distinct biological 
features; namely near-triploid (loco-regional tumours with favourable 
prognosis) and near-diploid (metastatic NB with unfavourable 
prognosis) tumours (Lavarino et al, 2008); stage 4s (spontaneously 
regressing infant NB) and infant stage 4 NB (disseminated infant NB) 
(Lavarino et al., 2009), validating these trancriptome data sets.  

Here we have reanalysed the same genome-wide data-sets to 
further compared different clinical and biological characteristics such 
as; Low-Risk (defined as stage 1, 2, 3 and 4S, MYCN non amplified NB) 
versus High-Risk NB (stage 4 and all MYCN amplified tumours); MYCN 
amplified versus MYCN not amplified tumours, and NB with bone 

FIGURE 15:  Comparision between NC and NB genes. The table shows control and 
new NC genes obtained from the array that have been found in NB genomic 
analysis. 



65 
 
 

RESULTS AND DISCUSSION 

metastases versus tumours without bone metastases. Next, we 
interrogated these comparisons with the full data-set obtained from the 
NC cell genome-wide analysis to search for the closest human 
paralogues expressed in NBs. Interestingly, among the 89 common 
genes identified, characteristic NC-signature genes including TFAP2, 
FOX, SOX, DLX and RHO genes (Figure 15) were found to be highly 
expressed in the subgroup of primary NB without the capacity to 
metastasize to bone tissue, suggesting that NB tumours without the 
capacity to invade the bone resemble the normal development of NC 
cells that, at trunk levels, do not generate bone derivatives.  

Analysis of the newly identified NC cell genes suggested the 
potential of our screening for the identification of new NB-genes, and  
might contribute to the definition of a NB-CSC signature. One group of 
such identified genes included protein kinases such as the tyrosine-
protein kinase Fyn, the Polo-like Kinase 2, and the Leukocyte receptor 
tyrosine kinase. The tyrosine-protein kinase Fyn (cFYN) is a 
Neuroblastoma oncogene (Yagi et al., 1994) that we show here to be 
expressed in normal NC cells (Figure 14). Here we also show the chick 
Polo-like Kinase 2 (cPLK2) to be up-regulated in the screening (Figure 
12), while the human Polo-like kinase 1 (PLK1) is required for the 
survival of NB tumour initiating cells (Grinshtein et al., 2011). 
Furthermore, expression of the chick Leukocyte receptor tyrosine 
kinase (cLTK), appeared the most up-regulated in the screen (Figure 12). 
A role for LTK in pigment cell development has recently been shown in 
Zebrafish embryos (Lopes et al., 2008), suggesting that LTK regulates 
the development of at least one of the NC cell derivatives. Moreover, in 
the chick genome, LTK closest paralogue, showing 50% protein identity, 
is the anaplastic lymphoma kinase (ALK). The human ALK has been 
identified as a major familial neuroblastoma predisposition gene, with 
activating mutations in the kinase activity being responsible for the ALK 
oncogenetic activity (Chen et al., 2008: Mosse et al., 2008). Thus we 
believe that cLTK (and its related kinase cALK) are candidate genes to 
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play important roles in the normal and/or the pathological 
development of the NC cells, although their functional relevance needs 
precise experiments. 

Another group of genes identified in the normal NC 
developmental program for which the human orthologues and/or 
paralogues are associated to Neuroblastoma (NB) tumour formation 
included transcriptional regulators such as the Pax3/7 and the TFAP2 
transcription factors, or the LMO1-4 transcriptional co-factors. Pax3/7 
activities are required for normal NC development and in 
Neuroblastoma cell-lines Pax3/7 appeared highly up-regulated in 
unique spliced variants (Barr et al., 1999; Acosta et al., 2009). TFAP2 
activity is also essential for the normal NC development (deCroze et al., 
2011; Schmidt et al., 2011), and different levels of TFAP2 expression are 
associated to Neuroblastoma malignancy (Schulte et al, 2008). 
Furthermore, here we show LMO4 to be expressed in all NC cells 
derivatives (Figure 14). LMO4 belongs to a protein subfamily encoded 
by four genes (LMO1-4) and its paralogues LMO1 and LMO3 are 
Neuroblastoma oncogenes (Aoyama M et al., 2005; Isogai et al., 2011; 
Wang et al., 2011). Thus we believe that LMO4 (and its related LMO1-3) 
are candidate genes to play important roles in the normal and/or the 
pathological development of the NC cells, although, again in this case, 
their functional relevance needs precise experiments. 

6.- The Wnt pathway is highly represented in the neural 
crest genomic signature.  

Although this screening was based on a BMP-reporter, it is remarkable 
the high number of genes that appear related with the Wnt canonical 
pathway. Our expression analysis show some of these new genes to be 
highly expressed in the neural crest, such as AXUD1, FZD10, FRZB and 
DACT2, and others just restricted to the most dorsal part of the neural 
tube, such as Wnt9A, FZD4 and DAAM2, were neural crest progenitor 
cells reside. These results reveal the importance of this pathway in NC 
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development. In fact, multiple roles of Wnts have been well 
documented in many model organisms in NC formation. Data from 
different studies point to the idea that Wnt canonical pathway is 
involved in NC lineage induction and specification, but evidences also 
support that non-canonical Wnt signalling is implicated in the 
epithelial–to-mesenchimal transition process required for NC 
delamination, as well as in NC adhesion and migration (Knecht and 
Bronner-Fraser, 2002; Sauka-Spengler and Bronner-Fraser, 2008; 
Carmona-Fontaine et al., 2008). 

In this context, Dact2 (Dapper antagonist of catenin) is 
potentially one of the most interesting genes obtained in the screening. 
The close paralogue Dact1 was first identified as a Dsh-interacting 
protein, a central mediator in Wnt canonical and non-canonical 
pathways (Cheyette et al., 2002; Gloy et al., 2002). Dact, also called 
Dapper in amniotes and Frodo in Xenopus, belongs to a small family of 
intracellular proteins that shuttle between the nucleus and the 
cytoplasm, conserved NES (aa132-141) and conserved NLS (aa610-623) 
have been identified (Gao et al 2008). Members of Dapper family are 
similar in size (600-800aa) and characterised by a conserved leucine 
zipper motif near the N-terminus and a binding motif for PDZ domains 
at the C-terminus (Cheyette et al., 2002; Katoh, 2003; Fisher et al., 
2006) followed by a rich serine residues region (Katoh, 2003; Brott and 
Sokol, 2005). Functional significance of these regions is still unclear.  

In the cytoplasm Dapper1 directly binds to Dsh on their PDZ 
domains, and promotes Dsh degradation, thus to inhibit Wnt activity 
(Cheyette et al., 2002; Gloy et al 2002; Zhang et al, 2006). Although Dsh 
degradation would be enough to inhibit both canonical and non-
canonical Wnt activities, Dapper plays additional roles in specific 
branches of the Wnt pathway. On the one hand, Dapper is able to form 
a complex with Vangl2, a transmembrane component of the Wnt-PCP 
pathway, and regulate its function (Suriben et al., 2009; Kivimäe et al., 
2011), on the other hand, Dapper1 directly binds to LEF/TCF in the 
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nucleus and disrupts the bCatenin/LEF1 interaction, thus preventing 
canonical Wnt-target gene expression (Cheyette at el., 2002; Gao et al., 
2008; Kivimäe et al., 2011). 

Apart from these reported interactions, Dapper is also proposed 
to bind to other molecules with a growing list of potential partners 
implicated in the canonical and non-canonical pathways. Every mouse 
Dapper paralogue forms complexes with p120catenin (Park et al., 

2006), Casein Kinase 1�/	, Protein kinase A, Protein kinase B and with 

themselves. Some other interactions such as with GSK3, �-catenin, �-

catenin, Casein kinase 2s (CK2s), HDAC and TGF� receptors are 
paralogue-specific (Kivimäe et al., 2011). 

In vivo studies have been essential for an in depth understanding 
of the relative contributions of Dapper family proteins to vertebrate 
development. Mouse Dapper1 function is required for morphogenesis 
at the primitive streak (Suriben et al., 2009; Wen et al., 2010) and in 
neural development for the dendrites, spines and excitatory synapses 
(Okerlund et al., 2010). Xenopus Frodo is needed for gastrulation as well 
as for eye and neural development (Gloy et al., 2002; Hikasa and Sokol, 
2004). Finally human Dapper1 has been associated to hepatocellular 
carcinomas (Yau, et al., 2005) and with colorectal cancer (Jiang et al., 
2008). 

For all these reasons Dapper2 has been selected from the 
genetic analysis described before as a promising candidate to have a 
key role during NC development. From now onward we will try to 
discover the possible effects of Dapper2 in NC formation. 
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DAPPER2 IS REQUIRED IN THE DORSAL SPINAL CORD 
FOR NEURAL CREST DELAMINATION, THROUGH THE 
INHIBITION OF THE WNT- CANONICAL ACTIVITY 
 

 
1.- Dapper is expressed in neural crest progenitor cells  

As mentioned before, Dapper2 (DACT2, antagonist of beta-catenin,2) 
belongs to a small family of intracellular proteins. The phylogenetic 
analysis of Dapper reveals three orthologue group, in which humans 
and mouse have three genes (Dapper 1-3), chicken has only two 
(Dapper 1 and 2), zebra fish has 4 (Dapper1, 2, 3a and 3b) and Xenopus 
laevis has two genes (XDapper1a and XDapper1b/FRODO) that were 

FIGURE 16: Conservation of Dapper expression in the neural crest.(A) Dapper 
(DACT, antagonist of beta-catenin) family of vertebrate proteins. Each vertebrate 
except Xenopus has three paralogous Dapper genes (Dapper1-3). XDapper1 
(XDapper1a) and (XDapper1b/FRODO) were found to be a Xenopus specific 
duplication. (B) In situ hybridization in HH10 chick embryos show Dapper2 
expressed in a very restricted group of cells in the dorsal-most neural tube and in 
the early migratory NCC. Additionally cDapper2 is expressed in the somites (whole 
mount and sectioned in situs). (C)  In situ hybridization in stage19-22 Xenopus 
embryos show Dapper1b/FRODO expression in the premigratory NCC. 
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found to be a Xenopus specific duplication. Dapper2 shares 28.8% 
amino acid identity with Dapper1, which was initially identified as a 
Dishevelled (Dsh) interacting protein, and as an inhibitor of the Wnt-
pathway (Cheyette et al., 2002; Gloy et al., 2002) (Figure 16A). 

As we showed before, in the 10 somites chick embryo (HH 
stage10) Dapper2 is expressed throughout the open neural plate, 
before the NT closure. After NT closure, Dapper2 expression is 
restricted to the dorsal NT and to the delaminating NC cells. 
Additionally, condensed somites expressed high levels of Dapper2 
(Figure 16B). In the chick embryo, the close paralogue Dapper1 is not 
expressed in the neural tissue (Alvares et al., 2009).   However in the 
Xenopus embryo, the two isoforms Dapper1a and Dapper1b/FRODO, 
are both expressed in neural crest progenitors (Figure 16C) (Hikasa and 
Sokol, 2004). 

These expression analyses suggested a conserved role for 
Dapper in neural crest development and prompted us to study this 
activity. 
 

2.- Dapper inhibits the Wnt canonical pathway, upstream of 
the TCF transcriptional activity. 

The Dapper family of scaffold proteins was discovered by virtue of 
binding to Dishevelled proteins (Cheyette et al., 2002; Gloy et al., 2002), 
however here we pulled out Dapper2 in a screening based on a BMP-
responsive element. In a different cellular context, Dapper2 has the 
capacity to regulate the TGFbeta-pathway (Meng et al., 2008. Su et al 
2007), closely related to BMP, thus we first asked whether in the 
developing neural tissue Dapper2 might regulate the BMP-activity. 

To test this hypothesis, chick embryos were co-electroporated 
with    the    BRE - tk - Luciferase   reporter   together   with   either    the  
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FIGURE 17: Dapper inhibits the Wnt canonical pathway but not BMP pathway. (A) 
Schematic representation of chick embryo electroporation  at HH stage 10 and 
representation of GFP and RFP expression at 24 hours post-electroporation 
(HH26) in the sectioned spinal cord. (B) (C) (D) In vivo luciferase assay show that 
Dapper cannot regulate the BMP pathway, HH stage 10 embryos were 
electroporated with Dapper1, Dapper2 or FRODO, together with the BRE-tk-Luc 
reporter and normalization plasmid, and assayed 24h-PE for luciferase activity. (E)  
Dapper1, Dapper2 or FRODO inhibit the Wnt canonical pathway, in a similar assay 
electroporating the TOP-Flash reporter containing HMG-binding sites and 
normalization plasmid. (F) Graphics shows normalized Luciferase units  
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mammalian Dapper1 and Dapper2, or the Xenopus Dapper1/FRODO. 
Luciferase activity was measured 24 hours post electroporation (hpe), 
to show that the BMP-response is not regulated by either Dapper gene 
(Figure 17 A,B).  Next we turned our attention to the Wnt-canonical 
pathway, and analysed the activity of this pathway by co-
electroporation of the Wnt reporter Top-FLASH-Luciferase (Korinek et 
al,. 1998). Co-electroporation of this reporter with the three isoforms of 
Dapper showed a potent and conserved capacity to inhibit the Wnt-
canonical pathway (Figure 17C). Thus, even though we pulled out 
Dapper using a BMP-responding element, it does not regulate the BMP- 
but the Wnt-pathway. One possible explanation for this controversial 
observation would be that dorsal NT cells have active BMP- and Wnt-
signalling. 

To test this hypothesis we determine the spatial distribution of 
Wnt- and BMP-responsive cells in the developing spinal cord. We co-
electroporated the Top-FLASH reporter in which the Luciferase has 
been replaced with a nuclear RFP sequence (see methods) (TOP-RFP), 
together with the BMP-reporter BRE-tk-EGFP (Le Dreau et al., 2012) into 
the stage HH10 chick spinal cord. Consistent with previous reports the 
BRE-tk-EGFP (Le Dreau et al., 2012) and the Top-RFP (Lee and Deneen 
2012) reporters were active only in the dorsal regions of the spinal cord 
indicating that, at these developmental stages, dorsal regions are the 
sites of highest-level BMP and Wnt signalling (Figure 17D). Moreover, 
analysis showed the vast majority of the dorsal progenitors in the spinal 
cord to co-express both reporters, indicating the Wnt-and the BMP-
pathways to be activated in the same cell (Figure 17D).  

Whether Dapper activity can antagonize (Gao et al., 2008; Jiang 
et al., 2008; Teran et al., 2009) or not (Hisaka et al., 2004; Wen et al., 
2010) or even promote (Gloy et al.,2002), the Wnt-canonical pathway 
has been a matter of controversy, although our results clearly show that 
in the developing neural tissue, Dapper is a potent inhibitor of the Wnt 
activity. Furthermore, it is still controversial at what level is Dapper  
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FIGURE 18: Dapper inhibits the Wnt canonical pathway, upstream of the TCF 
transcriptional activity. (A) Dapper inhibits the Wnt pathway upstream of the TCF 
activity. HH stage 10 embryos were co-electroporated with Wnt3a, �-cateninCA, and 
TCFVP16 together with Dapper1 or Dapper2. Analysis of the TOP-Flash reporter 
activity shows that Dapper inhibits the Wnt- and the bCat-mediated transcriptional 
activity, but not the TCF activation. (B) Inhibition of endogenous Dapper activates 
the Wnt pathway. .A similar assay electroporating the TOP-Flash reporter together 
with Dapper loss-of-function constructs, show high Wnt activity in the absence of 
Dapper2. Co-electroporation with inhibitors of the Wnt pathway such as LRP6DN 

and TCF3DN, together with shDapper2, show inhibition of Dapper to rescue the 
receptor mediated Wnt-inhibition, but not the TCF-mediated inhibition. Graphics 
shows normalized Luciferase units.  
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interphering with the Wnt-pathway. Thus to resolve these issues, chick 
embryos were co-electroporated with the TOP-FLASH-Luc reporter 
together with vectors expressing activator of the Wnt pathway such as 

the ligand Wnt3a, a stabilized form of �-catenin, or a chimeric 
transcriptional activator form containing the HMG box DNA-binding 
domain of Tcf3 fused to the VP16 transactivator domain (TCF3-VP16), 
all DNAs capable of activating the Wnt-reporter in neural cells, albeit at 
different levels (Alvarez-Medina et al. 2008) (Figure 18A). Analysis of 
the luciferase activity 24hpe showed that mammalian Dapper1 and 

Dapper2 are both capable to inhibit the Wnt3a and the � -catenin 
activities, although Dapper2 is more efficient (Figure 18A). However, 
neither Dapper1 nor Dapper2 inhibits the transactivation dependent on 
TCF3-VP16 (Figure 18A), indicating that Dapper2 inhibition takes place 
upstream of the transcriptional activity.  

Next we wonder whether inhibition of endogenous Dapper was 
sufficient to activate the Wnt signalling pathway.  To that end, we 
generated short-hairpin RNA (sh-RNA) specific for the chick Dapper1 
and Dapper2 sequences. Embryos were electroporated at HH10, and 
analysed by qPCR of target RNA in FAC sorted transfected neural cells to 
show that RNA levels were significantly reduced at 24hours post-
electroporation.  Next, we co-electroporated HH10 embryos with the 
TOP-FLASH-Luc reporter together with vectors expressing shRNAs, and 
24hpe analysed of the reporter activity. Interestingly, inhibition of 
endogenous Dapper2 was sufficient to activate the Wnt pathway in a 
very potent manner (Figure 18G). We next wonder at what level of the 
pathway are shDapper1 and 2 capable of activating the endogenous 
Wnt activity. To that end, we blocked the Wnt canonical pathway either 
at the membrane level, with a dominant negative form of the co-

receptor LRP6 (LRP6
C), or at the transcriptional level with a dominant 
negative form of TCF3  (TCF3DN). Consistent with previous reports 
inhibition at the receptor level was sufficient to inhibit the pathway 
(Alvarez-Medina et al. 2008), and knock-down of endogenous Dapper 
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can significantly overcome this inhibition (Figure 18B). Conversely, 
inhibition of the Wnt transcriptional activity mediated by the TCF3-DN 
cannot be rescued by the loss-of-function of Dapper (Figure 18B), 
further supporting Dapper activity to function upstream of the TCF 
transcriptional complex. 

Results show that although Dapper2 activity is higher to that of 
Dapper1, both chick genes are able to inhibit the Wnt canonical 
pathway. As Dapper1 is not expressed in NC, from now onward we only 
will focus on the study of Dapper2 function. 
 

3.- Dapper activity is required for neural crest delamination 
in Xenopus and chick embryos without affecting the motion 
properties of NC cells. 
 
The highly restricted expression of Dapper to NC progenitors suggested 
a role played in the early steps of NC development. Early NC 
development is initiated by the specification of NC progenitors in the 
dorsal neural tube, progenitors that are identified by the expression of a 
particular set of NC specific genes. To study the role of Dapper in the 
control of NC identity, we injected a Dapper1b/FRODO morpholino 
(Gloy et al., 2002; Hisaka et al., 2004) into one blastomere of an eight 
cell stage Xenopus embryo, and analysed the expression of NC specific 
genes such as Snail2 and Twist at two developmental stages. Analysis 
shows the acquisition of NC identity is reduced by Dapper1b/FRODO 
activity, since Snail2 gene expression is inhibited in premigratory NC 
(30% penetrance of this phenotype) (Figure 19A). However,, knock-
down of Dapper2 in the chick embryo by electroporation of shRNA at 
the 10 somites stage (HH stage 10), show the expression of NC specific 
genes including FoxD3, Sox10 and Snail2 to be independent to the 
activity of Dapper2 (Figure 20).  
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FIGURE 19: Dapper activity is required for NC migration (A-D) Xenopus laevis 
embryos were injected with control MO or FRODO MO. Embryos were fixed at 
stages 19, 22 and 46. In situ hybridization for XSnail2 and XTwist performed at early 
stages. Alician blue staining performed at late stage. (E-F)  Chick embryos 
electroporated at HH10 with shControl or shDapper2 were analysed 24hpe for the 
location of GFP-expressing cells. Control electroporated cells are located within the 
NT and the neural crest migratory streams, while shDapper2 expressing cells are 
retaining in the NT. (G-I)  
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Subsequent steps in NC development include the delamination 
from the dorsal NT and the migration through particular migratory 
paths. Dapper1b/FRODO morpholino injection in the Xenopus embryo   
reduced the length of the cephalic NC migratory streams compare to 
the control non-injected side of the embryos (80% penetrance) 
(Figure19A). Consistently, knock-down of Dapper2 in chick embryos 
caused a loss of migratory trunk NC cells, compare to control 
electroporated embryos (Figure 19B). As it is known that Wnt canonical 
pathway has a role in NC induction and migration, and Dapper2 is able 
to inhibit it, it was expected that Dapper2 has an effect in this two 
processes. However, these results indicate that the role on migration is 
much stronger than in induction although we cannot distinguish 
between impaired NC delamination and/or impaired cell motion 
properties of NC migratory cells. 

 FIGURE 20: The acquisition of NC identity is independent on Dapper-activity. Chick 
embryos electroporated at HH10 were analysed 24hpe by in situ hybridization, for 
the expression of NC markers. Expression of FoxD3, Sox10 or Snail2 did not change 
in the absence of Dapper2 activity. 
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To resolve these issues we directly tested the motion properties 
of NC cells in explant assay. Xenopus, cephalic NC cells start their 
migration as a cohesive cell population before progressively dissociating 
and migrating as individual cells (Theveneau and Mayor, 2012). Thus NC 
clusters were dissected from control MO and Dapper1b/FRODO MO 
injected embryos, and cell motion properties measured in vitro. NC 
expressing either control MO or Dapper1b/FRODO MO spread radially 
without displaying directional migration (Figure21A; see also Movie S1). 
Moreover both control and experimental NC cells show similar 
persistence and speed of migration (Figure 21B,C). These indicate that 
cell motion properties of NC cells are independent on Dapper and 
predicted a role for Dapper in NC dispersion.  

 

 
 
 
 
 

FIGURE 21: Dapper activity is required for NC dispersion Schematic representation 
of explant culture and time-lapse assay for X laevis embryos injected at the eight 
cell stage. (A)Tracks for control MO and FRODO MO cells from the source (explant) 
showing that both cells are able to migrate. (B-C) Speed and persistence of 
movement for both cells are identical. (D-F) Delaunay triangulations (center) of NC 
explants (left) show impaired dispersion in FRODO MO as compared to control MO 
explants, as areas in between neighbours are reduced (right).  
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To test this hypothesis we used a method to calculate cell 
dispersion that is independent on the size of the explant (Carmona-
Fontain et al., 2011). First, for each cell we determine its two closest 
neighbours using a Delaunay triangulation algorithm (Carmona-
Fontaine et al., 2008). Then the areas of the formed triangles (which are 
proportional to cell dispersion) are measured and compared (Figure 
21D,F). The loss of Dapper1/FRODO leads to a reduced dispersion of NC 
clusters, thus indicating that it is cell delamination but not cell motility 
the NC property dependent on Dapper function. 

 
4.- Dapper activity is sufficient to promote neural crest 
delamination from the dorsal neural tube in Xenopus and 
chick embryos 

We next study whether Dapper in vivo was sufficient to promote NC 
generation. Xenopus embryos injected with Dapper1b/FRODO show 
normal expression of NC specific genes such as Snail2 and Twist (Figure 
22A). Similarly, over-expression of Dapper2 in the chick embryo result in 
the normal expression of NC specific genes (Figure 20), indicating that 
Dapper activity is not sufficient to promote NC specification.  

 However, Dapper1b/FRODO injection in the Xenopus embryo 
increased the length of the cephalic NC migratory streams compare to 
the control non-injected side of the embryos (60% penetrance) (Figure 
22A). Consistently, over-expression of Dapper2 in chick embryos caused 
a significant increase of migratory trunk NC cells, compare to control 
electroporated embryos (Figure 22B).  

To test cell motion properties in cells over-expressing Dapper1b 
/FRODO, Xenopus cephalic NC cells clusters were dissected from control 
and Dapper1b/FRODO-GOF injected embryos, and cell motion 
properties were again measured in vitro. NC over-expressing 
Dapper1b/FRODO spread radially without displaying directional 
migration (Figure 24A). Moreover both control and  
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FIGURE 22: Dapper activity is sufficient to promote NC delamination from the 
dorsal NT. (A) Schematic representation of Xenopus laevis injection of at the eight 
cell stage, and development until the initiation of cephalic NC migration  (B-C) 
Embryos injected with control or FRODO expressing RNA were fixed at stages 19 
and 22. In situ hybridization for XSnail2 and XTwist show no changes in 
premigratoru NC (St 19) while migratory cephalic NC stream are longer in FRODO 
injected embryos. (D-E)  Chick embryos electroporated at HH10 with control or 
Dapper2 expressing DNA were analysed 24hpe for the dispersion of GFP-expressing 
cells. Increased number of migratory cells are in Dapper2. (E) Quantitative data 
show mean total ± s.e.m of EGFP-expressing cells in control EP vs Dapper2-EP 

b
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experimental NC cells show similar persistence and speed of migration 
(Figure 24B,C) and Delaunay triangulation algorithm analysis does not 
show differences (Figure 24D,E). Together indicating that Dapper 
activity is not sufficient to change cell motion properties of NC cells in 
Xenopus.  

 

We next set to directly test the motion properties of chick NC 
cells in an explant assay. Neural tubes were dissected from control and 
Dapper2-GFP electroporated embryos, and cell motion properties were 
followed by time-lapse in neural tube cultures. NC cells expressing 
Dapper2-GFP show a slight but significant increased speed of migration, 

FIGURE 23: Dapper activity is not sufficient to regulate NC motion in Xenopus.  
Schematic representation of explant culture and time-lapse assay for X laevis 
embryos injected at the eight cell stage. (A) Tracks for control MO and FRODO MO 
cells (left) from the source (explant at right) showing that both cells are able to 
migrate. (B-C) Speed and persistence of movement for both cells are identical. (D-
E) Delaunay triangulations (center) of NC explants (left) show impaired dispersion 
in FRODO MO as compared to control MO explants, as areas in between 
neighbours are reduced (right). 
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when compared to control GFP-expressing cells (Figure 24A and C and 
Movie S2).  Interestingly though, cells over-expressing Dapper2 
delaminate from the explant faster than control cells. As such, 50% of 
Dapper2-overexpressing cells covered the first 50μm in about ~120min 
compared to the 160min required for the control cells (Figure 24B and 
Movie S2). Since increased speed is not sufficient to fill the monitored 
distance-gap, our results suggest that Dapper2 over-expression 
increases the capacity of NC cells to delaminate form the dorsal neural 
tube.  

Together loss-of and gain-of-function experiments indicate that 
Dapper plays a major role in NC delamination, without largely affecting 
the specification or the motion properties of NC cells.  
 

FIGURE 24: Dapper activity is sufficient to promote NC delamination and 
migration in chick embryos. Schematic representation of chick NC cells culture (A) 
Representative tracks for NC cells migrating from the neural tube. (B) Percentage 
of cells that cross defined points at 50 or 100�m distance from the neural tube. (C) 
NC cells expressing Dapper2 show a slight increase in speed of migration. 
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FIGURE 25: Wnt-mediated blockade of NC delamination is rescued by Dapper2. 
(A) Xenopus laevis embryos were injected with activators (Wnt8 and dnGSK3) of 
the Wnt pathway. In situ hybridization for  XTwist performed at stage 22 
migration of cephalic NC streams are blocked in the Wnt8 and the dnGSK3 
injected sides (arrows), as compared to control sides.  (B)  Chick embryos 
electroporated at HH10 with Control, CA-�-catenin, or CA-�-catenin+Dapper2 
were analysed 24hpe for the location of GFP-expressing cells. (C) Quantitative 
data show mean total ± s.e.m of EGFP-expressing migratory cells in control EP, CA-
�-catenin-EP, Dapper2-EP and CA-�-catenin+Dapper2-EP embryos. 

5.- Dapper inhibition of  the Wnt canonical pathway is 
required for NC delamination 

The foregoing results correlate Dapper with the inhibition of Wnt 
canonical activity and with NC delamination. These observations raised 
the question of whether the Wnt pathway plays a role in NC 
delamination. To investigate this possibility we activated the Wnt 
pathway in vivo by injecting activators of the pathway such as Wnt8 or a 
dominant negative form of GSK3 into Xenopus embryos, and analysed 
negative form of GSK3 into Xenopus embryos, and analyzed the 
expression of NC genes and the migration of the cranial NC streams. 
Results in Figure 25A show increased expression of NC genes such as 
Snail2 and Twist in the injected side of the embryos, as compared to 
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control non-injected side, indicating a role for Wnt activity in the 
induction of NC genes (LaBonne and Bronner-Fraser, 1998; Saint-
Jeannet et al., 1997; Bang et al., 1999; Wu et al., 2005; Li et al., 2009) 
(Figure 25A). Interestingly though, hyper-activation of the Wnt pathway 
prevents NC migration as observed at St22 embryos in which cephalic 
NC streams are not formed in the injected side of the embryo (Figure 
25A). These suggested that although Wnt activity is necessary for the 
specification of NC cells (by regulating the expression of NC genes) the 
Wnt-pathway needs to be locally down-regulated at the time of NC 
delamination, and our results pose Dapper as a candidate to play this 
role. 

To test this hypothesis, we activated the Wnt pathway by 

electroporation of a stabilized form of �-catenin (CA-�-catenin) that 
resulted in a significant impairment of NC delamination 24hpe, as 
compared to control electroporated embryos (Figure 25B, C). To 
confirm our hypothesis, co-electroporation of Dapper2 is sufficient to 
restore the loss of NC migration (Figure 25B,C), most likely by inhibiting 

�-catenin activity.  
 

6.- Dapper2 and β-Catenin interactions form nuclear 
accumulation in nuclear bodies. 

β-catenin (armadillo in Drosophila) is a key mediator of the Wnt 

canonical activity. In cells not exposed to the signal, �-catenin is 
degraded, after phosphorylation by GSK-3 and CK1 alpha, through the 
ubiquitin pathway. The activation of Wnt signalling initially leads to the 

inactivation of GSK-3 that, as a consequence, does not phosphorylate �-

catenin. The stabilized �-catenin then enters the nucleus to interact 

with TCF. �-catenin can convert TCF into a transcriptional activator of 
the same genes that are repressed by TCF alone (reviewed in Nusse, 

1999). Thus �-catenin shuttling from the cytoplasm to the nucleus is a 
key event regulating transcriptional responses. 
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FIGURE 26: Dapper2 and ��-Catenin form nuclear accumulations. Transversal 
section of a chick neural tube. (A) Chick embryos electroporated with only 
�Catenin shows a normal cytoplasm and nuclear distribution. (B) Co-eletroporation 
of �Catenin and Dapper2 form nuclear accumulations 

Thus to study the mechanisms of Dapper inhibition of the Wnt 
canonical pathway we first analyzed changes in the subcelullar 

localization of �-catenin.  To that end, chick embryos NT were co-

electroporated with a Flag-tagged version of CA-��-catenin together 
with the human-Dapper2. Surprisingly though, instead of the expected 

exclusion of ��-catenin from the nucleus, immunostaining against Flag 

revealed �-catenin and Dapper2 to form very well defined nuclear 
bodies. 

Due to the ability of Dapper2 and �-catenin to form protein 
complexes (Kivimäe et al., 2011), we hypothesize an alternative 

mechanism in which Dapper2-mediated sequestering of �-catenin 

within nuclear accumulations prevents �-catenin binding to TCF. This in 
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FIGURE 27: Dapper2/bCatenin nuclear accumulations co-immunostained with PML 
nuclear bodies. Transversal sections of chick neural tube electroporated with 
Dapper2 and �Catenin show that nuclear accumulations contain also PML protein. 

turn would prevent the conversion of TCF-repression into TCF-target 
gene activation, resulting in Wnt-target gene inactivation.  

These �Catenin/Dapper2 nuclear accumulations appeared to be 
very well organized suggesting their integration in a nuclear 
compartment. The mammalian cell nucleus is a complex but highly 
organized organelle, which contains numerous morphological sub-
compartments that form and maintain themselves in the absence of 
membranes, having biologically different functions, some related to 
transcriptional control.  

In particular, PML nuclear bodies (PML-NB, also known as ND10, 
PODs for PML oncogenic domains or Kr bodies), named by their 
enrichment in the promyelocytic leukaemia protein (PML) (Zhong et al., 
2000), are suggested to play a dual roles in transcriptional regulation, 
both by sequestering gene regulatory proteins and by modulating the 
availability or activation status of transcription factors. In fact, many 
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transcription factors and transcriptional regulators dynamically localize 
to PML-NBs, including Sp100, DAXX, pRB and p53 among others. 
Additionally, PML-NB can also contain HDAC and CK2, both of them 
Dapper2 interacting proteins (reviewed in Bernardi and Pandolfi, 2007).  

Interestingly, the �Catenin/Dapper2 nuclear accumulations 
exhibit ring-morphologies reminiscent to the reporter morphologies of 
PML-NB (reviewed in Carracedo et al., 2011). Thus, to begin to 

characterize the nature of the �Catenin/Dapper2 nuclear 
accumulations, we co-immunostained with anti-PML, and showed the 
enrichment in PML-expression (Figure 27). 

 All together these results suggest that the �Catenin/Dapper2 
nuclear accumulations induced by Dapper2 can correspond with PML-
NB, although to confirm this theory more experiments have to be done. 
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FINAL OVERVIEW 
 
Numerous initiatives to improve our understanding of cancer biology 
have been lunched in different laboratories that aim to describe the 
interactome and gene-expression profile in different tumour cell line.  It 
is now clear that the different strategies of cell migration observed in 
cancer are reminiscent of the different migratory strategies observed 
during embryo development. These similarities suggest that 
developmental program that has to be kept off after embryogenesis 
may be induced by spontaneous genetics modifications that produce 
tumour cells. 

In this study we went inside the genetic network/profile that 
controls how neural crest cells eventually switch on the migration 
program and how they are able to arise into different lines with the 
propose of getting new ideas on how to prevent dissemination of 
tumour cells or how to treat advanced tumour that have already 
spread. 

Getting in more detail into this genetic network, Wnt canonical 
signalling response has to been shown to be a key event in both cancer 
and neural crest cell development. Traditionally Wnt canonical pathway 
has been involved in neural crest induction process, but here we 
demonstrated that it is also critical for the onset migration of the neural 
crest cell. In fact, high levels of Wnt canonical activity prevents neural 
crest cell to delaminate and only through the inhibition of this activity 
mediate by dapper protein, neural crest cells can undergo into their 
normal migration pathways. 

If this process has an implication in cancer is still unknown, but 
Dapper expression proteins have been already associated to different 
types of cancer.  



 



CONCLUSION

Theories come and theories go.
The frog remains

Jean Rostand, 1894-1977



 



 

CONCLUSIONS 
 

1. The BRE-tk-EGFP is a new resource for lineage tracing and 
isolation of the Neural crest cell population. 

2. We propose a revised Neural crest genomic signature containing 
14 new genes (AXUD1, DACT2 DLC1, FZD10, FRZB, FYN, GJA1, 
LMO4, LASP1, NXPH1, PHLDA2, VCL, WIPF1 and  ZYX)  

3.  The Neural crest genome signature serve to identify new genes 
associated to Neuroblastoma formation and associate them to 
particular clinical characteristics. 

4. The Wnt canonical pathway is highly represented in the revised 
Neural crest genomic signature, Dapper2 is among these genes. 

5. Dapper2 is expressed in premigratory and migratory neural crest 
cells in the Xenopus laevis and the chick embryos. 

6. Dapper2 inhibits the Wnt canonical pathway upstream TCF, 
without regulating the BMP activity 

7. Dapper2 activity is both required and sufficient for neural crest 
delamination from the dorsal neural tube, without regulating 
the motion properties of neural crest cells. 

8. Activation of the Wnt canonical pathway inhibits neural crest 
migration. Dapper2 serves as a local inhibitor of the Wnt activity 
to permit neural crest delamination 

9. Dapper2 interacts with and sequesters �-catenin to nuclear 
accumulations. 
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APPENDIX

El árbol del saber y el de la vida 
crecían por igual. La ciencia es 
buena, y la vida también. ¿Cómo 
es posible que, sumadas las dos, 
un mal resulte?

Lord Byron. Caín. 1821
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Jagged2 controls the generation of motor neuron and
oligodendrocyte progenitors in the ventral spinal cord

MA Rabadán1, J Cayuso1, G Le Dréau1, C Cruz2, M Barzi3, S Pons3, J Briscoe2 and E Martı́*,1

In the developing spinal cord, motor neurons (MNs) and oligodendrocytes arise sequentially from a common pool of progenitors.
However, the genetic network responsible for this neurogenesis to gliogenesis switch is largely unknown. A transcriptome
analysis identified the Notch ligand Jagged2 (JAG2) as a Sonic hedgehog-regulated factor transiently expressed in MN
progenitors (pMNs). In vivo loss- and gain-of-function experiments show that JAG2 schedules the differentiation of the pMN
progenitors. At early developmental stages, Olig2 expressing pMN progenitors that enter the differentiation pathway exclusively
generate MNs. At these times, the activation of the Notch pathway by JAG2 maintains selected pMN progenitors in an
undifferentiated state by two mechanisms; first it inhibits MN generation by reducing Olig2 proteins levels, and second it directly
inhibits the premature generation of oligodendrocyte progenitors (OLPs) by maintaining high levels of Hes5. Later, extinction of
JAG2 from the pMN results in the loss of Hes5 expression, heralding the gliogenic phase of pMN progenitors. Strikingly,
downregulation of JAG2 in pMN progenitors is sufficient to promote the precocious generation of OLPs. Together these data
provide evidence that JAG2 is a key regulator of the timely and ordered generation of two of the defining cell types in the spinal
cord, MNs and OLPs.
Cell Death and Differentiation (2012) 19, 209–219; doi:10.1038/cdd.2011.84; published online 1 July 2011

In many developing tissues, most notably the central nervous
system, the identity of a cell is linked to the time at which it is
generated. However, the mechanisms that underpin the
temporal specification of cell fate are poorly understood.
A well-defined example of this problem is the sequential
generation of motor neurons (MNs) and oligodendrocytes
(OLPs) in the developing spinal cord. These two cell types
arise from a common domain of progenitors, termed the MN
progenitor (pMN) domain, which is located in the ventral
neural tube. Initially, the pMNdomain producesMNs that send
axonal trajectories out of the CNS to innervate peripheral
targets. Subsequently, progenitors in the same region
produce oligodendrocytes, the myelinating cells of the CNS.
The pMN domain is specified by the instructive activity of the
secreted protein Sonic hedgehog (Shh), which, signalling
through the canonical Gli pathway, provides positional identity
to neural progenitors by directing a transcription network in
responding cells.1 Amongst the members of this network is
the basic helix-loop-helix (bHLH) transcription factor Olig2,
which is expressed in the pMN domain and provides a
molecular identifier for the pMN domain.2,3

Early studies showed that Shh is both necessary and
sufficient for the generation of spinal MNs.4–6 Subsequently,
Shh was shown to be required for OLPs to emerge at the
appropriate developmental stages.7,8 This indicated a dual
role for Shh in both MN and OLP generation. Consistent with
this, Shh induces the expression of Olig2 in the pMN domain.

MNs and OLPs are depleted or eliminated in the spinal cord
of mice and zebrafish lacking Olig2.9–12 In addition, Olig2
promotes the expression of the neurogenic bHLH factor,
Ngn2, that contributes to the terminal differentiation of
MNs.13,14 These data led to a model in which MNs and
OLPs derive from a common progenitor that expresses
Olig2, which switches from MN to OLP generation at a
defined developmental time point. However, the factors
regulating the temporal switch from MN to OLP and maintain-
ing the population of progenitors undifferentiated to ensure
that the appropriate numbers of each cell type are generated,
remain elusive.
The Notch pathway maintains the balance between

progenitor self renewal and differentiation.15 Ligands of the
Notch pathway (Dll1, Jagged 1 (JAG1)) are expressed in
distinct patterns along the dorsal–ventral (DV) axis in the
developing spinal cord.16–19 Notch signalling is a cell–cell
communication system, and activation of Notch signalling
results from the interaction between the Notch receptor and
its ligands, Delta and JAG, expressed by adjacent cells. The
ligand receptor interaction induces a proteolytic cleavage of
the Notch protein and nuclear translocation of its intracellular
domain (Notch ICD), which interacts with the DNA-binding
protein CSL (RBP-Jk) to activate Notch downstream genes,
such as the Hes transcription factors.15 These proteins have
been demonstrated to mediate their functions, at least in
part, by repressing the neurogenic bHLH factor Ngn2 that
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contributes to the terminal differentiation of MNs,13,14 and by
inhibiting the maturation of OLPs, at least in the optic nerve.20

Thus, a plausible model might entail Notch activity preserving
undifferentiated progenitors in the pMN during the period
of MN generation so that sufficient numbers are available
when oligogenesis supervenes. Supporting this view, in the
zebrafish embryo, Notch signalling is required during embry-
ogenesis to maintain radial glia and permit oligodendrocyte
development.21 However, whether Notch signalling has a
direct role in determining the timing, and the switch, from
neurogenesis to gliogenesis is unknown.
Here we show that in the chick and the mouse embryo,

the expression of the Notch ligand JAG2 is restricted to the
pMN domain during the period of MN generation, and that
this pattern of expression depends on Shh activity. In vivo
experiments demonstrate that loss of JAG2 resulted in
the accelerated differentiation of MNs and the premature
generation of OLPs. Conversely, GOF experiments demon-
strate that JAG2 activity prevents the differentiation of pMNs,
at least in part by lowering the levels of Olig2 protein, thus
preserving Olig2þ progenitors for later oligodendrogenesis.
In search for the Notch-dependent effector regulating this cell
fate switch, we found that Hes5, a Notch target and direct

repressor of OLP specific genes, is regulated and mediates
the activity of JAG2. Together the data provide new insight
into the genetic network responsible for the timely generation
of spinal MNs and oligedendrocyte progenitors.

Results

Shh signalling directs expression of JAG2 to the pMN
domain. An in vivo transcriptome analysis of neural
progenitors responding to Shh activity (see Materials and
Methods),22 focussed our attention on the Notch pathway,
and the possibility that Notch signalling has a role in
patterning the neural tube. In response to activators of the
Shh pathway, expression of the Notch ligand Serrate2/JAG2
appeared upregulated (Figure 1a).
To examine the distribution of JAG2 in the developing

spinal cord, we mapped its expression in relation to proteins
defining different DV. The onset of expression occurred after
neural tube closure in scattered cells (data not shown). From
HH15 to HH17 JAG2 was expressed within the motor neuron
progenitor domain (pMN; Figures 1b and c). At these stages,
JAG2 was co-expressed with the MN progenitor protein
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Figure 1 The Notch ligand Jagged2 is transiently expressed in the ventral spinal cord. (a) A transcriptional profiling strategy for Shh identified patterning determinants and
components of the Notch pathway. Chick embryos were electroporated with activator or inhibitors of the Shh pathway (see Materials and Methods), transfected GFP-
expressing cells were FACS sorted, and extracted RNA was used to hybridise full genome genechips. In response to activators of the Shh pathway (Gli3Act), genes expressed
in the ventral NT were upregulated, whereas dorsal genes appeared downregulated. In addition, expression of the Notch ligand Serrate2/Jagged2 appeared upregulated.
(b–e) Expression of Jagged2 revealed by in situ hybridisation in sections of chick embryos at the indicated stages. (c) Shows double labelling with the intermediate neuronal
subtypes (Pax2). (f, g) Expression of Jagged2 revealed by fluorescent in situ (red), double labelled with the pMN marker Olig2 (f) or the MN marker islet1 (g). (h) Double
immnunohistochemistry for Olig2/Nkx2.2 shows the generation of OLP. (i) Summary of the expression of Jagged2 in relation to the generation of MNs and OLPs from the
pMN domain
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Olig2 in a salt-and-pepper pattern (Figure 1f), and was
excluded from the differentiated MNs (Figure 1g). In addition,
JAG2 was expressed in a subset of dorsal progenitors
(Figures 1b–d). Expression of JAG2 in the pMNwas transient,
however, was maintained in the transition zone (TZ) by HH23/
24 (Figure 1d) and was extinguished by HH30 (Figures 1e
and i). Dorsal expression of JAG2 is maintained at HH30,
together with lower expression levels in some sub-populations
of differentiated MNs. Interestingly, the downregulation of
JAG2 expression in the pMN domain correlates with the time
OLP generation supervenes (Figures 1e, h and i).
We tested whether the ventral expression of JAG2 depends

on Shh activity. Analysis of the Shh�/� embryos showed
the lack of JAG2 expression in the ventral hindbrain and
spinal cord (Supplementary Figure 1). In addition, inhibition
of Shh signalling by a dominant-negative version of Gli3
(Gli3Rep)23 resulted in the loss of JAG2 expression from
pMN. Conversely, constitutive activation of the Shh pathway,
using Gli3Act resulted in a dorsal expansion of JAG2 (Supple-
mentary Figure 1). Together these results indicate that Shh
signalling is required and sufficient for the ventral expression
of JAG2.
Experimental evidence supports a model in which the

specific distribution of Notch ligands endows distinct pro-
genitor domains with the ability to influence the pace of
cell differentiation in a domain- and cell-type-specific man-
ner.19,24,25 This prompted us to ask whether JAG2 influenced
the generation of either MNs and/or OLPs. We generated
short-hairpin RNA (shRNA) to knockdown endogenous
JAG2. Analysis by qPCR of target RNA in transfected neural
cells indicated that the shJAG2 (loss-of-function: LOF-JAG2)
reduces RNA levels to B50% of normal without reducing the
closely related ligand JAG1 (Supplementary Figure 2). Knock-
down of JAG2 did not affect the relative distribution
of proliferating progenitors and differentiated neurons in the
spinal cord, neither changed the identity of progenitors along
the DV axis (Supplementary Figure 2 and data not shown)
similar to the results recently reported for JAG1.19 This
analysis indicated that shJAG2 did not affect the anatomical
integrity of the neural tube, prompting us to analyse cell fate
identities.

JAG2 activity regulates the timely generation of MNs. In
the spinal cord, MNs are generated from the pMN domain in
a narrow time–window (stage HH15 to stage HH23/24).26 To
test the role of JAG2, brachial regions of embryos were
electroporated at HH14, before the onset of MN generation,
and assayed with the early MN marker MNR2/HB9.14

Quantification of MNs was performed relative to the
ventricular lumen (Figure 2a). MNR2þ cells positioned
adjacent to the ventricular zone (VZ) correspond to newly
generated MNs (MNR2þ cells in the TZ), whereas those
positioned towards the basal/pial surface correspond to
terminally differentiated MNs (MNR2þ cells in the marginal
zone). Knockdown of JAG2 (LOF-JAG2) markedly changed
the distribution of MNR2þ cells: more cells were positioned
adjacent to the VZ and less terminally differentiated MNs
were present. By contrast, overexpression of JAG2 (GOF-
JAG2) reduced the total number of MNR2þ cells at both
locations (Figure 2b). This suggested JAG2 activity to

regulate the tempo of MN generation and prompted us to
analyse MN differentiation.
To unequivocally identify the birth date of MNs, we

administered a single dose of bromodeoxyuridine (BrdU) at
HH20 (24 h PE, the time at which B50% should be post
mitotic26) and harvested the embryos at HH23/24 (48 h PE).
Double immunohistochemistry for BrdU and the MN marker
Islet1 allowed us to identify MNs (Islet1þ /BrdU�) that had
exited the cell cycle and initiated differentiation before HH20
(Figures 2c and d). Embryos electroporated at HH14 (before
the onset of MN generation) with the control vector contained
43±0.015% of Islet1þ /BrdU� cells, confirming that B50%
of MNs were generated before HH20 (Figures 2e and f).
By contrast, in embryos in which JAG2 activity was depleted
from HH14, the percentage of Islet1þ /BrdU�MNs increased
significantly to 61±0.017% (B1.5-fold increase) Further-
more, the total number of Islet1þ cells appeared reduced,
48 h PE of LOF-JAG2 (Figures 2e and f). This suggests
that loss of JAG2 activity promotes the premature differentia-
tion of MNs.
Conversely, gain-of-function (GOF) experiments with

JAG2 (GOF-JAG2) resulted in the decrease in MN differen-
tiation and the percentage of Islet1þ /BrdU� decreased to
33±0.02% (B1.5-fold decrease; Figures 2e and f). Impor-
tantly, these experiments indicated that the ability of JAG2 to
activate Notch is limited to pMN progenitors, as differentiation
of other neuronal identities was largely unaffected (Supple-
mentary Figure 3). This is in concordance to the recently
reported roles for Dll1 and JAG1.19,25

JAG2 activity inhibits the differentiation of Olig2þ
progenitors. Intriguingly both LOF and GOF in vivo experi-
ments resulted in a reduction of the final numbers of differen-
tiated MNs. To understand this result, we took advantage of
the data generated by the determination of the percentages
of born MNs (Figure 2c), to model the behaviour of the
pMN domain for three cell divisions (B48 h). We took the
simplifying assumption that normally 50% of divisions were
asymmetric. We examined the effect of the changes in the
rate of neurogenesis measured in the LOF and the GOF
experiments. Plotting the ratios of predicted differentiated
MNs in each experimental condition showed the initial
increase in MN in the absence of JAG2, whereas at the
end of the 48 h period, the final MN number decreased in
both conditions. These profiles were similar to those obtained
empirically (Figure 3a). Moreover, the model predicted
specific changes in progenitor numbers, prompting us to
experimentally test this prediction.
Olig2 is a key component of the genetic network operating

in the pMN for the generation of MNs.2,3,14 Consistent with
the prediction of the model, the forced expression of JAG2
(GOF-JAG2) resulted in an increase in Olig2þ progenitor
cells within the VZ (Figure 3b). Conversely, reduced JAG2
activity (LOF-JAG2) caused a gradual loss of Olig2þ cells
from the VZ (Figure 3b). These experimental data match the
changes in progenitor numbers predicted by our model.
All together these data suggest that JAG2 controls MN
differentiation through the regulation of Olig2þ cells.
We observed that forced expression of JAG2 laterally inhibit

Olig2þ cells that are retained as progenitors within the VZ
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(Figure 3c). It also came to our attention the fact that these
Olig2þ cells appeared to express lower levels of Olig2
protein, when compared with the control contralateral
Olig2þ progenitors (Figure 3c). To assess this observation,
we quantified protein levels by western blot in neural tube
extracts that were electroporated with either Olig2 alone or
together with JAG2. Co-electroporation of JAG2 caused a
B50% reduction on both Olig2 protein bands (Figures 4a, b).
This observation suggested a mechanism by which JAG2
reduced Olig2 protein to a level below the threshold require to
generate MNs, thus resulting in the lateral inhibition of MN

differentiation. Indeed, overexpression of Olig2 alone was
sufficient to promote MN generation, as shown by the ectopic
MNR2þ cells (Figure 4c).14 However, exposure to JAG2
inhibits the MN differentiation activity of Olig2þ (Figure 4c).
Altogether, our data suggest a model in which JAG2 functions
in the pMN domain to inhibit laterally the Olig2-expressing
progenitor from becoming MNs (Figure 4d). Olig2-expressing
progenitors that do not contact with JAG2 were primed to
enter the differentiation pathway to generate MNs. Lateral
contact to JAG2 prevents MN differentiation, at least in part,
by reducing the Olig2 protein levels.

Figure 2 Jagged2 activity controls the timely differentiation of MNs. (a) Embryos electroporated (EP) at HH14, with the indicated DNAs, were analysed at 72 h post EP with
the early MN marker MNR2 (red). EP side is shown to the right, GFP (green) shows transfected cells. Quantification of motor neurons and their spatial distribution was
performed analysing confocal images. (b) Histograms represent the number of MNR2-positive cells depending on the distance to the lumen; TZ, transition zone; MZ, mantle
zone. (c) Schematic representation of the MN birth dating experiments following Jagged2 manipulations. Embryos EP at HH14 were labelled with a single BrdU pulse 24 h PE,
and analysed at 48 h PE for BrdU/MN markers. (d) Schematic representation of motor neurons birth dates in the brachial spinal cord of the chick embryo, data adapted from
Hollyday and Hamburguer.26 (e) Example sections showing double staining for the MN marker Islet1 (green) and BrdU (red). EP side is shown to the right, GFP (blue) shows
transfected cells. (f) Quantitative data showing the proportion of born MNs, plots correspond to the ratio of EP versus non-EP side in each experimental condition (control,
black dots; GOF-Jag2, red dots; LOF-Jag2, green dots). Time is represented as hours of incubation and HH stages. First dot corresponds to the EP time, second to the
BrdU�/Islet1þ cells (MNs born at the time of the BrdU pulse), third dot represents the total Islet1þ cells (MNs terminally differentiated 48 h PE). Bars correspond to the
standard error (S.E.M.)
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JAG2 activity is necessary to prevent premature OLP
generation. Once neurogenesis of MNs is terminated,
progenitors in the pMN domain switch to the generation
of OLPs. We analysed the effect of JAG2 depletion on the
oligodendrogenesis. Strikingly, after knockdown of JAG2
function at HH14, Olig2-expressing cells were observed
migrating away from the pMN (mean 19.14±1.99 cells/
section, n¼ 20; Figures 5a and b). This contrasted with
control embryos in which Olig2 was robustly expressed in
the pMN domain and no migratory Olig2þ cells were detect-
able. Furthermore, Olig2þ migratory cells were significantly
reduced when the human JAG2 (GOF-JAG2) was co-
electroporated, supporting the specificity of the phenotype
(rescue experiments: mean 9±2.27 cells/section, n¼ 15;
Figures 5c and h). Olig2-expressing cells that migrate away
from the VZ have been characterised as OLPs,2,3,9,10 but
these are not normally generated until after the period of
MN generation. To characterise the molecular nature of
these migratory Olig2þ cells, we co-immunostained with
the OLP-specific marker O4.7 This revealed that most of the
migratory Olig2þ cells co-expressed O4 (Figure 5g),
consistent with these cells being OLPs.
Furthermore, the SoxE proteins have a prominent role

in OLP generation. Sox9 is required for OLP specification
and is expressed transiently in early migrating OLP. Sox8 and
Sox10 are also expressed in early migrating OLPs, and Sox10
activates myelin genes as part of the terminal differentiation

programme of oligodendrocytes.27,28 Consistent with migra-
tory cells being OLPs, knockdown of JAG2 resulted in the
prematuremigration of Sox9þ cells (mean 28.57±5.73 cells/
section, n¼ 16) and the reduction of Sox9þ cells from the
pMN. Again in a JAG2-LOF background, the number
of Sox9þ migratory cells was reduced when NT was
co-electroporated with the human JAG2 cDNA (GOF-JAG2)
that was resistant to the short hairpin (rescue experiments;
mean 7.2±2.1migratory cells/section) further supporting
the specificity of this phenotype (Figures 5d–f and h).
Furthermore, premature migratory OLPs expressed Sox8
(not shown), Sox10 and the myelin-specific gene PLPDM20
(Figures 5i–n). Knockdown of JAG2 additionally increased
levels of PDGFRa and PLP expression, as assessed by
real-time PCR (Figure 5o), as well as the activity of the myelin
basic protein (MBP) reporter as assessed by luciferase
activity (Figure 5p). Altogether, these data indicate that
knockdown of JAG2 activity results in the precocious
generation of OLPs from the pMN domain.
Converse GOF experiments allowed the maintenance of

high levels of JAG2 expression at the time of OLP generation,
when JAG2 expression is normally extinguished from pMN.
This resulted in the loss of migratory OLP identified by double
immunohistochemistry for Olig2þ /Nkx2.2þ and Olig2þ /
O4þ , at the stage at which migratory OLPs were abundant
in the control contralateral side (Figures 6a–e).7,29,30 This is
consistent with the finding that JAG2 has a negative role on

Figure 3 Overexpression of Jagged2 retains Olig2þ cells in a progenitor stage. (a) Model representing the fate of pMN progenitors along three cell cycles, in control
situation in which 50% divisions are asymmetric, giving rise to one MN (green) and one progenitor cell (red). Percentages of asymmetric divisions are adapted from data
provided by BrdU incorporation experiments in the presence or the absence of Jagged2. Drawing shows the resulting proportion of neurons (N) and progenitors (P). Plots
represent the ratio of theoretical MNs generated in each condition, dots correspond to each cell cycle. Plots represent the ratio of theoretical progenitors that remain in each
condition, dots correspond to each cell cycle. (b) Quantitative data showing the ratio of Olig2þ cells, plots correspond to the ratio of EP versus non-EP side in each
experimental condition (control, black dots; GOF-Jag2, red dots; LOF-Jag2, green dots). Time is represented as hours of incubation and HH stages. Dots correspond to 12 h
24 h, 48 h and 72 h PE. Bars correspond to the standard error (S.E.M.). (c) Sample sections, EP with indicated DNAs, and immunostained with Olig2 (red). EP sides are shown
to the right, GFP (green) shows transfected cells
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Olig2 expression. Together these data supports the idea that
MNs and OLPs are sequentially generated from a single
progenitor and that JAG2 activity ensures progenitors do not
switch from neurogenesis to gliogenesis prematurely.

JAG2 controls OLP generation through the regulation of
Hes5 expression. How might JAG2 prevent precocious
OLP generation? Members of the Hes family of bHLH
transcription factors are the best characterised Notch targets
that function as effectors of the cell fate decisions mediated
by Notch signalling. In the chick spinal cord, Hes5 is the only
member expressed in the pMN domain (Figures 7a and b),31

and its expression is reduced from these progenitors as they
switch from MN to OLP (Figure 7c). Moreover, mice lacking
Hes5 generate excess oligodendrocytes.32 These data
raised the possibility that Hes5 is the transcriptional
effector that regulates the timing of OLP generation.

We tested whether JAG2 regulates Hes5 expression
in the pMN. Reduction of JAG2 function caused the loss
of Hes5 expression (Figures 7d and f). Moreover, even
though Hes5 is broadly expressed, the loss of Hes5
was restricted to the pMN. Conversely, GOF experiments
showed that overexpression of JAG2 resulted in the
maintenance of high levels of Hes5 in the pMN domain
(Figure 7e).
We next asked whether Hes5 activity could rescue the

premature generation of OLP observed in the absence of
JAG2. Indeed, in embryos in which JAG2 was depleted by
shRNA, the forced expression of Hes5 significantly reduced
the premature migration of OLPs (Olig2þ from 19.14±1.99
to 3.62±0.53 cells/section; Sox9þ from 28.57±5.73 to
7.09±1.28 cells/section, Figures 7g–k). Consequently, Olig2-
and Sox9-expressing cells were maintained in the VZ of the
pMN domain (Figures 7g and h). This supports the conclusion

Figure 4 Jagged2 reduces Olig2 protein levels and inhibits the Olig2 capacity to differentiate MNs. (a) Western blots from NT total lysates were immunobloted with anti-
Olig2, anti-Myc and anti-RFP antibodies. Embryos co-EP at HH14 with Jagged2-Myc, Olig2 and pCAGGS-ires-RFP were dissected at 12 h PE. Note that Olig2 protein is
distributed within two separate bands that were both shifted but maintained in the presence of calf intestine alkaline phosphatase (CIAP), showing that both forms are
phosphoproteins. These two bands might reflect alternate translation initiation sites.2 Anti-Myc reveals the presence or absence of Jagged2, anti-RFP as EP control.
(b) Quantitative analysis of upper and lower Olig2 bands, in the presence or the absence of Jagged2, normalised to RFP levels. Olig2 protein levels are significantly reduced in
NT co-transfected with Jagged2. (c) The Olig2 capacity to differentiate MNs is prevented by Jagged2 activity. Embryos EP at HH14 with the indicated DNAs were analysed
12 h PE for the MN progenitor marker Olig2 (red) and the MN definitive marker MNR2 (green). GFP is shown in blue. EP of Olig2 is sufficient for the generation of ectopic
MNR2þ MNs. Quantification of ratio of MNR2þ cells in EP versus control non-EP side revealed a ratio of 0.85±0.07 in control EP embryos, whereas in Olig2-EP increased
to 2.02±0.03. EP of Jag2 prevents the generation of MNR2þ cells to 0.58±0.02, whereas co-EP of Olig2 and Jag2 also reduced the appearance of MNR2þ cells to
0.51±0.05 in the normal ventral domain, but also prevented the generation of ectopic dorsal MNs. (d) Summary model of Jagged2 activity in the pMN domain, Jagged2
activity splits Olig2þ progenitors into two different identities
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that Hes5 acts downstream of JAG2 to control the premature
generation of OLPs.

Discussion

In this study, we provide evidence that the generation of MN
and OLP in the ventral spinal cord depends on the activity of
the Notch ligand JAG2. The activity of JAG2 prevents the
neighbouring Olig2-expressing progenitor from entering the
differentiation pathway. In pMNprogenitors in which theNotch
pathway is activated by JAG2, MN differentiation programme
is prevented, at least in part, by reducing the Olig2 protein
levels. This preserves a pool of progenitors and, at the same
time, maintains high levels of Hes5 expression, that in turn

directly inhibit the oligodendrocyte generation during the
neurogenic phase.
In the absence of JAG2, pMN progenitors enter the

differentiation programme to generate first MNs and next,
when Hes5 levels are sufficiently reduced, to generate
oligodendrocytes. These data support a model in which MN
and OLP arise sequentially from a common progenitor
population residing in the pMN. JAG2 controls the timing of
the switch from MN to OLP production by suppressing OLP
generation during the neurogenic phase.
During the process of writing these results, two independent

studies showed post-transcriptional modifications of Olig2
that changed the activity of Olig2, and thus the outcome of the
Olig2þ progenitors in the pMN. Li et al.33 found a phosphory-

Figure 5 Depletion of Jagged2 activity at the time of MN generation results in premature OLP generation. (a–h) Embryos electroporated at HH14 with the indicated DNAs
were analysed at 48 h PE with OLP markers. EP side is shown to the right, GFP (green) shows transfected cells. (a and b) Olig2 is expressed at pMN in control NT, whereas
GOF-JAG2 EP shows migratory Olig2þ cells. (c) Co-EP with human Jagged2 (GOF-JAG2) restores Olig2þ cells to pMN. (d and e) Sox9 is expressed throughout the VZ in
control NT, whereas LOF-JAG2 electroporated NT shows depletion of Sox9þ cells at pMN and migratory Sox9þ cells. (f) Co-EP with GOF-JAG2 restores Sox9 expression
in pMN. (g) Olig2þ migratory cells (red) co-expressed the OLP marker O4 (green). (h) Quantitative analysis of Olig2þ and Sox9þ migratory cells at 48 h PE after
electroporation of the indicated DNAs. Numbers are shown as migratory marker expressing cell in each experimental condition. Bars correspond to the standard error (S.E.M.).
(i–n) At 72 h PE of LOF-JAG2, Sox9 is extinguished from the VZ, and premature expression of the OLP markers Sox10 and PLPDM 20 are detected by in situ hybridisation. In
control electroporated spinal cords, Sox10 and PLPDM20 are only expressed in the ventral roots. (o) Premature OLP generation as revealed by the real-time–PCR detection
of a significant increase in the expression of PDGF receptor a and in the myelin-specific gene PLP at 48 h PE of LOF-JAG2. (p) Premature OLP generation as revealed by the
increased activity of the MBP-Luc reporter 24 h PE of LOF-JAG2
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lation site in the bHLH domain of Olig2 that favoured the
homodimerisation capability of Olig2, and thus its transcrip-
tional activity. Mice carrying a mutant version of Olig2
(Olig2S147A) show the loss of progenitors at the pMN domain

and the loss of differentiated MNs, a phenotype that is highly
comparable with the overexpression of JAG2. This suggested
that changes in the MN differentiation capacity of Olig2, that
we reported in the presence of JAG2, might be the result of

Figure 6 Persistent overexpression of Jagged2 inhibits OLP generation. Embryos EP at HH18 with Jagged2 (GOF-JAG2), or control empty vector (Control), were
analysed at 4, 5 days after EP for oligodendrocyte generation. (a and c) Oligodendrocytes are identified as migratory cells departing from the pMN expressing Olig2 (red) and
Nkx2.2 (green). Electroporated side is shown to the right, GFP (blue) shows transfected cells. Controls show numerous migratory OLPs. GOF-JAG inhibits OLP migration.
(b and d) Oligodendrocytes are identified as migratory expressing Olig2 (red) and O4 (green). Electroporated side is shown to the right, GFP (blue) shows transfected cells.
Controls show numerous migratory OLPs. GOF-JAG inhibits OLP migration. (e) Quantitative analysis of Olig2þ migratory cells at 72 h and 108 h after electroporation of the
indicated DNAs. Numbers are shown as migratory marker expressing cell in each experimental condition. Bars correspond to the standard error (S.E.M.)

Figure 7 Hes5 acts downstream of Jagged2 to prevent OLP generation. (a–c) In situ hybridisation of wild-type embryos shows that Hes5 is transiently expressed in pMN
at the time of MN generation and extinguished after MN generation. (d) Control EP show transient expression of Jagged2 at the pMN. (e) Overexpression of Jagged2 (GOF-
JAG2 48 h PE at HH14) maintains Hes5 expression at pMN. (f) Depletion of Jagged2 (LOF-JAG2 48 h PE of shJagged2 at HH14) inhibits Hes5 expression. (g–j) Hes5
overexpression retains Olig2þ and Sox9þ cells at pMN, even in the absence of Jagged2 function. Electroporated side is shown to the right, GFP (green) shows transfected cells.
(k) Quantitative analysis of migratory Olig2þ and Sox9þ cells. Numbers are shown as total migratory cells on the electroporated side in each experimental condition. Bars
correspond to the standard error (S.E.M.). (l) Summary of the genetic network operating for OLP generation
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a similar post-trancriptional modification. Sun et al.34 found
a triple serine phosphorylation motif at the N-terminal part of
the Olig2 protein, which are required for the Olig2-mediated
proliferation of neural progenitors, however, are dispensable
for the Olig2-mediated specification of OLPs. Altogether,
these data indicate a pivotal role played by post-transcrip-
tional modifications of Olig2 in the outcome of the pMN
progenitors, and our data indicate that JAG2 might be among
the upstream signals regulating these modifications.
The generation of both MNs and OLPs requires Shh

signalling. Olig2 expression depends on Shh and is required
for the generation of both MNs, and OLPs, suggesting an
explanation for the requirement for Shh in pMN derivatives.
Here we provide evidence that, in addition to Olig2, the
regulation of JAG2 expression by Shh signalling contributes to
the generation of MNs and OLPs. Shh activity is required and
sufficient for the restricted expression of JAG2 to the pMN
domain. Moreover, the involvement of JAG2 in regulating the
transition from MN to OLP production links the process of
spatial patterning, which positions the pMN domain in the
ventral neural tube, with temporal patterning that determines
when each cell type is generated. Whether JAG2 expression
is directly or indirectly regulated by Shh signalling, remains
to be determined. Furthermore, the timely loss of JAG2
expression from the pMN domain appears as an important
pre-requisite for OLP formation. Molecular mechanism
operating directly to pause JAG2 expression might include
transcriptional repression and/or epigenetic silencing, among
many others, and understanding these mechanisms remains
as an important unresolved question.
Whether the Notch pathway is required to maintain pools of

undifferentiated progenitor cells or whether it has instructive
roles in promoting specific cell fates has been the subject of
debate. Our data indicate that Notch signalling, activated
by JAG2, maintains pMN progenitors in an undifferentiated
state but also provides an instructive signal that blocks the
fate switch from MN to OLP. This suggests a dual role for
Notch signalling and is consistent with other studies of
glial development. The Notch effector Hes1 promotes Muller
and radial glia identities,35 whereas Hes5 directly regulates
expression of myelin genes.32 Moreover, Notch signalling has
been implicated in the diversification of neuronal identities in
the neural tube.24,25 The observation that Notch ligands are
expressed in discrete domains along the DV axis of the CNS is
in line with the idea that Notch ligands have specific roles in
the cell fate decisions of progenitors. Thus, our data support
the idea that Notch ligands can serve both to prevent the
untimely differentiation of neural progenitors and to generate
diversity within a population of progenitors.21,24,25,36

Our results suggest a model in which, early in the
developing spinal cord, a common neuroglioblast progenitor
is present in the pMN domain, and this has the capacity to
generate MN and OLP.33,34 During MN generation, Hes5
induced by JAG2 prevents premature OLP differentiation and
maintains a proportion of these progenitors in an undiffer-
entiated state. The switch to OLP generation depends on the
downregulation of JAG2 expression, which facilitates the
differentiation of the remaining progenitors and disinhibits
OLP generation. When JAG2 activity is artificially depleted
in vivo, the precocious generation of OLP is accompanied by

a reduction in MN generation. This argues against a model
in which separate OLP and MN precursors are present in
the pMN, and suggests that in the absence of Notch activity,
the progenitors of MN adopt a gliogenic identity. Never-
theless, our results cannot formally rule out the presence of
separate lineage-restricted neuroblasts and glioblasts within
the pMN that are derived from a single common precursor.37

In this case, JAG2 activity would act on these populations
separately to inhibit differentiation and OLP generation.
High-resolution analysis of the behaviour of individual
pMN progenitors will be necessary to conclusively test
this possibility. Notwithstanding this question, the data
presented here demonstrate a novel role for JAG2 and Notch
signalling in the temporal control of cell type identity in the
vertebrate CNS.

Materials and Methods
Fluorescence-associated cell sorting (FACS) and microarray
analysis. Plasmid DNA encoding either green fluorescence protein (GFP) alone,
a deleted form of mouse patched lacking the second large extra cellular loop
(mPtc1Dloop2) or an activated version of Gli3 (Gli3Act aa1402-4743) were inserted
into pCAGGS-ires-EGFP vector as reported,23 for in vivo electroporation into
HH11-12 stage embryos. Neural tubes were dissected out at 14 or 36 h later, and
single-cell suspension was obtained by 10–15min incubation on Tripsin-EDTA
(Sigma-Aldrich, Madrid, Spain). GFP fluorescence was determined by flow
cytometry using a MoFlo flow cytometer (DakoCytomation, Fort Collins, Colorado,
USA). The resulting cell population, consisting ofB90% of GFPþ cells, was used
for total RNA extraction. GeneChip Chicken Genome Arrays (Affymetrix, Madrid,
Spain) containing 32 773 chicken transcripts were used for the hybridisation of the
samples. Unpaired analysis of the data, based on the comparison between the
average values of the logRed and logGreen intensities, was performed using
SOLAR System v2.0 (Alma Bioinformatics, Madrid, Spain). Results were filtered
using unpaired t-tests using thresholds ofZ1.5-fold change and P-valuer0.05.22

Mouse and chick embryos. Mice homozygous for the Shh-null allele were
as published.6 Eggs from White Leghorn chickens were staged according to
Hamburger and Hamilton (HH).38 For chick embryos electroporation, plasmid DNA
was injected into the lumen of neural tubes and electroporation carried out using
and Intracel Dual Pulse (TSS10) electroporator (Intracel, Royston, UK).

For BrdU labelling, 5 mg/ml BrdU was injected into the neural tubes at the
indicated times before fixation. Transfected embryos were allowed to develop to the
indicated stages, then dissected and processed for immunohistochemistry, in situ
hybridisation or FACS sorting, and qPCR analysis.

Immunohistochemistry and in situ hybridisation. For immuno-
histochemistry, embryos were fixed 2–4 h at 4 1C in 4% PF in PB. For BrdU
detection, sections were incubated in 2 N HCl for 30min followed by 0.1 M Na2B4O7

(pH8.5) rinses further PBT rinses and anti-BrdU incubation. Immunostainings were
performed following standard procedures on either vibratome or cryostat sections.
Antibodies against the following proteins were used; GFP (Molecular Probes,
Invitrogen, Barcelona, Spain), a unique b-tubulin (Tuj-1, Medpass International,
Paris, France), phospho-histone 3 (p-H3, Upstate Biochemicals, Millipore, Madrid,
Spain), Olig2,30 Pax2 (Zymed, Invitrogen), Sox9 (M Wegner), O4 (C Soula).
Monoclonal antibodies to BrdU, MNR2, Nkx2.2, Islet1 and Lhx2.9 were obtained
from the Developmental Studies Hybridoma Bank. Alexa488-, Alexa555- and
Alexa633-conjugated anti-mouse or anti-rabbit antibodies (Molecular Probes) were
used. After single or double staining, sections were mounted, photographed using a
Leica (Leica Microsystems, Barcelona, Spain) SP5 Confocal microscope and
processed with Adobe Photoshop CS5.

For in situ hybridisation, embryos were fixed overnight at 4 1C in 4% PF in PB,
rinsed and processed for whole-mount RNA in situ hybridisation following standard
procedures using probes for chick Jagged2, Hes5, Sox8, Sox10 and PLPDM20
(from the chicken EST project, UK-HGMP RC). Mouse Jagged2 probe was used (JL
de la Pompa). Hybridised embryos were developed either with NBT/BCIP, or with
FAST-RED Chromogen (Roche Diagnostics, Barcelona, Spain) for fluorescent
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in situ, rinsed in PBT and vibratome sectioned and photographed on a Leica DMR
microscope or a Leica SP5 confocal.

DNA constructs. A deleted form of mouse patched (mPtc1Dloop2), deleted
forms of human Gli3 (Gli3Rep aa1–768 and Gli3Act aa1402–4743), human full-coding
sequences for Jagged2 and Hes5 were cloned into pCAGGS-ires-GFP for in vivo
GOF experiments. The full-length mouse Olig2 cDNA into pCDNA3.1 was also
used.14

For in vivo LOF experiments, shRNA-based expression vectors for RNA
interference were generated using the pSUPER RNAi system (OligoEngine Inc.).
A pair of custom oligonucleotides that contained a unique 19-nt sequence derived
from the chicken Jagged2 mRNAs were designed using the RNAi Design Tool
(http://www.oligoengine.com). Forward and reverse 64-nt oligos (Sigma) were used
for annealing and cloning into the pSUPER vector (Supplementary Figure 1a),
according to the manufacturer’s guidelines. Control shRNA was generated for a
human HDAC sequence, cloned into the pSUPER vector and electroporated at
same developmental stages for each experiment.

RT–quantitative real-time PCR. EGFP-containing plasmid DNAs were
electroporated, and neural tubes dissected out 24–48 h later. Single-cell suspension
was obtained by 10–15min incubation on Tripsin-EDTA (Sigma). GFP-expressing
cells were FACS sorted, and the resulting cell population was used for total RNA
extraction. PCR reactions were carried out by triplicate using fixed amounts of
template DNA.

Oligonucleotides were obtained from Qiagen (Madrid, Spain), (QuantiTec Primer
Assays) for use in real-time RT–PCR with SYBR green detection. References for
QuantiTect Primer Assay were as follows: GgJagged1 QT00598003, GgJagged2
QT01512749, GgPDGFRalpha QT00598969, GgPLP QT00598955. A standard
curve was made for each amplicon by plotting the number of cycles at which the
fluorescence crossed the threshold (crossing values) against increasing amounts
of DNA template. All experimental values were normalised to those obtained
for GAPDH.

Western blot. HH stage 14 embryos were electroporated with a Myc-tagged-
Jagged2, a V5-tagged-Olig2 and pCAGGS-ires-RFP for transfection control. Neural
tubes dissected 12 h PE were collected in PBS and directly lysed in 1� SDS
loading buffer (10% glycerol, 2% SDS, 100mM DTT and 60mM Tris-HCl pH 6.8)
and the DNA disrupted by sonication. Selected samples were treated with calf
intestine alkaline phosphatase for 30min, normalised by total protein content,
separated by SDS–PAGE gel electrophoresis and transferred to nitrocellulose
membranes; blocked with 8% non-fat dry milk in TTBS (137mM NaCl; 0.05 Tween
20 and 20mM Tris HCl (pH 7.4)) and probed with in house produced monoclonal
anti-Myc antibody (9E10) and polyclonal mouse anti-RFP or rabbit polyclonal anti-
Olig2.30 The blots were developed using anti-rabbit or anti-mouse coupled to
IRDye800CW or IRDye680LT and scanned with the Odyssey Infrared Imaging
System (LI-COR Biotechnology, Ltd, Cambridge, UK).

Luciferase reporter assay. A transcriptional activity assay of JAG2 activity
on the MBP reporter was performed in vivo. Chick embryos were electroporated
with indicated DNAs or empty pCAGGS-GFP vector as control; together with a firefly
luciferase reporter construct containing the MBP reporter (M Wegner) and a renilla
luciferase reporter construct (Promega Biotech, Madrid, Spain) for normalisation.
Embryos were harvested after 24 h incubation in ovo, and GFP-positive neural
tubes were dissected and homogenised with a douncer in Passive Lysis Buffer on
ice. Firefly and renilla luciferase activities were measured by the Dual Luciferase
Reporter Assay System (Promega).

Quantifications and statistical analysis. Cell counting was made on
10–20 different sections of at least four different embryos after each experi-
mental condition from confocal images. Quantitative data were expressed as
mean±S.E.M.
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INTRODUCTION
Bone morphogenetic proteins (BMPs) belong to the transforming
growth factor � (TGF�) superfamily of secreted proteins. During
development, these proteins play multiple roles in organogenesis,
cell type differentiation and tissue patterning. Moreover, altered
BMP signalling is associated with cancer, skeletal and vascular
diseases. The varied functions of BMP signalling are exemplified
during neural tissue development. The first step that determines
whether cells form neural or non-neural tissue (Stern, 2006) and
the definition of the region from which the neural crest will be
generated involve BMP signalling (Basch and Bronner-Fraser,
2006). Subsequently, after the neural tube (NT) closure, the dorsal-
most part of the spinal cord (roof plate) becomes a source of BMP
signals, and BMP-dependent activity has been proposed to provide
the positional information that controls progenitor identities along
the dorsoventral (DV) axis (reviewed by Helms and Johnson, 2003;
Lee and Jessell, 1999; Liu and Niswander, 2005). Moreover, once
neurons are generated, BMP signalling is again implicated in the
outgrowth and guidance of axonal projections (reviewed by
Sanchez-Camacho and Bovolenta, 2009).

Despite these diverse activities, the signalling pathway appears
substantially linear. BMP ligands bind to a defined receptor
complex composed of two transmembrane serine/threonine
kinases, called type I and type II receptors. Ligand binding induces
the formation of a heteromeric receptor complex in which the type
II receptor phosphorylates, and thereby activates, the type I

receptor. The activated type I receptor then propagates the signal
through the Smad family of intracellular mediators. Smad proteins
form a complex that moves to the nucleus where, together with
additional DNA-binding proteins, they regulate transcription of
target genes (Shi and Massague, 2003). In the case of BMPs, the
various type I subunits phosphorylate one of three Smads – Smad1,
Smad5 or Smad8 (Massague et al., 2005). However, BMPs can
also signal through alternative non-canonical and completely
transcription-independent cascades (Derynck and Zhang, 2003;
Kang et al., 2009).

In the dorsal spinal cord of chick and mouse embryos, six
distinct populations of dorsal interneuron subtypes (dIN; dI1-dI6)
differentiate from non-overlapping domains of progenitors, arrayed
along the dorsal-ventral axis. The initial description of a role for
BMP in dorsal interneuron (dIN) generation came from studies in
which purified active proteins or purified inhibitors were added ex
vivo, in explants assays. These studies showed that several
TGF�/BMPs (including BMP4, BMP5, BMP7, Dsl1 and activin
A/B) have the capacity to induce two types of dIN identified as
Lhx2/9+ (dI1) and Islet1+ (dI3) (Liem et al., 1997; Liem et al.,
1995). Subsequently, the description for an in vivo requirement of
a TGF�/BMP activity in dIN generation came from the analysis of
GDF7, a distant member of the BMP subfamily. After neural tube
closure, GDF7 is expressed in the roof plate, and GDF7 activity is
required for the generation of a discrete sub-group of dIN (Lhx2a+,
dI1A) (Lee et al., 1998). These studies raised the possibility of
qualitative distinct activities for TGF�/BMP proteins in the
specification of particular subgroups of dIN, an idea that remains
unresolved.

Furthermore, increasing the levels of BMP activity by the
overexpression of two activated receptors, caBMP-RIa (ALK3) and
caBMP-RIb (ALK6), increased the expression of dorsal progenitor
markers such as Pax7 and the generation of selected dINs (dI1 and
dI3) (Timmer et al., 2002). However, mice lacking these two same
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SUMMARY
BMP activity is essential for many steps of neural development, including the initial role in neural induction and the control of
progenitor identities along the dorsal-ventral axis of the neural tube. Taking advantage of chick in ovo electroporation, we show
a novel role for BMP7 at the time of neurogenesis initiation in the spinal cord. Using in vivo loss-of-function experiments, we
show that BMP7 activity is required for the generation of three discrete subpopulations of dorsal interneurons: dI1-dI3-dI5.
Analysis of the BMP7 mouse mutant shows the conservation of this activity in mammals. Furthermore, this BMP7 activity appears
to be mediated by the canonical Smad pathway, as we demonstrate that Smad1 and Smad5 activities are similarly required for
the generation of dI1-dI3-dI5. Moreover, we show that this role is independent of the patterned expression of progenitor
proteins in the dorsal spinal cord, but depends on the BMP/Smad regulation of specific proneural proteins, thus narrowing this
BMP7 activity to the time of neurogenesis. Together, these data establish a novel role for BMP7 in primary neurogenesis, the
process by which a neural progenitor exits the cell cycle and enters the terminal differentiation pathway.

KEY WORDS: Bone morphogenetic proteins, Neural tube, Interneurons, Primary neurogenesis, Smad proteins, Tissue patterning,
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receptors (BMP-RIa and BMP-RIb) show a different phenotype in
which dI1 are missing, numbers of dI2 are reduced, but dI3 are
generated in normal numbers (Wine-Lee et al., 2004). All these
data supported an in vivo role for BMP activity in NT
development; however, they did not distinguish an early role for
BMP in patterning from a later role in the specification of dorsal
progenitors and differentiation of their progeny. This issue also
remains unresolved.

On the other hand, several TGF� proteins, of both the
TGF�/Activin and the BMP subfamilies participate in the control
of neural stem cell self-renewal and differentiation. TGF�
signalling promotes cell cycle exit and neurogenesis, both in the
spinal cord (Garcia-Campmany and Marti, 2007) and in discrete
brain areas (Falk et al., 2008). BMPs can also promote cell cycle
arrest in the dorsal spinal cord (Ille et al., 2007), although this role
appears to be dependent on the developmental stage and the choice
of the receptor (Panchision et al., 2001). Moreover, BMPs regulate
the balance of neural stem cells quiescence and proliferation in the
adult hippocampus (Mira et al., 2010).

Based on the observation that BMP7 is expressed in several
progenitor domains of the dorsal spinal cord, at the time of primary
neurogenesis, we set out to examine whether BMP7 signalling
controls the generation of dorsal neuronal subtypes. Taking
advantage of chick in ovo electroporation, we have individually
knocked down BMP4 and BMP7, at the time primary neurogenesis
has been initiated in dorsal progenitors. We show that BMP7 is
required to sustain the differentiation of three dorsal interneuron
subpopulations; dI1, dI3 and the more ventral dI5, whereas BMP4
activity only controls dI1 generation. Additionally, we show that
this BMP7 activity is mediated by the canonical Smad pathway,
using Smad1 and Smad5. Analysis of the BMP7 mice mutant
shows the conservation of this activity in mammals. Furthermore,
we show that BMP7 activity is not required for dorsal-ventral
patterning, a role that might be associated with a different BMP,
thus supporting qualitative distinct activities for BMP proteins.
These data demonstrate a novel and specific role for BMP7 that
might be relevant for the differentiation of other neuronal identities
during CNS development and might also be relevant for the in vitro
generation of neurons from stem cells.

MATERIALS AND METHODS
Mouse and chick embryos
Mice homozygous for the BMP7 null allele were as published (Dudley et
al., 1995). Eggs from White-Leghorn chickens were staged according to
Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1951). For
chick embryo electroporation, plasmid DNA was injected into the lumen
of neural tubes and electroporation carried out using an Intracel Dual Pulse
(TSS10) electroporator.

For bromodeoxyuridine (BrdU) labelling, 0.5 �g/�l BrdU was injected
into the neural tubes 40 minutes prior to fixation. Transfected embryos
were allowed to develop to the indicated stages, then dissected, fixed and
processed as indicated.

DNA constructs
Pseudo-phosphorylated mutant versions of R-Smads (Smad-S/D) were
generated by PCR, replacing the three serines at the C-terminal end by
aspartic acid, and cloned into pCAGGS-ires-GFP and into pCAGGS-ires-
H2B-RFP.

A BMP responsive element (BRE) was generated containing two copies
of two distinct, highly conserved BMP-responsive elements (BRE)
encompassing the genomic regions –1032/–1052 (SBE-3, SBE-2, GC’-5)
and –1080/-1105 (CAGC-2, CAGC-1, GC’-3,4) of the natural
human/mouse Id1 promoter (Korchynskyi and ten Dijke, 2002), and cloned
into pGL3- (Promega) derived vectors tk-Luc or TATA-Luc for in vivo

Luciferase transcription assays. Alternatively, the Luciferase reporter BRE-
tk-Luc was replaced by GFP to monitor spatio-temporal BMP activity in
vivo. The SBE-MLP:Luc (CAGA-12) was kindly gifted by P. ten Dijke
(Leiden University Medical Centre, The Netherlands).

Short RNA hairpin (sh-RNA)-based expression vectors for RNA
interference were generated using the pSuper RNAi system (OligoEngine).
Pairs of custom 60-nucleotide (nt) oligonucleotides that contain unique 19-
nt sequences for each mRNA were designed using the RNAi Design Tool
(www.oligoengine.com) and purchased from Sigma. They were cloned into
the pSHIN vector which contains the pSuper shRNA expression cassette
and an independent eGFP-encoding cassette. Forward and reverse 19-nt
sequences are shown in supplementary material Figs S4, S5.

Immunohistochemistry and in situ hybridization
For immunohistochemistry, embryos were fixed 2-4 hours at 4°C in 4%
PFA in PB. For BrdU detection, sections were incubated in 2 N HCl for 30
minutes followed by 0.1 M Na2B4O7 (pH 8.5) rinses, further PBT rinses
and anti-BrdU incubation. Immunostaining was performed following
standard procedures on either vibratome or cryostat sections. Several
primary antibodies were generously gifted by labs of C. Birchmeier (Max-
Delbrück-Center for Molecular Medicine, Berlin) (Lbx1, Tlx3, Olig3), M.
Goulding (The Salk Institute, La Jolla, CA, USA) (Lbx1, Gsh1/2) and T.
Jessell (Columbia University, NY, USA) (Lhx2/9). Monoclonal antibodies
to BrdU, Islet1, Lhx1/5, Lmx1b and Pax7 were obtained from the
Developmental Studies Hybridoma Bank (DSHB). Others were purchased
from Invitrogen (GFP, Sox2, HuC/D) or BD Biosciences (cleaved caspase
3). Alexa488-, Alexa555- and Cy5-conjugated secondary antibodies were
purchased from Invitrogen and Jackson Laboratories. After staining,
sections were mounted, photographed using a Leica SP5 Confocal
microscope, and processed with Adobe Photoshop CS3. Cell countings
were carried out on pictures obtained from at least six different chick
embryos per experimental condition, and five different mouse embryos for
each genotype.

For in situ hybridisation, embryos were fixed overnight at 4°C in 4%
PFA in PB, rinsed and processed for whole-mount RNA in situ
hybridization following standard procedures using probes for chick Smad1,
Smad5, Smad8, BMP4, BMP7, Atho1, Ngn1, Ascl1 (from the chicken EST
project, UK-HGMP RC). The chick Ptf1a probe was obtained from T.
Müller (C. Birchmeier’s lab). Hybridized embryos were postfixed in 4%
PFA, rinsed in PBT and vibratome sectioned and photographed on a Leica
DMR microscope.

RT-quantitative real-time-PCR
EGFP-containing plasmid DNAs were electroporated and neural tubes
dissected out 24 or 36 hours later. Single cell suspension was obtained by
10-15 minutes incubation in Tripsin-EDTA (SIGMA). GFP+ cells were
sorted by flow cytometry using a MoFlo flow cytometer
(DakoCytomation). Total RNA was extracted following the Trizol protocol
(Invitrogen). Reverse transcription and real-time PCR were performed
according to manufacturer’s instructions (Roche) using a LC480
Lightcycler (Roche). Specific primers used for qPCR amplification of
target genes were purchased (QuantiTec Primer Assays, Qiagen).
Oligonucleotides specific for chick Gapdh were used for normalization.
PCR amplifications were assessed from pools of electroporated neural
tubes (15/pool), using 2-3 independent pools per experimental condition.
Data represent mean standardised values±s.e.m.

Luciferase reporter assay
Transcriptional activity assays of pseudo-phosphorylated Smads or
somitabun were performed in vivo. Chick embryos were electroporated
with indicated DNAs or empty pCIG vector as control, together with the
indicated firefly luciferase vector and a renilla luciferase reporter construct
(Promega) for normalization. Embryos were harvested after 24 hours
incubation in ovo and GFP-positive neural tubes were dissected and
homogenized with a douncer in Passive Lysis Buffer on ice. Firefly- and
renilla-luciferase activities were measured by the Dual Luciferase Reporter
Assay System (Promega). Data are represented as mean±s.e.m. from at
least two independent experiments (n8-12 embryos per experimental
condition).
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Statistics
Quantitative data are expressed as mean±s.e.m. Statistical analysis was
performed using the Statview software. Significance was assessed by
performing ANOVA followed by the Student-Newman-Keuls test, except
for experiments with somitabun, whose effects were examined using
Student’s t-test (*P<0.05, **P<0.01 and ***P<0.001).

RESULTS
BMP7 is expressed in specific domains of the
dorsal spinal cord during dI1-dI6 neurogenesis
Using combinations of markers specific for each neuronal subtype
(Fig. 1A), we determined that, in the chick spinal cord,
neurogenesis of the six early born neuronal dI1-6 populations is
accomplished in a narrow time window: it is initiated at Hamburger
and Hamilton stage 18 (30/36 somites, 3 days of development) and
by HH23 (>45 somites, 4 days of development) ~50% of dI1-6
neurons are generated (Fig. 1B). dI1-6 identities were not generated
sequentially, but instead the number of neurons increased at a
similar pace for each specific identity (Fig. 1B; supplementary
material Fig. S1A-O). To search for the instructive signals that
control the differentiation of dI1-dI6, we focused on BMP4/7
expression during this developmental time window. BMP4
expression was restricted to the roof plate at all stages examined
(Fig. 1C). By contrast, high BMP7 expression was detected in
several dorsal domains of progenitors from dI1 to dI5/6, but not in
differentiated neurons, at the time when dI1-6 were being generated
(Fig. 1C; supplementary material Fig. S2A,B,E,F).

To address where in the spinal cord the BMP pathway was
active, we designed a BMP-responsive element (BRE)-tk-GFP
reporter (see supplementary material Fig. S3A-D). Having first
ensured that GFP expression was specifically due to the BMP-
responsive element inserted upstream of the tk promoter
(supplementary material Fig. S3A,B), we further tested the
specificity of the BRE-tk-GFP reporter by analyzing its
responsiveness to Smad proteins. Pseudo-phosphorylated Smad1,
Smad5 and Smad8 (Smad1/5/8-SD, supplementary material Fig.
S3C,D) were generated. The transcriptional activity of these
proteins was evaluated by co-electroporation of Smad1/5/8-SD
with the BMP reporter (BRE-TATA-Luc) and luciferase activity
was assayed 24 hours post-electroporation (PE). Smad1-SD and
Smad5-SD exhibited significantly increased transcriptional activity,
whereas Smad8-SD appeared to function only as a weak activator
(supplementary material Fig. S3E). Specificity of the reporter was
shown by the lack of activation with Smad3-SD, a component of
the TGF�/Activin signalling pathway.

Co-transfection of the BRE-tk-GFP reporter with activated Smad
forms Smad1/5 (Smad1/5-S/D-ires-RFP) increased GFP expression
in a cell-autonomous manner (supplementary material Fig. S3D),
indicating that it responded to activation of the BMP-regulated
Smads. Electroporation of Smad8-S/D did not result in any obvious
changes in BRE-tk-GFP reporter activity.

Next, we analyzed the activity of the BRE-tk-GFP reporter at
development stages of primary dorsal neurogenesis. Twenty-four
hours PE at HH stage 11 (13 somites, 2 days of development),
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Fig. 1. BMP7 is expressed throughout the
dorsal neural tube at the time of dorsal
neurogenesis. (A)�Schematic representation
of a dorsal neural tube during primary
neurogenesis, indicating markers specific for
each progenitor population (dP1-dP6) and
each neuron subgroup (dI1-dI6).
(B)�Quantitative data show mean±s.e.m. total
number of marker-expressing cells by
hemisection, at the indicated stages. Onset of
neurogenesis is at HH18 (30/36 somites), by
HH23 ~50% of neurons are born, final
numbers are reached at HH26. (C)�Expression
of chick BMP4 and chick BMP7 at the
indicated stages. BMP4 expression is
restricted to the roof plate, whereas BMP7 is
expressed through the dorsal half of the
spinal cord. (Bottom right) Combined
immunohistochemistry with Lhx1/5 to
identify dI2, dI4 and dI6-V1. (D)�Schematic
representation of the experiment allowing
visualization of the endogenous BMP activity
in the NT. Electroporation of the BMP
reporter BRE-tk-GFP shows the extent of BMP
activation (green cells), compared with the
control pCAGGS_ires_H2B-RFP vector
expressed by every EP cell (red cells).
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reporter activity was restricted to the dorsalmost part of the spinal
cord. By contrast, late electroporations (HH14, 22 somites),
showed GFP expression in the dorsal half of the spinal cord,
marked by Pax7 expression (supplementary material Fig. S3B).
Moreover, 48 hours PE at HH14 (HH stage 23/24), GFP expression
extended throughout the dorsal and intermediate spinal cord (Fig.
1; supplementary material Fig. S3B). These data indicate that
canonical BMP signalling is active at these stages of spinal cord
development in a broad region of the dorsal and intermediate
neural tube, and prompted us to investigate the role of BMP7 at
these stages.

BMP7 activity is required for the generation of
dI1, dI3 and dI5 neurons
To test the requirement of BMP4 and/or BMP7 activities at the
time of primary neurogenesis, we independently knocked down
each ligand, by electroporation of short-hairpin RNA (sh-RNA)
that was specific for chick BMP4 and BMP7. Embryos were
electroporated at HH14 (22 somites), before the onset of dI1-6
neurogenesis. Analysis by qPCR of target RNA in FAC-sorted
transfected neural cells indicated that chick BMP4 and chick
BMP7 RNA levels were significantly reduced at ~24 hours PE by
the sh-BMP4-b and sh-BMP7-a constructs, respectively
(supplementary material Fig. S4A-D). This timing resulted in the
reduction of endogenous BMP signalling as neurogenesis was
initiated. Knock-down experiments performed with sh-BMP4-b
showed that BMP4 was required for the generation of Lhx2/9+ dI1
neurons but not for any of the other dorsal subpopulations (only
those embryos in which the roof plate was not affected were
analysed) (Fig. 2A,B; supplementary material Table S1). Increasing
the concentration of sh-BMP4-b led to a similar phenotype (Fig.
S4E; supplementary material Table S1). By contrast,
electroporation of sh-BMP7-a showed that BMP7 activity was
required for the generation of dI1 (Lhx2/9+), dI3 (Islet1+ or
Tlx3+/Lmx1b–) and dI5 (Tlx3+/Lmx1b+) neurons (Fig. 2A).
Quantification of the ratio of neuronal subtypes on the
electroporated versus the non-electroporated side of the spinal cord
indicated a reduction of ~50% in the generation of dI1, dI3 and dI5
(Fig. 2B; supplementary material Table S1). Apoptosis was not
significantly increased as assessed by cleaved caspase 3 staining
(data not shown). Increasing the concentration of sh-BMP7-a

appeared to reduce the generation of dorsal neurons dI1-dI6,
although dI1, dI3 and dI5 were again the most affected populations
(supplementary material Fig. S4F, Table S1). These data reveal
qualitative distinct activities for BMP4 and BMP7 in vivo.

In mammals, this may have hitherto been unnoticed because of
early lethal phenotypes in mice lacking members of the BMP
family, particularly BMP4 and BMP5/7 (Solloway and Robertson,
1999; Winnier et al., 1995). However, mice lacking BMP7 exhibit
renal dysplasia and anophthalmia but survive to birth (Dudley et
al., 1995), thus allowing for the analysis of spinal cord
development. To test the requirement for BMP7 in dIN
differentiation, the spinal cords of 10.5 dpc mice littermates
(Bmp7+/+, Bmp7+/– and Bmp7–/–) were analysed with markers
specific for each dI1-dI6 subpopulations (Fig. 3). Brachial and
thoracic spinal cords were analysed separately, though results were
identical at each level. Results show a reduction in the total
numbers of dI1 (Lhx2/9+), dI3 (Islet1+ or upper Tlx3+) and dI5
(lower Tlx3+) neurons in the absence of BMP7 signalling (Fig. 3A-
F), whereas the numbers for dI2 (Lhx1/5+Lbx1–), dI4 (upper
Lhx1/5+Lbx1+ cells or upper Pax2+) and dI6 (lower
Lhx1/5+Lbx1+ cells) are largely unaffected (Fig. 3G-L).
Quantitative data showed total numbers for each dINs
subpopulation on each genotype analysed +/+, +/– and –/– (Fig.
3M). Apoptosis was not significantly increased in BMP7 mutant
mice, as analysed by caspase 3 staining (data not shown). These
data demonstrate the requirement of BMP7 for the generation of
discrete neuronal subtypes. These results contrasted with the
previous observation that neurons expressing the marker
combination LH2A/B/TAG1, identified as commissural neurons,
were generated in normal numbers in the absence of BMP7 (Butler
and Dodd, 2003). However, this previous analysis was restricted to
the dorsalmost cells close to the roof plate, when compared with
our analysis that included all Lhx2/9+ cells within the NT.

To begin to address whether this role for BMP7 in neurogenesis
was mediated by the canonical BMP/Smad pathway, we took
advantage of a mutant version of Smad5 (somitabun, Sbn). This
construct encodes a dominant-negative version of Smad5 that was
reported to inhibit endogenous Smad5 activity and the activity of
the related Smad1 protein in zebrafish (Hild et al., 1999), and that
specifically and significantly reduced the transcriptional activity of
a BRE-tk-Luciferase reporter after electroporation into the chick
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Fig. 2. BMP7 is required for the generation of dI1, dI3 and dI5 in the chick NT. (A)�Selected images show dI1-6 neuronal subgroups, identified
by the expression of the indicated markers (dI1, Lhx2/9+; dI2 Lhx1/5+Lbx1–; dI3, Tlx3+Lmx1b–; dI4, upper Lhx1/5+Lbx1+; dI5, Tlx3+Lmx1b+; dI6,
lower Lhx1/5+Lbx1+). Selected images after electroporation of a control vector expressing GFP only (control), sh-BMP4b or shBMP7a at stage HH14
(22 somites), and analysed 48 hours later (E4). GFP (white) and DAPI (blue) are shown as indicators of electroporation and global neural tube
morphology, respectively. (B)�Quantitative data show mean ratios±s.e.m. of marker-expressing cells on the EP versus control non-EP side. BMP4
activity is required for dI1 generation, BMP7 activity is required for dI1, dI3 and dI5. D
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neural tube (supplementary material Fig. S4G). EP of Sbn
mimicked the phenotype obtained by knockdown of BMP7
(supplementary material Fig. S4H, Table S1), providing further
support for the role of BMP signalling in the differentiation of
specific dorsal subtypes and implicating the canonical BMP
pathway in this process. This observation prompted us to test for
the expression and function of Smad proteins in NT development.

Smad1/5/8 are expressed in discrete and partially
overlapping domains in the chick spinal cord
At the onset of dI1-dI6 neurogenesis (stage HH18, 30/36 somites)
Smad1 and Smad5 were both broadly expressed in the ventricular
zone, although at a higher level in the dorsal spinal cord (Fig.
4A,E). Smad8 on the other hand was restricted to narrow domains
in the ventral- and the dorsal-most parts of the spinal cord (Fig. 4I).
At stage HH24, Smad1 expression appeared to increase in cells
transiting from the progenitor to the mantle zone, particularly in the

domains corresponding to dI1, dI3 and dI5 neurons (Fig. 4B-D).
Smad5 expression, however, remained restricted to the ventricular
zone and showed a dorsal-to-ventral gradient (Fig. 4F-H). Both
Smad1 and Smad8 were expressed in the motoneurons, although
not at all axial levels (Fig. 4B,J).

This analysis indicated that Smad1 and Smad5 are expressed at
the appropriate time and location to transduce a BMP7 signal in
differentiating dI1, dI3 and dI5 cells. Of particular interest we noticed
the high expression level of Smad1 at the transition zone of dP1, dP3
and dP5 (Fig. 4C,D; supplementary material Fig. S2C,D,G,H), the
region where progenitors are withdrawing from the cell cycle, and
particularly in those progenitor subgroups for which we observed the
requirement of BMP7 activity. However, the in vivo role of Smad1
and Smad5 at this stage of neural development had not been analysed
owing to the early lethality of the mutant mice (Chang et al., 1999;
Tremblay et al., 2001; Yang et al., 1999). Thus, taking advantage of
the temporal and spatial control afforded by chick in ovo
electroporation, we next sought to test the in vivo requirement of
Smad activity during neurogenesis of dorsal neurons.

Smad1/5 activity is required and sufficient for the
generation of dI1, dI3 and dI5 neurons
To test the activity of individual Smads, we generated shRNAs
specific for chick Smad1, Smad5 and Smad8 sequences
(supplementary material Fig. S5A). qPCR analysis of FAC-sorted
cells transfected with each sh-RNA was used to select sh-RNAs that
reduced the levels of the relevant Smad RNA (supplementary
material Fig. S5B-D). We then used selected shRNAs (sh-Smad1b,
sh-Smad5a and sh-Smad8b) to assess the role of each individual
Smad during dorsal neurogenesis. Knockdown at the time of
neurogenesis, showed that lowering the levels of Smad8 reduced the
numbers of dI1 neurons generated, but did not affect any of the other
dorsal subpopulations, dI2-6 (Fig. 5A,B; supplementary material
Table S1). This phenotype is consistent with the restricted domain of
Smad8 expression (Fig. 4I-K). By contrast, Smad1 activity was
required for the generation of all dorsal identities dI1-dI6, although
dI1, dI3 and dI5 neurons were significantly more sensitive to the loss
of Smad1 function (Fig. 5A,B; supplementary material Table S1).
Knockdown of Smad5 activity resulted in a similar phenotype (Fig.
5A,B; supplementary material Table S1). Moreover, the combined
knockdown of Smad1 and Smad5 resulted in a quantitatively similar
loss of dI1, dI3 and dI5 neurons (supplementary material Fig. S5E,
Table S1). Strikingly, we also observed that the loss of specific
neuronal subpopulations caused by reduced BMP7/Smad activity,
was not compensated by an increase in the production of other
neuronal subtypes (Figs 2, 3, Fig. 5A,B). We reasoned that the minor
increase in apoptosis observed after knock-down of either Smad1,
Smad5 or Smad8 activities (assessed by staining for cleaved caspase
3, supplementary material Fig. S6D) would not be sufficient to
account for the observed loss in dI1, dI3 and dI5 neurons.

To test whether the Smad activity was sufficient to promote the
neural differentiation, we electroporated Smad1-, 5- or 8-SD
individually at HH14 (22 somites) and analysed dINs generation
48 hours later. This analysis revealed that either Smad1-SD or
Smad5-SD activity was sufficient to increase the numbers of dI1,
dI3, and dI5 generated, whereas Smad8-SD did not (Fig. 5C,D;
supplementary material Table S1). Consistent with the in vivo loss-
of-function data, overexpression of Smad1 or Smad5 did not affect
significantly the differentiation rate of dI2, dI4 or dI6 neural
subtypes (Fig. 5C,D). Together, these data suggest that Smad1 and
Smad5 have similar activities during neurogenesis of specific
subpopulations of dorsal interneurons.
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Fig. 3. BMP7 is required for the generation of dI1, dI3 and dI5 in
the mouse NT. Images show brachial sections of 10.5 dpc mouse
littermates of indicated genotypes; DAPI (blue) shows global neural
tube morphology. (A-F)�Markers identify dI1, dI3 and dI5 as follows:
Lhx2/9+, dI1 cells; Islet1+, dI3 cells; Tlx3+, dI3 and dI5 cells. 
(G-L)�Markers identify dI2, dI4 and dI6 as follows: Lhx1/5+Lbx1–, dI2;
upper Lhx1/5+Lbx1+, dI4 cells; lower Lhx1/5+Lbx1+, dI6 cells; Pax2+,
dI4 and dI6-V1. (M)�Quantitative data show mean±s.e.m. of total
number of marker-expressing cells by hemisection, in brachial sections
of 10.5 dpc littermates with the indicated genotypes.
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BMP7 activity is not required for dorsal
patterning of the spinal cord
The observation that the absence of BMP7/Smad activity resulted
in the loss of particular neuronal identities without the increase in
alternative neuronal subpopulations, prompted us to check for the
identity of the corresponding progenitors.

To that end, we took advantage of the patterned expression of
transcription factors that identify sub-groups of dorsal progenitors
(Kriks et al., 2005; Muller et al., 2005; Muller et al., 2002; Timmer
et al., 2002). Electroporation of sh-BMP7 or sh-Smad1/5 at HH14
(22 somites), did not alter the expression of Pax7 (dP1-dP6),
Gsh1/2 (dP3-dP5) or Olig3 (dP1-dP3) (Fig. 6A-I and data not
shown). The identity of the roof-plate was also conserved, as
shown by the expression of Lmx1b (Fig. 6A-D), together
indicating that the canonical BMP7 activity is not required at these
stages to maintain the patterned expression of progenitor proteins
in the dorsal neural tube.

To further test the genetic requirement of BMP7 activity for the
patterned expression of dorsal progenitor proteins, we analysed
10.5 dpc mice mutant for BMP7. Similar to the results observed
after knock-down of BMP7 in chick embryos, the expression of
Pax7, Gsh1/2 and Olig3 was identical in Bmp7+/+ and Bmp7–/– (Fig.
6J-T), supporting the idea that BMP7 activity is dispensable for
dorsal patterning of the NT, and thus narrowing the activity of
BMP7 to the time of neurogenesis.

The promotion of neurogenesis is strongly associated with the
expression of proneural bHLH proteins (Bertrand et al., 2002).
cAth1 expression is restricted to dP1 and its activity is both
required and sufficient for dI1 differentiation (Gowan et al., 2001).
Moreover, BMP signalling regulates cAth1 expression as reported
(Wine-Lee et al., 2004). Smad1/5 knockdown resulted in the
reduction of cAth1 expression (Fig. 7A,B), whereas Smad1/5-S/D
overexpression led to more cAth1-expressing cells located in the
transition zone (Fig. 7C,D). The lateral extent of cAth1 expression
corresponded to the expanded domain where dI1 were generated
after the overexpression of Smad proteins (Fig. 7C,D, see Fig. 5C).
Additionally, the cAscl1 expression domain (dP3-5) was regulated
by Smad activity; cAscl1 was reduced in knock down experiments,
but expanded by Smad overexpression (Fig. 7I-L). This is
consistent with previously published evidence that BMP signalling

regulates mAscl1 expression, both in the peripheral and the central
nervous system in mouse (Alvarez-Rodriguez and Pons, 2009; Lo
et al., 1997). By contrast, neither cNgn1 (dP2 and dP6), nor cPtf1
(dP4) expression was altered by the Smad activity (Fig. 7E-H,M-
P). However, in some, but not all, embryos, cNgn1 expression
appeared dorsally expanded in the absence of Smad activity (Fig.
7F). This is likely to be secondary to the loss of cAth1 inhibitory
action, as would be expected due to the reported cross-repression
in between these factors (Gowan et al., 2001), but did not result in
a significant increase in generation of dI2 neurons.

DISCUSSION
In this study, we provide evidence for a new role of BMP7 in
primary neurogenesis in the dorsal spinal cord. BMP7 activity is
required for the generation of three discrete dINs: dI1, dI3 and also
the more ventral dI5, the generation of which has never been
associated to BMP signalling so far. Interestingly, we show that this
activity is specific to BMP7 and not to the related BMP4,
demonstrating qualitative distinct activities for the different BMPs,
in vivo. In an attempt to study the downstream signalling pathway,
we show that this BMP7 role in neurogenesis is mediated through
the canonical Smad1/5 transcriptional activity. Moreover, this study
shows that, both in the chick and the mouse embryos, BMP7
activity is not required for the patterned expression of progenitor
proteins, thus narrowing the temporal activity of BMP7 to the time
of primary neurogenesis, and strongly suggesting that distinct
BMP-related signals regulate patterning of neural progenitors.

While this manuscript was under revision, two independent
studies reported similar roles for the BMP pathway in dorsal NT
development, although analysed by the study of the inhibitory
Smads. On the one hand, Xie and colleagues (Xie et al., 2011)
found that, in the dorsal spinal cord, Smad6 promotes neuronal
differentiation by repressing the Wnt canonical pathway, and thus
resulting in the reduced proliferation rate of neural progenitors. On
the other hand, Hazen and colleagues (Hazen et al., 2011) showed
that electroporation of Smad6 or Smad7, at the time of dIN
neurogenesis, results in a reduction of dI1 and dI3, without the
compensatory increase of dI4 neurons. These data strongly support
our findings, as well as the requirement for a finely tuned
regulation of BMP activity during primary neurogenesis.
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Fig. 4. Smad1, Smad5 and Smad8 are
expressed in discrete and partially
overlapping domains of the spinal cord. In
situ hybridization for chick Smad1, chick Smad5
and chick Smad8 on sections from the
prospective forelimb level, at the indicated stages.
(A-C)�Smad1 is expressed in the VZ at HH18
(30/36 somites) and in the VZ and transition zone
at HH24. Double labelling with Lhx1/5 identified
Smad1 highly expressing cells as dI1, dI3 and dI5.
Smad1 is also expressed in a subset of
motoneurons and in the DRGs. (E-G)�Smad5
expression is restricted to the VZ both at HH18
(30/36 somites) and HH24. (I-K)�Smad8
expression in the floor plate at HH18 (30/36
somites) and close to the roof plate at HH24.
Smad8 is also expressed in motoneurons.
(D,H,L)�Schematic drawings represent a summary
of each Smad expression pattern.
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Our results suggest that activities of Smad1 and Smad5 might be
similar in the dorsal spinal cord at these stages. Given the high
degree of homology shared by these three members of the BMP-
Smad family (Smad1, Smad5 and Smad8), it has been of interest
to understand the extent to which they function interchangeably in
vivo. Our knock-down and gain-of-function experiments suggested
that Smad1 and Smad5 functions are largely interchangeable
during spinal cord neurogenesis. This was further supported by the
observation that Smad1-SD overexpression rescued Smad5 loss of
function, and conversely Smad5-SD overexpression showed the
capacity to rescue the sh-Smad1 phenotype fully (supplementary
material Fig. S5F,G). However, in early embryonic mouse
development, despite the robust co-expression of Smad1, Smad5
and Smad8 in extra-embryonic tissues, loss of either Smad1 or
Smad5 resulted in distinct phenotypes (Tremblay et al., 2001).
Moreover, in zebrafish embryos, the dorsalized phenotype of the
Bmp2b mutant can be rescued by Smad1, but not by Smad5 (Dick
et al., 1999), thus indicating unique roles played by Smad1 and
Smad5 in this context. Whether Smad1 and Smad5 have unique but
complementary roles or instead redundant functions during spinal
cord neurogenesis will require further experiments and a better
understanding of their mechanisms of action.

Data presented in this study make a clear distinction between
patterning and neurogenesis as two processes separately controlled
by BMPs. We observed that the loss of specific neuronal
subpopulations was not compensated by an increase in the
production of other neuronal subtypes, an observation that
prompted us to analyse the expression of patterning proteins. Both
in the chick and the mouse embryo, our data show that BMP7 is
not required for the patterned expression of progenitor proteins in
the dorsal spinal cord, suggesting that dorsal patterning might be
associated with other ligands, such as BMP4. Thus, it is plausible
that the unchanged progenitor identities prevented the changes in
cell fate, and thus the compensation by alternative neuronal
identities. Furthermore, the observation that BMP7 activity is not
required for progenitor identity, but is required for neuronal
identity, narrowed the window of BMP7 activity to the time of
neurogenesis.

Our data also showed that the knock-down of canonical
BMP/Smad activity causes a reduction in the total number of
neurons generated during this time period. Further analysis
revealed a slight, but consistent, cell-autonomous reduction in the
proliferation rate of the neural progenitors after knock-down of
Smad1 and Smad5 (supplementary material Fig. S6A-C and data
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Fig. 5. Smad1/5 activity is required and sufficient for the generation of dI1, dI3 and dI5 neurons. (A)�In vivo loss-of-function of Smad1/5/8
by sh-RNA EP shows that the activity of individual Smads is required for neurogenesis. dI1-dI6 were identified by immunohistochemistry with the
indicated markers (dI1, Lhx2/9+; dI2, Lhx1/5+Lbx1–; dI3, Tlx3+Lmx1b–; dI4, upper Lhx1/5+Lbx1+; dI5, Tlx3+Lmx1b+; dI6, lower Lhx1/5+Lbx1+).
Embryos were electroporated at stage HH14 (22 somites) and analysed 48 hours PE (E4). GFP (white) and DAPI (blue) are shown as indicators of
electroporation and global neural tube morphology, respectively. (B)�Quantitative data show mean ratios±s.e.m. of marker-expressing cells in EP
versus control non-EP side. Smad8 activity is required for dI1 generation; Smad1/5 activity is required for dI1, dI3 and dI5. (C)�In vivo gain-of-
function of Smad1/5/8 by EP of pseudo-phosphorylated Smads shows that the activity of individual Smads is sufficient to enhance neurogenesis of
specific identities. (D)�Quantitative data show mean ratios±s.e.m. of marker-expressing cells in EP versus control non-EP side. Smad1/5 activity is
sufficient for the enhanced generation of dI1, dI3 and dI5 neurons.
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not shown). This indicates that Smad1/5 activity is required for the
maintenance of neural cells as committed progenitors, and that the
loss of canonical BMP/Smad activity forces cell cycle exit and
premature neurogenesis. As a consequence, the total number of
neurons generated in the absence of BMP7-Smad1/5 activity might
be reduced, which further prevented the compensation by
alternative neuronal identities.

Interestingly, loss-of-function experiments of BMP7/Smad
resulted in the reduction of all six dIN populations, yet the decrease
was much more important and significant for dI1, dI3 and dI5,
precisely those progenitor populations expressing high levels of
Smad1. Additionally, we noted that the generation of dIN deriving
from progenitor domains expressing proneural proteins Ath1 (dP1)
or Ascl1 (dP3 and dP5) alone are highly dependent on the level of
BMP signalling, whereas dIN populations emerging from
progenitor domains expressing proneural proteins Ngn1 (dP2 and
dP6) and Ptf1a (dP4) are barely affected by the reduction of
BMP/Smad activity. Together, this suggested that the way BMP
activity regulates the generation of a particular dIN population

relies not only on the highly restricted expression of the Smad1
effector, but also on the specific proneural bHLH factor expressed
by the corresponding progenitor domain.

Similarly, we show that canonical BMP activity regulated the
expression of Ath1 and Ascl1 in the dorsal spinal cord, but did
not regulate the expression of Ngn1 and Ptf1a. Selective
regulation of specific proneural proteins might additionally
contribute to the spatially restricted BMP/Smad activity in dorsal
spinal cord, and it would be worth defining whether the
expression of these bHLH factors is directly regulated by Smad
activity. Additional BMP-dependent post-transcriptional
downregulation of Ath1 protein has been shown in cerebellar
granule neuron progenitors and primary medulloblastoma cells
(Zhao et al., 2008), and might also be operating in the NT.
Whether the activated Smads interact directly with specific
bHLH proteins in the dorsal spinal cord to regulate target genes
remains a possibility, as a direct association of Ngn1 and Smad1
has been reported in the developing mouse telencephalon (Sun
et al., 2001).
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Fig. 6. BMP7 activity is not required for the patterned expression of progenitor proteins. (A-H)�Chick embryos electroporated at HH14 (22
somites) were analysed 48 hours PE for the expression of markers to identify dorsal progenitor populations (dP) and roof-plate cells. No obvious
change was observed on patterning of the dorsal neural tube (Pax7+), of dP1-3 progenitors (Olig3+) or of dP3-5 progenitors (Gsh1/2+) after
electroporation of sh-BMP7 or control. Lmx1b+ roof-plate cells did not appear to be affected by control or sh-BMP7 EP, whereas dI5 Lmx1b+ cells
were reduced in number only after sh-BMP7 EP (D). GFP (green) is shown as an indicator of electroporation. (I)�Quantitative data show mean
ratios±s.e.m. of dorsal-ventral extents of patterning markers to the whole dorsal-ventral extent of the neural tube side (using DAPI) in EP and
control non-EP sides of the spinal cord. ns indicates non-significant statistical differences. (J-S)�Selected images show brachial sections of 10.5 dpc
mouse littermates of indicated genotype. Markers identify progenitor cells as follows: Pax7+, dP1-6 cells; Olig3+, dP1-3 cells; Gsh1/2+, dP3-5 cells.
No obvious difference in the DV extent of these patterning markers has been observed between Bmp7+/+ and Bmp7–/–. (P-S)�Higher magnifications
of double-labelled sections show no obvious differences in the overlapping region of Olig3-Gsh1/2 and Pax7-Gsh1/2 expression. (T)�Quantitative
data show mean ratios±s.e.m. of dorsal-ventral extents of patterning markers to whole dorsal-ventral extent of the neural tube (using DAPI) in
brachial sections of 10.5 dpc littermates of the indicated genotype. ns, non-significant statistical differences.
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Together, these data demonstrate an unexpected role for BMP7
signalling in controlling the rate of neuronal differentiation in the
dorsal spinal cord. This regulation of neurogenesis by canonical
BMP signalling might be crucial for balancing the self-renewal and
differentiation of progenitors, thus ensuring the well-ordered
generation of the appropriate numbers of neuronal subtypes in this
region of the CNS. The genetic interaction between the BMP/Smad
pathway and some but not all proneural bHLH proteins could
provide an underlying mechanism that explains the specificity of
the effects we observed. Importantly, the role of BMP signalling in
neurogenesis is independent of the early role of BMP in patterning
the dorsal neural tube, revealing a novel function for this signalling
pathway that may be relevant to the development of other regions
of the CNS, as well as for the in vitro differentiation of neural stem
cells.
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after sh-Smad1/5 EP, and expanded after Smad1/5-SD EP. Expression of
chick Ngn1 and chick Ptf1 are largely resistant to changes in the level of
BMP activity.
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ABSTRACT 
 

The epithelial-to-mesenchymal transition (EMT) is the process by which cells switch 

from a non-motile to a migratory and invasive behaviour. This process is not only 

relevant in morphogenesis, but is fundamental in cancer metastasis. Migration of neural 

crest cells from the neural tube, fulfil a paradigmatic EMT and blockade of neural crest 

development causes neuroblastoma tumour formation. By means of a genome-wide 

expression screen we found the LIM-domain-Only (LMO) protein-4 to be expressed in 

the chick embryo neural crest.  By in vivo gain- and loss-of-function experiments in 

chick embryos, and different in vitro assays with neuroblastoma cell lines, we 

demonstrate the requirement of LMO4 for delamination of neural crest, as well as for 

the invasive capacity of neuroblastoma cells. In search for the mechanism of LMO4 

activity, we find that LMO4 is a required cofactor for the Snail-mediated transcriptional 

repression of cadherin expression, relevant for EMT in the two models. Thus we 

provide a new key player for a process that is instrumental both in embryonic 

development and in human pathology. 
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INTRODUCTION 
 

The epithelial to mesenchymal transition (EMT) is the process by which cells from the 

former are converted into cells of the latter. This process has long been recognized by 

developmental biologists as being crucial for the generation of tissues and organs during 

embryogenesis of both vertebrates and invertebrates (Thiery et al, 2009). Indeed, the 

majority of adult tissues form as the result of one or several rounds of EMT and the 

converse mesenchymal to epithelial transition.  However, since EMT converts epithelial 

cells into migratory and invasive cells, it is now established as an important step in the 

metastatic cascade of tumours. As such, the cancer research field has identified EMT as 

one of the most important processes to understand. In terms of cell biology, epithelial 

cells exhibit apico-basal polarity and are firmly attached one to the other by apical 

junctions, while mesenchymal cells have front-back polarity and form only transient 

contacts with their neighbours. During the transformation of epithelium to mesenchyme, 

the transforming cell loses the apical junction and produces filopodia on their basal side, 

this pushes the cell out from the epithelium into the extracellular matrix. In molecular 

terms, the EMT inducers include transcription factors of the Snail, Twist, and Zeb 

families that repress cadherin expression and initiate the program to disassemble cell-

cell junctions and endow cells with migratory and invasive properties (Peinado et al, 

2007). 

 

One paradigmatic example of a bona fide full EMT is found during the migration of 

neural crest cells (NCC) from the neural tube, in which individual cells delaminate and 

migrate toward their destination following stereotyped pathways(Thiery et al, 2009). 

Prior to delamination, cells in the dorsal neural tube are specified as NCC progenitors 

by the sequential and coordinate activity of members of the Pax, Msx, Zic, Fox, AP, 

Sox and Snail families of transcription factors, acting as neural plate border specifiers 

and subsequentially as neural crest (Betancur et al, 2010; Theveneau & Mayor, 2012). 

In particular Pax3/7, Msx1/2 and Zic1/2, genes are all sufficient to induce the 

expression of NC specific genes such as FoxD3, AP2, Sox10 and Snail (Betancur et al, 

2010). Particularly crucial to NCC development are the Snail1/2 transcription factors 

that are expressed in the pre-migratory NCC of all vertebrate species analysed, and their 

activity is required for EMT and delamination of NCC from the neural tube (Thiery et 

al, 2009). 
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The amazing characteristics of NCC include not only their capacity to delaminate and 

migrate very long distances in the embryo, but also their ability to become many 

different types of cells. NCC derivatives include neurons and glia of the peripheral 

nervous system (PNS), as well as the cartilage, bone and muscle in the face and neck, 

pigmented cells in the skin (melanocytes), several endocrine glands and part of the 

heart. NCC from the trunk level had been explored most extensively to associate the 

migratory paths to the final fate of NCC derivatives. As such, NCC migrating along the 

lateral path differentiates into melanocytes, those migrating along the medio-lateral path 

populate the dorsal root ganglia (DRG), while cells migrating along the ventral path 

populate the sympathetic ganglia (SG). To raise the interest of neural crest above the 

pure development process, pathological blockade of NCC development (particularly of 

those cells of the ventral migratory paths) originate neuroblastoma (NB) tumour 

formation. NB is one of the most common childhood cancers, however the molecular 

etiology of this tumour is still enigmatic and the overall cure rate of advanced disease is 

still very poor.  

 

By means of a newly developed neural crest lineage tracer, we performed a genome-

wide expression screen in neural crest progenitors in the chick embryo. We efficiently 

identified previously known neural crest specific genes that validate our screening 

strategy. Additionally, we identified chick genes for which the human orthologues 

and/or paralogues are associated to neuroblastoma formation(Jiang et al, 2011). Among 

these new NCC genes we identify the LIM domain Only (LMO) protein 4. LMO4 

encodes a cysteine-rich transcriptional regulator that contains two LIM zinc-binding 

domains for protein-protein interactions, but lacks DNA-binding or catalytic domains. 

LMO4 belongs to a protein subfamily encoded by four genes (LMO1-4) and its 

paralogues LMO1 and LMO3 are neuroblastoma oncogenes (Aoyama et al, 2005; 

Isogai et al, 2011; Wang et al, 2011). In the mammalian ventral spinal cord LMO4 

contributes to the segregation of neuronal subtypes (Joshi et al, 2009; Lee et al, 2005), 

while in the Xenopus embryo, it has recently been shown that LMO4 participates in the 

acquisition of the NCC identity (Ochoa et al, 2012). Here we show LMO4 to be 

expressed in premigratory and migratory NCC in the chick embryos. By in vivo gain- 

and loss-of-function experiments we show LMO4 activity to be required for NCC 

delamination, without affecting the motion properties of NCC. Furthermore, we observe 

this activity to be conserved in neuroblastoma tumour cells. Moreover, we show that 
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LMO4 is an essential cofactor for the Snail2 mediated cadherin repression and the 

epithelial-to-mesenchymal transition in the neural crest and the NB cells.  

 

 

RESULTS 

LMO4 is expressed in premigratory and migratory neural crest cells  

We have taken advantage of the BMP-Responsive Element (BRE-tk-GFP) from the 

mouse Id1 (Inhibitor of Differentiation 1) promoter (Figure 1A) that drives stable GFP 

expression to a population of neuroepithelial cells in the dorsal spinal cord(Le Dreau et 

al, 2012), to design an in vivo transcriptome analysis to search for genes highly 

expressed in premigratory and migrating neural crest cells (NCC) (see Materials and 

Methods).  We first determined the contribution of BRE-tk-GFP cells to NCC 

derivatives. Ten somites stage embryos (HH10) were examined 24/48h after 

electroporation (hpe) (Figure 1B and data not shown) and, based on its long half-life, 

GFP was used as a NCC lineage tracer. At trunk levels, BRE-tk-GFP transfected cells 

populate the Dorsal Root Ganglia (DRG), the Sympathetic Ganglia (SG) as well as the 

dermis (melanocytes), the main derivatives of the trunk neural crest (Le Douarin & 

Kalcheim, 1999). 

Stage HH10 chick embryos were co-electroporated with the BRE-tk-GFP and the 

constitutively expressed pCAGGS-ires-H2B-RFP, which drives RFP expression along 

the entire dorsal ventral axis of the neural tube. Embryos were allowed to develop in 

ovo for 24 hours. FACS was used to purify dissociated transfect cells expressing GFP or 

RFP. RNA was extracted and gene expression assayed with Affymetrix GeneChip, by 

quadruplicates, in the two cell populations (Figure 1C).  

Several genes previously known to be expressed in the dorsal NT appeared among the 

genes enriched in the GFP-expressing cell population. By contrast, genes previously 

know to be expressed in either the intermediate or the ventral NT appeared among the 

genes expressed at low levels in the EGFP-expressing cell population. Detailed results 

from this transcriptome analysis will be separately published. However, this analysis 

validated the strategy of our genomic screening to identify genes expressed at different 

dorsal-ventral regions of the developing spinal cord as well as in migratory NCC, and 

prompted us to further analyse and validate the function of new genes that might 

contribute to neural crest development. This analysis identify LIM domain Only 4 
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(LMO4) as a gene highly expressed in the GFP-expressing migratory cell population 

(Figure 1 C).  

In situ hybridization analysis revealed the distribution of LMO4 in the developing 

spinal cord and neural crest cells (NCC). At the 10 somites stage (HH10), LMO4 is 

highly expressed in the cranial neural crest (Figure 1D). Anterior NT show highly 

restricted expression of LMO4 to the dorsal-most NT containing premigratory NCC 

(Figure 1D). Caudally, LMO4 is widely expressed in the open neural plate as well as in 

the newly closed NT (Figure 1Div – 1Dv). After NT closure and the onset of NCC 

migration (HH12), LMO4 expression is restricted to the dorsal NT and the migratory 

NCC (Figure 1E).  

At the trunk level, LMO4 is expressed in the three different NCC migratory paths 

(lateral, medio-lateral and medial, giving rise to the different cell lineages of NCC 

derivatives) (Figure 1E-F). Furthermore, LMO4 expression is maintained in NCC 

derivatives at the sympathetic ganglia (SG) and the sensory spinal ganglia (dorsal root 

ganglia, DRG) (Figure 1H). Additionally, LMO4 is expressed in ventral neural 

subpopulation including V2 interneurons and motor neurons as previously reported 

(Chen et al, 2002; Joshi et al, 2009; Lee et al, 2005) (Figure 1G and data not shown) as 

well as in the dorsal part of the NT.  

 

We next confirmed the genetic interaction between BMP and LMO4, by co-transfection 

of the BRE-tk-GFP reporter with the coding region of human LMO4 (pCAGGS-LMO4-

ires-RFP) in the developing spinal cord. LMO4 is sufficient to increase GFP expression 

in a cell autonomous manner similar to the activation of BRE-tk-GFP induced by the 

pseudo-phosphorylated Smad1 (Supporting Information Fig1) (Le Dreau et al, 2012) 

indicating that LMO4 is sufficient to activate the BMP-canonical pathway in the 

developing NT as reported in other cell contexts(Colland et al, 2004; Lu et al, 2006). 

Together the interaction with BMP as well as the expression analysis suggested LMO4 

to have a role in NCC development and prompted us to study this possibility. 

 

LMO4 controls NCC delamination without regulating the specification, or the 

motion properties of NCC 

To check whether LMO4 regulates NCC migration, we over-expressed LMO4 in the 

neural tube of HH10 stage chick embryos, and 48hpe analysed the localization of 

transfected cells. GFP-expression showed transfected cells within the neural tube, as 



 7

well as populating the three main NCC trunk derivatives; dorsal root ganglia (DRG), 

sympathetic ganglia (SG) and pigment cells of the dermis (melanocytes) (Figure 2A).  

Quantification of the number of GFP-labelled migratory cells per section, show that 

over-expression of LMO4 resulted in a ~30% increase in the number of migratory 

NCC/section relative to control-EP embryos, thus indicating a role for LMO4 in the 

generation of neural crest cells (Figure 2B and Table1). The fact that LMO4-expressing 

cells do not show any preferential localization among NCC derivatives (DRG, SG and 

melanocytes) indicates that LMO4 promotes migration of all trunk NCC derivatives, 

regardless of their migratory paths, and suggests a role for LMO4 at early stages of 

NCC migration.  

 

To further assess the contribution of the increased migration to the development of NCC 

derivatives, we analysed the development of the dorsal root ganglia, by quantifying the 

total number of Islet1-expressing cells in individual DRG that were serially sectioned 

(Figure 2C,D). In embryos electroporated with the control GFP expressing vector, the 

number of Islet1-expressing cells is identical in electroporated and non-electroporated 

sides. However, over-expression of LMO4 increase the final DRG cell numbers, as 

compared to their contra-lateral non-electroporated side (Figure 2D-E and Table1).  

These data show that LMO4 promotes NCC generation and prompted us to check 

whether this was the consequence of either increased specification of neural crest 

progenitors, the increased delamination, and/or the increased locomotion properties of 

NCC cells.  

 

The genetic network driving NCC specification involves FoxD3 for the segregation of 

the NCC lineage from the neuroepithelium, Sox9 for providing the competence for 

NCC cells to delaminate, and the repressor activity of Snail to drive EMT in 

neuroepithelial cells(Betancur et al, 2010; Cheung et al, 2005; del Barrio & Nieto, 

2002). To check whether LMO4 is sufficient to trigger the NCC genetic program, we 

over-expressed LMO4 in the neural tube of HH10 stage chick embryos, and 24hpe 

analysed, by in situ hybridization, the expression of FoxD3, Sox9, Snail2, and the 

definitive NCC marker Sox10. Results show LMO4 activity to be insufficient to 

ectopically activate NCC specific genes at this developmental stage (Supporting 

Information Fig 2).  
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We next set to directly test the motion properties of NCC cells in an explant assay. 

Neural tubes were dissected from control and LMO4-GFP electroporated embryos, and 

cell motion properties were followed by time-lapse in neural tube cultures. NCC 

expressing either control- or LMO4-GFP spread from the explant without displaying 

directional migration, and show similar speed of migration (Figure 2F-I). Interestingly 

though, cells over-expressing LMO4 delaminate from the explant faster than control 

cells. As such, 50% of LMO4-overexpressing cells covered the first 50μm in about 

70min compared to the 100min required for the control cells (Figure 2H). Altogether 

these indicate that LMO4 is not sufficient to trigger the NCC genetic program, nor to 

change the motion properties of NCC cells, but show a role for LMO4 at the time of 

NCC delamination, and prompted us to test this possibility. 

 

LMO4 is required for NCC delamination but not for the maintenance of the NCC 

identity. 

To knock-down endogenous LMO4 we generated short-hairpin RNA (sh-RNA) specific 

for the chick LMO4 sequence (Supporting Information Fig 3A). Embryos were 

electroporated at HH10, before the onset of NCC delamination. Analysis by qPCR of 

target RNA in FAC sorted transfected neural cells indicated that RNA levels were 

significantly reduced at ~36 hours post-electroporation, particularly by shLMO4a 

(aprox 80% reduction of LMO4 endogenous expression) without affecting the rate of 

cell proliferation or cell survival in the NT (Supporting Information Fig 3B-E). 

 

Knock-down of LMO4, at the time of neural tube closure, blocks delamination and 

migration of NCC in a cell autonomous manner (Figure 3A and B). 48h after 

electroporation of shLMO4, cells with reduced levels of LMO4 are retained within the 

NT, resulting in a total ~80% loss of migratory NCC, compared to the localization of 

cells expressing the control shRNA. Furthermore, total numbers of GFP-labelled cells 

per section are reduced in all trunk NCC derivatives DRG, SG and melanocytes, at 

similar proportion (Figure 3A,B and Table 1). Impaired delamination is rescued by the 

over-expression of human LMO4 resistant to the shRNA, demonstrating the specificity 

of this phenotype (Supporting Information Fig 3F,G and Table1). 

To further assess the impact of impaired NCC delamination in the NCC derivatives, we 

quantified the total number of Islet1-expressing cells in serially sectioned DRGs. In 

embryos electroporated with the control shRNA expressing GFP, the number of Islet1+ 
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cells is identical in the DRGs of electroporated and non-electroporated sides. However, 

knock down of cLMO4 resulted in a ~20% reduction in the total Islet1+ cells within the 

DRG, as compared to the contralateral non-electroporated side (Figure 3C,D and 

Table1). Considering that the efficiency of this technique is around 30-40% of 

neuroepithelial cells being transfected after electroporation, a total loss of 20% cells in 

the DRG is highly significative, and strongly supports a pivotal role for LMO4 in early 

NCC generation.  

 

Neural crest cells are originated from individual precursor cells within the neural folds 

that can form neural crest or dorsal neural tube (NT) derivatives. Thus we reasoned that 

the loss of NCC formation might be the consequence of an early cell fate change, in 

which NCC progenitors are retained as dorsal NT identities. To check for this 

hypothesis we took advantage of the patterned expression of transcription factors that 

identify sub-groups of dorsal progenitors(Kriks et al, 2005; Muller et al, 2005; Muller et 

al, 2002; Timmer et al, 2002). However, electroporation of sh-LMO4 at HH10, did not 

altered the expression of Pax7 (dP1-dP6), Gsh1/2 (dP2-dP5) or Olig3 (dP1-dP3) (Figure 

S4A-C). Additionally, the size of the roof-plate was not increased as shown by the 

expression of Lmx1b, altogether indicating that LMO4 activity is not required at these 

stages to maintain the patterned expression of progenitor proteins in the dorsal neural 

tube, and that the loss of NCC delamination is not the consequence of a cell fate change 

of dorsal NT progenitors. Conversely, over-expression of LMO4 neither altered the 

expression of Pax7 (dP1-dP6), Gsh1/2 (dP2-dP5) or Olig3 (dP1-dP3), of Lmx1 (roof 

plate marker) (Supporting Information Fig 4D-F), further supporting the dispensable 

activity of LMO4 for the maintenance of cell fate identities in the dorsal NT.  

Altogether these data indicate LMO4 activity to be dispensable for cell-lineage 

decisions in the dorsal NT, but to regulate NCC development at the time of the 

epithelial-to-mesenchymal transition (EMT) and delamination, and prompted us to 

study this possibility. 

 

LMO4 is an essential cofactor for the Snail2 mediated epithelial-to-mesenchymal 

transition of neural crest cells 

The process of epithelial-to-mesenchymal transition (EMT) is crucial for the generation 

of many tissues and organs during embryogenesis, and delamination of the NCC from 

the neural tube is an example of a bona fide full EMT. In molecular terms a full EMT 
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program includes the loss of the epithelial apico-basal polarity by the repression of the 

apical complex together with the disruption of the basal lamina, and transcription 

factors of the Snail family are sufficient to trigger a full EMT program in many tissues 

and organs including the NCC(Nieto, 2011). However, our in vivo knock-down 

experiments showed that in the absence of LMO4 endogenous Snail2 was insufficient to 

trigger neural crest delamination (Figure 3), thus suggesting a functional interaction of 

LMO4 and Snail2. In support of this hypothesis, a direct protein interaction of the LIM-

domains of LMO4 with the N-terminus domain of Snail2 has been recently 

reported(Ochoa et al, 2012). 

To test for the functional relevance of this LMO4/Snail2 interaction, we first checked 

whether over-expression of Snail2 can rescue LMO4 impaired migration. Indeed results 

showed that, although endogenous Snail2 was insufficient to trigger NCC delamination 

in the absence of LMO4, increased dosage of Snail2 can overcome impaired NCC 

migration (Figure 4A,B). Moreover, staining with Laminin showed that ectopic 

disruptions of the basal lamina caused by over-expression of Snail2, are not observed in 

the absence of LMO4 (Figure 4C). However, over-expression of LMO4 alone was not 

sufficient to promote ectopic disruption of basal lamina (data not shown), suggesting 

that disruption of the basal lamina is not directly dependent on LMO4 activity. 

 

Thus, we next turned our attention to components of the apical complex such as the 

tight junction proteins ZO1 and aPKC that line the lumen of neuroepithelial cells. 

Results showed over-expression of LMO4 to be insufficient to either down-regulate or 

to change the subcellular distribution of ZO1 or aPKC (Supporting Information Fig 4). 

N-Cadherin is also highly localized to the apical junctional region at the lumen of the 

neural tube, however, the level of N-Cadherin is low in the dorsal region of the neural 

tube where premigratory NCC reside (Figure 5A), with reciprocally high expression of 

Snail2(del Barrio & Nieto, 2002; Nakagawa & Takeichi, 1995; Nakagawa & Takeichi, 

1998; Park & Gumbiner, 2010). Over-expression of LMO4 in the neural tube of HH10 

stage chick embryos was insufficient to change the subcellular distribution of N-

Cadherin, however reduced the total protein level, similar to the effect obtained after 

over-expression of Snail2 (Figure 5A-C). Interestingly, co-electroporation of LMO4 and 

Snail2 show an additive capacity to down-regulate N-Cadherin expression (Figure 5A-

C), suggesting a functional interaction of LMO4 and Snail2 in the down-regulation of 

Cadherin expression. 
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Despite the numerous studies addressing the required cadherin switch for NCC 

delamination as well as the role for Snail in this EMT, it is still not clear the direct target 

for the Snail-mediated transcriptional repression in neural crest delamination(Nakagawa 

& Takeichi, 1995; Nakagawa & Takeichi, 1998; Park & Gumbiner, 2010; Taneyhill et 

al, 2007). Snail2 binding sites (E boxes) have been identified within the Cadherin6B 

regulatory region(Taneyhill et al, 2007), however Cadherin6 is co-expressed with Snail 

in premigratory NCC and Cad6B expression persist in early migrating NCC(Park & 

Gumbiner, 2010). Thus, to better study the LMO4/Snail2 functional interaction, we took 

advantage of the well characterized human E-Cadherin promoter in which Snail2 

directly binds to the E2 box on the E-pal element to repress expression (Batlle et al, 

2000). Interestingly neuroepithelial cells contain sufficient endogenous transcriptional 

regulators to activate the E-Cadherin-Luc reporter, which we have used to test the 

activity of Snail2 and LMO4. A low concentration of Snail2 is sufficient to repress E-

Cadherin only in the presence of LMO4 (Figure 5D), thus supporting a role for LMO4 

as a required co-factor for the Snail2-mediated transcriptional repression of E-Cadherin.  

 

The LMO4 requirement for invasiveness is conserved in human neuroblastoma 

cells 

Next we wondered whether our findings in the normal development of the neural crest 

cells (NCC), might have an impact on human pathology. To that end we focused our 

attention in neuroblastomas (NB), since pathological blockade of neural crest cells at 

different stages of development, originate NB tumour formation. Furthermore, not only 

NB and NCC share a common developmental origin, but some of the genes associated 

to NB formation are also components of the NCC genomic signature(Jiang et al, 2011). 

We first tested the expression of LMO4 in a panel of human neuroblastoma (NB) cell 

lines belonging to different phenotypical subgroups; neuroblastic N-type (LAN-1 and 

SH-SY5Y), intermediate I-type (SK-N-JD and SK-N-LP) and schwannian/glial S-type 

(SK-N-AS and LA1-5S). We show that all six NB cells lines show detectable 

expression of LMO4, however the more aggressive I-type cell lines exhibit significantly 

higher levels of LMO4 expression (Figure 6A,B). Additionally, all six NB cell lines 

expressed Snail1/2 albeit at very different levels, with particular high level of Snail2 in 

I-type NB line SK-N-LP (Figure 6B). Thus, based on this expression analysis we 

selected the SK-N-LP cell-line for the functional analysis of LMO4. 
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To that end, we infected SK-N-LP cells with lentivirus containing shRNA to knock-

down LMO4 expression. Analysis by qPCR of target RNA in infected cell lines 

indicated that RNA levels were significantly reduced (Figure 6C). However, knock-

down of LMO4 expression did not affect survival of NB-cells as shown by western blot 

analysis using cleaved caspase 3 as apoptosis marker (Supporting Information Fig 6), 

neither changed the rate of proliferation (Supporting Information Fig 6). To study the 

role of LMO4 in cell-cell interactions and cell migration of NB cells, we performed a 

wound-healing assay during 27 hours in culture (Figure 6D-F). Results show a dose 

dependent capacity of neuroblastoma cells to close the wound, associated to the level of 

LMO4 expression (Figure 6F). Additionally, we tested the invasive capacity of these 

cells in a transwell assay, that again show the invasive capacity of these cell to be dose 

dependent on the levels of LMO4 expression (Figure 6G). Altogether these indicate a 

conserved role for LMO4 in pathological neural cells. Further supporting this conserved 

role for LMO4 in NCC and NB cells, we observed the up-regulation in E-Cadherin 

expression associated to the loss of LMO4 (Figure 6H). In summary, the co-operative 

relationship between LMO4 and Snail is maintained in cancer cells, and their combined 

activities regulate the capacity of neural cells to complete an EMT.  

 

 

DISCUSSION 

 

The epithelial-to-mesenchymal (EMT) transition is the process by which cells switch 

from a non-motile to a migratory and invasive behaviour. This process has long been 

recognized as crucial in the morphogenesis of many tissues and organs, moreover the 

importance of EMT in cancer is widely accepted. In the vertebrate embryo, a 

paradigmatic example of a bona fide full EMT is achieved by the delamination of the 

neural crest cells (NCC) from the neural tube. Thus understanding the mechanisms 

driving EMT in the NCC has the potential to give light into the forces driving EMT in 

pathology. Here we show that the LIM domain Only (LMO) protein 4 (LMO4), is 

required for the Snail-mediated NCC delamination. Moreover, results show this role to 

be conserved in neuroblastoma tumour cells. 

 

LMO4 is a transcriptional modulator 
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LMO4 is a member of the LMO protein family (LMO1-4) that contains two LIM zinc-

binding domains for protein-protein interactions, but lacks DNA-binding or catalytic 

domains. LMO4 consist of two tandem LIM domains connected by a small linker 

region and short N-terminal and C-terminal ends. The lack of DNA-binding activity of 

LMO proteins and the strong interaction between LMO and the Nuclear LIM Interactor 

(NLI/LDB1/CLIM2) led to a prediction that LMO regulate transcription negatively by 

inhibiting the formation of complexes consisting of LIM-HD factors and NLI. This 

prediction was supported by studies in Drosophila and in the vertebrate spinal cord 

(Joshi et al, 2009; Lee et al, 2008; Milan et al, 1998; Song et al, 2009). However, it has 

also been shown that LMO4 and its binding partner NLI interact with the basic-Helix-

Loop-Helix protein Neurogenin 2 (NGN2), forming a multi-protein transcription 

complex that is recruited to the E-box containing enhancers of NGN2-target genes, to 

activate NGN2-mediated transcription(Asprer et al, 2011). These indicate that LMO4 

can play dual roles to control assembly of transcription factor complexes by competing 

with LIM factors or by recruiting non-LIM-domain-based transcription factors. 

 

Acting as a transcriptional co-activator, LMO4 can interact with the MH1 and linker 

domains of receptor-mediated Smad proteins to co-activate the TGF-beta response in 

epithelial cells(Lu et al, 2006). Here we identified LMO4 in a genome-wide screening 

based on a BMP-reporter, and experiments show that LMO4 is sufficient to activate the 

BRE-tk-GFP reporter in the neural tube. Since Smad1/5(Le Dreau et al, 2012) and 

Smad3(Garcia-Campmany & Marti, 2007) are expressed in the developing NT, we 

propose a model in which LMO4 enhances the transcriptional activity of endogenous 

Smad1/5 proteins to activate BMP-dependent responses. 

A recent independent study showed that LMO4 interacts with the transcriptional 

repressor Snail(Ochoa et al, 2012). In this study, the LIM domains of LMO4 and the N-

terminus of the transcriptional repressor Snail are shown to directly interact. The in vivo 

relevance of this protein interaction was tested by the induction of neural crest genes in 

Xenopus, a role for Snail that is not conserved in other species(Barrallo-Gimeno & 

Nieto, 2005). As such, experiments in chick embryos show that neural crest induction is 

independent of LMO4 activity, and therefore we studied the role of LMO4 in EMT. 

 

LMO4 is required for NT closure 
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Three independent studies reported that LMO4 is required for proper closure of the 

mouse anterior neural tube(Hahm et al, 2004; Lee et al, 2005; Tse et al, 2004). Null 

mutation of LMO4 causes severe neural tube defect which occurs in the form of 

anencephaly or exencephaly, this was associated with abnormal patterns of cell 

proliferation and with high levels of apoptotic cell death within the neuroepithelium(Lee 

et al, 2005). However, our experimental manipulation generating an acute knock-down 

of LMO4, did not affect the viability of either neural tube cells or neuroblastoma cells, 

as assessed by cell proliferation and cell survival in both models. These suggests that 

defects on cell proliferation and cell survival reported in mice mutant for LMO4 might 

not be a direct consequence of the lack of LMO4, but dependent on the LMO4 

regulation of other signals such as BMP, as we report here. 

Skeletal defects were also reported in LMO4-null embryos including defects in cervical 

vertebrate and the rib cage, in addition to fusions of cranial nerves IX and X and defects 

in cranial nerve V(Hahm et al, 2004). All these defects are compatible with deficient 

neural crest formation similar to what we observed after the knock-down of LMO4 in 

the chick neural tube. 

 

LMO4 is a required co-factor for the Snail-mediated EMT 

In addition to the nervous tissue, LMO4 is highly expressed in epithelial cells, often at 

locations of active epithelial-to-mesenchymal interactions, such as in the mammary 

gland(Sum et al, 2005) and in epithelial cells(Lu et al, 2006), among others.  

Furthermore, functional analysis show that down-regulation of LMO4 expression in 

breast cancer cells, reduced their capacity to migrate and invade an extracellular matrix, 

while over-expression of LMO4 in non invasive, immortalized human MCF10A cells 

promoted cell motility and invasion(Sum et al, 2005), closely resembling the role 

played by LMO4 in neural cells, and supporting a conserved mechanisms for LMO4 

function in several tissues. 

Many transcription factors contribute to EMT through direct repression of epithelial cell 

surface adhesive components such as E-Cadherin, claudins and occludins. Among them 

the Snail family of transcriptional repressors are central regulators of EMT in tissue 

morphogenesis and in human pathology(Nieto, 2011). Here we show the absolute 

requirement for LMO4 in two models of EMT; neural crest and neuroblastoma tumour 

cells, both of which express high levels of Snail. Depletion of LMO4 phenocopies the 

loss of Snail activity in the chick embryo, both resulting in the impairment of NCC 
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delamination. The loss of NCC migration upon depletion of LMO4 was rescued by 

concurrent Snail expression, strongly supporting an interaction between these two 

factors. Moreover, taking advantage of the well characterized Snail regulation of E-

cadherin expression, we show a clear dose-dependent co-operative activity of LMO4 

and Snail in the repression of E-cadherin expression, and this dependence to be 

conserved in normal and pathological neural cells. The N-terminal SNAG domain of 

Snail is required for the mechanisms of repression, and a recent study reported the LIM-

domains of LMO4 to directly bind to the SNAG-repressor domain of Snail(Ochoa et al, 

2012). Similarly, a distant member of the LIM family of transcriptional regulators, the 

Ajuba-LIM protein, also binds directly to the SNAG-repressor domain of Snail and 

regulates E-cadherin expression(Langer et al, 2008). 

Thus we propose a model in which LMO4 act as required cofactor for the Snail-

dependent cadherin repression and EMT. Whether LMO4 proteins also play a role in 

mesenchymal to epithelial transition (MET) is an interesting possibility that require 

further investigation. MET occurs physiologically during morphogenesis of various 

organs and pathologically as metastasic cells reform epithelial-like tumours at 

metastasic sites(Thiery et al, 2009). 

 

LMO4 is a neuroblastoma gene 

Neuroblastomas express genes relevant for neural crest development(Jiang et al, 2011). 

For example, Pax3/7 whose activities are required for normal NC development, in 

neuroblastoma cell-lines appeared highly up-regulated in unique spliced variants(Acosta 

et al, 2009; Barr et al, 1999). TFAP2, which is also essential for the normal NC, is 

associated to neuroblastoma malignancy(Schulte et al, 2008). 

Here we identified LMO4 as a new gene expressed in all NCC derivatives in the chick 

embryo. Moreover a preliminary expression analysis shows LMO4 to be expressed in 

primary neuroblastomas albeit at different levels that might be associated to malignancy 

(data not shown). LMO4 belongs to a protein subfamily encoded by four genes (LMO1-

4) and its paralogues LMO1 and LMO3 are neuroblastoma oncogenes(Aoyama et al, 

2005; Isogai et al, 2011; Wang et al, 2011). Our work however provides a new finding 

in the role of LMO4 in neuroblastoma, a role that is independent on the control of 

proliferation and/or apoptosis, but is relevant for the invasiveness of these tumour cells. 

Moreover, it provides an additional proof of principle that research in developmental 

biology can reveal mechanisms important for cancer biology and human pathology. 
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MATHERIAL AND METHODS 

 

DNA constructs 

The BMP reporter construct (BRE-tk-GFP) and the pseudo-phosphorylated mutant 

versions of Smad1 (Smad-S/D) were as published(Le Dreau et al, 2012). Human 

LMO4(Lu et al, 2006) and chicken Snail2(Morales et al, 2007) were subcloned into 

pCAGGS-ires-GFP and into pCAGGS-ires-H2B-RFP. The E-cadherin-Luciferase 

reporter construct was as previous published(Batlle et al, 2000). 

To knock-down chick LMO4 in embryos, short RNA hairpin (sh-RNA)-based 

expression vectors for RNA interference were generated following the pSuper RNAi 

systemTM (OligoEngine Inc.), pairs of custom 60-nt oligonucleotides that contain 

unique 19-nt sequences for each mRNA were designed using the RNAi Design Tool 

(www.oligoengine.com) and purchased from Sigma (Supporting Information Fig 2A). 

They were cloned into the pSHIN vector which contains the pSuper shRNA expression 

cassette and an independent GFP-encoding cassette.  

To knock-down human LMO4 in neuroblastoma cell lines, shRNA interference 

plasmids were obtained from The RNAi Consortium (Sigma-Aldrich Corporation, St. 

Louis, MO), sequences are as indicated (Supporting Information Fig 5A).  

 

Chick in ovo electroporation 

Fertilized eggs were windowed after 36/40 h of incubation at 38ºC that correspond to 

stages (St) HH 10/11(Hamburger & Hamilton, 1992), respectively. Embryos were 

microinjected into the lumen of the neural tubes with a solution of plasmid DNA diluted 

in water and 0.2% Fast Green (Sigma). Electrodes were placed either side of the neural 

tube and electroporation carried out in ovo using a Intracel Dual Pulse TSS-100 

electroporator delivering five 50 ms pulses of 20 V. Embryos were allowed to develop 

and harvested at the indicated time points, dissected in PBS, and processed as indicated. 

 

Fluorescence Associated Cell Sorting (FACS) and Microarray analysis 

Plasmid DNA encoding the pBRE-tk-GFP reporter construct and the pCAGGS-IRES-

H2B-RFP construct were co-electroporated. Neural tubes were dissected out 24 hours 

later, and single cell suspension was obtained by 10-15 minutes incubation on Tripsin-

EDTA (SIGMA). GFP and RFP fluorescence were determined and sorted by flow 

cytometry using a MoFlo flow cytometer (DakoCytomation, Fort Collins, Colorado, 
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USA). The resulting cell sorted populations consisting of ~90% of RFP+/GFP+ cells, 

and 90% of RFP+/GFP- cells were used for total RNA extraction using standard Trizol 

(Promega) protocol. The quantity of purified total RNA were verified by measuring 

with nanodrop and the quality assessed with a Bioanalyser 2100 (Agilent). 

Hybridization to microarrays and array processing were carried out according to the 

manufacturer’s instructions (Affymetrix). Two-cycle cDNA synthesis was performed 

from 35-50 ng of total RNA and hybridized to the GeneChip Chicken Genome Array 

(Affymetrix). For statistical analysis, data from four biological replicates of each 

experiment were averaged. Analysis of microarray data was performed using 

Bioconductor software. The quality of the data were assessed, normalized with the 

“rma” algorithm and selected differentially expressed genes. Results were filtered using 

thresholds of [log2FC]>0.5849 and p-value < 0.05.  

 

RT-PCR and evaluation of RNAi efficiency by Quantitative Real-Time-PCR 

In chick embryos, GFP-containing plasmid DNAs were electroporated and neural tubes 

dissected out 36 hours later. Single cell suspension was obtained by 10-15 minutes 

incubation in Tripsin-EDTA (SIGMA). GFP+ cells were sorted by flow cytometry 

using a MoFlo flow cytometer (DakoCytomation). Total RNA was extracted following 

the Trizol protocol (Invitrogen). Reverse transcription and real-time PCR were 

performed according to manufacturer’s instructions (Roche) using a LC480 Lightcycler 

(Roche). Specific primers used for qPCR amplification of target genes were purchased 

(QuantiTec Primer Assays, Qiagen). Oligonucleotides specific for chick Gapdh were 

used for normalization. PCR amplifications were assessed from pools of electroporated 

neural tubes (15/pool), using 2-3 independent pools per experimental condition. Data 

represent mean standardised values±s.e.m. 

 

In neuroblastoma cell lines, total RNA was isolated using TRI Reagent (Sigma-Aldrich 

Corporation, St. Louis, MO) and 1μg of RNA was used for cDNA synthesis using 

random hexamers and M-MLV Reverse Transcriptase (Promega, Southampton, UK). q-

PCR reactions (30 ng cDNA) and quantification, were performed on an ABI Prism 7000 

Sequence Detection System using Q–PCR Taqman Gene Expression Assays (Assay-on-

Demand Gene Expression products, Applied Biosystems, Foster City, CA).  

Transcript levels for LMO4 (Hs00232488_m1), Snail1 (Hs 00195591_m1) and Snail2 

(Hs 00950344_m1) were normalized to TATA box binding protein (TBP) 
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(Hs00427620_ms1) expression values and were normalized respect to the cell line with 

the lowest amplification level (LAN1). 

Levels of LMO4 (Hs00232488_m1) and E-cadherin mRNA (Hs 01023894_m1) from 

SK-N-LP cells stably transduced with lentiviral shLMO4 were analyzed by Q–PCR 

Taqman using TBP (TATA-binding protein) as a housekeeping gene 

(Hs00427620_ms1) and were normalized relative the expression of scrambled shRNA 

lentiviral infected cells.  

 

Immunohistochemistry and in Situ Hybridization 

For immunohistochemistry, embryos were fixed 2-4 hours at 4ºC in 4% PFA in PB. 

Immunostainings were performed following standard procedures on either vibratome or 

cryostat sections. Several primary antibodies were generously gifted by labs from 

C.Birchmeier (Olig3), M.Goulding (Gsh1/2). Monoclonal antibodies to Islet1, Lmx1b 

and Pax7 were obtained from the Developmental Studies Hybridoma Bank (DSHB).  

Others were purchased from Invitrogen (Id4 and ZO1), Santa Cruz (aPKC), Sigma 

(HNK-1 and Laminin), Zymed (N-Cadherin) Upstate (phospho-Histone-3), BD 

Biosciences (cleaved caspase 3) or gift from Pons lab (GFP). Alexa488-, Alexa555- and 

Cy5-conjugated secondary antibodies were purchased from Invitrogen and Jackson 

Laboratories. After staining, sections were mounted, photographed using a Leica SP5 

Confocal microscope, and processed with Adobe Photoshop CS5. Cell countings were 

made on pictures obtained from at least 6 different chick embryos per experimental 

condition.  

For quantification of the DRG development, whole mount immunostainings were 

performed using anti-Islet1 antibody. After the immunostaining, sections were serially 

mounted. At least 3 individual DRG (Electroporated side and non-electroporated side) 

were quantified from each embryo (n=3 by experimental condition). Data are 

represented as mean±s.e.m. 

For in situ hybridisation, embryos were fixed overnight at 4ºC in 4% PFA in PB, rinsed 

and processed for whole mount RNA in situ hybridization following standard 

procedures using probes for chick LMO4, FoxD3, Snail2, Sox9, Sox10 (from the 

chicken EST project, UK-HGMP RC). Hybridized embryos were postfixed in 4% PFA, 

rinsed in PBT and vibratome sectioned and photographed on a Leica DMR microscope.  

 

Luciferase-reporter Assay 
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Transcriptional activity assays of LMO4 and Snail2, using the E-Cadherin-Luciferase 

reporter(Batlle et al, 2000) were performed in chick embryo neural tubes. Chick 

embryos were electroporated with indicated DNAs or empty pCAGGS-ires-GFP vector 

as control; together with the indicated firefly-luciferase vector and a renilla-luciferase 

reporter construct (Promega) for normalization. Embryos were harvested after 24 hours 

incubation in ovo and GFP-positive neural tubes were dissected and homogenized with 

a douncer in Passive Lysis Buffer on ice. Firefly- and renilla-luciferase activities were 

measured by the Dual Luciferase Reporter Assay System (Promega). Data are 

represented as mean±s.e.m with 8-12 embryos per experimental condition. 

 

Neural crest explant culture and time-lapse analysis 

HH Stage 10 chick embryos were electroporated with the indicated DNAs, and the NT 

dissected out 3hpe. NT explants were cultured in plastic dishes coated with fibronectin 

(Sigma) and filled with DMEM-F12 (D6421-Sigma), 0.01% Penicillium-Streptomicin 

(Invitrogen) and 0.001% Myto+ (BD BioScience). Time lapse of migrating NC cells 

was done as previously described(Duband et al, 2009), using a Leica SP5 confocal 

microscope.  

Cell tracking assay was processed using ImageJ, migratory cells were treated as 

particles centered on its own nuclei and then tracked using the “ImageJ Manual 

Tracking plug-in” 

 

Cell lines 

HEK 293T cells were used for virus production in Dulbecco modified Eagle medium 

(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-

Glutamine, penicillin (100 U/mL) and streptomycin (100 μg/mL)  (Invitrogen, Carlsbad, 

CA). 

Neuroblastoma human cell lines were cultured in RPMI 1640 supplemented with 10% 

heat-inactivated fetal bovine serum, 2 mM L-Glutamine, penicillin (100 U/mL) and 

streptomycin (100 μg/mL) (Invitrogen, Carlsbad, CA). LAN-1, SK-N-LP and SK-N-JD 

cell lines were provided by Dr. N.K.V. Cheung (Memorial Sloan Kettering Cancer 

Center, New York), LA1-5s by Dr. B. Spengler (Fordham University, New York) and 

SH-SY5Y cells were provided by Dr. V.J. Yuste (Institut de Neurociencies, Medicina 

UAB, Spain). SK-N-AS cell line was purchased from European Collection of Cell 

Cultures (ECACC, Wiltshire, UK). 
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Lentivirus production and lentivirus-mediated shRNA knockdown 

Lentiviral virions expressing shLMO4 and control short hairpin RNA (shRNA) were 

produced by transient co-transfection of 6 μg of Pax, 5 μg of pCMV-VSV-G and 7 μg 

of the vectors containing the shRNA LMO4 (pLKO.1-LMO4 Sigma-Aldrich 

Corporation,) (Supl Fig 6) into the packaging cell line HEK 293T.  Conditioned 

medium was collected at 24 and 48 hours after transfection. Lentivirus vectors were 

concentrated by ultracentrifugation at 50.000g for 2 hours at 4°C in a Beckman SW-28 

rotor (Beckman Coulter, Marseille, France) and re-suspended in 4mL of culture medium 

for the receptor cells (RPMI 1640, Invitrogen). Control lentivirus was produced by 

using the vector pLKO.1 which has a scrambled non-targeting short-hairpin RNA 

sequence (Addgene).  

SK-N-LP neuroblastoma cells were seeded at a density of 0.5 × 106 cells per well in 6-

well plates, and transfected by lentiviral-conditioned media (1mL) for the 3 shRNA 

targeting the human LMO4 gene (sh-A, sh-B and sh-C) and for the scramble shRNA 

(pLKO). Transfected cells were selected for 2 weeks in medium containing puromycin 

(Sigma-Aldrich Corporation, and puromycin-resistant cells were pooled after the 

selection period. 

 

SDS-PAGE and Western Blot 

In chick embryos, electroporated neural tubes were recovered 24hpe, cleaned and frozen 

immediately. Protein extraction was performed with RIPA buffer and quantified by 

Bradford reagent. Antibodies against N-cad (Invitrogen, anti-Rat, dilution 1:2000) and 

β-tubulin (Millipore, anti-Mouse, dilution 1:5000) were used. Densitometric analysis 

was done using the Quantity One software (Bio-Rad, Munich, Germany). 

 

Lysates from shRNA-LMO4neuroblastoma cell lines were harvested from 60-cm 

confluent plates in total protein extraction hot lysis buffer (20mM Tris-HCl pH 

7.5/2mM EDTA/300mM NaCl/2% SDS). Protein concentration was determined by the 

Bio-Rad Protein Assay (Bio-Rad, Munich, Germany). A monoclonal antibody against 

cleaved caspase-3 (1:1.000, Cell Signaling Technology, Danvers, MA) was used to 

detect apoptotic cell death. SH-SY5Y cells treated for 6h with Staurosporine 1μM 

(Sigma-Aldrich Corporation, St. Louis, MO) were used as a positive control for the 

detection of cleaved caspase-3. The amount of protein loaded was checked by reprobing 
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the same membrane with a �-GAPDH antibody (1:2,000, Millipore). Detections were 

performed by using enhanced chemiluminescence (ECL) (Amersham-Pharmacia 

Biotech, Uppsala, Sweden). 

 

Thymidine Proliferation Assay 

Neuroblastoma SK-N-LP shLMO4-transduced cells were plated in quadruplicates in 24-

well plates in complete medium 48h before the assay. The cells were then incubated 4h 

with 3H-thymidine (925GB/mmol, Amershan-Pharmacia Biotech) (0.5μl per well). 

Cells were washed three times with phosphate buffered saline (PBS) and lysed with 

0.04% SDS. Lysates were processed for liquid scintillation counting (Optiphase 2, 

Perkin-Elmer Life Sciences) and were measured with a WinSpectral 1414 liquid 

scintillation counter (Wallac). 

 

In Vitro Wound-Healing Migration Assay 

SK-N-LP cells transduced with lentiviral shLMO4 were seeded into 60cm plates 

(Corning).  After the cells grew to confluence, a single wound was created in the center 

of the cell monolayer by gentle removal of the attached cells with a P200 sterile plastic 

pipette tip (0.5 mm in width). Cell debris were removed and fresh complete culture 

medium was added. Every 3h of incubation, the cells which protruded from the border 

of the wound and migrated into the wounded area were photographed under an inverted 

microscope. The areas between the edges of the wounds were measured at each time 

point by using the Image J software by the method described by Dr Kees Straatman of 

the Advanced Imaging Facilities in the University of Leicester. The area just after 

wounding was set as 100%, and the relative area change was calculated as a percentage 

of the initial wounded area. 

 

In Vitro Invasion Assay 

For the Transwell invasion assay (Corning Costar), the membranes of the inserts were 

coated with 410�g/mL Matrigel (BD Biosciences) and 200�g/cm2 hyaluronic acid 

(HA). The next day, 1,5 × 105 shLMO4-SK-N-LP cells were plated onto the upper 

chamber in RPMI 1640 medium supplemented with 0,1% heat-inactivated fetal bovine 

serum, 100 �g/ml penicillin/streptomycin, 2 mM L-Glutamine (Invitrogen) and 0,5% 

BSA (Sigma-Aldrich Corporation). Complete medium with 10% FBS was added to the 

lower chamber. After 24h of incubation, cells on the upper side of the membrane were 
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removed and cells that had migrated onto the lower membrane surface and receiver well 

were trypsinised and stained with propidium iodide (10�g/mL) (Sigma-Aldrich 

Corporation). Analyses were performed with an Epics XL flow cytometer (Coulter 

Corporation) by using Flowcheck (Beckman Coulter) as an internal standard for 

counting cells. Experiments were done in triplicate and data is represented as index of 

invasion relative to pLKO control.  

 

Statistics 

Statistical analysis was performed using the Statview software. Significance was 

assessed by performing Student's t-test, except for with increasing concentrations of 

Snail2, whose effects were examined using ANOVA followed by the Student-Newman-

Keuls test. Heatmap graphic was performed using the R software (The R Project for 

Statistical Computing).Wound healing, in vitro invasion and thymidine incorporation 

assays data were analyzed statistically by Student's t-test. Quantitative data are 

presented as the mean ± standard error of the mean (s.e.m.) (*P<0.05, **P<0.01 and 

***P<0.001). 
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THE PAPER EXPLAINED 

PROBLEM: The epithelial-to-mesenchymal (EMT) transition is the process by which 

cells switch from a non-motile to a migratory and invasive behaviour. This process is 

crucial in embryo developmental for the formation of many tissues and organs; 

moreover the importance of EMT in cancer is widely accepted.  Here we have taken the 

neural crest as a paradigmatic model to study the mechanisms regulating EMT in 

normal development, together with the study of neuroblastoma tumour cells- an 

embryonic tumour that originates from the neural crest- as an example of  invasive 

cancer relevant in infant disease. 

RESULTS: By means of a genome-wide screening for neural crest genes, we find LIM 

domain Only (LMO) protein 4 (LMO4) as a new neural crest gene in the chick embryo. 

We demonstrate the requirement of LMO4 for the delamination of neural crest from the 

neural tube, as well as for the invasive capacity of clinically relevant neuroblastoma 

tumour cells. In search for the mechanism of LMO4 activity, we find that LMO4 is a 

required cofactor for the Snail-mediated transcriptional repression of E-cadherin 

expression, a molecular mechanism required for EMT in the two models.  

IMPACT:  Neuroblastoma is one of the most common paediatric solid tumours 

diagnosed before the age of 1 year, which accounts for 15% of all paediatric cancer 

deaths. Our results demonstrate the requirement of the transcriptional cofactor LMO4 

for the invasive capacity of neuroblastoma tumour cells, thus contributing to the 

identification of a target to design new therapeutic strategies. 
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FIGURE LEGENDS 

 

FIGURE 1: LMO4 is expressed in the NCC. (A) Sequence of the Id1 promoter 

containing Smad Binding Elements used to generate the BMP Responding Element 

(BRE). (B) Co-electroporation of BRE-tk-GFP (green) together with a control plasmid 

expressing pCAGGS-H2B-RFP (red), showed GFP-expressing cells in the dorsal NT 

and migratory paths of neural crest derivatives. Migratory GFP-expressing cells also 

express the neural crest marker HNK1 (blue). (C) A transcriptional profiling of BRE-tk-

GFP expressing cells identified genes highly expressed in dorsal neural tube and NCC. 

Chick embryos were co-electroporated with the BRE-tk-GFP (green) and pCAGGS-

H2B-RFP (red), transfected GFP/RFP-expressing cells were FAC sorted, and extracted 

RNA used to hybridize full genome genechips. LMO4 is upregulated in GFP expressing 

cells. (D-H) In situ hybridization analysis shows LMO4 expression in chick embryos. 

LMO4 is expressed in the early NT (D,E), in the cranial and trunk migratory neural 

crest (D-F) and in the neural crest derivatives dorsal root ganglia (DRG) and 

sympathetic ganglia (SG) (G,H). At HH stage24, LMO4 is also expressed in motor 

neurons (MN in G). 
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FIGURE 2: LMO4 regulates NCC delamination without changing the motion 

properties of NCC cells (A) Chick embryos electroporated at HH10 with indicated 

DNAs were analysed 48 hpe for the expression of Islet1 and Id4, as marker for sensory 

neurons. GFP-expressing cells are located in the NT and the neural crest derivatives 

including DRGs. (B) Quantitative data show mean total ± s.e.m of GFP-expressing cells 

in control EP vs LMO4-EP embryos, and in neural crest derivatives; dorsal root ganglia 

(DRG), sympathetic ganglia (SG) and melanocytes. LMO4 enhances migration of all 

NCC derivatives. (C) Schematic representation of a spinal cord and DRG, serially 

sectioned for the quantification of the total number of cells within DRGs. (D-E) LMO4 

activity is sufficient for the increase of DRG cells numbers. (D) Representative images 

of sections stained for Islet1. (E) Quantitative data show mean ratios ± s.e.m of Islet1-

expressing cells in EP vs control non-EP side.  (F-I) The migratory behaviour of neural 

crest cells was tested by time-lapse in neural tube explants from control and LMO4 

over-expressing NT. (F) Representative images of initial and final position of control 

time-lapse (G) Schematic representation of explant culture and cell tracking. (H) 

Quantitative data show tracks of LMO4-overexpressing cells to delaminate faster from 

the NT. (I) Quantitative data show that the speed of control and LMO4 over-expressing 

cells is comparable. 

 

FIGURE 3: LMO4 is required for neural crest delamination  (A) In vivo loss-of-

function of LMO4 by sh-RNA electroporation shows that the activity of LMO4 is 

required for neural crest delamination. Embryos were electroporated at stage HH10 and 

analysed 48hpe. GFP (white) is shown as indicator of electroporation and NCC 

migration. Islet1 and Id4 are shown as markers for DRG sensory neurons (B) 

Quantitative data show mean total ± s.e.m of GFP-expressing cells per section in control 

EP and shLMO4-EP embryos in total migratory cells, as well as NCC derivatives; 

dorsal root ganglia (DRG), sympathetic ganglia (SG) and melanocytes. (C) 

Representative images of serially sectioned DRG immunostained for Islet1. (D) 

Quantitative data show mean ratios ± s.e.m of Islet1-expressing cells in EP and control 

non-EP side.  

 

FIGURE 4: Snail2 over-expression overcome the LMO4 impaired NCC delamination. 

(A) Embryos co-electroporated with Snail2-RFP (various concentrations) and sh-RNA-
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GFP (control and LMO4), were analysed 48hpe for the neural crest marker HNK1 

(blue) and migration of GFP/RFP. (B) Quantitative data show mean total ± s.e.m of 

total migratory RFP/GFP-expressing cells in control EP and shLMO4-EP embryos. (C) 

Embryos co-electroporated with Snail2-RFP and sh-RNA-GFP (control and LMO4), 

analysed 48hpe show that without LMO4, Snail2 is not able to disrupt the basal lamina 

(anti-Laminin, blue) 

 

FIGURE 5: LMO4 interacts with Snail2 to regulate cadherin expression (A) Embryos 

co-electroporated with Snail2-RFP and LMO4-GFP were analysed 24hpe for N-

Cadherin (blue). N-Cadherin expression is reduced in the electroporated side. (B,C) 

Western blot analysis shows the reduction of total protein level after electroporation of 

Snail2, LMO4 and the additive capacity of LMO4+Snail2. (D) The transcriptional 

activity of Snail2 and LMO4 was tested on the human E-Cadherin-Luc reporter, and 

compared to that of pCIG, a fixed concentration of LMO4, and increasing concentration 

of Snail2. (E) Data show the cooperative activity of LMO4 and Snail2 in the repression 

of ECadherin.. Activity was tested by in ovo co-electroporation at HH11 and assayed 

for luciferase activity 24hpe. Data represent means ± s.e.m of relative Luciferase 

activity expressed in arbitrary units (the mean of the control pCIG = 1.0). 

 

FIGURE 6: The LMO4 requirement for migration is conserved in neuroblastoma cells 

(A) Molecular characterization of neuroblastoma cell lines. The expression of Phox2b 

identifies these cells as neuroblastomas, the relative expression of glial markers (GFAP, 

PMP22 and S100�) and neural markers (GAP43 and Neurofilaments) allows for the 

subgroup association as neural (N-type), glial (S-type) or intermediate (I-type). (B) 

Expression levels for LMO4, Snail1 and Snail2 examined by RT–qPCR in 

neuroblastoma cell lines, results are expressed relative to LAN1 cells. I-type cells 

express higher levels of LMO4 and Snail1/2. (C) LMO4 gene silencing efficiency of 

shRNA in SK-N-LP cells examined by RT–qPCR. Expression of LMO4 mRNA was 

calculated relative to scrambled shRNA (pLKO control) and error bars express standard 

deviation (S.D.). (D-F) The migratory behaviour of SK-N-LP neuroblastoma cells was 

tested in culture using a wound healing assay. (D) Schematic representation of wound 

healing assay and quantification. Measurement of the wounded areas was performed in 

ImageJ by enhanced contrast between cells and the wound, to allow automatic 

measurement of the area. (E) Representative images of cell migration in a wound-
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healing assay on SK-N-LP cells expressing indicated shRNAs. (F) Changes in wound 

area were computed into percentage (means ± S.E.M) setting the initial wound area as 

100% to represent wound closure (*** P < 0.001 as assessed by analysis of variance).. 

Efficiency of shRNAs correlates with the capacity of SK-N-LP cell to close the wound. 

(G) Invasive capacity of SK-N-LP was tested in a Transwell invasive assay. Schematic 

representation of the insert containing the Matrigel-coated porous membrane, where 

cells were seeded. The fraction of cells that migrated across 8 μm diameter pores over 

24 hours was determined by flow cytometry. Data was represented as index of invasion 

relative to pLKO control (*** P < 0.001). Cell lines with lower levels of LMO4 show 

less invasive properties. (H) Efficient LMO4 down-regulation is accompanied by an 

increase in E-Cadherin levels, RT–qPCR results expressed as the mean ± S. D relative 

to non-targeting shRNA (pLKO control). 
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SUPPORTING INFORMATION FIGURE 1: LMO4 regulates BMP activity 
(A).Chick embryos co-electroporated at HH10 with the BRE-tk-GFP and either the 
control pCAGGS-H2B-RFP vector or versions containing sequences encoding Smad1-
SD, or LMO4 were analysed 24hpe. Both Smad1S/D and LMO4 activates the BMP 
reporter BRE-tk-GFP in a cell autonomous manner.

SUPPORTING INFORMATION FIGURE 2: LMO4 is insufficient to regulate the 
expression of neural crest genes. Chick embryos electroporated at HH10 were analysed 
24 hpe for the expression of the indicated NCC markers. No obvious change was 
observed on the expression of any NCC specific gene. 

SUPPORTING INFORMATION FIGURE 3: Generation and characterization of 
chick shLMO4 (A) Sequences of 19-nt designed to construct pSHIN vectors containing 
short-hairpins specific for cLMO4. (B). Embryos were electroporated at HH12 with the 
control shDNA or with various sh-LMO4 constructs, cells harvested 36 hours after, 
GFP+ cells were purified by FACS, total RNA extracted and analysed by qRT-PCR for 
endogenous expression levels of cLMO4 transcripts. shLMO4a that reduced ~70% 
expression, was used for the rest of the experiments. (C) The knock-down of LMO4 
was also tested by in situ hybridization. (D) Knock-down of LMO4 does not 
compromise cell survival or cell proliferation as assayed by cleaved caspase3 staining or 
phospho-H3 staining in control and shLMO4 electroporated embryos. (E) Quantitative
data show mean ratios ± s.e.m of pH3-expressing cells in EP vs control non-EP side. 
LMO4 is not required for cell proliferation. (F) Specificity of the shLMO4 was tested 
by the co-electroporation of humanLMO4 (resistant to the shRNA), that overcame 
impaired NCC migration (G) Quantitative data show mean ratios ± s.e.m of GFP-
expressing migratory cells in shLMO4 and shLMO4+humanLMO4 co-electroporation.  

SUPPORTING INFORMATION FIGURE 4: LMO4 activity is dispensable for the 
patterned expression of dorsal progenitor proteins. (A) Chick embryos electroporated at 
HH10 with shControl and shLMO4 were analysed 48 hpe for the expression of markers 
to identify dorsal progenitor populations and roof plate cells (RP, Lmx1b+). No obvious 
change was observed on patterning of the dorsal neural tube (Pax7+), dP1-3 progenitors 
(Olig3+), nor dP3-5 progenitors (Gsh1/2+) after electroporation of sh-LMO4 or control. 
GFP (white) is shown as an indicator of electroporation. (B) Quantitative data show 
mean ratios ±s.e.m of number of Lmx1b expressing cells in EP vs control non-EP side 
of the spinal cord. (C) Quantitative data show mean ratios ±s.e.m of DV extension of 
indicated markers in EP vs control non-EP side of the spinal cord. (D) Representative
images show sections of embryos electroporated with control or LMO4 expressing 
vectors with the same markers as in loss of function experiment. LMO4 overexpression 
is insufficient to change the patterned expression of these markers (E) Quantitative data 
show mean ratios ±s.e.m of number of Lmx1b-expressing cells in EP vs control non-EP 
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side of the spinal cord (F) Quantitative data show mean ratios ±s.e.m of markers-
expressing cells in EP vs control non-EP side of the spinal cord. 

SUPPORTING INFORMATION FIGURE 5: LMO4 is not sufficient to regulate the 
expression or subcellular distribution of proteins of the apical junctions. (A) Embryos 
co-electroporated with control and LMO4-GFP expressing vectors were analysed 24hpe 
for the expression of aPKC and ZO1. Protein levels and subcellular distribution of both 
proteins do not change after electroporation. 

SUPPORTING INFORMATION FIGURE 6: LMO4 down-regulation does not alter 
the viability of SK-N-LP neuroblastoma cell line. (A). shRNA sequences targeting the 
coding sequence of human LMO4 used in this study. (B) Down-regulation of LMO4 in 
SK-N-LP cells does not induce a significant increase in apoptotic caspase activation. 
Total cell extracts of SK-N-LP cells expressing indicated shRNAs were subjected to 
western blotting with cleaved caspase-3 antibody. GAPDH antibody was employed as a 
loading control. (C) Down-regulation of LMO4 expression does not reduce proliferation 
of SK-N-LP cells. DNA synthesis was determined by measuring 3H-thymidine 
incorporation during the last 4 h of 48h cultures of cells expressing indicated shRNAs. 
Data represent means (±SEM) of quadruplicate cultures. 

SUPPORTING INFORMATION TABLE 1 Quantitative data (means ratios or mean 
cell numbers ± s.e.m) for all experiments presented herein. 
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RESUMEN EN ESPAÑOL 
 

INTRODUCCIÓN 

Las células de la cresta neural son una población de células migratorias 
y pluripotentes que se forman durante el desarrollo de los vertebrados. 
Su origen reside en los bordes del tubo neural y la epidermis durante la 
neurulación, y desde aquí migran colonizando buena parte del embrión. 
La cresta neural ha sido denominada en ocasiones como la cuarta capa 
germinal dada la gran cantidad de derivados que generan. 

  Según su disposición a lo largo del embrión, la cresta neural 
puede dividirse en cuatro dominios principales: 

� Cresta neural craneal o cefálica: se diferencia en cartílago, 
hueso, neuronas craneales, glía y tejido conectivo de la cara.  

� Cresta neural cardiaca: estas células pueden generar 
melanocitos, neuronas, cartílago y tejido conectivo. Origina la 
totalidad del tejido conectivo-muscular de paredes de arterias a 
medida que estas se generan desde el corazón. 

� Cresta neural vaga y sacra: genera ganglios parasimpáticos del 
intestino. 

� Cresta neural del tronco: siguen principalmente dos rutas 
migratorias: la ruta ventral a través de la parte anterior del 
esclerotomo y que darán principalmente los ganglios 
sensoriales, ganglios simpáticos y médula suprarrenal; y la ruta 
dorsolateral, cuyas células migrarán dorsoventralmente a través 
del ectodermo y formarán melanocitos. 

La inducción de la cresta neural viene dado por la actividad de 
varias cascadas de señalización, principalmente la vía de Wnt, BMP, 

TGF� y FGF. Estas señales provienen de la placa neural, epidermis 
adyacente y mesodermo paraxial en contacto.  
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Genetic analysis of neural crest migration:   
Requirement of Dapper2-mediated inhibition of the Wnt canonical activity 

De acuerdo con el modelo clásico de gradientes, la inducción de 
la cresta neural viene dada por niveles intermedios de actividad de la 
vía canónica de los BMPs (mediada por los Smads). Sin embargo, 
diversos experimentos in vivo e in vitro han probado que los BMPs por 
sí solos no pueden  inducir genes específicos de cresta. El modelo actual 
sostiene que la actividad BMP se requiere sólo durante la etapa inicial 
de la de la inducción, pero después necesitara de la ayuda de otras vías 
de señalización, como por ejemplo Wnt. Por otro lado, varios trabajos 
recientes señalan que la vía canónica de Wnt es requerida para la 
inducción y estabilización de los precursores de la cresta neural, 
mientras que la vía no canónica de Wnt participa en los procesos de 
migración neural. 

La activación de estas cascadas de señalización se traduce en la 
activación transcripcional de un conjunto de factores de transcripción 
pertenecientes a las familias de Msx, Sox, Fox,Zic, Pax y Snail, que 
promoverán los mecanismo moleculares necesarios para la 
consiguiente delaminación y migración de las células de la cresta neural. 

La migración de la cresta neural va precedida por un proceso 
denominado transición epitelio mesénquima, por el que las células, al 
igual que en muchos tipos de cáncer, pierden sus características 
epiteliales para convertirse en mesenquimales, invadir el tejido 
adyacente y migrar a través de él. La similitud de comportamientos 
entre cresta neural y células tumorales, convierten a las primeras en un 
buen modelo para el estudio molecular y celular de ciertos tipos de 
cáncer. Desde el punto de vista clínico uno de los cánceres más 
interesantes para nuestro estudio son los neuroblastomas. Estos 
tumores neuroendocrinos surgen de los derivados de cresta neural en 
el sistema nervioso parasimpático. El análisis comparativo de estos 
procesos puede señalar nuevas dianas que abran nuevas vías de estudio 
en el campo de la terapia oncogénicas. 
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OBJETIVOS 

 

El objetivo de esta tesis doctoral es el estudio de nuevos procesos 
claves en el desarrollo de células de la cresta neural que nos ayuden a 
entender la formación de tumores y en particular  la formación de 
neurouroblastomas. 

Para ello nos planteamos los siguientes objetivos particulares: 

� Identificación de nueves genes expresados en las células de 
cresta mediante un screening genómico y proponer una lista de 
genes claves (genomic signature o firma genética) en el 
desarrollo de éstas células. 

� Búsqueda de nuevos oncogenes en neuroblastoma basándonos 
en la lista previamente obtenida para la cresta neural. 

� Validación  de estos nuevos genes identificados como auténticos 
reguladores del desarrollo, mediante el análisis de su expresión 
in vivo y el análisis funcional de Dapper2 en dos modelos 
animales. 
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RESULTADOS Y DISCUSIÓN 
 

UN SCREENING GENÓMICO DE LA CRESTA NEURAL IDENTIFICA GENES 
ASOCIADOS A LA FORMACIÓN DE NEUROBLASTOMAS 

Basándonos en el BRE (Del inglés BMP responsive element, elemento 
sensible a BMP) obtenido del promotor de ratón de Id1 (descrito en Le 
Dreau et al., 2012) generamos una herramienta capaz de marcar la 
cresta neural migratoria y premigratoria. Clonamos el BRE por delante 
de un promotor mínimo (promotor tk) en un vector con EGFP y 
electroporamos embriones de pollo en estadio HH10 junto con el vector  
de expresión constitutiva pCAGGS-H2B-RFP. Analizando la expresión de 
estos vectores 24 horas después de la electroporación podemos ver que 
la EGFP se expresa en la parte más dorsal del tubo neural, incluyendo 
las células de la placa del techo (positiva para Lmx1), y en las células 
migratorias (positivas para HNK1). Sin embargo, 48 horas más tarde, 
podemos encontrar células verdes en los derivados de la cresta neural 
como los ganglios simpáticos y sensoriales del sistema nervioso 
periférico o los melanocitos en la epidermis. (Figura 10) 

Una vez generado el BRE-tk-EGFP y tras comprobar su validez 
para la selección y purificación de células de cresta neural premigratoria 
y migratoria, procedemos a realizar un análisis genómico de estas 
células. Para ellos electroporamos embriones de estadio 10 con el BRE-
tk-EGFP junto con el constructo pCAGGS-H2B-RFP que marcará todo el 
eje dorso-ventral del tubo neural y los incubamos durante 24h. 
Entonces extraemos los embriones, disociamos las células y las 
separamos en el FACs según su expresión: células RFP por un lado y 
EGFP+RFP por otro. Extraemos el RNA y lo analizamos mediante un 
array de genoma de pollo en chips de Affymetrix. El experimento se 
hizo por triplicado y aparecieron un total de 453 genes diferentemente 
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expresados en las dos poblaciones (336 con niveles altos de expresión y 
117 con niveles bajos en las células que expresan EGFP). (Figure 11). 
Entre ellos aparecieron genes ya conocidos que se expresan en la parte 
dorsal del tubo neural como ID2, ID3, Msx1, Msx2, TGFb3, GDF10, 
BMP5 y Wnt9 y genes de cresta como TFAP2A, TFAP2B, FoxD3, Sox5, 
Sox10, Snail2 y RhoB. (Figure12). Por otro lado el análisis de Gene 
Ontology muestra que las categorías estadísticamente 
sobrerepresentadas (p<0.05) en las células que expresan EGFP con 
respecto al genoma completo incluyen genes involucrados en adhesión 
celular, adhesión biológica y procesos de desarrollo (Figura 13). 

Para estudiar posibles funciones de estos nueves genes 
identificados, analizamos la expresión mediante hibridación in situ  en 
embriones en estadio de iniciación de la migración y delaminación de la 
cresta neural. Basándonos en la bibliografía publicada, seleccionamos  
55 sondas y entre ellos los siguiente genes se expresan fuertemente en 
cresta migratoria y/o premigratoria: AXUD1, DACT2, DLC1 FDZ10, FRZB, 
FYN, GJA1, LMO4, LASP1, NXPH1, PHLDA2, VCL, WIPF1 and ZYX. 

La identificación de los genes clave en células tumorales, como 
por ejemplo, células madre de cánceres de neuroblastoma, podría 
apuntar ideas de posibles dianas para el desarrollo de nuevas 
estrategias terapéuticas. Sin embargo encontrar firmas genéticas fiables 
es bastante difícil hasta ahora. Nosotros utilizamos nuestro análisis 
genético y lo comparamos con perfiles genéticos previamente descritos 
y asociados con distintos comportamientos clínicos y características 
biológicas en neuroblastomas, como por ejemplo los análisis genéticos 
obtenidos de la comparación de los llamados neuroblastomas casi-
triploides (tumores regionales con pronósticos favorables) y casi-
diploides (metastásico, mal pronóstico); estadio 4s (regresión 
espontánea) y estadio 4 (dispersos); que expresan MYCN (riesgo bajo) o 
no, o neuroblástomas con o sin metástasis. De estas comparaciones 
identificamos 89 genes comunes, entre los que se incluyen genes 
característicos de la cresta neural como TFAP2, FOX, SOX, DLX y RHO, 
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los cuales aparecieron en las listas de los genes fuertemente expresados 
en neuroblastomas sin capacidad de formar metástasis. (Figura 15) 

Por otro lado, atendiendo a la naturaleza de los genes obtenidos 
en nuestro screening, podemos sacar ideas para entender cómo se 
forman los neuroblastomas. Un ejemplo es el grupo de proteínas 
kinasas identificadas en cresta neural tales como la proteína tirosín-
kinasa Fyn, PLK2 (Polo-like kinase2) y el receptor tirosín-kinasa de 
leucocitos LTK. Por un lado Fyn fue detectado en oncogenes de 
neuroblastoma y también se expresa, como hemos mostrado, en cresta 
neural, mientras que se ha encontrado que PLK1 es requerido para la 
supervivencia en tumores de neuroblastomas. Por otro lado, LKT parece 
tener un papel regulador en el desarrollo de células pigmentarias en 
embriones de pez Zebra y su parálogo más cercano en humanos, ALK 
(anaplastic lymphoma kinase), ha sido descrito como fundamental en la 
formación de neuroblastoma, ya que mutaciones que inhiben su 
función kinasa desarrollan una alta actividad oncogénica.  

Otro grupo de genes identificados en la cresta neural y cuyos 
ortólogos o parálogos están asociados a la formación de neuroblastoma 
son los reguladores transcripcionales Pax3/7, el factor de transcripción 
TFAP2 o el co-factor transcripcional LMO1-4. Pax3/7 aparece en altas 
dosis en líneas celulares de neuroblastomas mientras que en la cresta 
neural son genes fundamentales para su desarrollo. TFAP2 es también 
requerido para la formación de la cresta neural y en neuroblastomas 
está asociado a su malignidad. Por otro lado, LMO4, fuertemente 
expresado en cresta migratoria y premigratoria como hemos mostrado 
mediante in situs, pertenece a una familia formada por 4 genes (LMO1-
4) y sus parálogos LMO1-3 han sido relacionados con la formación de 
neuroblastomas. 

Aunque este screening está basado en un reportero que 
responde a la actividad BMP, es llamativa la gran cantidad de genes que 
han aparecido relacionados con la vía de Wnt, algunos de ellos como 
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AXUD1, FZD10, FRZB y DACT2 expresados en cresta neural migratoria y 
otros como Wnt9A, FZD4 y DAAM2 expresados en la parte dorsal del 
tubo neural donde se generarán las futuras células de la cresta. Este 
resultado pone en relevancia la importancia de esta vía de señalización 
en el desarrollo de dichas células. De hecho, muchos trabajos han 
demostrado la importancia de la vía de Wnt en el desarrollo de las 
crestas neurales en distintos organismos modelo. Distintos estudios 
señalan la idea de que la vía canónica de Wnt está relacionada con los 
procesos de inducción y especificación de cresta, mientras que la vía no 
canónica está más implicada en procesos de transición epitelio-
mesénquima, cambios en adhesión y migración. 

En este contexto Dact2 se convierte en uno de los genes más 
interesantes obtenidos en el screening. El homólogo en Xenopus de 
Dact1 llamado Frodo, fue identificado en un principio como una 
proteína que interacciona con Dsh, mediador central en la vía canónica 
y no canónica de Wnt y aunque esto sería suficiente para la inhibición 
de ambas, se ha descrito funciones específicas para cada vía. Por un 
lado, Dact, también conocido como Dapper en amniotas, forma 
complejo con Vangl2, componente transmembrana de la vía Wnt-PCP 
regulando su función y por el otro, Dapper1 se une directamente a 

LEF/TCF en el núcleo, impidiendo su unión a �Catenina y, por lo tanto, 
inhibiendo la expresión de los genes diana de la vía canónica de Wnt. 
Estudios in vivo demuestran que Dapper1 en ratones es necesario para 
la morfogénesis de la línea primitiva y el desarrollo neural de las 
dendritas, espinas neurales y sinapsis excitatorias; en Xenopus, Frodo es 
necesario para la gastrulación, desarrollo del ojo y de la inducción 
neural y, por último, en humanos Dapper1 ha sido relacionado con 
carcinomas hepatocelulares y cáncer colorrectal. Por estas razones 
consideramos a Dapper2 un buen candidato para un estudio funcional 
más en profundidad. 
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DAPPER2 ES REQUERIDO EN LA ESPINA DORSAL PARA LA 
DELAMINACIÓN DE LA CÉLULAS DE CRESTA NEURAL A TRAVÉS DE LA 
INHIBICIÓN DE LA VÍA CANÓNICA DE WNT. 

Debido a que Dapper2 apareció en un screening basado en la respuesta 
de BMP y que además, ha sido descrita su capacidad para inhibir la vía 

de los TGF�, la primera pregunta que nos hacemos es si regularía la 
actividad de los BMPs. Para ello electroporamos embriones en estadio 
HH10  BRE-tk-Luciferasa junto con Dapper1, Dapper2 de ratón y Frodo 
de Xenopus. 24horas más tarde la actividad luciferasa indica que ningún 
Dapper es capaz de regular la respuesta de los BMP. Por otro lado, 
debido a su relación con la vía de Wnt y que, tal y como muestran 
nuestros reporteros celulares, la vía de Wnt y de los BMP está activa en 
las mismas células (Figura 17), analizamos si Dapper2 es capaz de 
modular la vía de Wnt monitorizada por TOP-Flash-luciferasa. En este 
caso, las tres construcciones de  Dapper utilizados inhiben la actividad 
de la vía canónica de Wnt. Por otro lado cuando co-electroporamos 
Dapper con activadores como Wnt3a, una forma constitutivamente 

activa de �Catenina o  de  TCF3 (unido al dominio transactivador VP16) 
observamos que Dapper es capaz de inhibir la activación de Wnt3a y de 

la �Catenina, pero no del TCF3VP16. Por el contrario, la electroporación 
del short-hairpin de Dapper1 y Dapper2 (shDapper1 y shDapper2), 
capaz de bajar los niveles de expresión de la proteína, aumenta la 
actividad de la vía de Wnt. Sin embargo, cuando lo co-electroporamos 
junto con inhibidores de Wnt, como  formas dominantes negativas del 
receptor LRP6  y del factor de transcripción TCF3, otra vez Dapper no 
puede rescatar el efecto de TCF3-DN pero sí el de LRP6-DN. Todo nos 
lleva a pensar que la actividad de Dapper se encuentra en un paso 
previo a la formación del complejo transcripcional de TCF3 (Figura 18). 

Debido el patrón de expresión de Dapper2 en la cresta neural, 
decidimos analizar la posible función en dichas células. Inyecciones del 
morfolino contra Frodo en blastómeros de Xenopus  de 8 células, 
muestran que la falta de función de Frodo inhibe la migración de la 
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cresta craneal en embriones de estadio 22 (75% de penetrancia) y en 
menor medida su inducción en el estadio 19 (30% de penetrancia). Sin 
embargo, la electroporación en pollos de HH10 de shDapper2 impide a 
las células de cresta migrar, aunque en este caso la inducción de los 
genes de cresta no está afectada. (Figura 19 y 20). Además, 
experimentos de time-lapse en cultivos de explantes de cresta de 
Xenopus en ausencia de Frodo, revelan que éste no afecta a la velocidad 
o la persistencia en la migración aunque, sin embargo, se reduce su 
capacidad de dispersión, lo que indica un problema en la delaminación 
de la cresta neural (Figura 21). 

Por el contrario, experimentos de ganancia de función, tanto en 
Xenopus como en pollo, muestran que las células de cresta en ambos 
sistemas adquieren mayor capacidad de migración sin afectar los 
procesos de inducción, ni alterar su velocidad o persistencia (Figura 23 y 
24). 

Según estos experimentos, Dapper2 es capaz de inhibir la vía 
canónica de Wnt y promover la migración de las células de la cresta 
neural, pero ¿están estas dos actividades relacionadas entre sí? Para 
comprobarlo analizamos posible papel de la vía canónica de Wnt en la 
migración. La activación de la vía de Wnt en embriones de Xenopus 
inhibe la migración de las células de cresta aunque promueve su 
inducción. Sin embargo la inyección del dominante negativo de TCF3 no 
inhibe la migración aunque sí la inducción. Por otro lado la 

electroporación de �catenina constitutivamente activa en el pollo a 
estadio HH10 también bloquea la migración de la cresta neural, pero 
esta inhibición es rescatada cuando se co-electropora con la ganancia 
de función de Dapper2 (Figura 25). 

Siguiendo en esta línea y para profundizar más en los 
mecanismos por los que Dapper2 inhibe la vía canónica de Wnt nos 
dispusimos a estudiar los cambios de localización subcelular de la 

�catenina. En situación normal la �catenina entra al núcleo cuando la 
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vía canónica de Wnt se activa, pero cuando electroporamos Dapper2 

junto con la �-catenina constitutivamente activa, en vez de ver una 

exclusión de �catenina fuera del núcleo como sería esperado, 
obtenemos unos precipitados circulares en dentro del núcleo (Figura 
26). Estos resultados sugieren  Dapper2 podría estar inhibiendo la vía 

canónica de Wnt mediante el secuestro de la �catenina, es decir, la 

interacción de Dapper y �catenina impide a ésta última unirse a sus 
promotores diana y por tanto transducir la señal iniciada por Wnt. 

Por otro lado, estas acumulaciones nucleares muy bien 
organizadas, lo que sugiere que podrían estar integradas en algún tipo 
de compartimento nuclear. Revisando la bibliografía publicada al 
respecto, encontramos que según sus características los PML son, entre 
todos los tipos de cuerpos nucleares descritos, los mejores candidatos. 
Dichos cuerpos nucleares están enriquecidos con PML (promyelocytic 
leukaemia protein), una proteína supresora de tumores que fue 
identificada por primera vez en relación con leucemia. La función 
atribuida a estos cuerpos nucleares es la de regulador transcripcional y 
distintos trabajos apuntan a dos posibles mecanismos: mediante el 
secuestro de genes reguladores de proteínas, regulando así su 
disponibilidad, o bien mediante la modulación del estado activado de 
factores de transcripción. De hecho, se han descrito muchos factores de 
transcripción y reguladores transcripcionales localizados en estos 
cuerpos nucleares, como son Sp100, Daxx, pRB y p53 entre otros, pero 
también proteínas que se interaccionan con Dapper como HDAC y CK2. 
Por otro lado, y sin contradecir este modelo, otra teoría emergente 
consiste en un control la activación transcripcional de manera indirecta 
mediante procesos de remodelación de cromatina. Como resultado 
preliminar hemos visto por inmuhistoquímica que estas acumulaciones 
nucleares de contienen PML. En cualquier caso, para confirmar esta 
teoría se necesitan hacer más experimentos. 
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CONCLUSIONES 

 

1.- El BRE-tk-GFP es una nueva herramienta para y el aislamiento de las 
células de cresta neural y el seguimiento de su linaje. 

2.- Proponemos una firma genómica de la cresta neural revisada que 
contiene 14 nuevos genes (AXUD1, DACT2 DLC1, FZD10, FRZB, FYN, 
GJA1, LMO4, LASP1, NXPH1, PHLDA2, VCL, WIPF1 and  ZYX) 

3.- La firma genómica de la cresta neural sirve para identificar nuevos 
genes asociados a la formación de neuroblastomas y relacionarlos con 
característica clínicas particulares. 

4.- La vía canónica de Wnt aparece muy representada en la firma 
genómica revisada de la cresta neural, y entre estos genes se encuentra 
Dapper2. 

5.- Dapper2 se expresa en la cresta neural premigratoria y migratoria en 
embriones de Xenopus laevis y pollo. 

6.- Dapper2 inhibe la vía canónica de Wnt por delante de TCF en la 
cascada de señalización sin regular la actividad de los BMP. 

7.- La actividad de Dapper2 es necesaria y suficiente para la 
delaminación de la cresta neural de la parte dorsal del tubo neural, sin 
modificar las propiedades de movilidad de dichas células. 

8.- La activación de la vía canónica de Wnt inhibe la migración de la 
cresta neural. Dapper 2 actúa como un inhibidor local de la actividad 
permitiendo la delaminación de la cresta neural. 

9.- Dapper2 interacciona y secuestra la �catenina en acumulaciones 
nucleares. 



 



 




