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Abstract: Research on the development of the dorsal neural tube is particularly challenging. In
this highly dynamic domain, a temporal transition occurs between early neural crest progenitors
that undergo an epithelial-to-mesenchymal transition and exit the neural primordium, and the
subsequent roof plate, a resident epithelial group of cells that constitutes the dorsal midline of the
central nervous system. Among other functions, the roof plate behaves as an organizing center for
the generation of dorsal interneurons. Despite extensive knowledge of the formation, emigration and
migration of neural crest progenitors, little is known about the mechanisms leading to the end of
neural crest production and the transition into a roof plate stage. Are these two mutually dependent
or autonomously regulated processes? Is the generation of roof plate and dorsal interneurons induced
by neural tube-derived factors throughout both crest and roof plate stages, respectively, or are there
differences in signaling properties and responsiveness as a function of time? In this review, we
discuss distinctive characteristics of each population and possible mechanisms leading to the shift
between the above cell types.

Keywords: BMP; cell cycle; dorsal interneurons; epithelial to mesenchymal transition; neural crest;
neural tube; definitive roof plate; somite; Wnt

1. Introduction

Pattern formation during embryonic development relies on precursor cells adopting
one of several alternative fates. These decisions are determined by a combination of
extrinsic signals, such as morphogen gradients, intercellular interactions mediated by
Notch-Delta activities, and cell-intrinsic factors that respond to the precedent signals and
comprise a downstream transcriptional regulatory network. Together, these are believed to
specify particular cell identities [1–3].

The generation of distinct cell identities along the dorsoventral axis of the neural tube
(NT) is an excellent model for investigating cell decisions in time and space. It involves the
integration of opposing concentration gradients of Sonic hedgehog ventrally and of Bone
Morphogenetic Protein (BMP) and Wnt dorsally [4–7]. In the dorsal NT, BMPs and Wnts
are first secreted by the non-neural ectoderm [8,9] and later are produced in the dorsal NT
itself to establish a signaling gradient that controls the sequential specification of neural
crest (NC), roof plate (RP) and dorsal-most interneuron progenitors [10–12].

Hence, a major challenge is that the above transitions are intrinsically dynamic, an
outcome of time and stimulation. At first, the dorsal domain of the NT is transiently
populated by premigratory NC cells. These exit the NT to form a rich collection of cell types,
such as sensory and autonomic neurons, satellite cells and Schwann cells of the peripheral
nervous system as well as pigment cells, ectomesenchyme and endocrine derivatives
whose combination varies along the neuraxis [13,14]. Subsequently, the dorsal NT midline
is replaced by the definitive RP of the spinal cord, which becomes flanked ventrally by
dorsal interneuron populations [12,14–16].
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The sequential generation of the above cell types raises fundamental questions on
the dynamics of dorsal NT behavior. When does fate segregation occur; prior to cell
emigration due to cell-cell interactions or to a graded response to morphogens, and/or
during migration when multipotent NC cells may be instructed by environmental cues
to form specific derivatives? Evidence points to a heterogeneous nature of the NC at the
population level, being a mixture of both fate restricted and multipotent progenitors at
the various stages. As such, the measured proportion of cells with different degrees of
commitment is likely to vary as a function of the methods used to follow cell lineages, on
animal species, and on specific axial levels considered at progressive stages. Along this line,
analysis at a given axial level over time showed a stereotypic pattern of migration of NC
progenitors followed by ordered target colonization [17,18]. In a few studies, this ordered
cellular behavior was consistent with the existence of fate-restricted precursors already
in the premigratory domain [14,17,19–21]. Mechanistically, the question arises whether
fate restriction is accounted for by a direct differentiation of multipotent progenitors into
definitive cell types or by a progressive mechanism involving cells with intermediate
specification states. This is still an ongoing debate, and is only briefly outlined here; the
reader is referred to additional relevant literature [15,22–24].

Despite this still active controversy, significant progress in other aspects of NC on-
togeny, such a cell emigration, migration and differentiation, has been achieved over the
years [13,25–28]. Virtually nothing is known, however, about how the production and
emigration of NC cells reach an end. Furthermore, are the stop signals for NC production
sufficient for specifying the succeeding RP or are there in addition specific RP inducers?
When is the definitive RP specified? Where in the neuroepithelium do RP progenitors
originate? How is the NC to RP transition regulated along the neuraxis in different species?
Understanding the cellular and molecular logic of the transition between peripheral (NC)
and central (RP) branches of the nervous system is an extremely exciting, yet mostly
undiscovered topic.

2. Neural Crest-Premigratory Behavior and Cell Emigration

The dorsal region of the NT that contains premigratory NC cells is a pseudostratified
epithelium in which progenitor cells undergo interkinetic nuclear migration and exhibit
typical patterns of cell proliferation [29,30]. This epithelial state is transient, as progenitor
cells either delaminate progressively or fully dissociate to generate migratory mesenchymal
cells. In the dorsal NT of avians at trunk levels, EMT and cell delamination are gradual
events lasting about two consecutive days, during which the dorsal NT downregulates N-
cadherin protein expression, yet preserves its general epithelial structure [31]. In contrast,
cranial NC cells exit the neural folds or the closed NT as a cohesive group of progenitors
which undergo only a partial EMT and rapidly split into distinct streams of cells [32,33].
Accumulating evidence suggests that the molecular networks controlling EMT at each
level are different (reviewed in [32,34]. In this section, we ask what is known about the
behavior of premigratory NC progenitors in terms of cellular traits, possible molecular
heterogeneity and fate restriction. Furthermore, we briefly elaborate on the multileveled
nature of regulation of NC EMT.

2.1. Neural Crest Progenitors Residing in the Dorsal NT

Discrete labeling of the dorsal NT in several species revealed that, following EMT,
NC cells migrate in a stereotypic manner and colonize their peripheral targets in a general
ventral to dorsal sequence [17,18,35–38]. In mouse and Xenopus embryos, both ventral and
subectodermal pathways are invaded simultaneously [39,40]. Such a stereotypic migration
of NC cells in the periphery, raised the question of the mechanisms that operate in the
premigratory domain of the NT. One possibility is that the premigratory domain acts as a
reservoir of proliferating stem cells that, upon cell division, generate one emigrating cell
and another daughter cell that remains in the tube. Alternatively, proliferating premigratory
progenitors could leave the NT in an ordered and sequential fashion via a non-stem cell
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mechanism. To address these alternative models, small cell populations in the avian dorsal
tube at flank regions of the axis were lineage traced. Most labeled cells delaminated without
leaving residual progeny in the neuroepithelium excluding the asymmetric mode of cell
emigration ([17] and see also [41]). Furthermore, upon initiation and progression of cell exit,
a corresponding ventral to dorsal relocation of premigratory neuroepithelial progenitors
was monitored until exhaustion of the prospective NC pool [17] (Figure 1A). This ventro-
dorsal cellular progression followed by cell delamination was later confirmed using a
photoconvertible fluorescent protein [42]. Together, this sequence of events suggests that
initial NC delamination generates the force driving relocation of epithelial progenitors
towards the dorsal midline region. Consequently, a progressive narrowing of the pre-
migratory NC domain occurs until its replacement by the definitive RP. Thus, the dorsal
midline area of the NT is a “dynamic” epithelium and acts as a transition zone for the
gradual inflow and departure of cells [15,17,19].
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Figure 1. The dynamics of the dorsal NT—from premigratory NC to definitive RP. (A) Schematic representation of three
consecutive stages. The early emigrating NC (purple) is neurogenic—premigratory NC cells at trunk levels express Foxd3,
Snai2, Sox9, etc; upon delamination they migrate dorso-ventrally to give rise mainly to neural and glial derivatives. A
subset of NC-derived Schwann cell progenitors also generates hypaxial melanocytes. The late NC (green) is melanogenic—
premigratory NC cells downregulate expression of the above genes, and as they leave the NT they migrate dorso-laterally
and differentiate into epaxial melanocytes. RP progenitors (blue) are generated ventral to the premigratory NC and adopt
their final position following the end of NC emigration. (B) Differences in cellular behavior between premigratory NC
cells and definitive RP cells. Shortly prior to emigration, NC cells loose epithelial traits and their nuclei are distributed
throughout the apico-basal extent of the dorsal NT (left panel). Upon formation of the RP, cells regain epithelial traits and
apico-basal polarity with nuclei mainly concentrated at the basal half of the epithelium. Yellow squares represent apical
adherens junctions (right panel). (C) A summary of various characteristics of premigratory NC and RP stages (see text for
details). Abbreviations; DM, dermomyotome, DRG, dorsal root ganglion, NC, neural crest; NT, neural tube; S, somite; SpN,
spinal nerve.
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The dynamic yet precise cellular behavior described above would indicate that the
dorsal NT is molecularly heterogeneous, either at the spatial and/or temporal levels.
Several lines of evidence lend support to this notion. Early premigratory NC progenitors
have been shown to express FoxD3, Sox9 and Snai2, whereas late progenitors do not [19].
Furthermore, analysis of progenitors expressing a specific Foxd3 reporter, confirmed that
neural progenitors are Foxd3-positive but prospective melanoblasts downregulate Foxd3
and segregate from neural lineages already before emigration. Moreover, when the normal
downregulation of Foxd3 is prevented by gene misexpression at a late stage corresponding
to the end of neural lineage production, the late-emigrating precursors failed to upregulate
the melanogenic markers Mitf and MC-1 and the guidance receptor Ednrb2, generating
instead glial cells that expressed P0 and Fabp. In a reciprocal experiment, loss of Foxd3
function in mouse NC resulted in ectopic melanogenesis in the dorsal tube, in sensory
ganglia and along ventral roots [19,43]. These results suggest that a timely downregulation
of FoxD3 gene activity in the dorsal NT is necessary for the switch between neural and
melanocytic phases of NC development. In this regard, a previous study also highlighted
the need for downregulating Foxd3 to enable upregulation of Mitf and melanogenesis,
albeit in this study Foxd3 was misexpressed at very early stages, thus comprising both
neural as well as melanogenic precursors, rather than attaining exclusively the prospective
pigment cell subset [44]. Since, similar to the downregulation of Foxd3, Snai2 and Sox9
are also lost from the dorsal NT prior to melanoblast emigration, it is likely that the
latter two, along with Foxd3, form part of a network that influences neural vs. melanocyte
development. The differential expression of these three genes to prospective neural lineages
but not to melanoblasts, highlights a temporal sequence of molecular differences between
the above fates apparent already at the premigratory stage.

Additional evidence for molecular heterogeneity in the dorsal NT stems from an
unbiased hierarchical clustering of 35 genes that was performed at a cranial level of the
avian axis. This analysis revealed five distinguishable clusters that mapped to different
domains of the dorsal neural primordium. For example, a central portion expressed a
combination of NC, pluripotency and differentiation markers of NC, whereas a more lateral
subdomain exhibited “NC only” genes, together highlighting spatial differences within
the premigratory region of the NT [45]. In addition, by characterizing transcriptional
signatures and cis-regulatory elements at both global and single cell levels, the presence of
segregated subpopulations was already apparent at the premigratory stage in the head of
avian embryos [46]. A recent study performed in mice further emphasized that premigra-
tory cranial NC cells are molecularly heterogeneous and carry positional information that
reflects their origin in the neuroepithelium. Most notably, it appears that this information
is transiently erased during emigration, as delaminating cells were found to be transcrip-
tionally uniform. The authors proposed that this would allow ectoderm-derived NC cells
to generate mesenchymal derivatives, unique to the head region. Consistently, the latter
are produced from a subset of cells that re-express the pluripotency factor Oct4, which acts
in this context, on specification and survival of the ectomesenchyme. Along this line, no
re-expression of Oct4 was detected along more caudal regions of the axis corresponding to
trunk levels, suggesting a different mechanistic scenario [47].

Similarly, using an EdnrB enhancer, a comprehensive temporal map of the chromatin
and transcriptional landscape of vagal-level NC cells revealed the existence of three clus-
ters: neural, neurogenic and mesenchymal, each predetermined epigenetically prior to NC
delamination [21]. Recently, single cell RNA sequencing in zebrafish embryos revealed
premigratory subpopulations already expressing genes associated with multiple differen-
tiated melanocytic fates [48]. In mice, early genes encoding for competing cell programs
coactivate in single progenitors from a premigratory stage onward; this would represent
the first phase preceding fate bias, apparent during delamination, and subsequent com-
mitment [49]. Availability of a new resource of premigratory NC-specific genes in quail
embryos [50] will enable in the near future to examine in more detail the evolution of
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molecular heterogeneity within the dorsal neuroepithelium at trunk levels of the axis both
prior to- and during progressive cell exit.

Is there any relationship between the observed molecular heterogeneity of premigra-
tory NC progenitors described above, the precise localization of a cell in the dorsal NT
and the acquisition of distinct fates by the migrating cells? One extreme possibility is that
there is no relationship between the localization of presumptive progenitors in the dorsal
tube, the sequence of their emigration and their final fates. McKinney et al. suggested this
possibility for most trunk derivatives except for sympathetic progenitors [42]. A second
possibility is that spatial and/or temporal information in the dorsal NT itself biases an
initial segregation of NC cells into some of their derivatives. The latter was suggested
for the development of neural vs. epaxial melanocyte precursors, a choice apparently
independent of the migratory routes followed by the cells [19]. In addition, single cell
labeling of the early dorsal NT midline corresponding to the production of autonomic
progenitors, the first to exit the NT [17], revealed that clones contained both sympathetic
neurons and chromaffin fates, suggesting that sympathoadrenal cells share a common
progenitor in the premigratory zone. However, the clones detected contained no additional
cell types characteristic of trunk NC [51]. These and additional results suggest that, at
least for derivatives of the thoracic NC, a link exists between initial cell localization in the
dorsal NT, time of emigration and final localization/fate. The reader is referred to previous
reviews thoroughly discussing this important and still debated issue [14,15].

2.2. Exiting the Neural Tube to Engage in Cell Migration

One of the hallmarks of NC development is the ability of premigratory precursors
to exit the neuroepithelium via a process of epithelial-to-mesenchymal transition (EMT)
followed by cell delamination and generation of cellular motility [13]. Notably, EMT and
cell delamination are closely associated with the cell cycle. In the trunk level of the axis,
where cells exit the NT as individual progenitors over a relatively long period of time, it was
shown that about 85% of them synchronize to the S-phase of the cell cycle during emigration
and undergo actual cell division once they left the NT. Furthermore, the transition from
G1 to S was demonstrated to be crucial for NC emigration, suggesting that during this
stage, cells make key decisions, such as to undergo EMT, based on complex signaling with
their microenvironment [30]. As a result, of this synchronization to the S phase during
delamination, the immediate premigratory domain exhibits a lower percentage of cells
in the doubling phase of their DNA [30], an observation associated with expression of
Snail genes in this domain [52]. In the NC, in gastrulation, in the invasive front of various
carcinomas and in additional situations, this phenomenon was taken as evidence that
profound morphological changes, such as those taking place during EMT, are somewhat
incompatible with high cell proliferation ([52] and refs. therein).

In contrast, no synchronization to the S-phase seems to be required for emigration
of cranial NC cells [53], perhaps because the latter undergo partial EMT during exit from
the NT and only adopt full mesenchymal properties during advanced migration [54]. Yet,
electroporation of a dominant-negative version of the p53 tumor suppressor increased
cranial NC number and EMT/delamination. Investigating the underlying molecular
mechanisms revealed that p53 coordinates cell cycle gene expression and proliferation
with EMT/delamination [55], further stressing an association between the above processes.
Another study addressed the function of cMyc, a multifunctional protein involved in cell
proliferation and invasiveness. cMyc is expressed in the avian premigratory cranial NC
concomitant with the onset of EMT; loss of cMyc function was reported to reduce the
number of premigratory cells and the extent and duration of EMT. However, cMyc did not
directly affect cell cycle properties; instead, the authors proposed that cMyc acts both by
affecting NC survival and also in vitro self-renewal [56].

Substantial evidence supports the notion that the process of EMT invokes the concerted
action of signaling proteins with a network of transcription factors, affecting downstream
cytoskeletal and cell adhesion properties [26,57], as well as the cell cycle properties de-
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scribed above. Concomitantly, cells degrade the overlying basement membrane in order to
invade the extracellular matrix, processes considered to be essential for the acquisition of
cell motility ([58] and refs. therein). Being such an essential and multifaceted process, it is
expected that the regulation of NC EMT is highly complex.

A balance between BMP and its inhibitor noggin, in association with the developing
somites, was found to underlie the emigration of trunk-level NC [10,59]. BMP induces
EMT of NC by triggering Wnt1 transcription that in turn promotes G1/S transition, a
necessary step for delamination of trunk NC [60]. N-cadherin and Rho/Rac GTPases are
also part of the BMP-dependent network of genes with activity on NC emigration [31,61,62].
Subsequently, it was found that dynamic counter-gradients of FGF8 and retinoic acid in
the paraxial mesoderm affect NC EMT partly through the modulation of specific aspects of
BMP and Wnt signaling [63]. A role for BMP and its antagonists was further reported to
regulate mammalian NC survival and emigration [64].

Another important player in this genetic network is Yes-associated-protein (YAP), an
effector of the Hippo pathway, that controls various aspects of development including cell
proliferation, migration, survival and differentiation [65,66]. YAP is expressed and is active
in premigratory NC of avian embryos. Gain of YAP function stimulates NC EMT, and
attenuation of YAP inhibits cell exit. This is associated with reduced G1/S transition and
enhanced apoptosis. Using specific in vivo reporters, loss of YAP function in the dorsal
NT was found to inhibit BMP and Wnt activities whereas gain of YAP function stimulates
these pathways. Reciprocally, inhibition of BMP or Wnt signaling downregulates YAP
activity. In addition, YAP-dependent stimulation of NC emigration was compromised
upon inhibition of either BMP or Wnt activities. These data established for the first time a
positive bidirectional crosstalk between these pathways and incorporated YAP signaling
into a BMP/Wnt-dependent molecular network responsible for emigration of trunk-level
NC [67]. YAP signaling was also shown to mediate EMT of cranial NC downstream of
metabolic remodeling towards enhanced aerobic glycolysis, a shift occurring prior to cell
delamination [68]. Open questions remain as to whether YAP also affects survival and/or
proliferation of cranial NC; whether BMP/Wnt enhance glycolysis of cranial-level NC
progenitors, and whether the metabolic status of trunk NC cells undergoing EMT also
changes, given that EMT at cranial and trunk levels of the axis differ significantly.

Transcription factors, regulated by the above signaling proteins, are an essential
component of the molecular network leading to NC EMT and delamination [26,33,69].
Although many such genes define the premigratory state of NC cells at different axial lev-
els [28,50], relatively few were directly shown to be involved in NC delamination. Perhaps
the most salient example is Snai2, one of the earliest described genes in developmental EMT
and metastasis [70,71]. Notably, Snai2 does not appear to affect EMT of trunk NC [72,73],
neither do Snail genes promote this process in the mouse NC [74]. However, Snai2 plays
a pivotal role in regulating EMT of NC precursors in the head, where Cad6B acts as a
direct target of Snai2 repression [75]. Furthermore, the adaptor protein PHD12 was shown
to directly interact with Sin3A/histone deacetylase, which in turn interacts with Snai2,
forming a complex at the Cad6b promoter [34]. In Xenopus, Snai2/Slug was shown to
cooperate with the Polycomb repressive complex 2 (PRC2) to regulate various aspects of
NC development including specification and EMT/migration [76]. Recently, the chromatin
remodeler Hmga1 was found to act both on NC specification at the neural plate border,
and at a later stage, on NC emigration via canonical Wnt signaling [77]. Along this line,
the Wnt modulator Draxin has been suggested to affect cranial NC EMT by remodeling
the basement membrane upstream of Snai2 [78]. The precedent studies are few exam-
ples highlighting the interaction between signaling and transcription factors, epigenetic
mechanisms, downstream adhesion and matrix integrity in regulating the onset of cranial
NC motility.

Less is known about transcription factors with effects on NC EMT at thoracic levels,
and few examples will be provided here. c-Myb appears to regulate both the formation
as well as EMT of NC cells downstream of BMP [79]. Furthermore, the combination of
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Sox9, Snai2, and Foxd3, but not each factor separately, effectively induced ectopic EMT
on the dorsoventral extent of electroporated NTs, along with other traits of NC cells [80],
but loss of these genes had no effect on NC EMT [43,74,81]. Zeb1 and Zeb2 are zinc
finger transcription factors involved in cancer metastasis [82]. Sip1/Zeb2-defective mouse
embryos revealed persistent E-cadherin expression in NC precursors that accumulate in
the NT, indicating defects in EMT [83]. Involvement of Sip1/Zeb2 in the regulation of
chick cranial NC delamination was also demonstrated by using antisense morpholino
oligonucleotides [84]. In avian trunk NC cells, expression of Zeb1 and Zeb2 were found to
overlap. By interfering with their expression using shRNAs, the authors showed that both
factors share an equivalent stimulatory function on NC EMT [85]. Future studies should
address the roles of additional transcription factors and their crosstalk with signaling and
epigenetic mechanisms in regulating NC EMT at axial levels caudal to the head region.
Such studies should also impact our understanding of cell metastasis in NC-derived tumors
in which expression of NC-specific signatures may be correlated with either differentiative
or aggressive properties [86].

3. From NC to RP-Differential Properties and Axial Level Variability in RP
Morphology

The dorsoventral organization of the vertebrate central nervous system (CNS) is
coordinated by two groups of cells known as organizers, the RP and the floor plate (FP). As
such, both cell subsets are composed of post-mitotic cells with the nascent FP exiting the
cell cycle earlier than RP [87]; furthermore, both cell types express the transcription factor
HES in a non-cyclic, persistent manner and do not undergo neurogenesis [88,89]. Thus, by
suppressing proliferation and neuronal differentiation, a rather constant amount of signal
may be produced and maintained.

The RP has classically been considered the dorsal domain of the vertebrate NT along
the entire rostro-caudal axis, where it produces morphogens responsible for dorsal cell
fates, including BMPs [90–95] and wingless/Wnt proteins [96,97]. However, morphogens
like BMPs and Wnts and transcription factors like MafB, Msx, Lmx1a/b, etc., which are con-
sidered as RP markers, are produced in the dorsal NT from closure of the neuroepithelium
onward, including the early NC period [12,15,98,99]. In addition, the RP was shown to be
induced by BMP4 and BMP7 [7], but the induced cells included both NC and RP. Since the
dorsal NT at both NC and RP stages differs significantly both in terms of cell fates and
cellular behaviors, we propose to discriminate between a NC stage and a definitive RP
stage ([12] and see below).

Where do RP cells originate in the neuroepithelium? Our results [17] suggest that
progenitors of the definitive RP are initially located ventral to the prospective NC. Initially,
these cells are molecularly indistinguishable from presumptive NC, since they also express
Foxd3, as evidenced by lineage analysis with a Foxd3 reporter [19], and are still responsive
to BMP, as revealed by the use of a BRE-GFP reporter. Upon NC emigration, prospective RP
cells relocate dorsally towards their definitive midline position, and during this time they
become refractory to BMP, downregulate BMPR1A (Alk3), and cease to express Foxd3 and
the direct BMP target genes Id2/3 (Figure 1). This is in spite the fact that RP cells continue
synthesizing various BMP family members [12]. The initiation of Hes/Hairy1 expression
is associated with these events; the latter is initially evident in a band of cells localized
ventrally to the Foxd3–positive domain; upon loss of BMP responsiveness and Foxd3
transcription, Hairy1 expression and activity are evident in the dorsalmost NT domain [12].
Therefore, the dorsal NT is a dynamic area from which progressive NC emigration takes
place until replacement by the definitive RP; this leads to the separation between central
and peripheral branches of the nervous system [15]. As mentioned above, we sustain
that the use of the term RP as the structure emerging upon NT closure is inappropriate,
and therefore implement the term RP only when NC delamination has ended, and the
segregation between CNS and PNS lineages is evident.

A pivotal question that emanates from the preceding findings is how does the dorsal
NT transit from a NC to a definitive RP state? To address this question, it was first necessary
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to define key cellular properties that distinguish between these populations. Premigratory
NC progenitors are mitotically active cells, whereas RP progenitors progressively withdraw
from the cell cycle. Next, NC cells lose epithelial traits and apico-basal polarity shortly prior
to emigration, revealing an incomplete laminin-containing basal lamina, loss of N-cadherin
protein but not mRNA, disorganized ZO-1-positive tight junctions and Arl2b-positive cilia.
In contrast, transition into the RP stage involves the regeneration of intercellular contacts
and apico-basal polarity, suggesting that the latter structure regains epithelial traits [12,31]
(Figure 1B,C).

Second, our understanding of RP formation is hindered by the lack of genes uniquely
transcribed in either NC or RP populations. To overcome this limitation, a transcriptome
analysis was performed at the trunk level of quail embryos comparing the dorsal NT at pre-
migratory NC and at RP stages (Figure 2). In addition to many transcripts downregulated
in RP when compared to NC, a selection of genes expressed in RP but not premigratory
NC was uncovered. These included the RP-specific Spondin Rspo1 [100] and HES4, the
quail ortholog of chick Hairy1. In addition, the BMP member Gdf7, and the BMP antag-
onists BAMBI and Gremlin, the retinoic acid-associated genes Raldh2 and CRABP1, and
the chemorepellents of commissural axons Draxin and Slit1. Additional transcripts were
evidenced that exhibited specific expression at the RP stage vis-à-vis the NC, yet a wider
pattern that included additional NT regions. These genes included Norrin (NDP), LRP8,
Znf536, and Zic4. This recent RNAseq analysis provided a set of many spatiotemporal-
specific genes appropriate for cell type identification and for functional studies [50]. Among
the RP-specific genes, a subset was primarily expressed in the periphery of this structure
and others in its center, highlighting a molecular heterogeneity within the RP at trunk
levels of the axis whose biological significance remains to be investigated [50].

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 9 of 19 
 

 

 

Figure 2. Schematic representation of a transcriptomic analysis comparing premigratory NC to RP. (A) Electroporation of 

GFP-DNA (green) was directed ventro-dorsally from the negative (-) to the positive (+) poles to label cells in the dorsal 

region of the quail NT at either the NC or the RP stage. (B) Transfected NTs were isolated, and dissociated into single cells, 

followed by FACS sorting. (C) RNA-seq analysis of fluorescent cells was performed in triplicate samples and reveals dif-

ferential gene expression between premigratory NC and definitive RP cells. 

 

Figure 3. Differential properties of the RP at various axial levels. The hindbrain RP (purple) forms 

as an enlarged sheet of squamous epithelial cells bordered by the rhombic lip epithelium. The lat-

eral domains of the hindbrain RP generate choroid plexus cells (hCP). The RP at spinal cord levels 

(green) is initially composed of pseudostratified epithelial cells, which are later transformed into 

Figure 2. Schematic representation of a transcriptomic analysis comparing premigratory NC to RP. (A) Electroporation of
GFP-DNA (green) was directed ventro-dorsally from the negative (-) to the positive (+) poles to label cells in the dorsal
region of the quail NT at either the NC or the RP stage. (B) Transfected NTs were isolated, and dissociated into single
cells, followed by FACS sorting. (C) RNA-seq analysis of fluorescent cells was performed in triplicate samples and reveals
differential gene expression between premigratory NC and definitive RP cells.

A subject worth mentioning is the differing morphology of the RP along the neuraxis
(Figure 3). Whereas along the dorsal midline of the spinal cord the RP is a relatively thin,
wedge-shaped strip of cells, in the hindbrain, it is composed of an expanded sheet of
cells, comprising three spatio-temporal fields differing in organization, proliferative state,
and molecular traits. It was suggested that only two of the above fields contribute to the
generation of the epithelial component of the choroid plexus [101,102]. Furthermore, the
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hindbrain RP is segmented along the rostro-caudal axis deriving from different rhom-
bomeres with no intermixing [103]. Whether longitudinal cell mixing occurs at spinal cord
levels of the RP remains unknown. This is particularly intriguing as their NC predece-
sors were shown to migrate longitudinally for a length of about two segments along the
NT prior to initiating a dorso-ventral movement [104]. On the other hand, while we are
beginning to understand the differential traits expressed in premigratory NC and RP at
spinal cord levels, the equivalent knowledge for the hindbrain and other cranial regions
that produce NC cells is still lacking.
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Figure 3. Differential properties of the RP at various axial levels. The hindbrain RP (purple) forms as
an enlarged sheet of squamous epithelial cells bordered by the rhombic lip epithelium. The lateral
domains of the hindbrain RP generate choroid plexus cells (hCP). The RP at spinal cord levels (green)
is initially composed of pseudostratified epithelial cells, which are later transformed into radial glial
cells that stretch and elongate as the lumen of the NT shrinks to become the central canal of the spinal
cord. These radial glial cells were shown to give rise to a subset of ependymal cells lining the central
canal. In birds, the RP at the lumbar level (blue) is transformed into an ovoid gelatinous glycogen
body, which was proposed to serve as a physical barrier to dorsal midline crossing, thus enabling
alternating gait as opposed to synchronous upper limb movement (see text for details).

In the hindbrain of chick embryos, a Gdf7-positive RP boundary was evidenced
between the rhombic lip neuroepithelium and the RP proper. This boundary was shown
to signal bidirectionally to maintain on the one hand expression of atonal1 in the rhombic
lip and on the other hand, to specify the early expression of RP-derived choroid plexus
markers such as Transthyretin [102]. In the hindbrain of zebrafish embryos, the interface
between the squamous RP and the columnar rhombic lip epithelia is populated by a
distinct Gdf6a-positive cell type, which was termed ‘veil cell’. Notably, veil cells contribute
to RP expansion; they are able to generate squamous RP cells by direct transformation
that occurs predominantly in the lower rhombic lip region and is accompanied by the
downregulation of Gdf6a. Veil cells undergo both symmetric divisions that account for self-
renewal and also asymmetric divisions that generate both types of progeny [105]. Hence,
the majority of the hindbrain-level RP in several species derives from a Gdf -expressing
lineage [102,105,106]. Although in the RP at spinal cord levels, Gdf7 is also expressed in two
lateral bands flanking a central domain [50,102], we still ignore whether these Gdf7-positive
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cells function as signaling boundaries to induce adjacent interneuron progenitors and/or
act on the central RP, or whether they differentiate into derivatives distinct from those of
the central domain.

4. Possible Mechanisms Leading to the Transition between Neural Crest and
Roof Plate

Little is known about the timing of RP specification and differentiation vis-a-vis the
period of NC production and emigration from the NT. Evidence suggests that BMP sig-
naling is necessary for early development of both populations [12,93,95,107]. For example,
overexpression of BMP or its downstream effector Msx1 showed that NC/RP cells express-
ing BMP4, Wnt1 and Lmx can be induced up to stage 12HH, yet at later stages, dorsal
progenitors lose their competence to generate these cell types and instead generate dorsal
interneurons via a Msx3-dependent mechanism [98]. In favor of a restricted time window
of responsiveness, we reported that, despite both NC and RP progenitors being initially
dependent on BMP activity, the nascent RP becomes refractory to BMP (Figure 1B), likely a
prerequisite for the end of NC emigration and the ensuing re-epithelialization of the dorsal
NT that characterizes the RP stage [12]. Hence, dorsal neural progenitors, similar to ventral
NT progenitors, exhibit a changing sensitivity to local morphogens over time [12,108].

In this context, we reported that BMP is necessary for initial expression of Hes/Hairy
in the nascent RP, which in turn, downregulates responsiveness to BMP and reduces G1/S
transition of premigratory NC, a prerequisite for cell emigration [12,30]. This is consistent
with the observed constitutive mode of Hes gene expression in RP, which is associated
with a lack of cell proliferation in this and other boundary cell types [109]. Along this line,
Hes1 exhibits an oscillatory behavior in breast cancer cells and a relationship between Hes1
dynamics and the cell-cycle was found such that in most cells, division takes place at or
near the peak of Hes1 expression. This peak in Hes1 protein expression is then followed
by a dip, the onset of which is followed by the G1-S transition, leading to a second period
of increase in Hes1 protein concentration before the next division. When Hes1 oscillations
were dampened, the cell-cycle slowed down, indicating the functional significance of
Hes1 oscillations for an efficient cell-cycle progression [110]. An intriguing question that
awaits future investigation is whether premigratory NC cells express no Hes at all, or
alternatively, whether they exhibit an oscillatory behavior of this gene, characteristic of
cycling progenitors, which turns into a permanent mode of expression upon RP formation.

Important information on RP formation stems from the Dreher mutant mouse, a
spontaneous neurological mutation defective in Lmx1a [111]. Lmx1a expression is restricted
to the dorsal NT of wild-type mouse embryos encompassing both NC and RP phases of
development (E8.5–E11.5). In Dreher mutants, while expression of Lmx1a begins normally
and persists through E9.5, the NC stage, expression is not maintained through the mature
RP. The loss of Lmx1a was accompanied by a complete failure of Bmp6 and Gdf7 expression
throughout NT development, yet Msx1 disappeared only by E11.5 and Wnt1 and Wnt3a
were not altered [112], suggesting that some features of the RP were maintained in the
mutants. These results indicate that either Lmx1a is not necessary for all aspects of RP
development or that additional factors or sources of Lmx-independent BMPs compensate
for the loss of Lmx1a. In addition, in the hindbrain, only certain rostro-caudal regions of the
RP are lost in the absence of Lmx1a [111,113], hinting at possible molecular heterogeneity
in the responsiveness and properties of the hindbrain RP. This might also partially explain
why the early differentiation of NC was normal at all axial levels of the developing spinal
cord of Dreher embryos indicating that, despite its expression in NC, Lmx1a is not critically
involved in the early NC program.

Another substantial signaling system is Notch-Delta, found to mediate the mainte-
nance of the hindbrain RP epithelium [102]. This left open the question of possible role/s
for this pathway in de novo RP formation. By gain and loss of Notch function in the trunk
of quail and mouse embryos, respectively, we showed that initial formation of the RP
crucially depends on Notch signaling, likely emanating from the RP-interneuron interface.
Moreover, Notch signaling was found to be sufficient for the choice between RP and dI1
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interneuron fates and necessary for the formation of the RP and dI1 interneurons (see
Section 5.1). In contrast, it had no effect on the early development of NC [50]. Together,
despite being highly significant for RP formation, neither Notch nor Lmx signaling affect
the transition between NC and RP phases of dorsal NT development, leaving this tran-
sition open to investigation. This would favor the notion that despite being sequentially
produced, separate signals are needed for ending NC production and for stimulating the
emergence of a full repertoire of RP properties.

5. Fate and Functions of the RP
5.1. Fate

As previously shown, fate mapping analysis revealed that the lateral part of the RP
generates the choroid plexus at the hindbrain level of the axis [101,102] (Figure 3). The
transcription factor Otx2 was found to be a master regulator of choroid plexus development
and maintenance. Whereas conditional deletion of Otx2 under the regulation of Gdf7
affected primarily the hindbrain choroid plexus, deletion of Otx2 by the Otx2-Cre-ERT2
driver resulted in lack of all the plexi in the brain [114]. In addition, the RP is transformed
into radial glia-like cells [115–118], that support growth of spinal cord axons [119]. These
radial glial cells generate the stem cell-containing dorsal ependymal zone in the adult
spinal cord of humans and rodents [115,120,121] (Figure 3). Recently, RP-derived canonical
Wnt signaling was shown to promote ependymal cell proliferation in the dorsal midline of
the spinal cord [115,121]. Notably, RNA profiling of the human and mouse spinal cords
revealed that the mature ependymal zone maintains an embryonic-like dorsal pattern of
expression of early NT transcription factors, such as Msx1 and Id4 and of signaling factors
such as BMP6 and Gdf10. A similar regionalization was reported for the ventral part of the
ependymal zone (e.g, expression of ARX, FoxA2) [120].

In zebrafish, the dorso-ventral stretching of RP cells on their way to generate a radial
glial scaffold, was shown to associate with the conversion of the primitive lumen into a
central canal. Stretching of the RP was evidenced along the whole spinal cord with RP
cells extending over 2/3 of the NT diameter. This process involves extension of the RP
cytoskeleton and depends on activity of Zic6 and Rho-associated kinase. Interestingly,
Mib mutants defective in Notch signaling showed a loss of rostral RP cells [see also
ref. [50] for mouse phenotype], absence of RP stretching and of a GFAP-positive radial
scaffold [122]. In addition, several changes were documented during formation of the
RP-derived ependymal layer in the spinal cord of mouse embryos; among them, a ventral
expansion of BMP signaling and of BMP receptor type 1B expression was evident around the
central canal lining with an associated reduction in Sonic hedgehog signaling [118]. Hence,
fate of RP cells to become radial glia and the accompanying formation of the definitive
central canal of the spinal cord are a source of significant morphogenetic changes in the NT
and particularly in its dorsal domain.

In this context, it is worth elaborating on a poorly studied structure, termed the
glycogen body, that is thought to derive from RP cells and is present across avian species
(Figure 3). The glycogen body is an ovoid gelatinous mass characterized by the presence
of glycogen filled cells [123–125]. It becomes first apparent around E7 on each side of the
dorsal ependymal septum and fuses progressively into a single structure. In the chick, the
glycogen body was originally defined as a structure restricted to the level of spinal nerves
25–29 (the “classical glycogen body”). Based on periodic acid-Schiff staining, glycogen
body properties were reported to further extend all the way from cervical to coccygeal
levels of the axis [126]. Nevertheless, the typical morphology of this structure remains
confined to the lumbar region at all stages. The functions of the glycogen body remained
elusive for many years. A recent study showed that by E10, no axons crossed the midline
through this structure, albeit axonal decussation was apparent through the floor plate [127].
At the crural level, which is devoid of glycogen body, dorsal midline crossing was apparent
through the RP, as it was at the cervical, brachial, thoracic and sacral levels. Such an
accurate correlation suggests that the glycogen body serves as a physical barrier for axonal
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decussation at the sciatic plexus level. This differential axial behavior could account for
hindlimb alternation whereas dorsal midline crossing at brachial levels correlates with
synchronous wing movements. Thus, the glycogen body was postulated to be a major
contributor to the alternating gait in birds, analogous to the molecular barriers to midline
crossing reported in mice [127].

5.2. Functions

BMP family members have been found to mediate major functions exerted by the
RP [128]. Manipulation of the level of BMP signaling in the NT showed that BMPs pro-
vide patterning information to both dorsal and intermediate cells. Within the resulting
populations, graded BMP activities set expression domain boundaries of homeobox and
basic helix-loop-helix (bHLH) families, ultimately leading to the generation of a diversity
of differentiated neural cell types [11,94,107]. Furthermore, expression of Math1 in vitro
was induced by and subsequently became dependent upon BMP signaling [129,130].

To note is that signaling by BMPs is highly complex and time dependent. BMP7 was
shown to be active at a post-patterning phase, when neural progenitors exit the cell cycle
and enter the terminal differentiation pathway. In both avians and mice, BMP7 is required
for the generation of dI1-dI3-dI5 interneurons, an activity mediated by Smad1 and Smad5,
that operate through the canonical Smad pathway [131].

With regard to the Smad family of transcriptional BMP effectors, the presence and
activity of inhibitory Smads, Smad6 and Smad7, was shown to be a possible contributing
factor to limit the dorso-ventral extent of BMP action. Both Smad 6 and 7 are expressed
in the NT and restrict the action of BMP signaling to its dorsal domain. For instance,
ectopic misexpression of Smad7 suppressed dI1 and dI3 neural fates and concomitantly
increased the number of dI4–dI6 spinal neurons. In contrast, Smad6 mostly blocked dI1
axon outgrowth. Taken together, these experiments suggest that inhibitory Smads have
distinct roles in spatially limiting the response of cells to BMP signaling [132].

Wnt factors are also produced in the dorsal NT at both NC and RP stages. Absence
of both Wnt1 and Wnt3a caused a reduced number of dI1 and dI2 interneurons and a
compensatory increase in dI3. This was mimicked by treatment of isolated neural plates
with Wnt3a in a BMP-independent manner [97], highlighting the significance of Wnt
signaling in interneuron development but not their timing of activity.

A more direct and time-controlled way to address the functions of the RP as a structure
was its ablation by targeting diphtheria toxin under the regulation of Gdf7, an RP-specific
gene. RP ablation had no effect on initial patterning of the dorsal NT resulting in normal
NC development. Selective loss of the RP prevented the formation of both dI1 (Math1)
and dI2 (Ngn1) interneurons and the dorsal midline was occupied instead by dI3 cells
expressing Mash1 [133]. suggesting an important function for the RP in development of
dI1/2 interneuron populations.

In Lmx1a mutants (Dreher mice), however, Math1+ dI1 interneurons were generated in
reduced numbers and no effect on dI2 was monitored [112]. At the level of the hindbrain,
only the dorsal-most group of Math1-expressing neural progenitor cells, which comprise
the rhombic lip, were lost [134]. This difference could be accounted for by the documented
lack of Gdf7, BMP6, Msx1 and Wnt1 in the Gdf7 mutants compared with the Dreher mice in
which residual expression of Wnt1 and Msx1/2, factors shown to operate on interneuron
development, persisted.

In contrast to the spinal cord, less is known about functions of the RP at telencephalic
levels. Using the Gdf7-diphteria toxin-mediated ablation paradigm, RP ablation resulted
in a failure of midline induction and holoprocencephaly in the dorsal telencephalon. This
was accompanied by a reduced activity gradient of BMPs. In dissociated cells and mutant
explants, exogenous Bmp4 was sufficient to rescue RP-dependent midline patterning.
Hence, the telencephalic RP is required for normal dorsal cortical patterning at least
partially through BMP signaling [135].



Int. J. Mol. Sci. 2021, 22, 3911 13 of 19

Loss of Notch signaling in the dorsal NT, achieved by mutating the ubiquitin ligase
Mib under the regulation of Wnt-Cre, also caused a specific loss of the RP with no apparent
effect on the NC. In its absence, dI1 interneurons did not develop but dI2 were expanded
up to the dorsal midline [50]. Differences in severity of dorsal interneuron phenotypes
observed between the above experimental paradigms might suggest that early specification
of interneuron subsets already begins prior to the advent of the definitive RP and is
mediated by dorsal NT-derived BMPs or Wnts [94,131,136], or at later stages by BMPs
derived from the ectoderm dorsal to the spinal cord [137]. In this context, it would be
interesting to examine possible interactions between Notch signaling and members of the
BMP and Wnt families at the various stages.

In addition to its role in dorsal interneuron development, the RP was shown to act
as a barrier to axon growth. An early study reported that keratan sulfate is specifically
expressed in the rat definitive RP and hypothesized that this and other glycosaminoglycans
might inhibit bilateral crossing of incoming sensory or of commissural nerve fibers [138].
BMP7 and Gdf7 were later found to orient the initial ventral extension of commissural
axons both in vitro and in mutant mice, and to carry out this repellent activity in the form
of GDF7:BMP7 heterodimers [139]. As described in Section 5.1, this barrier-like activity
may also be species-dependent, as at a later embryonic stage in birds, the RP-derived
glycogen body may serve as a physical barrier for axonal crossing at the lumbar level of
the neuraxis. This finding might bear evolutionary significance, as paleontological findings
indicate that the glycogen body was already present in the lumbar spinal cord of dinosaur
ancestors to all flying diapsids, such as pterosaurs and birds [140]. This would reinforce
the notion of an ancestral co-evolution of a lumbar glycogen body that enables alternative
movements of the hindlimbs vs. synchronous wing (forelimb) flapping [127].

6. Conclusions and Future Perspectives

During neural development, NC cells that generate the peripheral nervous system,
and definitive RP cells of the central nervous system, are sequentially formed in the same
anlagen. Thus, it is the dorsal domain of the NT where the major decision of becoming
peripheral or central nervous system takes place. How the dorsal neural primordium
transits between these phases remains largely unknown. Evidence suggests that these
peripheral and central neural branches segregate from a common progenitor in the dorsal
NT already prior to the completion of NC emigration [17,19]. Transcriptome analysis un-
covered genes differentially expressed in NC and RP [50] and in RP and interneurons [141];
these will provide the basis for investigating the molecular networks responsible for fate
transitions in the dorsal NT in association with the cellular and morphogenetic processes
that this domain undergoes during maturation. Together with current knowledge of the
main signaling systems involved in NC and RP formation, e.g, BMP, Wnt, RA and Notch
factors, it will be possible to further pinpoint differential effects of factors driving the end
of NC production and the beginning of definitive RP ontogeny. Much is still to be done
to clarify the extent to which initial specification vs. subsequent differentiation of various
interneuron cell types depends on changing properties of the dorsal NT between NC and
RP stages.

Our knowledge of the fate and functions of the RP is growing. Along this line, in-
vestigating the heterogeneity of RP properties at various levels of the neuraxis and its
functional significance are also a subject of considerable interest. The development of the
dorsal NT embodies basic processes in development: the regulation of cell proliferation,
cellular movements and cell elongation, epithelial-mesenchymal transitions, lineage deci-
sions, and relationships between them. Aberrant signaling during critical phases leads to
disease, ranging from defects in NT closure [142–144], lack of dorsal cell types [50,92,133],
neurocristopathies [145,146], and tumors generated from RP derivatives such as choroid
plexus papillomas or carcinomas [147]. Our expanding knowledge of basic mechanisms of
development should assist us in developing animal models for addressing their etiology,
prevention and treatment. In vivo approaches will undoubtedly be complemented with
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more accessible models that consist of embryonic stem (ES) cells or adult pluripotent stem
cells induced to produce spinal organoids, elongated trunk-like structures composed of
both neural and mesodermal derivatives, and assembloids containing defined tissues, all
aimed at mimicking dorsal neural development in a dish [107,148–150].

Author Contributions: D.R. and C.K. conceived this Review article, wrote it, and prepared the
Figures. Both authors discussed and agreed on the text and approved the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was founded by grants from the Israel Science Foundation (ISF #209/18)
to CK.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interests.

References
1. Dessaud, E.; McMahon, A.P.; Briscoe, J. Pattern formation in the vertebrate neural tube: A sonic hedgehog morphogen-regulated

transcriptional network. Development 2008, 135, 2489–2503. [CrossRef]
2. Ribes, V.; Briscoe, J. Establishing and interpreting graded Sonic Hedgehog signaling during vertebrate neural tube patterning:

The role of negative feedback. Cold Spring Harb Perspect Biol 2009, 1, 1–16. [CrossRef]
3. Boareto, M. Patterning via local cell-cell interactions in developing systems. Dev. Biol. 2020, 460, 77–85. [CrossRef]
4. Ericson, J.; Briscoe, J.; Rashbass, P.; Van Heyningen, V.; Jessell, T.M. Graded sonic hedgehog signaling and the specification of cell

fate in the ventral neural tube. Cold. Spring Harb. Symp.Quant. Biol. 1997, 62, 451–466.
5. Gouti, M.; Metzis, V.; Briscoe, J. The route to spinal cord cell types: A tale of signals and switches. Trends Genet. 2015, 31, 282–289.

[CrossRef] [PubMed]
6. Jessell, T.M. Neuronal specification in the spinal cord: Inductive signals and transcriptional codes. Nat. Rev. Genet. 2000, 1, 20–29.

[CrossRef] [PubMed]
7. Liem, K.F., Jr.; Tremml, G.; Jessell, T.M. A role for the roof plate and its resident TGFb-related proteins in neuronal patterning in

the dorsal spinal cord. Cell 1997, 91, 127–138. [CrossRef]
8. Garcia-Castro, M.I.; Marcelle, C.; Bronner-Fraser, M. Ectodermal Wnt function as a neural crest inducer. Science 2002, 297, 848–851.

[PubMed]
9. Endo, Y.; Osumi, N.; Wakamatsu, Y. Bimodal functions of Notch-mediated signaling are involved in neural crest formation during

avian ectoderm development. Development 2002, 129, 863–873. [PubMed]
10. Sela-Donenfeld, D.; Kalcheim, C. Regulation of the onset of neural crest migration by coordinated activity of BMP4 and Noggin

in the dorsal neural tube. Development 1999, 126, 4749–4762. [PubMed]
11. Tozer, S.; Le Dreau, G.; Marti, E.; Briscoe, J. Temporal control of BMP signalling determines neuronal subtype identity in the

dorsal neural tube. Development 2013, 140, 1467–1474. [CrossRef] [PubMed]
12. Nitzan, E.; Avraham, O.; Kahane, N.; Ofek, S.; Kumar, D.; Kalcheim, C. Dynamics of BMP and Hes1/Hairy1 signaling in the

dorsal neural tube underlies the transition from neural crest to definitive roof plate. BMC Biol. 2016, 14, 23. [CrossRef] [PubMed]
13. Le Douarin, N.M.; Kalcheim, C. The Neural Crest, 2nd ed.; Cambridge University Press: New York, NY, USA, 1999.
14. Kalcheim, C.; Kumar, D. Cell fate decisions during neural crest ontogeny. Int. J. Dev. Biol. 2017, 61, 195–203. [CrossRef] [PubMed]
15. Krispin, S.; Nitzan, E.; Kalcheim, C. The dorsal neural tube: A dynamic setting for cell fate decisions. Dev. Neurobiol. 2010, 70,

796–812. [CrossRef] [PubMed]
16. Andrews, M.G.; Kong, J.; Novitch, B.G.; Butler, S.J. New perspectives on the mechanisms establishing the dorsal-ventral axis of

the spinal cord. Curr. Top. Dev. Biol. 2019, 132, 417–450.
17. Krispin, S.; Nitzan, E.; Kassem, Y.; Kalcheim, C. Evidence for a dynamic spatiotemporal fate map and early fate restrictions of

premigratory avian neural crest. Development 2010, 137, 585–595. [CrossRef] [PubMed]
18. Serbedzija, G.N.; Bronner Fraser, M.; Fraser, S.E. A vital dye analysis of the timing and pathways of avian trunk neural crest cell

migration. Development 1989, 106, 809–816. [PubMed]
19. Nitzan, E.; Krispin, S.; Pfaltzgraff, E.R.; Klar, A.; Labosky, P.; Kalcheim, C. A dynamic code of dorsal neural tube genes regulates

the segregation between neurogenic and melanogenic neural crest cells. Development 2013, 140, 2269–2279. [CrossRef] [PubMed]
20. Schilling, T.F.; Kimmel, C.B. Segment and cell type lineage restrictions during pharyngeal arch development in the zebrafish

embryo. Development 1994, 120, 483–494.
21. Ling, I.T.C.; Sauka-spengler, T. Early chromatin shaping predetermines multipotent vagal neural crest into neural, neuronal and

mesenchymal lineages. Nat. Cell Biol. 2019, 21, 1504–1517. [CrossRef] [PubMed]

http://doi.org/10.1242/dev.009324
http://doi.org/10.1101/cshperspect.a002014
http://doi.org/10.1016/j.ydbio.2019.12.008
http://doi.org/10.1016/j.tig.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25823696
http://doi.org/10.1038/35049541
http://www.ncbi.nlm.nih.gov/pubmed/11262869
http://doi.org/10.1016/S0092-8674(01)80015-5
http://www.ncbi.nlm.nih.gov/pubmed/12161657
http://www.ncbi.nlm.nih.gov/pubmed/11861470
http://www.ncbi.nlm.nih.gov/pubmed/10518492
http://doi.org/10.1242/dev.090118
http://www.ncbi.nlm.nih.gov/pubmed/23462473
http://doi.org/10.1186/s12915-016-0245-6
http://www.ncbi.nlm.nih.gov/pubmed/27012662
http://doi.org/10.1387/ijdb.160196ck
http://www.ncbi.nlm.nih.gov/pubmed/28621417
http://doi.org/10.1002/dneu.20826
http://www.ncbi.nlm.nih.gov/pubmed/20683859
http://doi.org/10.1242/dev.041509
http://www.ncbi.nlm.nih.gov/pubmed/20110324
http://www.ncbi.nlm.nih.gov/pubmed/2562671
http://doi.org/10.1242/dev.093294
http://www.ncbi.nlm.nih.gov/pubmed/23615280
http://doi.org/10.1038/s41556-019-0428-9
http://www.ncbi.nlm.nih.gov/pubmed/31792380


Int. J. Mol. Sci. 2021, 22, 3911 15 of 19

22. Le Douarin, N.M. Cell lineage segregation during neural crest ontogeny. Ann. N. Y. Acad. Sci. 1990, 599, 131–140. [CrossRef]
[PubMed]

23. Martik, M.L.; Bronner, M.E. Regulatory Logic Underlying Diversification of the Neural Crest. Trends Genet. 2017, 33, 715–727.
[CrossRef]

24. Baggiolini, A.; Varum, S.; Mateos, J.M.; Bettosini, D.; John, N.; Bonalli, M.; Ziegler, U.; Dimou, L.; Clevers, H.; Furrer, R.; et al.
Premigratory and migratory neural crest cells are multipotent in vivo. Cell Stem Cell 2015, 16, 314–322. [CrossRef]

25. Shellard, A.; Mayor, R. All Roads Lead to Directional Cell Migration. Trends Cell Biol. 2020, 30, 852–868. [CrossRef]
26. Kalcheim, C. Epithelial-Mesenchymal Transitions during Neural Crest and Somite Development. J. Clin. Med. 2015, 5, 1.

[CrossRef]
27. Basch, M.L.; Garcia-Castro, M.I.; Bronner-Fraser, M. Molecular mechanisms of neural crest induction. Birth Defects Res. C Embryo

Today 2004, 72, 109–123. [CrossRef] [PubMed]
28. Sauka-Spengler, T.; Bronner-Fraser, M. A gene regulatory network orchestrates neural crest formation. Nat. Rev. Mol Cell Biol.

2008, 9, 557–568. [CrossRef]
29. Spear, P.C.; Erickson, C.A. Interkinetic nuclear migration: A mysterious process in search of a function. Dev. Growth Differ. 2012,

54, 306–316. [CrossRef]
30. Burstyn-Cohen, T.; Kalcheim, C. Association between the cell cycle and neural crest delamination through specific regulation of

G1/S transition. Dev. Cell 2002, 3, 383–395. [CrossRef]
31. Shoval, I.; Ludwig, A.; Kalcheim, C. Antagonistic roles of full-length N-cadherin and its soluble BMP cleavage product in neural

crest delamination. Development 2007, 134, 491–501. [CrossRef] [PubMed]
32. Theveneau, E.; Mayor, R. Neural crest delamination and migration: From epithelium-to-mesenchyme transition to collective cell

migration. Dev. Biol. 2012, 366, 34–54. [CrossRef] [PubMed]
33. Yang, J.; Antin, P.; Berx, G.; Blanpain, C.; Brabletz, T.; Bronner, M.; Campbell, K.; Cano, A.; Casanova, J.; Christofori, G.; et al.

Guidelines and definitions for research on epithelial–mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2020, 21, 341–352.
[CrossRef] [PubMed]

34. Strobl-Mazzulla, P.H.; Bronner, M.E. A PHD12-Snail2 repressive complex epigenetically mediates neural crest epithelial-to-
mesenchymal transition. J. Cell Biol. 2012, 198, 999–1010. [CrossRef]

35. Erickson, C.A.; Duong, T.D.; Tosney, K.W. Descriptive and experimental analysis of the dispersion of neural crest cells along the
dorsolateral path and their entry into ectoderm in the chick embryo. Dev. Biol. 1992, 151, 251–272. [CrossRef]

36. Raible, D.W.; Eisen, J.S. Restriction of neural crest cell fate in the trunk of the embryonic zebrafish. Development 1994, 120, 495–503.
37. Raible, D.W.; Wood, A.; Hodsdon, W.; Henion, P.D.; Weston, J.A.; Eisen, J.S. Segregation and early dispersal of neural crest cells in

the embryonic zebrafish. Dev. Dyn. 1992, 195, 29–42. [CrossRef] [PubMed]
38. Weston, J.A.; Butler, S.L. Temporal factors affecting localization of neural crest cells in tbe chicken embryo. Dev. Biol. 1966, 14,

246–266. [CrossRef]
39. Collazo, A.; Bronner-Fraser, M.; Fraser, S.E. Vital dye labelling of Xenopus laevis trunk neural crest reveals multipotency and

novel pathways of migration. Development 1993, 118, 363–376.
40. Serbedzija, G.N.; Fraser, S.E.; Bronner-Fraser, M. Pathways of trunk neural crest cell migration in the mouse embryo as revealed

by vital dye labelling. Development 1990, 108, 605–612.
41. Ahlstrom, J.D.; Erickson, C.A. The neural crest epithelial-mesenchymal transition in 4D: A ‘tail’ of multiple non-obligatory

cellular mechanisms. Development 2009, 136, 1801–1812. [CrossRef]
42. McKinney, M.C.; Fukatsu, K.; Morrison, J.; McLennan, R.; Bronner, M.E.; Kulesa, P.M. Evidence for dynamic rearrangements but

lack of fate or position restrictions in premigratory avian trunk neural crest. Development 2013, 140, 820–830. [CrossRef] [PubMed]
43. Nitzan, E.; Pfaltzgraff, E.R.; Labosky, P.A.; Kalcheim, C. Neural crest and Schwann cell progenitor-derived melanocytes are two

spatially segregated populations similarly regulated by Foxd3. Proc. Natl. Acad. Sci. USA 2013, 110, 12709–12714. [CrossRef]
[PubMed]

44. Thomas, A.J.; Erickson, C.A. FOXD3 regulates the lineage switch between neural crest-derived glial cells and pigment cells by
repressing MITF through a non-canonical mechanism. Development 2009, 136, 1849–1858. [CrossRef]

45. Lignell, A.; Kerosuo, L.; Streichan, S.J.; Cai, L.; Bronner, M.E. Identification of a neural crest stem cell niche by Spatial Genomic
Analysis. Nat. Commun. 2017, 8, 1830. [CrossRef]

46. Williams, R.M.; Candido-Ferreira, I.; Repapi, E.; Gavriouchkina, D.; Senanayake, U.; Ling, I.T.C.; Telenius, J.; Taylor, S.; Hughes, J.;
Sauka-Spengler, T. Reconstruction of the Global Neural Crest Gene Regulatory Network In Vivo. Dev. Cell 2019, 51, 255–276.e7.
[CrossRef] [PubMed]

47. Zalc, A.; Sinha, R.; Gulati, G.S.; Wesche, D.J.; Daszczuk, P.; Swigut, T.; Weissman, I.L.; Wysocka, J. Reactivation of the pluripotency
program precedes formation of the cranial neural crest. Science 2021, 371, 586–594. [CrossRef]

48. Lencer, E. Single cell RNA analysis of trunk neural crest cells in zebrafish identifies pre-migratory populations expressing markers
of differentiated derivatives. BioRxiv 2020. [CrossRef]

49. Soldatov, R.; Kaucka, M.; Kastriti, M.E.; Petersen, J.; Chontorotzea, T.; Englmaier, L.; Akkuratova, N.; Yang, Y.; Häring, M.;
Dyachuk, V.; et al. Spatiotemporal structure of cell fate decisions in murine neural crest. Science 2019, 364. [CrossRef] [PubMed]

50. Ofek, S.; Wiszniak, S.; Kagan, S.; Tondl, M.; Schwarz, Q.; Kalcheim, C. Notch signaling is a critical initiator of roof plate formation
as revealed by the use of RNA profiling of the dorsal neural tube. BMC Biol. 2021. In Press.

http://doi.org/10.1111/j.1749-6632.1990.tb42372.x
http://www.ncbi.nlm.nih.gov/pubmed/2221671
http://doi.org/10.1016/j.tig.2017.07.015
http://doi.org/10.1016/j.stem.2015.02.017
http://doi.org/10.1016/j.tcb.2020.08.002
http://doi.org/10.3390/jcm5010001
http://doi.org/10.1002/bdrc.20015
http://www.ncbi.nlm.nih.gov/pubmed/15269886
http://doi.org/10.1038/nrm2428
http://doi.org/10.1111/j.1440-169X.2012.01342.x
http://doi.org/10.1016/S1534-5807(02)00221-6
http://doi.org/10.1242/dev.02742
http://www.ncbi.nlm.nih.gov/pubmed/17185320
http://doi.org/10.1016/j.ydbio.2011.12.041
http://www.ncbi.nlm.nih.gov/pubmed/22261150
http://doi.org/10.1038/s41580-020-0237-9
http://www.ncbi.nlm.nih.gov/pubmed/32300252
http://doi.org/10.1083/jcb.201203098
http://doi.org/10.1016/0012-1606(92)90231-5
http://doi.org/10.1002/aja.1001950104
http://www.ncbi.nlm.nih.gov/pubmed/1292751
http://doi.org/10.1016/0012-1606(66)90015-7
http://doi.org/10.1242/dev.034785
http://doi.org/10.1242/dev.083725
http://www.ncbi.nlm.nih.gov/pubmed/23318636
http://doi.org/10.1073/pnas.1306287110
http://www.ncbi.nlm.nih.gov/pubmed/23858437
http://doi.org/10.1242/dev.031989
http://doi.org/10.1038/s41467-017-01561-w
http://doi.org/10.1016/j.devcel.2019.10.003
http://www.ncbi.nlm.nih.gov/pubmed/31639368
http://doi.org/10.1126/science.abb4776
http://doi.org/10.1101/2020.12.24.424338
http://doi.org/10.1126/science.aas9536
http://www.ncbi.nlm.nih.gov/pubmed/31171666


Int. J. Mol. Sci. 2021, 22, 3911 16 of 19

51. Shtukmaster, S.; Schier, M.C.; Huber, K.; Krispin, S.; Kalcheim, C.; Unsicker, K. Sympathetic neurons and chromaffin cells share a
common progenitor in the neural crest in vivo. Neural Dev. 2013, 8, 12. [CrossRef]

52. Vega, S.; Morales, A.V.; Ocana, O.H.; Valdes, F.; Fabregat, I.; Nieto, M.A. Snail blocks the cell cycle and confers resistance to cell
death. Genes Dev. 2004, 18, 1131–1143. [CrossRef]

53. Theveneau, E.; Duband, J.L.; Altabef, M. Ets-1 confers cranial features on neural crest delamination. PLoS ONE 2007, 2, e1142.
[CrossRef] [PubMed]

54. Theveneau, E.; Mayor, R. Collective cell migration of the cephalic neural crest: The art of integrating information. Genesis 2011,
49, 164–176. [CrossRef]

55. Rinon, A.; Molchadsky, A.; Nathan, E.; Yovel, G.; Rotter, V.; Sarig, R.; Tzahor, E. p53 coordinates cranial neural crest cell growth
and epithelial-mesenchymal transition/delamination processes. Development 2011, 138, 1827–1838. [CrossRef] [PubMed]

56. Kerosuo, L.; Bronner, M.E. cMyc Regulates the Size of the Premigratory Neural Crest Stem Cell Pool. Cell Rep. 2016, 17, 2648–2659.
[CrossRef] [PubMed]

57. Duband, J.L.; Dady, A.; Fleury, V. Resolving time and space constraints during neural crest formation and delamination. Curr.
Top. Dev. Biol. 2015, 111, 27–67.

58. Monsonego-Ornan, E.; Kosonovsky, J.; Bar, A.; Roth, L.; Fraggi-Rankis, V.; Simsa, S.; Kohl, A.; Sela-Donenfeld, D. Matrix
metalloproteinase 9/gelatinase B is required for neural crest cell migration. Dev. Biol. 2012, 364, 162–177. [CrossRef]

59. Sela-Donenfeld, D.; Kalcheim, C. Localized BMP4-noggin interactions generate the dynamic patterning of noggin expression in
somites. Dev. Biol. 2002, 246, 311–328. [CrossRef]

60. Burstyn-Cohen, T.; Stanleigh, J.; Sela-Donenfeld, D.; Kalcheim, C. Canonical Wnt activity regulates trunk neural crest delamination
linking BMP/noggin signaling with G1/S transition. Development 2004, 131, 5327–5339. [CrossRef]

61. Groysman, M.; Shoval, I.; Kalcheim, C. A negative modulatory role for rho and rho-associated kinase signaling in delamination
of neural crest cells. Neural Dev. 2008, 3, 27. [CrossRef]

62. Shoval, I.; Kalcheim, C. Antagonistic activities of Rho and Rac GTPases underlie the transition from neural crest delamination to
migration. Dev. Dyn. 2012, 241, 1155–1168. [CrossRef]

63. Martínez-Morales, P.L.; del Corral, R.D.; Olivera-Martínez, I.; Quiroga, A.C.; Das, R.M.; Barbas, J.A.; Storey, K.G.; Morales, A.V.
FGF and retinoic acid activity gradients control the timing of neural crest cell emigration in the trunk. J. Cell Biol. 2011, 194,
489–503. [CrossRef]

64. Anderson, R.M.; Stottmann, R.W.; Choi, M.; Klingensmith, J. Endogenous bone morphogenetic protein antagonists regulate
mammalian neural crest generation and survival. Dev. Dyn. 2006, 235, 2507–2520. [CrossRef] [PubMed]

65. Lian, I.; Kim, J.; Okazawa, H.; Zhao, J.; Zhao, B.; Yu, J.; Chinnaiyan, A.; Israel, M.A.; Goldstein, L.S.; Abujarour, R.; et al. The
role of YAP transcription coactivator in regulating stem cell self-renewal and differentiation. Genes Dev. 2010, 24, 1106–1118.
[CrossRef] [PubMed]

66. Yu, F.X.; Zhao, B.; Guan, K.L. Hippo Pathway in Organ Size Control, Tissue Homeostasis, and Cancer. Cell 2015, 163, 811–828.
[CrossRef] [PubMed]

67. Kumar, D.; Nitzan, E.; Kalcheim, C. YAP promotes neural crest emigration through interactions with BMP and Wnt activities. Cell
Commun. Signal. 2019, 17. [CrossRef]

68. Bhattacharya, D.; Azambuja, A.P.; Simoes-costa, M.; Bhattacharya, D.; Azambuja, A.P.; Simoes-costa, M. Metabolic Reprogram-
ming Promotes Neural Crest Metabolic Reprogramming Promotes Neural Crest Migration via Yap / Tead Signaling. Dev. Cell
2020, 53, 199–211. [CrossRef]

69. Piacentino, M.L.; Li, Y.; Bronner, M.E. Epithelial-to-mesenchymal transition and different migration strategies as viewed from the
neural crest. Curr. Opin. Cell Biol. 2020, 66, 43–50. [CrossRef]

70. Nieto, M.A.; Sargent, M.G.; Wilkinson, D.G.; Cooke, J. Control of cell behavior during vertebrate development by slug, a zinc
finger gene. Science 1994, 264, 835–839. [CrossRef]

71. Thiery, J.P.; Acloque, H.; Huang, R.Y.; Nieto, M.A. Epithelial-mesenchymal transitions in development and disease. Cell 2009, 139,
871–890. [CrossRef]

72. Del Barrio, M.G.; Nieto, M.A. Overexpression of Snail family members highlights their ability to promote chick neural crest
formation. Development 2002, 129, 1583–1593.

73. Sela-Donenfeld, D.; Kalcheim, C. Inhibition of noggin expression in the dorsal neural tube by somitogenesis: A mechanism for
coordinating the timing of neural crest emigration. Development 2000, 127, 4845–4854.

74. Jiang, R.L.; Lan, Y.; Norton, C.R.; Sundberg, J.P.; Gridley, T. The slug gene is not essential for mesoderm or neural crest
development in mice. Dev. Biol. 1998, 198, 277–285. [CrossRef]

75. Taneyhill, L.A.; Coles, E.G.; Bronner-Fraser, M. Snail2 directly represses cadherin6B during epithelial-to-mesenchymal transitions
of the neural crest. Development 2007, 134, 1481–1490. [CrossRef] [PubMed]

76. Tien, C.L.; Jones, A.; Wang, H.; Gerigk, M.; Nozell, S.; Chang, C. Snail2/slug cooperates with polycomb repressive complex 2
(Prc2) to regulate neural crest development. Development 2015, 142, 722–731. [CrossRef] [PubMed]

77. Gandhi, S.; Hutchins, E.J.; Maruszko, K.; Park, J.H.; Thomson, M.; Bronner, M.E. Bimodal function of chromatin remodeler hmga1
in neural crest induction and wnt-dependent emigration. Elife 2020, 9, 1–62. [CrossRef]

78. Hutchins, E.J.; Bronner, M.E. Draxin acts as a molecular rheostat of canonical Wnt signaling to control cranial neural crest EMT. J.
Cell Biol. 2018, 217, 3683–3697. [CrossRef] [PubMed]

http://doi.org/10.1186/1749-8104-8-12
http://doi.org/10.1101/gad.294104
http://doi.org/10.1371/journal.pone.0001142
http://www.ncbi.nlm.nih.gov/pubmed/17987123
http://doi.org/10.1002/dvg.20700
http://doi.org/10.1242/dev.053645
http://www.ncbi.nlm.nih.gov/pubmed/21447558
http://doi.org/10.1016/j.celrep.2016.11.025
http://www.ncbi.nlm.nih.gov/pubmed/27926868
http://doi.org/10.1016/j.ydbio.2012.01.028
http://doi.org/10.1006/dbio.2002.0672
http://doi.org/10.1242/dev.01424
http://doi.org/10.1186/1749-8104-3-27
http://doi.org/10.1002/dvdy.23799
http://doi.org/10.1083/jcb.201011077
http://doi.org/10.1002/dvdy.20891
http://www.ncbi.nlm.nih.gov/pubmed/16894609
http://doi.org/10.1101/gad.1903310
http://www.ncbi.nlm.nih.gov/pubmed/20516196
http://doi.org/10.1016/j.cell.2015.10.044
http://www.ncbi.nlm.nih.gov/pubmed/26544935
http://doi.org/10.1186/s12964-019-0383-x
http://doi.org/10.1016/j.devcel.2020.03.005
http://doi.org/10.1016/j.ceb.2020.05.001
http://doi.org/10.1126/science.7513443
http://doi.org/10.1016/j.cell.2009.11.007
http://doi.org/10.1016/S0012-1606(98)80005-5
http://doi.org/10.1242/dev.02834
http://www.ncbi.nlm.nih.gov/pubmed/17344227
http://doi.org/10.1242/dev.111997
http://www.ncbi.nlm.nih.gov/pubmed/25617436
http://doi.org/10.7554/eLife.57779
http://doi.org/10.1083/jcb.201709149
http://www.ncbi.nlm.nih.gov/pubmed/30026247


Int. J. Mol. Sci. 2021, 22, 3911 17 of 19

79. Karafiat, V.; Dvorakova, M.; Krejci, E.; Kralova, J.; Pajer, P.; Snajdr, P.; Mandikova, S.; Bartunek, P.; Grim, M.; Dvorak, M.
Transcription factor c-Myb is involved in the regulation of the epithelial-mesenchymal transition in the avian neural crest. Cell.
Mol. Life Sci. 2005, 62, 2516–2525. [CrossRef] [PubMed]

80. Cheung, M.; Chaboissier, M.C.; Mynett, A.; Hirst, E.; Schedl, A.; Briscoe, J. The transcriptional control of trunk neural crest
induction, survival, and delamination. Dev. Cell 2005, 8, 179–192. [CrossRef] [PubMed]

81. Lee, Y.H.; Aoki, Y.; Hong, C.S.; Saint-Germain, N.; Credidio, C.; Saint-Jeannet, J.P. Early requirement of the transcriptional
activator Sox9 for neural crest specification in Xenopus. Dev. Biol. 2004, 275, 93–103. [CrossRef]

82. Peinado, H.; Olmeda, D.; Cano, A. Snail, ZEB and bHLH factors in tumour progression: An alliance against the epithelial
phenotype? Nat. Rev. Cancer 2007, 7, 415–428. [CrossRef] [PubMed]

83. Van de Putte, T.; Maruhashi, M.; Francis, A.; Nelles, L.; Kondoh, H.; Huylebroeck, D.; Higashi, Y. Mice lacking ZFHX1B, the
gene that codes for Smad-interacting protein-1, reveal a role for multiple neural crest cell defects in the etiology of Hirschsprung
disease-mental retardation syndrome. Am. J. Hum. Genet. 2003, 72, 465–470. [CrossRef] [PubMed]

84. Rogers, C.D.; Saxena, A.; Bronner, M.E. Sip1 mediates an E-cadherin-to-N-cadherin switch during cranial neural crest EMT. J. Cell
Biol. 2013, 203, 835–847. [CrossRef] [PubMed]

85. Yasumi, T.; Inoue, M.; Maruhashi, M.; Kamachi, Y.; Higashi, Y.; Kondoh, H.; Uchikawa, M. Regulation of trunk neural crest
delamination by δEF1 and Sip1 in the chicken embryo. Dev. Growth Differ. 2016, 58, 205–214. [CrossRef] [PubMed]

86. Maguire, L.H.; Thomas, A.R.; Goldstein, A.M. Tumors of the neural crest: Common themes in development and cancer. Dev. Dyn.
2015, 244, 311–322. [CrossRef]

87. Kahane, N.; Kalcheim, C. Identification of early postmitotic cells in distinct embryonic sites and their possible roles in morpho-
genesis. Cell Tissue Res. 1998, 294, 297–307. [CrossRef] [PubMed]

88. Harima, Y.; Imayoshi, I.; Shimojo, H.; Kobayashi, T.; Kageyama, R. The roles and mechanism of ultradian oscillatory expression of
the mouse Hes genes. Semin. Cell Dev. Biol. 2014, 34, 85–90. [CrossRef]

89. Baek, J.H.; Hatakeyama, J.; Sakamoto, S.; Ohtsuka, T.; Kageyama, R. Persistent and high levels of Hes1 expression regulate
boundary formation in the developing central nervous system. Development 2006, 133, 2467–2476. [CrossRef] [PubMed]

90. Chesnutt, C.; Burrus, L.W.; Brown, A.M.; Niswander, L. Coordinate regulation of neural tube patterning and proliferation by
TGFbeta and WNT activity. Dev. Biol. 2004, 274, 334–347. [CrossRef]

91. Chizhikov, V.V.; Millen, K.J. Mechanisms of roof plate formation in the vertebrate CNS. Nat. Rev. Neurosci. 2004, 5, 808–812.
[CrossRef]

92. Lee, K.J.; Mendelsohn, M.; Jessell, T.M. Neuronal patterning by BMPs: A requirement for GDF7 in the generation of a discrete
class of commissural interneurons in the mouse spinal cord. Genes Dev. 1998, 12, 3394–3407. [CrossRef] [PubMed]

93. Liem, K.F., Jr.; Tremml, G.; Roelink, H.; Jessell, T.M. Dorsal differentiation of neural plate cells induced by BMP-mediated signals
from epidermal ectoderm. Cell 1995, 82, 969–979. [CrossRef]

94. Timmer, J.R.; Wang, C.; Niswander, L. BMP signaling patterns the dorsal and intermediate neural tube via regulation of homeobox
and helix-loop-helix transcription factors. Development 2002, 129, 2459–2472.

95. Le Dréau, G.; Martí, E. The multiple activities of BMPs during spinal cord development. Cell. Mol. Life Sci. 2013, 70, 4293–4305.
[CrossRef]

96. Alvarez-Medina, R.; Le Dreau, G.; Ros, M.; Marti, E. Hedgehog activation is required upstream of Wnt signalling to control
neural progenitor proliferation. Development 2009, 136, 3301–3309. [CrossRef] [PubMed]

97. Muroyama, Y.; Fujihara, M.; Ikeya, M.; Kondoh, H.; Takada, S. Wnt signaling plays an essential role in neuronal specification of
the dorsal spinal cord. Genes Dev. 2002, 16, 548–553. [CrossRef] [PubMed]

98. Liu, Y.; Helms, A.W.; Johnson, J.E. Distinct activities of Msx1 and Msx3 in dorsal neural tube development. Development 2004, 131,
1017–1028. [CrossRef] [PubMed]

99. Chizhikov, V.V.; Millen, K.J. Control of roof plate formation by Lmx1a in the developing spinal cord. Development 2004, 131,
2693–2705. [CrossRef]

100. Kamata, T.; Katsube, K.; Michikawa, M.; Yamada, M.; Takada, S.; Mizusawa, H. R-spondin, a novel gene with thrombospondin
type 1 domain, was expressed in the dorsal neural tube and affected in Wnts mutants. Biochim. Biophys. Acta 2004, 1676, 51–62.
[CrossRef]

101. Hunter, N.L.; Dymecki, S.M. Molecularly and temporally separable lineages form the hindbrain roof plate and contribute
differentially to the choroid plexus. Development 2007, 134, 3449–3460. [CrossRef]

102. Broom, E.R.; Gilthorpe, J.D.; Butts, T.; Campo-Paysaa, F.; Wingate, R.J.T. The roof plate boundary is a bi-directional organiser of
dorsal neural tube and choroid plexus development. Development 2012, 139, 4261–4270. [CrossRef]

103. Awatramanil, R.; Soriano, P.; Rodriguez, C.; Mai, J.J.; Dymecki, S.M. Cryptic boundaries in roof plate and choroid plexus identified
by intersectional gene activation. Nat. Genet. 2003, 35, 70–75. [CrossRef]

104. Teillet, M.-A.; Kalcheim, C.; Le Douarin, N.M. Formation of the dorsal root ganglia in the avian embryo: Segmental origin and
migratory behavior of neural crest progenitor cells. Dev. Biol. 1987, 120, 327–347. [CrossRef]

105. Campo-Paysaa, F.; Clarke, J.D.; Wingate, R.J. Generation of the squamous epithelial roof of the 4(th) ventricle. Elife 2019, 8.
[CrossRef]

106. Currle, D.S.; Cheng, X.; Hsu, C.M.; Monuki, E.S. Direct and indirect roles of CNS dorsal midline cells in choroid plexus epithelia
formation. Development 2005, 132, 3549–3559. [CrossRef]

http://doi.org/10.1007/s00018-005-5297-7
http://www.ncbi.nlm.nih.gov/pubmed/16231084
http://doi.org/10.1016/j.devcel.2004.12.010
http://www.ncbi.nlm.nih.gov/pubmed/15691760
http://doi.org/10.1016/j.ydbio.2004.07.036
http://doi.org/10.1038/nrc2131
http://www.ncbi.nlm.nih.gov/pubmed/17508028
http://doi.org/10.1086/346092
http://www.ncbi.nlm.nih.gov/pubmed/12522767
http://doi.org/10.1083/jcb.201305050
http://www.ncbi.nlm.nih.gov/pubmed/24297751
http://doi.org/10.1111/dgd.12256
http://www.ncbi.nlm.nih.gov/pubmed/26691438
http://doi.org/10.1002/dvdy.24226
http://doi.org/10.1007/s004410051180
http://www.ncbi.nlm.nih.gov/pubmed/9799446
http://doi.org/10.1016/j.semcdb.2014.04.038
http://doi.org/10.1242/dev.02403
http://www.ncbi.nlm.nih.gov/pubmed/16728479
http://doi.org/10.1016/j.ydbio.2004.07.019
http://doi.org/10.1038/nrn1520
http://doi.org/10.1101/gad.12.21.3394
http://www.ncbi.nlm.nih.gov/pubmed/9808626
http://doi.org/10.1016/0092-8674(95)90276-7
http://doi.org/10.1007/s00018-013-1354-9
http://doi.org/10.1242/dev.041772
http://www.ncbi.nlm.nih.gov/pubmed/19736325
http://doi.org/10.1101/gad.937102
http://www.ncbi.nlm.nih.gov/pubmed/11877374
http://doi.org/10.1242/dev.00994
http://www.ncbi.nlm.nih.gov/pubmed/14973289
http://doi.org/10.1242/dev.01139
http://doi.org/10.1016/j.bbaexp.2003.10.009
http://doi.org/10.1242/dev.003095
http://doi.org/10.1242/dev.082255
http://doi.org/10.1038/ng1228
http://doi.org/10.1016/0012-1606(87)90236-3
http://doi.org/10.7554/eLife.38485
http://doi.org/10.1242/dev.01915


Int. J. Mol. Sci. 2021, 22, 3911 18 of 19

107. Duval, N.; Vaslin, C.; Barata, T.C.; Frarma, Y.; Contremoulins, V.; Baudin, X.; Nedelec, S.; Ribes, V.C. Bmp4 patterns smad activity
and generates stereotyped cell fate organization in spinal organoids. Development 2019, 146. [CrossRef] [PubMed]

108. Ribes, V.; Balaskas, N.; Sasai, N.; Cruz, C.; Dessaud, E.; Cayuso, J.; Tozer, S.; Yang, L.L.; Novitch, B.; Marti, E.; et al. Distinct Sonic
Hedgehog signaling dynamics specify floor plate and ventral neuronal progenitors in the vertebrate neural tube. Genes Dev. 2010,
24, 1186–1200. [CrossRef]

109. Kageyama, R.; Shimojo, H.; Imayoshi, I. Dynamic expression and roles of Hes factors in neural development. Cell Tissue Res. 2015,
359, 125–133. [CrossRef]

110. Sabherwal, N.; Rowntree, A.; Kursawe, J.; Papalopulu, N. Phase-register of non-ultradian Hes1 oscillations ER + breast cancer
cells. bioRxiv 2021. [CrossRef]

111. Millonig, J.H.; Millen, K.J.; Hatten, M.E. The mouse Dreher gene Lmx1a controls formation of the roof plate in the vertebrate CNS.
Nature 2000, 403, 764–769. [CrossRef]

112. Millen, K.J.; Millonig, J.H.; Hatten, M.E. Roof plate and dorsal spinal cord dl1 interneuron development in the dreher mutant
mouse. Dev. Biol. 2004, 270, 382–392. [CrossRef] [PubMed]

113. Manzanares, M.; Krumlauf, R. Developmental biology. Raising the roof. Nature 2000, 403, 720–721. [CrossRef] [PubMed]
114. Johansson, P.A.; Irmler, M.; Acampora, D.; Beckers, J.; Simeone, A.; Götz, M. The transcription factor Otx2 regulates choroid

plexus development and function. Development 2013, 140, 1055–1066. [CrossRef]
115. Xing, L.; Anbarchian, T.; Tsai, J.M.; Plant, G.W.; Nusse, R. Wnt/beta-catenin signaling regulates ependymal cell development and

adult homeostasis. Proc. Natl. Acad. Sci. USA 2018, 115, E5954–E5962. [CrossRef]
116. Altman, J.; Bayer, S.A. The development of the rat spinal cord. Adv. Anat. Embryol. Cell Biol. 1984, 85, 1–164.
117. Bohme, G. Formation of the central canal and dorsal glial septum in the spinal cord of the domestic cat. J. Anat. 1988, 159, 37–47.
118. Cañizares, M.A.; Albors, A.R.; Singer, G.; Suttie, N.; Gorkic, M.; Felts, P.; Storey, K.G. Multiple steps characterise ventricular layer

attrition to form the ependymal cell lining of the adult mouse spinal cord central canal. J. Anat. 2019, 236, 334–350. [CrossRef]
[PubMed]

119. Kridsada, K.; Niu, J.; Haldipur, P.; Wang, Z.; Ding, L.; Li, J.J.; Lindgren, A.G.; Herrera, E.; Thomas, G.M.; Chizhikov, V.V.; et al.
Roof Plate-Derived Radial Glial-like Cells Support Developmental Growth of Rapidly Adapting Mechanoreceptor Ascending
Axons. Cell Rep. 2018, 23, 2928–2941. [CrossRef]

120. Ghazale, H.; Ripoll, C.; Leventoux, N.; Jacob, L.; Azar, S.; Mamaeva, D.; Glasson, Y.; Calvo, C.F.; Thomas, J.L.; Meneceur, S.; et al.
RNA Profiling of the Human and Mouse Spinal Cord Stem Cell Niches Reveals an Embryonic-like Regionalization with MSX1(+)
Roof-Plate-Derived Cells. Stem Cell Rep. 2019, 12, 1159–1177. [CrossRef] [PubMed]

121. Shinozuka, T.; Takada, R.; Yoshida, S.; Yonemura, S.; Takada, S. Wnt produced by stretched roof-plate cells is required for the
promotion of cell proliferation around the central canal of the spinal cord. Development 2019, 146. [CrossRef] [PubMed]

122. Kondrychyn, I.; Teh, C.; Sin, M.; Korzh, V. Stretching Morphogenesis of the Roof Plate and Formation of the Central Canal. PLoS
ONE 2013, 8, 1–12. [CrossRef] [PubMed]

123. De Gennaro, L.D.; Benzo, C.A. Development of the glycogen body of the Japanese quail, Coturnix japonica: II. Observations of
electron microscopy. J. Morphol. 1991, 207, 191–199. [CrossRef]

124. De Gennaro, L.D. Origin of the avian glycogen body-II. Observations in support of a glial nature in the chick embryo. Growth Dev.
Aging 1993, 57, 275–281. [PubMed]

125. Necker, R. The structure and development of avian lumbosacral specializations of the vertebral canal and the spinal cord with
special reference to a possible function as a sense organ of equilibrium. Anat. Embryol. 2005, 210, 59–74. [CrossRef]

126. Uehara, M.; Ueshima, T. Development of the glycogen body through the whole length of the chick spinal cord. Anat. Rec. 1982,
202, 511–519. [CrossRef] [PubMed]

127. Haimson, B.; Meir, O.; Sudakevitz-Merzbach, R.; Elberg, G.; Friedrich, S.; Lovell, P.V.; Paixao, S.; Klein, R.; Mello, C.V.; Klar, A.
Natural loss of function of ephrin-B3 shapes spinal flight circuitry in birds. bioRxiv 2021, 1–60. [CrossRef]

128. Xie, Z.; Sheng, N.; Jing, N. BMP signaling pathway and spinal cord development. Front. Biol. 2012, 7, 24–29. [CrossRef]
129. Alder, J.; Lee, K.J.; Jessell, T.M.; Hatten, M.E. Generation of cerebellar granule neurons in vivo by transplantation of BMP-treated

neural progenitor cells. Nat. Neurosci. 1999, 2, 535–540. [CrossRef]
130. Krizhanovsky, V.; Ben-Arie, N. A novel role for the choroid plexus in BMP-mediated inhibition of differentiation of cerebellar

neural progenitors. Mech. Dev. 2006, 123, 67–75. [CrossRef]
131. Le Dreau, G.; Garcia-Campmany, L.; Rabadan, M.A.; Ferronha, T.; Tozer, S.; Briscoe, J.; Marti, E. Canonical BMP7 activity is

required for the generation of discrete neuronal populations in the dorsal spinal cord. Development 2012, 139, 259–268. [CrossRef]
132. Hazen, V.M.; Phan, K.D.; Hudiburgh, S.; Butler, S.J. Inhibitory Smads differentially regulate cell fate specification and axon

dynamics in the dorsal spinal cord. Dev. Biol. 2011, 356, 566–575. [CrossRef]
133. Lee, K.J.; Dietrich, P.; Jessell, T.M. Genetic ablation reveals that the roof plate is essential for dorsal interneuron specification.

Nature 2000, 403, 734–740. [CrossRef] [PubMed]
134. Chizhikov, V.V.; Lindgren, A.G.; Currle, D.S.; Rose, M.F.; Monuki, E.S.; Millen, K.J. The roof plate regulates cerebellar cell-type

specification and proliferation. Development 2006, 133, 2793–2804. [CrossRef]
135. Cheng, X.; Hsu, C.M.; Currle, D.S.; Jia, S.H.; Barkovich, A.J.; Monuki, E.S. Central roles of the roof plate in telencephalic

development and holoprosencephaly. J. Neurosci. 2006, 26, 7640–7649. [CrossRef] [PubMed]

http://doi.org/10.1242/dev.175430
http://www.ncbi.nlm.nih.gov/pubmed/31239243
http://doi.org/10.1101/gad.559910
http://doi.org/10.1007/s00441-014-1888-7
http://doi.org/10.1101/2021.01.04.425227
http://doi.org/10.1038/35001573
http://doi.org/10.1016/j.ydbio.2004.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15183721
http://doi.org/10.1038/35001711
http://www.ncbi.nlm.nih.gov/pubmed/10693789
http://doi.org/10.1242/dev.090860
http://doi.org/10.1073/pnas.1803297115
http://doi.org/10.1111/joa.13094
http://www.ncbi.nlm.nih.gov/pubmed/31670387
http://doi.org/10.1016/j.celrep.2018.05.025
http://doi.org/10.1016/j.stemcr.2019.04.001
http://www.ncbi.nlm.nih.gov/pubmed/31031189
http://doi.org/10.1242/dev.159343
http://www.ncbi.nlm.nih.gov/pubmed/30651295
http://doi.org/10.1371/journal.pone.0056219
http://www.ncbi.nlm.nih.gov/pubmed/23409159
http://doi.org/10.1002/jmor.1052070210
http://www.ncbi.nlm.nih.gov/pubmed/8300280
http://doi.org/10.1007/s00429-005-0016-6
http://doi.org/10.1002/ar.1092020410
http://www.ncbi.nlm.nih.gov/pubmed/7072993
http://doi.org/10.1101/2021.01.29.428748
http://doi.org/10.1007/s11515-011-1178-7
http://doi.org/10.1038/9189
http://doi.org/10.1016/j.mod.2005.09.005
http://doi.org/10.1242/dev.074948
http://doi.org/10.1016/j.ydbio.2011.06.017
http://doi.org/10.1038/35001507
http://www.ncbi.nlm.nih.gov/pubmed/10693795
http://doi.org/10.1242/dev.02441
http://doi.org/10.1523/JNEUROSCI.0714-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16855091


Int. J. Mol. Sci. 2021, 22, 3911 19 of 19

136. Wine-Lee, L.; Ahn, K.J.; Richardson, R.D.; Mishina, Y.; Lyons, K.M.; Crenshaw, E.B. Signaling through BMP type 1 receptors is
required for development of interneuron cell types in the dorsal spinal cord. Development 2004, 131, 5393–5403. [CrossRef]

137. Monsoro-Burq, A.H.; Duprez, D.; Watanabe, Y.; Bontoux, M.; Vincent, C.; Brickell, P.; Le Douarin, N. The role of bone morpho-
genetic proteins in vertebral development. Development 1996, 122, 3607–3616.

138. Snow, D.M.; Steindler, D.A.; Silver, J. Molecular and cellular characterization of the glial roof plate of the spinal cord and optic
tectum: A possible role for a proteoglycan in the development of an axon barrier. Dev. Biol. 1990, 138, 359–376. [CrossRef]

139. Butler, S.J.; Dodd, J. A role for BMP heterodimers in roof plate-mediated repulsion of commissural axons. Neuron 2003, 38,
389–401. [CrossRef]

140. Giffin, E. Gross spinal anatomy and limb use in living fossile reptiles. Paleobiology 1990, 16, 448–458. [CrossRef]
141. Delile, J.; Rayon, T.; Melchionda, M.; Edwards, A.; Briscoe, J.; Sagner, A. Single cell transcriptomics reveals spatial and temporal

dynamics of gene expression in the developing mouse spinal cord. Development 2019, 146, 1–14. [CrossRef] [PubMed]
142. Rolo, A.; Galea, G.L.; Savery, D.; Greene, N.D.E.; Copp, A.J. Novel mouse model of encephalocele: Post-neurulation origin and

relationship to open neural tube defects. Dis. Model. Mech. 2019, 12. [CrossRef]
143. Chen, W.-H.; Morriss-Kay, G.M.; Copp, A.J. Genesis and prevention of spinal neural tube defects in the curly tail mutant mouse:

Involvement of retinoic acid and its nuclear receptors RAR-b and RAR-gamma. Development 1995, 121, 681–691.
144. Humphries, A.C.; Narang, S.; Mlodzik, M. Mutations associated with human neural tube defects display disrupted planar cell

polarity in Drosophila. Elife 2020, 9, 1–26. [CrossRef]
145. Weiner, A.M.J.; Coux, G.; Armas, P.; Calcaterra, N. Insights into vertebrate head development: From cranial neural crest to the

modelling of neurocristopathies. Int. J. Dev. Biol. 2020, 52. [CrossRef]
146. Sánchez-Gaya, V.; Mariner-Faulí, M.; Rada-Iglesias, A. Rare or Overlooked? Structural Disruption of Regulatory Domains in

Human Neurocristopathies. Front. Genet. 2020, 11, 688. [CrossRef]
147. Li, L.; Grausam, K.B.; Wang, J.; Lun, M.P.; Ohli, J.; Lidov, H.G.W.; Calicchio, M.L.; Zeng, E.; Salisbury, J.L.; Wechsler-Reya, R.J.;

et al. Sonic Hedgehog promotes proliferation of Notch-dependent monociliated choroid plexus tumour cells. Nat. Cell Biol. 2016,
18, 418–430. [CrossRef] [PubMed]

148. Frith, T.J.R.; Granata, I.; Wind, M.; Stout, E.; Thompson, O.; Neumann, K.; Stavish, D.; Heath, P.R.; Ortmann, D.; Hackland, J.O.S.;
et al. Human axial progenitors generate trunk neural crest cells in vitro. Elife 2018, 7, e35786. [CrossRef] [PubMed]

149. Veenvliet, J.V.; Bolondi, A.; Kretzmer, H.; Haut, L.; Scholze-Wittler, M.; Schifferl, D.; Koch, F.; Guignard, L.; Kumar, A.S.; Pustet,
M.; et al. Mouse embryonic stem cells self-organize into trunk-like structures with neural tube and somites. Science 2020, 370,
eaba4937. [CrossRef] [PubMed]

150. Andersen, J.; Singh, M.; Revah, O.; Miura, Y.; Thom, N.; Amin, N.; Kelley, K.; Chen, X.; Vijay, T.M.; Walczak, E.; et al. Generation
of Functional Human 3D Cortico-Motor Assembloids Generation of Functional Human 3D Cortico-Motor Assembloids. Cell
2020, 183, 1913–1929. [CrossRef] [PubMed]

http://doi.org/10.1242/dev.01379
http://doi.org/10.1016/0012-1606(90)90203-U
http://doi.org/10.1016/S0896-6273(03)00254-X
http://doi.org/10.1017/S0094837300010186
http://doi.org/10.1242/dev.173807
http://www.ncbi.nlm.nih.gov/pubmed/30846445
http://doi.org/10.1242/dmm.040683
http://doi.org/10.7554/eLife.53532
http://doi.org/10.1387/ijdb.200229nc
http://doi.org/10.3389/fgene.2020.00688
http://doi.org/10.1038/ncb3327
http://www.ncbi.nlm.nih.gov/pubmed/26999738
http://doi.org/10.7554/eLife.35786
http://www.ncbi.nlm.nih.gov/pubmed/30095409
http://doi.org/10.1126/science.aba4937
http://www.ncbi.nlm.nih.gov/pubmed/33303587
http://doi.org/10.1016/j.cell.2020.11.017
http://www.ncbi.nlm.nih.gov/pubmed/33333020

	Introduction 
	Neural Crest-Premigratory Behavior and Cell Emigration 
	Neural Crest Progenitors Residing in the Dorsal NT 
	Exiting the Neural Tube to Engage in Cell Migration 

	From NC to RP-Differential Properties and Axial Level Variability in RP Morphology 
	Possible Mechanisms Leading to the Transition between Neural Crest and Roof Plate 
	Fate and Functions of the RP 
	Fate 
	Functions 

	Conclusions and Future Perspectives 
	References

